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Editorial on the Research Topic

Neuronal Plasticity and Neuromodulation in Development and Developmental Disorders

The growth and function of the developing brain are a triumph of hope over expectation against
impossible natural odds. Development and pathophysiology compete with each other to achieve
rewarding functions and the seemingly endlessly adaptable nervous system is edited and pruned
accordingly within windows of neuroplasticity which open and close according to genetic rules
and neuro-environmental experiences leading to adaptive complexity, vulnerability and disruption
(1). Unsurprisingly, every experience, thought, action and reaction have a neuromodulating effect
on the developing and developed nervous system. Robust systems survive to become stronger and
more adaptive.

As we move from syndromic diagnoses composed of symptoms and signs to fundamentally
molecular diagnostic formulations, it is clear that old divisions of neurology into disorders brain,
spinal cord and neuromuscular functions dissolve into more basic units of cellular functional
behavior and systems neuromodulation.

Diagnosis, the process of discovering the nature of a problem or illness through examination,
imaging, neurophysiological, biochemical and genetic testing and prognosis, our understanding
of the likely future outcome or course of a diagnosis, will always lag behind this curve of new
discoveries and understanding of developing, disordered, brain function.

Neuromodulation seeks to describe and understand dynamic, self-adapting, functional and
dysfunctional systems for which dynamic solutions are required.

Clinicians, like philosophers are capable of teaching and defending doctrines, which in
theoretical and practical terms obstruct clinical progress. The “fallacy of misplaced concreteness”
was coined by the philosopher Alfred North Whitehead. One commits the fallacy of misplaced
concreteness when one mistakes an abstract belief, opinion, or concept about the way things
are for a physical or “concrete” reality: "There is an error; but it is merely the accidental
error of mistaking the abstract for the concrete.” “Science and the Modern World,” Alfred North
Whitehead (1925/1953).

In pediatric neurology the attribution of motor dysfunction to disturbances of the corticospinal
tract known as the “upper motorneuron” syndrome has long dominated clinical thinking.
However in this volume on neuroplasticity, the efficacy of Constraint-Induced Movement
Therapy (CIMT) and Bimanual training is reportedly “independent of CST connectivity pattern,”
contrary to the study hypothesis of the investigators. Furthermore, “children with an ipsilateral
CST lesion, previously thought to be maladaptive, have the capacity to improve as well as
children with a contralateral or bilateral CST lesions following intensive CIMT or Bimanual
training,” thus overturning a long-held “misplaced concreteness.” It is regrettable that this
work may take decades to reach undergraduate and junior clinical education and training
on the grounds that it is “too specialized” or only applies to pediatrics. But I remember
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well failing to understand how the upper motor neurone concept
alone explained the phenomenology of adult and childhood
strokes. Accordingly, and perhaps unsurprisingly the authors
report in their concluding remarks that disordered sensorimotor
integration may play a significant role in motor dysfunction and
this is backed up by reports of greater responses to CIMT in
children with poor sensory function (Friel et al.).

Opportunistic study is often required to inform our
conceptual understanding of neurodevelopmental processes
but require specific clinical conditions such as those which
obtained in the measurement of age-related lateralization of
cerebral inhibition i.e., “Go” and “No-Go” inhibition which
was measured in children undergoing continuous subdural
electrocorticography (ECoG) recordings for epilepsy surgery
localization. This revealed a predominantly right-sided inhibition
in the inferior frontal gyrus (IFG) associated with theta (4–8Hz)
and high-gamma (HG) (70–200Hz) power spectra, thus giving
us an opportunistically-derived developmental insight into such
inhibitory functions (Kuo et al.).

At the opposite end of the spectrum, mathematical modeling
of chronic deep brain stimulation (DBS)-dependency i.e.,
susceptibility to status dystonicus following abrupt withdrawal
of continuous DBS neuromodulation for intractable dystonia, is
revealed as highly dependent on the “neuroplastic nature of a
disorder” or an individual. This could help modeling predicted
responses to DBS withdrawal. This model predicts that insertion
and withdrawal of DBS in individuals with “high plasticity” has
little observable effect whereas DBS withdrawal in conditions of
“low plasticity” such as in chronic Parkinsonism or dystonia may
result in status dystonicus (Trenado et al.).

Whereas the success of therapeutic interventions dominate
all medical literature, defining the client population, instruments
of intervention, definition and measurement of the successful
outcome are the subject of endless debate about the value of
case-report, cohort or randomized-control trial in supporting
decision trees and guidelines. Often this begins by defining what
we know and how we have come to such an understanding, first
through the use of readily available diagnostic tools, then more
complex, systems-based neurophysiological tools, followed by
expert opinions, then inevitably, by clinical-neurophysiological
supervised machine-learning algorithms that can shed light
on how different dynamic systems respond to interventions
such as DBS, allowing case-specific predictions of outcome.
This might also be referred to as “precision medicine” that can

identify a range of outcomes for individual clinical cases beyond
the conventional statistical box and whisker plot of significant
differences (McClelland and Lin).

Novel therapies also known as new ways of thinking about
old problems are urgently needed and must be relevant to our
understanding of neuroplasticity and neuromodulation.

Novel therapies include cognitive training strategies such
as Cognitive Orientation to daily Occupational Performance
(CO-OP) in childhood hyperkinetic movement disorders
may be a more effective and low-cost means of achieving
patient-selected functional goals and could be applied
in health services worldwide, including resource-poor
countries. CO-OP appears superior to repetitive practicing,
especially preferable to practicing something in a way which is
unhelpful (Gimeno et al.).

Another novel therapy could include “sub-threshold stimuli”
such as “stochastic resonance (SR) sub-threshold mechanical
noise stimulation” using sub-threshold vibrotactile noise
stimulation of the wrist via a specialized wrist-watch. This
may improve manual dexterity test scores in developmental
coordination disorder (DCD). If repeatable and translatable
to everyday life the smart watch of the future may deliver
sub-threshold stimuli leading to motor improvements applicable
to other motor disorders e.g., following neurological injuries or
simply with motor decline of the elderly. Ultimately, we may all
want one of these subthreshold stimulus systems!

Neuromodulation in its widest sense has no boundaries
and consequently applications are potentially limitless and not
necessarily costly.

The evolving concepts and tools elucidating neuroplasticity
and neuromodulation, strongly support the case for further
funding and training in the exciting fields of neuroplasticity,
neuromodulation and neuro-rehabilitation.
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Objective: To explore preliminary effectiveness of the Cognitive Orientation to

daily Occupational Performance (CO-OP) Approach in improving outcomes in

childhood-onset hyperkinetic movement disorders (HMDs) including dyskinetic cerebral

palsy following deep brain stimulation (DBS) across UK clinical occupational therapists.

Methods: Randomized, multiple-baseline, Single Case Experimental Design N-of-1

trial with replications across participants. Five self-selected goals were identified: three

goals were worked on during CO-OP and two goals were left untreated and used to

assess skills transfer. Participants were between 6 and 21 years and had received DBS

surgery with baseline Manual Ability Classification System (MACS) levels I–IV. Participants

were randomized to typical or extended baseline (2 vs. 6 weeks), followed by 10

weekly individual CO-OP sessions. The primary outcome was functional performance

measured by the Performance Quality Rating Scale-Individualized (PQRS-I), assessed

before, during, and following treatment. Outcome assessors were blinded to baseline

allocation, session number, and assessment time. A non-overlapping index, Tau-U, was

used to measure effect size.

Results: Of the 12 participants recruited, 10 commenced and completed treatment. In

total, 63% of trained goals improved with effect sizes 0.66–1.00 (“moderate” to “large”

effect), seen for all children in at least one goal. Skills transfer was found in 37% of the

untrained goals in six participants.

Conclusions: Cognitive strategy use improved participant-selected functional goals in

childhood-onset HMD, more than just practice during baseline. Preliminary effectiveness

is shown when the intervention is delivered in clinical practice by different therapists in

routine clinical settings.

Keywords: single case experimental design, dystonia, cerebral palsy, rehabilitation, participation
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INTRODUCTION

In children and young people with a hyperkinetic movement
disorder (HMD) including dyskinetic cerebral palsy (CP) surgical
treatments such as deep brain stimulation (DBS) can be effective
in reducing severity of motor impairments (e.g., dystonia) (1, 2).
However, children can be left with persistent functional problems
in outperforming everyday tasks that are important to them and
their families (3).

A recent systematic review of interventions for CP
indicated strong evidence that surgical interventions, such
as intrathecal baclofen infusion pump or selective dorsal
rhizotomy, and medical interventions, such as botulinum
toxin injections, reduce tone in children with spastic CP
(4). However, it is the combination of these interventions
with adjunct rehabilitation such as strength training or
occupational therapy that yield effective results in improving
motor and/or functional outcomes. However, there is scant
evidence to guide rehabilitation practice following interventions
such as DBS in children and young people (4) and only
a few small studies in adult-onset dystonia (5, 6). Even in
specialist centers, number of cases are relatively small, and
the heterogeneity of these disorders in terms of etiology,
motor severity, and non-motor factors make the planning and
implementation of large scale randomized controlled trials
(RCTs) challenging.

Nevertheless, rehabilitation approaches are available
but, to date, lack robust evidence for their feasibility and
efficacy. We have recently reported a proof-of-concept
efficacy study (7) of the Cognitive Orientation to daily
Occupational Performance (CO-OP) (8) used with children
and young people with HMD and DBS in place. CO-OP
is an individualized, client-centered approach that uses
personalized strategies to achieve client-chosen functional
goals. The results provided preliminary evidence to support
the feasibility, acceptability, and potential efficacy, evaluated
using single-case experimental design replications (7). In
that study, treatment was delivered by a single experienced
occupational therapist in a specialist pediatric movement
disorder service. It is important to explore if these findings
can be replicated in routine settings and implemented by
local therapists.

Therapist effects, including training and experience, can be a
fundamental variable in studies investigating any rehabilitation
intervention effectiveness (9–11). Single-case experimental
design methodology provides the opportunity, with limited
numbers, to simultaneously investigate treatment efficacy and
therapist effects (12, 13).

This study aimed to explore whether the results from
a previous single-case experimental design proof-of-concept
(efficacy) study (7, 14) could be replicated by other therapists
(adherence to protocol) based in non-specialized services
(effectiveness) (15). Further, the study sought to assess the
impact of practice by using an extended baseline with
repeated assessment of participant-selected goals prior to
commencing treatment.

METHODS

The study evaluated the CO-OP approach, as an adjunct to DBS,
delivered by non-specialist occupational therapists with a range
of clinical experience, to children and young people with HMD.
The full trial protocol is available (15) and was implemented with
minor changes. Single-case experimental design methodology
followed the Single Case Reporting Guideline in Behavioral
Interventions (SCRIBE) (12).

Research Question
Does the CO-OP approach improve outcomes for children and
young people with HMD on participant-selected goals when
undertaken in a non-specialized clinical setting?

Standard Protocol Approvals,

Registrations, and Patient Consents
Ethical approval was obtained by the NHS Health Research
Authority (Oxford A Research Ethics Committee, 14/SC/1159).
The trial was registered (ISRCTN57997252). Written informed
consent was obtained from all parents and from participants over
12 years of age. Assent was obtained from younger children.
Written permission was obtained in all cases.

Design
This study used a randomized, multiple-baseline, N-of-1
design with replications across six therapists (N-of-1 with five
replications) in 12 children and young people (N-of-1 trial
with 11 replications) (NB: number achieved was N-of-1 with 9
replications across participants).

A consecutive series of multiple baseline N-of-1 trials was
completed using concealed randomization to allocate length
of baseline (2 vs. 6 weeks). The extended baseline permitted
an examination of whether repeated baselining (practicing the
goals without CO-OP input) and DBS only has an impact on
skill improvement.

Sample Size
In an N-of-1 design with replications across participants, sample
(series) size is not based on the power to test group effects
using inferential statistics. Instead, each separate trial examines
change over time within an individual, thus allowing us to
determine whether treatment is effective for each individual
using predefined quantitative and qualitative criteria. In N-of-
1 studies, the number of replications (participants recruited)
chosen after the first case is often based on pragmatic grounds
related to the known heterogeneity of the clinical sample. The
number of measurements within each time period is also based
on pragmatic factors such as length of treatment and the likely
variability in outcome. It is recommended that an initial N-of-
1 trial plus three replications are necessary as a minimum to
explore efficacy of an intervention but five replications is better
(16). Similarly, it is recommended that at least three assessment
points are measured as a baseline before the intervention is
introduced (16) but preferably five (17). A sample size of
10 was judged to be sufficient to provide information on
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whether the intervention produced meaningful clinical change
for individuals, to examine the direction of “average treatment
effect” across individuals, and to provide estimates of the within-
and between-subject variability of outcomes in this population.
This sample size will also allow us to obtain information on ease
of recruitment and adherence to protocol that might inform any
future clinical trial. As standard in N-of-1 trial, this number of
participants will allow for statistical analysis of effect size of the
intervention relative to baseline.

Participants
The study included children and young people with HMD who
had previously undergone DBS (or where surgery was scheduled)
at the complex motor disorders service (CMDS) database at
Evelina London Children’s Hospital, UK, that met the inclusion
criteria from information in their medical records (n = 27).
The 10 patients that had participated in the previous study
were not eligible. Full inclusion criteria for the study has been
reported elsewhere (7): (a) diagnosis of pediatric HMD other
than neurodegenerative conditions; (b) sufficient receptive and
expressive communication ability to follow simple instructions
and engagement with treatment; (c) age 6 to 21 years; (d)
Manual Abilities Classification System (MACS) levels I–IV; (e)
emerging skills in self-care; (f) ability to mobilize independently;
(g) cognitive ability of 6 years of age or IQ above 70; and (h) DBS
electrodes in situ and without signs of infection.

Twelve participants were recruited and admitted to the study
sequentially. Further information about eligibility criteria and
recruitment procedure are outlined in the study protocol (14, 15).
Figure 1 describes the recruitment process and randomization to
two arms and reasons for exclusion. Details of the participants
are provided in Table 1.

Therapists
The Evelina Children’s Hospital is a tertiary treatment center
providing advanced interventions for children with complex
motor disorders. Children are referred from across the UK. For
this trial, 19 therapists were initially contacted in centers close
to the homes of the 27 potential participants, and 3 additional
therapists were approached via special interest group networks.
Seven agreed to take part in the study prior to enrolment of
the first participant, with six eventually matched to one or more
patient participants. Details of the therapists are provided in
Supplementary Information 1.

Intervention Description
CO-OP intervention comprised 10 treatment sessions of up
to 1 h each, delivered weekly at the participant’s home. The
frequency of intervention sessions was negotiated between the
treating therapist and the participant and family. All therapists
had attended CO-OP training workshops (2–3 days) led by CO-
OP Academy certified instructors. Ongoing clinical supervision
was provided by investigator HG. For more information, please
see study protocols (14, 15).

Primary Outcome
Performance change in self (participant)-selected goals was
measured using the Performance Quality Rating Scale—
individualized (PQRS-i) (7). This is a 10-point observational
scale, with 1 representing “cannot do the task at all” and 10
representing “does task very well.” The PQRS-i does not penalize
the child or young person for how the task is performed or
whether dystonia is present or not. PQRS-i is a scale based
on observation of the behavior (behavior defined as the task
at hand). The child is asked to perform the chosen goals,
in their natural environment (i.e., their home), using utensils
and materials familiar to them. Performance was videoed by
the primary investigator. Performance scores were obtained by
rating video recordings of all baselines and post-intervention
sessions and a sample of eighteen 5-min randomly selected video
segments of the intervention sessions. The videos were randomly
presented in a non-chronological order and rated by a trained
independent, blinded PQRS-i rater. For more information about
how the performance clips for intervention were selected, please
refer to the study protocol (14).

Assessments of outcomes were completed several times at each
study phase (baseline, during treatment, and end of treatment).
Five task-based goals were self-identified by each participant
with the aid of the Canadian Occupational Performance Measure
(COPM) (18) (data not reported here). Three of the goals were
addressed in the CO-OP intervention (trained goals) and two,
which were not addressed in the sessions with the therapist, were
used to assess generalization and transfer (untrained goals). The
participants chose which goals they wished to work on in therapy.

Analysis
Outcomes and significance of change were analyzed and
evaluated using a set of complementary approaches following
SCRIBE guidelines. Improvement is also summarized for the
group in terms of number of goals improved.

Visual Analysis
Changes in means, levels, trends, variability, latency, and
consistency were evaluated using visual graph analysis (19–21).
PQRS-i data were graphedwith separate data points in each phase
(baseline, intervention, and post-intervention).

Quantitative Statistical Analysis of Performance

Change Between Baseline and Post-intervention
Serial dependency at baseline was firstly calculated using auto-
correlation (AC) so that the most appropriate analysis approach
could be chosen, which were (i) differences in individual means
and 95% confidence interval for overall change pre- and post-t-
test; (ii) regression, initially fitting a naïve linear regressionmodel
using ordinary least squares (OLS) for reference only (22, 23);
and (iii) effect size calculated using non-overlapping index of the
Kendall’s Tau for non-overlap with baseline trend control (Tau-
U) (24) taking into consideration baseline AC in the calculation.
Effect size is considered “large” (“very effective intervention”)
when Tau-U is ≥0.93, “moderate” (“effective intervention”) for
values 0.66 to 0.92, and “weak” when values are ≤0.65.
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FIGURE 1 | Recruitment diagram shows the total number of participants approached.

Clinically Significant Change Between Baseline and

Post-intervention
A change of at least 2 points on the PQRS-i was used to
indicate clinical significance in order to match other similar
scales such as the COPM (18). Differences between mean scores
from pre- and post- were calculated for each individual for
each goal.

Quantitative statistical analysis of performance change
between CO-OP and treatment as usual (DBS and practice of
the goals): Changes in performance across the extended baseline
(6 weeks with at least 18 data points) was specifically evaluated.
Differences between individual goal means and 95% confidence
interval for change of first session and sixth session of baseline (t-
test) were calculated for those participants randomized to 6 weeks
baseline length.

Analysis of Results in Relation to Therapist-Related

Fidelity to Treatment
Fidelity to treatment was evaluated by reviewing randomly
selected video-recorded treatment sessions by a CO-OP expert
external to the study team using the CO-OP Academy fidelity
checklist (25). The randomly selected treatment session per
therapist was evaluated fully by the external expert. Therapist
factors (training and years of experience) and the fidelity
to treatment were explored for their possible impact on
clinical outcome.

Adherence to CO-OP Protocol
Fidelity to treatment was evaluated by reviewing randomly
selected video-recorded treatment sessions by a CO-OP expert
external to the study team using the CO-OP Academy fidelity
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TABLE 1 | Participant demographic and clinical characteristics (N = 12).

Child Therapist Age Gender Randomization

group

Diagnosis Etiology Phenotype DBS

duration

GMFCS MACS

1 1 11 y 8m Female 2 weeks Dyskinetic CP Acquired (secondary

to Kernicterus)

Dystonia 6m II IV

2 2 16 y 11m Female 2 weeks Dyskinetic CP

secondary to maternal

ruptured uterus

Acquired (secondary) Dystonia and

choreoathetosis

4 y III IV

3* Dropped out 19 y 4m Female 6 weeks Early onset generalized

dystonia. DYT-TOR1A

(DYT-1)

Inherited (Primary) Dystonia 2 y 6m III II

4 3 8 y 6m Female 6 weeks Stroke Acquired (secondary) Dystonia 6m II II

5 4 19 y 10m Female 2 weeks Childhood-onset

progressive dystonia.

KMT2B (DYT28)

Inherited (Primary) Dystonia 9m II III

6 5 16 y 7m Male 2 weeks Dyskinetic CP Acquired (secondary

to HIE)

Dystonia and

choreoathetosis

6m II II

7** Not eligible 14 y Female 6 weeks Dopa Responsive

Dystonia

Inherited (Primary) Dystonia – III II

8 4 9 y 8m Female 6 weeks Myoclonus dystonia.

DYT-SGCE (DYT-11)

Inherited (Primary) Dystonia and

myoclonus

2m I II

9 6 9 y 3m Male 6 weeks GA-1 Acquired (secondary) Dystonia and

chorea

3 y III IV

10 4 18 y 11m Male 2 weeks Stroke Acquired (secondary) Dystonia 6m II II

11 4 17 y 4m Male 2 weeks Dyskinetic CP

secondary to maternal

placental abruption

Acquired (secondary) Dystonia and

chorea

15m II II

12 4 15 y 9m Female 6 weeks Dyskinetic CP Acquired (secondary

to HIE)

Dystonia and

myoclonus

4 y 6m I II

Child number reflects the order of recruitment.

*Case 3 withdrew for personal reasons after baseline.

**Case 7 was no longer eligible for the study at the start of baseline assessment.

DBS, Deep Brain Stimulation; GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Classification System; CP, Cerebral Palsy; HIE, Hypoxic Ischemic

Encephalopathy; GA, Glutaric Aciduria type 1; y, year; m, month.

Table 1 shows demographic characteristics for all cases recruited to this study with cases organized firstly by those allocated to 2 weeks baseline followed by the participants allocated

for 6 weeks baseline. Child number reflects the order of recruitment. Diagnosis, etiology, and phenotype are provided as well as DBS duration, DBS, and MACS levels.

checklist (25). The randomly selected treatment session per
therapist was evaluated fully by the external expert.

RESULTS

The participants (eight female, four male) ranged in age from
8 years and 6 months to 19 years and 10 months, with a
range of primary diagnoses, etiologies, and clinical phenotypes
(Table 1). Duration since DBS ranged from 6 months to 4 years 6
months. Of the 12 participants, 1 was excluded before functional
assessments and intervention commenced as scheduled surgery
was canceled, and one withdrew following baseline assessment.
Of the remainder, all completed the planned 10 CO-OP sessions.
For completeness, details of all 12 participants are provided in the
results tables. A summary of statistical and clinical significance is
represented in Table 2 and more detail is shown in Table 3 with
statistical parameters and results.

Outcome
Visual Analysis
Results of participant 1 are presented graphically with trained and
untrained goals in Figure 2. The graph shows changes following

intervention in all trained goals though mild in one of the
three and significant in the other two goals. Figure 2 also shows
transfer to untrained goals in one of the two goals chosen to
measure this construct. The graphs for the remaining replication
cases (including the case that did not proceed to intervention) are
provided in Figures 3–12.

Quantitative Analysis of Performance Changes
Statistical differences between means in baseline and post-
intervention supported the visual inspections and indicated that
all participants achieved a significant improvement on at least
one trained goal, with 63% (19/30) of goals improving across
participants at post-test (Tables 2, 3). Two participants improved
on all of their trained goals, five improved on two goals, and
three improved on a single goal. For the untrained goals, 7 of
the 10 participants receiving CO-OP improved on at least one of
the untrained goals, with 37% (7/19) of goals improving overall.
Two participants showed deterioration in one of the two selected
untrained goals.

Baseline trend (i.e., auto-correlation) was found in six goals
and therefore the use of Tau-U correction for baseline trend was
used. Using this index, all participants achieved improvement
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TABLE 2 | Summary of outcomes (mean change, effect size, clinical significance) with three separate analyses of the individual goals per participant.

Child Trained goals t-test

difference

in means

Effect size

(Tau-U)

CSC Untrained goals t-test

difference

in means

Effect size

(Tau-U)

CSC

1 G1: Putting T-shirt No change Weak Improved G4: Eating with a spoon | Improved Moderate Improved

G2: Drinking from open cup Improved Moderate Improved G5: Applying lip balm No change Weak No change

G3: Pouring water Improved Strong Improved

2 G1: Drinking No change Weak No change G4: Eating crisps Worse Deteriorates

mod

Worse

G2: Brushing teeth Improved Strong Improved G5: Doing buttons No change Weak No change

G3: Pouring water Improved Moderate Improved

4 G1: Doing zips Improved Moderate Improved G4: Opening a snack No change Weak Improved

G2: Doing buttons No change Weak Improved G5: Putting socks on Worse Deteriorates

mod

Worse

G3: Putting shoes on No change Weak No change

5 G1: Applying mascara Improved Moderate Improved G4. Applying lipstick Improved Moderate No change

G2: Making a ham sandwich Improved Strong Improved G5: Brushing teeth No change Weak No change

G3: Carrying a cup of tea Improved Moderate Improved

6 G1: Buttering and cutting

bread

Improved Strong Improved G4. Writing signature on

small window in paper

Improved Moderate Improved

G2: Cooking in oven and

taking out dish

No change Weak No change G5: Cutting an apple Improved Strong Improved

G3: Cooking pasta Improved Moderate Improved

8 G1: Drinking without spilling No change Weak No change G4. Pouring water No change Weak Improved

G2: Handwriting Improved Moderate Improved G5: Carrying water No change Weak Improved

G3: Stirring food Improved Strong Improved

9 G1: Eating with a spoon No change Weak Improved G4. Brushing teeth Improved Moderate No change

G2: Drinking without spilling Improved Moderate Improved G5: Putting a t-shirt on No change Weak No change

G3: Riding a bike No change Weak No change

10 G1: Carrying a cup of tea No change Weak No change G4. Putting sheet on

plastic folder

No change Weak No change

G2: Cutting fingernails Improved Strong Improved G5: Opening tin of

tomatoes

Improved Moderate Improved

G3: Doing shoelaces Improved Strong Improved

11 G1: Cutting bread Improved Strong Improved G4. Leg elevation exercise No change Weak No change

G2: Putting socks on Improved Strong Improved G5: not set

G3: External rotation hip

exercise

Improved Strong Improved

12 G1: Applying mascara Improved Strong Improved G4. Carrying water Improved Strong Improved

G2: Drinking from a glass No change Weak No change G5: Eating with a spoon No change Weak No change

G3: Eating with knife and fork No change Weak No change

G, Goal; CSC, clinically significance change; NT, Not tested.

in at least one goal with moderate or large effect size. A “large”
effect (≥0.93) (“very effective intervention”) was obtained in
80% of children post-intervention. In total, the effect size was
“large” for 37% of trained goals overall post-treatment. For
other trained goals, “moderate” effects (0.66 to 0.92) (“effective
intervention”) were obtained in 70% of children and for 27% of
trained goals overall at post-intervention. “Weak” effects (≤0.65)
were seen in 11 goals (37%) overall across eight children at post-
intervention. No negative effects (deterioration) were observed
for trained goals.

For untrained goals, “large” or “moderate” effect was seen in
37% of goals (7/19) overall in six children post-treatment, and
“weak” effects in 53%. Deterioration with “moderate” negative

effects were seen in two goals for two different children.
Supplementary Information 2 summarizes results for effect size
using non-overlapping index, Tau-U.

Clinically Significant Change
All participants showed a positive change of at least two PQRS-
i points (based on the difference between the phase means)
on at least one goal, at the end of treatment (Tables 2, 3).
Post-intervention, 6 out of the 10 participants showed clinically
significant improvement on two of their trained goals and two
children improved on all trained goals. For untrained goals,
six children showed significant transfer on at least one goal
at post-intervention.
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TABLE 3 | Results including statistical at-test analysis and changes in slope with negative T-test indicating improvement in change pre-post scores whilst positive t-test

scores indicate negative trend.

Child number (goal) Weeks Baseline Post Rx Post Trend T-test post-pre- Slope beta (p)

AC Length Mean (SD) Mean (SD) PQRS 2p

change

Mean shift (95% CI) P

TRAINED GOALS

1 (1) 1.80 2 3.17 (2.40) 5.33 (0.52) Yes ↑ −2.17 (−4.68, 0.35) 0.078 −0.454 (0.103)

1 (2) Constant 2 1.0 (0.00) 2.00 (0.89) No None −1.00 (−1.94, −0.06) 0.041 0.187 (0.314)

1 (3) Constant 2 1.0 (0.00) 5.00 (1.79) Yes ↑ −4.00 (−5.88, −2.12) 0.003 0.553 (0.001)

2 (1) 2.429 2 2.00 (1.26) 1.60 (0.89) No None 0.40 (−1.08, 1.88) 0.56 −0.077 (0.676)

2 (2) 2.177 2 4.00 (1.15) 6.00 (0.00) Yes None −2.00 (−3.84, −0.16) 0.041 0.339 (0.156)

2 (3) 0.934 2 2.17 (0.75) 4.67 (1.86) Yes ↑ −2.50 (−4.46, −0.54) 0.020 0.612 (0.015)

5 (1) 1.989 2 4.86 (1.07) 7.17 (1.17) Yes ↑ −2.31 (−3.70, −0.92) 0.004 0.605 (0.0005)

5 (2) 2.252 2 2.33 (0.52) 5.50 (0.55) Yes ↑ −3.17 (−3.85, −2.48) <0.001 0.446 (0.029)

5 (3) 1.480 2 4.00 (1.00) 6.83 (2.14) Yes ↑ −2.83 (−5.09, −0.58) 0.021 0.434 (0.039)

6 (1) 3.000 2 2.67 (1.15) 6.83 (1.17) Yes ↑ −4.17 (−6.41, −1.92) 0.006 0.676 (0.006

6 (2) 0.0000 2 9.50 (0.71) 9.50 (0.84) No None 0 (−2.53, −2.53) 1 0.260 (0.350)

6 (3) 3.000 2 4.33 (1.53) 7.50 (2.43) Yes ↑ −3.17 (−6.38, 0.05) 0.053 0.330 (0.155)

10 (1) 2.853 2 9.0 (0.63) 9.00 (1.67) No None 0 (−1.76, 1.76) 1 0.000 (1.000)

10 (2) 2.449 2 1.33 (0.52) 9.67 (0.52) Yes ↑ −8.33 (−9.00, −7.67) <0.001 0.625 (0.000)

10 (3) 2.498 2 1.17 (0.41) 10.00 (0.00) Yes ↑ −8.33 (−9.26, −8.40) <0.001 0.888 (0.000)

11 (1) 1.504 2 3.0 (0.63) 6.67 (2.25) Yes ↑ −3.67 (−6.02, −1.31) 0.009 0.382 (0.021)

11 (2) 2.578 2 6.0 (1.67) 10.00 (0.00) Yes ↑ −4.00 (−5.76, −2.24) 0.002 0.873 (0.000)

11 (3) 2.547 2 1.14 (0.38) 5.00 (0.00) Yes ↑ −3.86 (−4.21, −3.51) <0.001 0.873 (0.000)

3 (1) 1.697 6 4.81 (1.21) No Rx None Dropped out

3 (2) 2.379 6 6.76 (0.89) No Rx None Dropped out

3 (3) 1.216 6 5.29 (2.10) No Rx None Dropped out

4 (1) 2.120 6 1.06 (0.24) 7.00 (4.65) Yes ↑ −5.94 (−10.82, −1.06) 0.026 0.626 (0.0000)

4 (2) 1.005 6 2.12 (1.58) 4.60 (3.36) Yes ↑ −2.48 (−6.60, 1.63) 0.176 0.431 (0.019)

4 (3) Constant 6 1.0 (0.00) 2.80 (3.49) No −1.80 (−6.14, 2.54) 0.313 0.262 (0.141)

8 (1) 2.226 6 4.25 (2.02) 4.33 (3.87) No None −0.08 (−3.63, 3.46) 0.956 0.191 (0.296)

8 (2) 2.018 6 4.05 (1.27) 6.83 (0.75) Yes ↑ −2.78 (−3.68, −1.88) <0.001 0.585 (0.001)

8 (3) 1.901 6 3.44 (2.55) 9.00 (2.00) Yes ↑ −5.56 (−7.10, −4.02) <0.001 0.669 (0.000)

9 (1) 1.875 6 4.61 (1.85) 5.75 (1.16) No None −1.14 (−2.39, 0.11) 0.072 0.139 (0.337)

9 (2) 1.686 6 1.94 (1.39) 4.50 (1.05) Yes ↑ −2.56 (−3.74, −1.37) <0.001 0.564 (0.001)

9 (3) Constant 6 1.0 (0.00) 1.00 (0.00) No None −4.00 (−6.51, −1.49) 0.009 0.210 (0.188)

12 (1) 1.981 6 3.0 (1.93) 10.00 (0.00) Yes ↑ −7.00 (−8.07, −5.93) <0.001 0.837 (0.000)

12 (2) 1.404 6 1.94 (1.89) 1.67 (0.58) No None 0.28 (−0.94, 1.50) 0.628 0.194 (0.232)

12 (3) 2.263 6 4.06 (2.43) 3.00 (1.00) No ↓ 1.06 (−0.89, 3.01) 0.243 0.299 (0.046)

Baseline Post Rx Post Trend T-test pre–post Slope beta (p)

AC Mean (SD) Mean (SD) 2p Mean shift (95% CI) P

UNTRAINED GOALS

1 (4) 1.258 2 5.00 (1.94) 8.50 (1.05) Yes ↑ −3.50 (−5.11, −1.89) <0.001 0.733 (0.001)

1 (5) 1.361 2 2.50 (1.64) 3.50 (1.05) No None −1.00 (−2.81, 0.82) 0.242 0.369 (0.237)

2 (4) 2.394 2 4.00 (1.67) 2.17 (0.41) No ↓ 1.83 (0.08, 3.58) 0.043 −0.636 (0.026)

2 (5) Constant 2 1.0 (0.00) 1.0 (0.00) No None −0.90 (−9.14, 7.34) 0.664 Constant

5 (4) 2.107 2 2.83 (0.75) 4.71 (0.95) No ↑ −1.88 (−2.92, −0.84) 0.002 0.762 (0.002)

5 (5) 1.654 2 4.67 (1.03) 5.60 (0.55) No None −0.93 (−2.06, 0.20) 0.093 0.516 (0.104)

6 (4) 3.400 2 4.00 (1.83) 7.50 (2.35) Yes ↑ −3.50 (−6.57, −0.43) 0.031 0.663 (0.037)

6 (5) 3.000 2 2.67 (0.58) 7.17 (1.83) Yes ↑ −4.50 (−6.47, −2.53) 0.001 0.836 (0.005)

10 (4) 2.842 2 7.17 (1.47) 8.33 (1.86) No None −1.17 (−3.34, 1.01) 0.258 0.356 (0.256)

10 (5) 1.249 2 6.33 (1.51) 8.67 (0.52) Yes ↑ −2.33 (−3.91, −0.75) 0.011 0.750 (0.005)

(Continued)
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TABLE 3 | Continued

Baseline Post Rx Post Trend T-test pre–post Slope beta (p)

AC Mean (SD) Mean (SD) 2p Mean shift (95% CI) P

11 (4) 1.586 2 4.29 (1.50) 5.00 (1.41) No None −0.71 (−2.41, 0.98) 0.377 0.253 (0.377)

11 (5) Not set 2 N/A N/A N/A N/A N/A N/A N/A

3 (4) 1.780 6 2.38 (2.66) No Rx None Dropped out

3 (5) 1.987 6 3.43 (1.55) No Rx None Dropped out

4 (4) 2.304 6 5.25 (4.43) 8.25 (3.06) Yes ↑ −3.00 (−6.24, 0.24) 0.067 −0.343 (0.101)

4 (5) 1.887 6 7.54 (1.76) 4.25 (2.50) No ↓ 3.29 (−0.45, 7.03) 0.071 −0.609 (0.009)

8 (4) 1.853 6 5.44 (2.20) 8.00 (3.16) Yes ↑ −2.56 (−5.88, 0.77) 0.111 0.426 (0.038)

8 (5) 1.749 6 6.43 (3.74) 8.67 (3.27) Yes None −2.23 (−5.74, 1.28) 0.183 0.248 (0.194)

9 (4) 1.903 6 2.11 (0.68) 4.00 (1.26) No ↑ −1.89 (−3.21, −0.57) 0.013 0.710 (0.000)

9 (5) 0.732 6 5.06 (1.80) 6.00 (2.00) No None −0.94 (−3.07, 1.82) 0.335 0.225 (0.289)

12 (4) 0.960 6 1.41 (1.00) 6.33 (1.53) Yes ↑ −4.92 (−8.39, −1.46) 0.024 0.865 (0.000)

12 (5) 0.726 6 3.88 (2.12) 3.33 (0.58) No None 0.39 (−0.77, 1.87) 0.386 −0.102 (0.667)

AC, Auto-correlation; SD, Standard Deviation; CSC, Clinically Significance Change; CI, Confidence Interval; NT, non-tested; ↑, Ascendant; ↓, Descendent.

Table 3 shows three separate analysis of the individual goals per participant. Negative T-test indicates improvement in change pre–post scores whilst positive t-test scores indicates

negative trend.

Quantitative Statistical Analysis of Performance

Change Between DBS+CO-OP and DBS+Extended

Baseline/Practice of the Goals)
Differences between means in extended baseline using t-test
supported the visual inspections and indicated that DBS and
practice alone did not offer improvement in the majority of
goals (see Supplementary Information 3). There was, however,
significant improvement in 4 out of the 25 goals for four out
of five participants during extended baseline/practice. Significant
deterioration was also noted for two participants for a total of
three goals during extended baseline/practice.

Analysis of Results in Relation to Therapist-Related

Fidelity to Treatment
The six treating therapists varied in years of
experience from recently qualified to 20 years (see
Supplementary Information 1). Two out of the six therapists
achieved<50% on fidelity checklist with the lowest scores on two
of the key elements of the CO-OP approach, Guided Discovery
and collaborative Dynamic Performance Analysis (DPA). The
two participants treated by the therapists with the lowest fidelity
score achieved improvement in goals, but the majority of overall
change was measured during the baseline phase with limited
improvement over the course of therapy.

DATA AVAILABILITY

Access to de-identified participant data may be requested by
contacting the first author.

DISCUSSION

This is the second of two studies exploring the use of the CO-
OP approach with childhood-onset HMD post-DBS. The first
was set up as a proof of concept and preliminary efficacy (i.e.,
can the intervention be implemented?). The present study was

set up as preliminary evaluation of effectiveness (i.e., can it
be delivered in every day practice?) and reports the results in
performance improvement when the intervention is delivered by
local occupational therapists not specialized in HMD and with
only basic training in the CO-OP approach based in centers
across the UK. Together, the two studies provide evidence that
CO-OP is a feasible and acceptable intervention for children and
young people with HMD following DBS, with the potential to
produce clinically meaningful improvement.

The results obtained in the present study are promising on two
grounds: Firstly, although treatment fidelity was variable, CO-OP
can be delivered by occupational therapists independent of their
years of training and with a relative low-intensity training course,
which makes this approach feasible in the context of clinical
practice for further formal evaluation. Secondly, replicability has
been demonstrated across multiple therapists, in a substantial
number of children and young people with heterogeneous
presentations of HMD and DBS duration. The total number of
successful replications (n= 10) reported here and in combination
with those reported previously (N-of-1 plus 8 replications)
exceeds the three to five replications recommended in single-
case experimental design, increasing confidence in the results. In
this study, all eligible participants in the CMDS database were
approached and all who consented were recruited to the study,
reducing the risk of bias selection.

As in the first N-of-1 series with eight replications (7), skill
improvement following CO-OP was seen in all children and
young people, independently of their baseline characteristics and
with a broad range of goals as outlined in Table 2. The majority
(19/30) of goals addressed in therapy improved during the CO-
OP intervention (63% goals improved compared to 75% of goals
in the first study). This indicates slightly lower goal improvement
rates than in the previous series completed by a therapist
experienced in movement disorders and CO-OP. This is in
line with reported literature indicating that effectiveness studies
closer to the “real-world” setting often show lower improvement
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FIGURE 2 | Participant 1, PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). For participant 1, the graph indicates a significant improvement in goals 2–4 with

stable baseline on goals 2 and 3 (drinking from an open cup and pouring water) and change in slope observed during the treatment session. Even though improved,

variability of performance was observed at the post-intervention phase. The visual data provides evidence on means, levels, trends, variability, latency, and consistency

across the different phases of the study for each participant and for each individual goal. Also shown is the OLS regression line and 95% confidence range.
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FIGURE 3 | Child 2 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Supplementary Information 3. Child 2. Results with OLS regression line

superimposed.
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FIGURE 4 | Child 3 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 5 | Child 4 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 6 | Child 5 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 7 | Child 6 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 8 | Child 7 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 9 | Child 9 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 10 | Child 10 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 11 | Child 11 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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FIGURE 12 | Child 12 PQRS-i scores (y-axis) for Gl-5 for each trial phase (x-axis). Results with OLS regression line superimposed.
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rates than in efficacy studies taking place in specialist centers (26).
However, the results indicate that useful results are still possible
with a relative brief therapy intervention (<10 h per participant)
and low training requirements, as well as for therapists with no
prior experience in HMD.

Results suggest that meaningful functional improvement is
possible in children with a range of etiologies and clinical
presentations in childhood-onset HMD. Half of the group
achieved at least two out of the three goals worked in therapy.
The participants achieving only one goal included one participant
with childhood stroke, a participant with CP, and one participant
with a metabolic disorder.

While robust positive change was observed on at least one
trained goal by all participants, some goals showed no change. Of
those children who improved on only one goal, the unimproved
goals worked on were doing buttons and putting shoes on for the
child with stroke (participant 4), toothbrushing and drinking for
child with metabolic disorder (participant 9), eating with knife
and fork, and applying mascara for child with CP (participant
12). Possible explanations for the lack of improvement could
relate to the difficulty of the selected goal in relation the
participants’ motor impairment, the fidelity of treatment, or
the expertise of the therapist. Although challenging, similar
goals successfully improved in other participants with the same
characteristics, suggesting that the goal itself may not be the
limiting factor or the clinical characteristics. Therapist effects
may have been important in some of the cases that showed
limited clinical gains. Fidelity to treatment was rated <50%
for case 4 (38%) and case 9 (49%) who both improved on
only a single goal. Therefore, wider improvement might have
been hindered by the diluted delivered version of the CO-
OP intervention. It may well be that outcome relates to a
combination of the difficulty in the chosen goal itself and the
therapists’ difficulty to apply the CO-OP approach to these more
challenging goals. Future trials may require greater investment in
training and supervision.

Although improvement on trained goals is an important
outcome, the real potential of this treatment lies in its
generalizability and transferability, enabling improving
performance beyond the treatment sessions, thereby broadening
the reach of the CO-OP approach. In the present study skill
transfer was observed in seven of the untrained goals, across
five participants. This is similar to the previous single-therapist
HMD single-case experimental design (7) and in adults with
stroke (27). Even if evidence for the generalizability of transfer
is somewhat limited, the potential is demonstrated and warrants
further work to enhance this crucial outcome.

Finally, the present study permitted an assessment of the
impact of repeated practice on the goals with DBS in situ
prior to the systematic application of the CO-OP approach.
Improvement during extended baseline (DBS and practice)
(Supplementary Information 3) was noted for 4 of 25 goals in
four out of the five children randomly allocated to extended
baseline. In such cases, it was hard to disentangle the effects
of practice and neuromodulation with DBS. However, given
that only some of the goals improved in the extended period
(n = 4, 16%), it is more likely due to practice effects than

DBS. In the remainder, who showed stable baseline performance,
improvement could be more confidently attributed to the CO-
OP approach.

As with any study, there are limitations that warrant
mentioning. All of the participants in this study had DBS in
situ, raising the possibility that DBS-related factors maymoderate
the outcome of CO-OP. The careful design of both, this and
the former proof-of-concept study (7), allowed for manipulation
of DBS length of neuromodulation as a variable. Those with
neuromodulation in place for longer than 1 year, when most
of the change has taken place, particularly in inherited genetic
dystonias, showed improvement when the CO-OP intervention
started and not necessarily on the baseline period. Secondly,
the extended baseline used in this study allowed for close
monitoring of change happening within a 6 week period with
no therapy intervention, showing much less change on the
goals set by the participants. Finally, and most importantly,
given that neuromodulation is a global management approach,
improvement would be expected to be seen across any goals
(trained or untrained) the young person performs. This was not
the case in either of the studies performed in the short study
periods within these studies, indicating that transfer and indeed
goal acquisition are most likely due to the effect of the CO-
OP approach. However, goal attainments after DBS in genetic
and acquired childhood onset dystonia disorders have been
reported without CO-OP at 1–2 years post-DBS implant (28).
Without DBS intervention, dystonia worsens (29) along with
fixed deformities (30) irrespective of the cause and conventional
surgical and medical approaches failed to address the needs
of children with HMD (31). DBS neuromodulation is a global
management approach to reducing dystonia, chorea, myoclonus,
and tremor, often in children with little or no pre-existing
motor repertoire in whom dystonia reduction does not equate
with spontaneous acquisition of skills after DBS intervention,
even with conventional practice and repetition of desired motor
skill. For the networked efficacy of DBS, motor and sensory
pathways must be intact (32). In addition, cognitive function
appears preserved or even enhanced following DBS in isolated-
genetic (33), and in addition to cognitive stability, perceptual
reasoning may be increased after DBS in acquired (34) dystonias,
respectively, supporting the place of cognitive strategies to boost
goal acquisition and transfer of skills to untrained goals with
CO-OP approach after DBS.

It is therefore postulated that DBS accelerates or facilitates the
efficacy of CO-OP by reducing dystonia and also by modifying
the underlying cerebral plasticity. Since, as a guide, it may take
up to 2 years for the full benefits of DBS to manifest in isolated
genetic dystonias and longer in acquired dystonias, applying
methods that enhance the overall speed of goal attainment
through a cognitive problem-solving approach is clearly urgently
required in childhood when the windows of plasticity are
limited (35).

In conclusion, the presented results are promising for a
number of reasons. This trial is the first attempt to systematically
evaluate the potential effectiveness of a rehabilitation
intervention for children and young people with HMD
across therapists. Although further testing of efficacy and
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effectiveness through large-scale trials is required, the present
study shows that CO-OP is a feasible and acceptable approach to
rehabilitation following DBS for children and young people with
HMD and that changes are overall significant for client-chosen
goals, including in children with dyskinetic CP, for whom DBS
or any other current management modality does not currently
provide enough functional changes.

As described, fidelity to treatment was variable and sometimes
sub-optimal, indicating the importance of training and
supervision in future trials. The limited transfer achieved to
untrained goals also warrants further investigation in relation
to delivery of the intervention, dosage (timing, frequency,
and duration), and any modifications that might be required
to achieve transfer to goals not addressed in therapy for this
population. Finally, the promising results from using CO-OP
with HMD and DBS warrant further investigation of the CO-OP
approach in dystonia, which offers a treatment option for a
wider number of potential patients. Further, the results from this
study and the previous study indicate that practice alone does
not provide improvement in self-selected goals. This suggest
that simple goal-oriented approaches recommended by experts
in dystonia might not be sufficient without the more cognitive
problem-solving element inherent in CO-OP. Future research
comparing CO-OP with other goal-oriented approaches would
be valuable.
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Background: There is increasing evidence that the stochastic resonance (SR)

phenomenon provided by subthreshold mechanical noise stimulation improves the

sensory-motor system. However, the effect of SR on children with developmental

coordination disorder (DCD) is unclear. The purpose of this study was to assess whether

SR activated by subthreshold vibrotactile noise stimulation of the wrist influences manual

dexterity in children with DCD.

Methods: A double-blind interventional study was conducted. Participants were

30 children (age: 9.3 ± 1.44 years, range 6–11 years; 27 male, three female; 25

right-handed, five left-handed) meeting DCD diagnostic criteria in DSM-5. The manual

dexterity test was administered the day before SR intervention (baseline-data). SR

was elicited using subthreshold vibrotactile noise stimulation at 60% of the vibrotactile

threshold measured at the wrist. SR was delivered two times and the manual dexterity

test was administered during each SR stimulation block (SR-on condition) and after

each SR stimulation block (SR-off), for a total of four measurements. Target outcomes

were the component score, the standard score, and the percentile score of the manual

dexterity test.

Results: The manual dexterity test scores in the SR-on condition were significantly

improved compared to scores at the baseline and in the SR-off condition (p < 0.001).

Conclusions: The present study showed that subthreshold noise stimulation eliciting SR

significantly improved manual dexterity outcomes in children with DCD during stimulation

but not after stimulation. Future studies will need to investigate the carry-over effects of

SR stimulation.

Keywords: children, developmental coordination disorder, double-blind study, manual dexterity, stochastic

resonance, subthreshold vibrotactile noise stimulation
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INTRODUCTION

Developmental coordination disorder (DCD) is characterized
by clumsiness in fine (hand writing and shoelace tying) and
gross (playing sport and getting dressed) motor skills and affects
∼5–6% of school-aged children, making it the most common
childhood movement disorder (1, 2). DCD in children not
only affects daily life performance, but also has psychological
implications such as reduced self-esteem and increased risk of
anxiety and depression (3–5). In 50–70% of children with DCD,
motor difficulties persist through adolescence and adulthood
(1, 2). Therefore, motor difficulties are an important concern and
the development of effective intervention is an urgent issue.

Subthreshold mechanical noise stimulation to the body
is known to improve the sensory-motor system. This
improvement is related to the stochastic resonance (SR)
phenomenon, also known as “noise benefit,” that can occur
in various sensory and motor systems (6). For example,
SR has been shown to improve tactile sensitivity (7, 8). In
addition, previous studies have demonstrated improvements
in balance, walking, and hand movements due to SR
elicited by vibrotactile noise stimulation (9–11). These
kinds of improvements were observed not only in healthy
participants but also in patients with diabetes, stroke, and
Parkinson’s disease, and in children with cerebral palsy
(7–10, 12, 13).

One case study reported the effect of SR on a child with
DCD (14). This study showed that the manual dexterity test
score during SR was significantly improved compared to the
score obtained without SR, suggesting that stimulation eliciting
SR could be effective for children with DCD. However, the
study was a case study and further investigation is needed to
address the possible effect of SR on clumsiness in children
with DCD. In this study we addressed the influence of SR
on manual dexterity in children with DCD. We used a block
design with / without SR in a double-blind intervention
study, with both children and evaluators blinded to the
SR condition.

MATERIALS AND METHODS

Participants
Children were enrolled in regular classes at public primary
schools in Osaka, Japan, and were recruited from the pool
of children who were requested physical assessment and
physical therapy due to clumsiness by their teachers or parents.
Participants met the four DCD diagnostic criteria (A–D) in
the Diagnostic and statistical manual of mental disorders 5th
edition (DSM-5) (1): (A) Less than the 16th percentile in the
Movement Assessment Battery for Children-2nd Edition (M-
ABC2); (B) Less than the cut-off point of the Japanese version
of the Developmental Coordination Disorder Questionnaire
(DCDQ) (15), (C) Onset of symptoms early in development,
and (D) No diagnosis of a general medical condition (e.g.,
cerebral palsy, hemiplegia, and muscular dystrophy), visual
impairment, or intellectual disability (1). Eligibility was assessed
by combining interviews to parents and the results of regular

assessments provided by the school’s doctor. Based on these
four criteria, 30 children with DCD were selected (mean
age ± standard deviation (SD): 9.3 ± 1.44 years; age range:
6–11 years; 27 male, three female; 25 right-handed, five
left-handed). Although it was not an exclusion criterion,
none of the children who participated in this study had
a diagnosis of other developmental disorders (e.g., autism
spectrum disorder, attention deficit hyperactivity disorder, and
learning disorder). Table 1 shows the information of participated
children collected the day before the SR intervention in this
study (Table 1).

The experimental procedures were approved by the ethics
committee of the Graduate School and Faculty of Health
Sciences at Kio University (approval number: R1-22). There
were no potential risks for study participants. No personal
identification information was collected. Children and their
parents and caregivers were given detailed explanation of
the study and parents/caregivers provided written informed
consent for participation of their children in the study and for
publication of the study results. The experimental procedures
were compliant with the ethical standards of the 1964Declaration
of Helsinki regarding the treatment of human participants
in research.

Procedures
Figure 1 shows the experimental protocol. The study was a
double-blind intervention study with block design. Experiments
were conducted in the prescribed rooms at each primary
school and were organized in two separate sessions in
two subsequent days per each participant. On the first
day, the M-ABC2 and other measurements (DCDQ, the
Social Communication Questionnaire: SCQ, the Attention-
Deficit Hyperactivity Disorder-Rating Scale: ADHD-RS, and the
Depression Self-Rating Scale for Children: DSRS-C) were taken
as the baseline-data. On the 2nd day, SR was delivered two
times and the manual dexterity tests were administered during
each SR stimulation block (SR-on condition) and after each SR
stimulation block (SR-off), for a total of four measurements.
To mitigate possible learning effects in the manual dexterity
test, the participants were divided into two groups (A and B)
according to their order of enrollment. Fifteen children (those
with odd progressive number) were administered the manual
dexterity test in the following order: SR-on, SR-off, SR-on, and
SR-off conditions (Group A; age: 9.3 ± 1.39 years; range: 7–
11 years; 13 male, two female; 12 right-handed, three left-
handed). The remaining 15 children (those with even progressive
numbers) were administered the manual dexterity test in the
following order: SR-off, SR-on, SR-off, and SR-on conditions
(Group B; age: 9.3 ± 1.48 years; range: 6–11 years; 14 male,
one female; 13 right-handed, two left-handed). Participants and
evaluators performing the manual dexterity test were blinded
about the group participants were assigned to and were not
aware of the SR-on and SR-off conditions. There were no
significant differences in age (Z = −0.064, p = 0.967), sex
[χ2 = 0.370, χ2(0.95) = 3.841, p = 0.543], or preferred hand
[χ2 = 0.240, χ2(0.95) = 3.841, p = 0.624] between Group A
and Group B.
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TABLE 1 | Results of tests conducted on the day before the current study (Baseline-data).

No. Group Age

(years)

Sex Preferred

hand

M-ABC2 DCDQ SCQ ADHD-

RS

(%)

DSRS-C

MD

Component

score

MD

Standard

score

MD

Percentile

score

A&C

Component

score

A&C

Standard

score

A&C

Percentile

score

Balance

Component

score

Balance

Standard

score

Balance

Percentile

score

Total

Component

score

Total

Standard

score

Total

Percentile

score

Control

during

movement

Fine motor

and

handwriting

General

coordination

Total

score

1 A 11 M R 12 3 1 7 2 0.5 12 3 1 31 2 0.5 8 4 5 17 15 89 5

2 B 10 M R 21 6 9 13 6 9 28 9 37 62 6 9 24 8 21 53 6 50 7

3 A 7 M L 15 4 2 8 2 0.5 13 4 2 36 2 0.5 8 6 5 19 19 95 9

4 B 10 M R 17 5 5 17 9 37 22 6 9 56 5 5 11 7 9 27 26 93 10

5 A 10 M R 16 5 5 17 9 37 22 6 9 56 5 5 10 9 10 29 20 91 13

6 B 8 M R 19 6 9 14 7 16 29 9 37 62 6 9 20 7 19 46 4 80 8

7 A 9 M R 16 5 5 16 8 25 28 9 37 60 6 9 18 8 20 46 5 75 10

8 B 10 M R 32 11 63 12 5 5 16 5 5 60 6 9 14 8 7 29 9 87 3

9 A 8 M R 18 5 5 10 4 2 16 5 5 44 4 2 11 7 11 29 10 25 8

10 B 11 M R 19 6 9 10 4 2 11 3 1 40 3 1 17 12 12 41 14 80 3

11 A 11 M R 19 6 9 10 4 2 11 3 1 40 3 1 18 8 15 41 9 50 6

12 B 7 M R 24 8 25 8 2 0.5 25 8 25 57 6 9 9 16 13 38 5 50 9

13 A 10 M R 26 9 37 10 4 2 25 8 25 61 6 9 12 11 7 30 17 97 16

14 B 8 M L 21 6 9 11 5 5 30 9 37 62 6 9 15 8 8 31 25 99 13

15 A 9 M L 19 6 9 13 4 2 29 9 37 61 6 9 18 9 9 36 22 97 15

16 B 10 M R 27 9 37 14 7 16 20 6 9 61 6 9 16 11 14 41 9 50 3

17 A 8 F R 14 4 2 7 2 0.5 10 2 0.5 31 2 0.5 11 11 11 33 1 50 3

18 B 9 M R 21 6 9 11 5 5 15 5 5 47 4 2 15 7 16 38 4 89 5

19 A 8 M R 21 6 9 11 5 5 15 5 5 47 4 2 12 8 15 35 6 91 7

20 B 11 M R 21 6 9 12 5 5 25 8 25 58 6 9 13 16 13 42 9 50 12

21 A 11 F R 6 2 0.5 9 3 1 9 2 0.5 24 1 0.1 10 12 11 33 4 94 7

22 B 6 M L 10 3 1 19 10 50 19 6 9 48 4 2 13 6 7 26 2 95 1

23 A 7 M L 10 3 1 19 10 50 19 6 9 48 4 2 12 4 7 23 10 98 4

24 B 10 M R 20 6 9 15 8 25 27 8 25 62 6 9 18 12 15 45 2 25 8

25 A 9 M R 20 6 9 18 9 37 22 6 9 60 6 9 20 17 14 51 1 50 8

26 B 8 M R 19 6 9 8 2 0.5 28 9 37 55 5 5 12 4 8 24 16 80 4

27 A 11 M R 20 6 9 11 3 1 10 2 0.5 41 3 1 13 14 10 37 7 98 22

28 B 10 F R 7 2 0.5 10 4 2 9 2 0.5 26 1 0.1 8 7 11 26 16 92 10

29 A 10 M R 14 4 2 12 5 5 23 7 16 49 4 2 18 8 9 35 1 80 7

30 B 11 M R 19 6 9 14 7 16 29 9 37 62 6 9 21 9 11 41 4 84 6

Mean 9.3 M,

n = 27

F,

n = 3

R,

n = 25

L,

n = 5

18.1 5.5 10.6 12.2 5.3 12.2 19.9 6.0 15.2 50.2 4.5 5.0 14.2 9.1 11.4 34.7 9.9 76.1 8.1

SD 1.4 5.5 2.0 13.2 3.4 2.5 15.2 7.0 2.4 14.1 11.7 1.6 3.7 4.2 3.4 4.1 8.9 7.3 22.3 4.5

Range 6–11 6–32 2–11 1–63 7–19 2–10 1–50 9–30 2–9 1–37 24–62 1–6 0.1–9 8–24 4–17 5–21 17–53 1–26 25–99 1–22

Skewness −0.47 −0.07 0.51 2.57 0.45 0.39 1.32 −0.14 −0.25 0.55 −0.76 −0.68 0.02 0.39 0.69 0.57 0.04 0.67 −0.90 1.03

Kurtosis −0.78 0.74 1.14 7.99 −0.64 −0.92 0.72 −1.44 −1.22 −1.35 −0.51 −0.72 −1.92 −0.62 0.09 −0.09 −0.49−0.53 −0.35 1.75

No., Reception number. The odd number of reception numbers was divided into Group A, and the even number was divided into Group B. M, Male; F, Female; R, Right; L, Left; M-ABC2, the Movement Assessment Battery for

Children-2nd Edition; MD, Manual Dexterity; A&C, Aiming & Catching; DCDQ, the Developmental Coordination Disorder Questionnaire; SCQ, the Social Communication Questionnaire; ADHD-RS, the Attention-Deficit Hyperactivity

Disorder-Rating Scale; DSRS-C, the Depression Self-Rating Scale for Children; SD, Standard Deviation.
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FIGURE 1 | Current experimental protocol. DCD, developmental coordination disorder; SR(+), stochastic resonance-on condition; SR(-), stochastic resonance-off

condition.

Stochastic Resonance Intervention:
Subthreshold Vibrotactile Noise
Stimulation
To elicit SR, subthreshold vibrotactile noise stimulation was
applied using four compact devices (length: 10mm; width:
18mm; height: 2mm; Vibration Actuator Sprinter α; Nidec
Seimitsu, Nagano, Japan) attached to the volar and dorsal areas
of children’s right and left wrists using contact tape (i.e., two

devices on the right wrist and two devices on the left wrist).

The resonance frequency of the device was 170± 10Hz (average

± SD). Low-pass filters at 500Hz were used as per previous

studies (7, 8, 10, 11, 14, 16, 17). A digital amplifier (FX Audio

D802; North Flat Japan, Osaka, Japan) was used to output the

white noise signals needed to elicit SR through the vibrotactile

actuators. Consistent with previous studies (7, 8, 10, 11, 14, 16,
17), we attached the device to the wrist to minimize manual
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interruption while affecting the tactile sensation of the fingers.
The intensity of the vibrotactile noise was set to 60% of the
vibrotactile threshold at the beginning of the test—a level shown
to be optimum to elicit SR in sensory systems (7, 8, 10, 11, 14, 16,
17). The sensory thresholds for vibrotactile noise were measured
immediately before each of the four measurement blocks,
irrespective of whether it was an SR-on or SR-off condition. The
vibrotactile noise device remained attached throughout testing
and it was turned on and off at the beginning and at the end of
each block to implement the SR-on/SR-off conditions. Control
over the SR-on/SR-off condition was given to an experimenter
different than the one who administered the manual dexterity
test. Children were blinded to the condition as they could not feel
the subthreshold noise stimuli and were not informed about the
SR-on/SR-off conditions.

Outcome: Manual Dexterity Test
The manual dexterity test of the M-ABC2 is a standardized,
age-adjusted test to evaluate the DCD diagnostic criterion A of
DSM-5 (18). This test has good test-retest reliability (minimum
value at any age is 0.75), good inter-rater reliability (0.70), and
good concurrent validity (18). This test has three age bands: 3–
6 years (age band 1), 7–10 years (age band 2), and 11–16 years
(age band 3). In the current study, each child received three sub-
tests that were appropriate for his/her age band. Children in the
age band 1 (3–6 years) were evaluated by the posting coins test,
threading beads test, and drawing trail I test. The age band 1 test
was performed by 0 participants in Group A and 1 participant in
Group B. Children in the age band 2 (7–10 years) were evaluated
by the placing pegs test, threading lace test, and drawing trail II
test. The age band 2 test was administered to 11 participants in
Group A and 11 participants in Group B. Children in the age
band 3 (11–16 years) were evaluated by the turning pegs test,
triangle with nuts and bolts test, and drawing trail III test. The
age band 3 test was completed by four participants in Group
A and three participants in Group B. The manual dexterity test
was conducted twice in each block, with a total of 8 tests for
each child throughout the experiment. The component score,
standard score, and percentile score were then calculated from
the obtained raw scores. An increase in the component score,
standard score, and percentile score suggest an improvement in
manual dexterity. The manual dexterity test was administered by
a specifically trained, certified physical therapist who was blinded
to the SR-on and SR-off conditions.

Statistical Analysis
The baseline data (age, sex, preferred hand, and M-ABC2,
DCDQ, SCQ, ADHD-RS, and DSRS-C scores) were compared
statistically between Groups A and B. Sex and preferred hand
were compared between Groups A and B using the chi-square
test for independence. According to the Shapiro-Wilk test, age,
all percentile scores of M-ABC2, the control during movement
of DCDQ, SCQ, and ADHD-RS scores were not normally
distributed, so they were compared between Groups A and B
using the Mann-Whitney U test. The DCDQ fine motor and
handwriting, general coordination, and total scores, as well as
the DSRS-C score, were normally distributed according to the
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FIGURE 2 | Standard scores measured through the experiment in the two groups (Group A, N = 15; Group B, N = 15). Baseline-data (white squares); SR(+): SR-on

condition (black squares); SR(-): SR-off condition (gray squares). *p < 0.05. Panel (A): Standard scores (mean ± standard deviation) in Group A (N =15). Panel (B):

Standard scores (mean ± standard deviation) in Group B (N =15).

Shapiro-Wilk test, and were compared between Groups A and B
using an independent samples t-test.

The results of the manual dexterity test scores (component
score, standard score, and percentile score) measured throughout
the experiment (baseline-data, Block-1,−2,−3,−4) were
compared in each of the two groups (Group A, N = 15; Group
B, N = 15). The Shapiro-Wilk test showed that Group A
component scores and standard scores and Group B component
scores were normally distributed. Repeated measures one-way
analysis of variance (ANOVA) was used to analyze these
scores measured throughout the experiment (baseline-data,
Block-1,−2,−3,−4). Multiple comparisons in post-hoc analyses
were performed using paired t-tests. Group A percentile scores
and Group B standard scores and percentile scores measured
throughout the experiment (baseline-data, Block-1,−2,−3,−4)
were compared using the Friedman test because those data
were not normally distributed as shown by the Shapiro-Wilk
test, and the Wilcoxon signed-rank test was used for multiple
comparisons in post-hoc analyses.

The results of the manual dexterity test (component score,
standard score, and percentile score) were compared considering
the baseline-data, SR-on condition (scores averaged over the
two blocks), and SR-off condition (scores averaged over the
two blocks) in the whole group (N = 30). Since component
scores were normally distributed as shown by the Shapiro-
Wilk test, they were compared using repeated measures one-
way ANOVA and post-hocmultiple comparisons were performed

using paired t-tests. The standard scores and percentile scores
were not normally distributed as shown by the Shapiro-Wilk
test, they were compared using the Friedman test and post-
hoc multiple comparisons were performed using the Wilcoxon
signed-rank test.

The significance level was set at α = 0.05 for all statistical
analyses, and the Bonferroni correction was used to adjust for
multiple comparisons in post-hoc analyses. The effect size was
calculated. All statistical analyses were performed using SPSS,
version 24 (SPSS, Chicago, IL, USA).

RESULTS

Table 2 shows the results of the comparisons of baseline data
between Groups A and B. There were no differences in age (Z
= −0.064, p = 0.967), sex [χ2 = 0.370, χ

2
(0.95)

= 3.841, p =

0.543], and preferred hand [χ2 = 0.240, χ
2
(0.95)

= 3.841, p =

0.624] between Groups A and B. There were no differences in the
M-ABC2 scores between Groups A and B (Manual dexterity: Z=

−1.952, p= 0.067; Aiming and catching: Z =−1.154, p= 0.267;
Balance: Z = −1.809, p = 0.074; Total: Z = −2.045, p = 0.050),
but they tended to be slightly higher in Group B. There were no
differences in the scores for DCDQ (Control during movement:
Z =−1.188, p= 0.250; Fine motor and handwriting: t =−0.104,
p = 0.918; General coordination: t = −1.095, p = 0.283; Total: t
= −1.096, p = 0.283), SCQ (Z = −0.062, p = 0.967), ADHD-RS
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FIGURE 3 | Results of the manual dexterity test (panel A: component score; panel B: standard score; panel C: percentile score) measured at the baseline-data, in the

SR-off conditions (SR(-)), and the SR-on conditions (SR(+)) (N = 30). Results of the manual dexterity test (Panel A: component score, mean ± standard deviation;

panel B: standard score, boxplot; panel C: percentile score, boxplot) in the baseline-data (white bars), the SR-off conditions (SR(-), gray bars), and the SR-on

conditions (SR(+), black bars). **p < 0.001; n.s. = not significant.

(Z = −0.983, p = 0.345), and DSRS-C (t = 1.563, p = 0.129)
between Groups A and B.

All participants (N = 30) completed the current
experimental protocol.

Statistical analysis showed that the changes in component
scores observed in Group A and B throughout the experiment
were statistically significant [Group A: F(4, 56) = 8.156, p
< 0.001; Group B: F(4, 56) = 8.575, p < 0.001]. Post-hoc
analysis showed that the component scores of Group A in
Block-1 (SR-on condition) and Block-3 (SR-on condition)
were significantly higher than in the baseline-data and Block-
2 (SR-off condition) (Block-1 vs. baseline-data, p = 0.023;
Block-1 vs. Block-2, p = 0.003; Block-3 vs. baseline-data,
p = 0.038; Block-3 vs. Block-2, p = 0.027; all with after
Bonferroni correction). In Group B, the component scores in
Block-2 (SR-on condition) were significantly higher than the
baseline-data (p = 0.008; after Bonferroni correction), and
the component scores measured in Block-4 (SR-on condition)
were significantly higher than the those measured at the
baseline-data and in Block-1 (SR-off condition)(Block-4 vs.
baseline-data, p = 0.001; Block-4 vs. Block-1, p = 0.036; after
Bonferroni correction).

Figure 2 shows the change standard scores for Group A
(N = 15) and Group B (N = 15) throughout the experiment
(baseline-data,−1,−2,−3,−4). The change in standard scores in
Group A and B observed throughout the experiment (baseline-
data, Block-1,−2,−3,−4) were statistically significant [Group A:
F(4,56) = 7.204, p < 0.001; Group B: p < 0.001]. Post-hoc analysis
showed that the standard scores measured in Group A in Block-1
(SR-on condition) were significantly higher than those at the
baseline-data and those in Block-2 (SR-off condition) (Block-1
vs. baseline-data, p = 0.040; Block-1 vs. Block-2, p = 0.015; all

Bonferroni-corrected) (Figure 2A). Standard scores measured
in Group B in Block-4 (SR-on condition) were significantly
higher than baseline-data (p = 0.020; after Bonferroni
correction) (Figure 2B).

The change in percentile scores in Group A and B observed
throughout the experiment (baseline-data, Block-1,−2,−3,−4)
was significant (Group A: p < 0.001; Group B: p < 0.001).
Post-hoc analysis showed that percentile scores measured in
Group A in Block-1 (SR-on condition) were significantly higher
than in Block-2 (SR-off condition) (p = 0.048; after Bonferroni
correction), and that percentile scores measured in Group B in
Block-4 (SR-on condition) were significantly higher than those
from baseline-data (p= 0.022; after Bonferroni correction).

Figure 3 shows the results of manual dexterity test
(component score, standard score, and percentile score) in
the baseline-data, SR-on condition (averaged over two blocks),
and SR-off condition (averaged over two blocks) in the whole
sample (N = 30). There was a significant change in component
score in the three conditions as shown by repeated measures
one-way ANOVA between three conditions [F(2, 58) = 25.385, p
< 0.001]. Post-hoc analysis showed that the component score in
the SR-on condition was significantly higher than in the baseline-
data and SR-off conditions (SR-on vs. baseline-data, t(29) =

−6.196, p < 0.001, effect size (r) = 0.75; SR-on vs. SR-off, t(29)
= −5.689, p < 0.001, effect size (r) = 0.73; all after Bonferroni
correction). No statistically significant difference in component
score between baseline-data and SR-off condition was observed
[t(29) =−1.892, p= 0.205, after Bonferroni correction, effect size
(r)= 0.33] (Figure 3A).

There was a significant change in standard score in the
three conditions as shown by the Friedman test (p < 0.001).
Post-hoc analysis showed that the standard score in the SR-on
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condition was significantly higher than the standard score in
the baseline-data and SR-off condition (SR-on vs. baseline-
data, z = −4.116, p < 0.001, effect size (r) = −0.75; SR-on
vs. SR-off, z = −3.693, p < 0.001, effect size (r) = −0.67;
all after Bonferroni correction). No significant difference in
standard score between baseline-data and SR-off condition was
observed (z = −1.873, p = 0.183, after Bonferroni correction,
effect size (r)=−0.34) (Figure 3B).

There was a significant change in percentile score in the three
conditions as shown by the Friedman test (p < 0.001). Post-hoc
analysis showed that the percentile score in the SR-on condition
was significantly higher than the percentile score in the baseline-
data and SR-off condition (SR-on vs. baseline-data, z=−4.108, p
< 0.001, effect size (r)=−0.75; SR-on vs. SR-off, z=−3.667, p<

0.001, effect size (r)=−0.67; all after Bonferroni correction). No
significant difference in percentile score between baseline-data
and SR-off condition was observed (z=−2.146, p= 0.0957, after
Bonferroni correction, effect size (r)=−0.39) (Figure 3C).

DISCUSSION

The present study showed that manual dexterity under SR-
on conditions was significantly improved compared to the
baseline-data and to the SR-off conditions. Analysis of test
scores throughout the experiment showed that the observed
improvement in manual dexterity was not an effect of learning
during the experiment but was specifically generated during the
SR-on condition.

Hand tactile sensation is a very important factor for accurate
and quick manual dexterity (19–22). Previous studies showed
that vibrotactile noise stimulation to the wrist with an intensity of
60% of the sensory threshold as used within this study improved
fingertip tactility and manual dexterity in the affected limbs of
patients with stroke (7, 8, 10). Therefore, the improvement in
manual dexterity observed under SR-on condition in the current
study may have been due to an improvement in hand tactile
sensitivity that is an important component of manual dexterity.

In general, children with DCD have lower ability to effectively
use tactile information for movement and have to rely more
on visual information (14, 23–25). However, an earlier case
study showed that the problem of visual dependence in a child
with DCD may be improved as a result of SR stimulation
similar to the one used in this study (14). Therefore, the
significant improvement in manual dexterity observed during
the SR-on condition in the current study may be due both
to an increase in tactile sensitivity and a reduction in
visual dependence.

In addition, sensory-motor integration is a very important
function for manual dexterity in children (26, 27). A previous
study showed that the application of SR to healthy young
individuals significantly improved sensory-motor integration
(17). In addition, one case study showed that SR intervention
may improve sensory-motor integration in a child with DCD
(14). Therefore, the significant improvement in manual dexterity
observed in the SR-on condition may be related to possible
improvement in sensory-motor integration.

The advantage of the SR intervention here presented is
that children only need to wear a compact SR device and no
special efforts are needed to use the device. In the current
study, the SR-on and -off conditions were altered and the
effects observed during the SR-on conditions were not observed
under subsequent SR-off conditions, suggesting that there is
no carry-over (retention) effect when switching from SR-on to
SR-off. Therefore, future studies will need to investigate the
possible influence of the duration of the SR stimulation on
carry-over (retention) effects and understand if and under which
circumstances the beneficial effects of subthreshold stimulation
can be sustained after the end of stimulation. In other words,
how long do children with DCD need to wear the device to see a
carryover effect? What activities should they perform while they
are wearing the device in order to have a carryover effect? These
questions need to be clarified. In addition, vibrotactile noise
stimulation is non-invasive and unconscious, and the children
did not complain of any discomfort (e.g., pain) in this study.
However, it is not known whether this stimulation will have a
negative effect on the body when it is applied for a long period
of time. Future studies are needed to investigate these possible
adverse effects. These future studies should help to clarify when
clinicians should consider stopping SR administration and the
criteria for identifying the inefficacy of SR.

An important limitation of the study is that the children were
assigned to two groups according to their order of enrollment,
and although there were no significant differences in the baseline
data of both groups, they were not completely equal with respect
to age and sex. Therefore, in the future, randomized controlled
trials should be conducted with larger sample sizes, completely
matched for age and sex, and assigned to intervention and no-
intervention groups. In addition, the outcome of this study used
the M-ABC2, the international standard assessment battery for
DCD, but future studies should also use other tools, such as the
NEPSY second edition, to assess sensorimotor and visuospatial
functions to verify whether manual dexterity improves in the
long term.
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Background/Objectives: Intensive training of the more affected upper extremity (UE)

has been shown to be effective for children with unilateral spastic cerebral palsy

(USCP). Two types of UE training have been particularly successful: Constraint-Induced

Movement Therapy (CIMT) and Bimanual training. Reorganization of the corticospinal

tract (CST) early during development often occurs in USCP. Prior studies have suggested

that children with an ipsilateral CST controlling the affected UEmay improve less following

CIMT than children with a contralateral CST. We tested the hypothesis that improvements

in UE function after intensive training depend on CST laterality.

Study Participants and Setting: Eighty-two children with USCP, age 5 years 10

months to 17 years, University laboratory setting.

Materials/Methods: Single-pulse transcranial magnetic stimulation (TMS) was used

to determine each child’s CST connectivity pattern. Children were stratified by age, sex,

baseline hand function and CST connectivity pattern, and randomized to receive either

CIMT or Bimanual training, each of which were provided in a day-camp setting (90 h).

Hand function was tested before, immediately and 6 months after the intervention with

the Jebsen-Taylor Test of Hand Function, the Assisting Hand Assessment, the Box and

Block Test, and ABILHAND-Kids. The Canadian Occupational Performance Measure

was used to track goal achievement and the Pediatric Evaluation of Disability Inventory

was used to assess functioning in daily living activities at home.

Results: In contrast to our hypothesis, participants had statistically similar improvements

for both CIMT and Bimanual training for all measures independent of their CST

connectivity pattern (contralateral, ipsilateral, or bilateral) (p < 0.05 in all cases).

38

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.660780
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.660780&domain=pdf&date_stamp=2021-05-03
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ag275@columbia.edu
https://doi.org/10.3389/fneur.2021.660780
https://www.frontiersin.org/articles/10.3389/fneur.2021.660780/full


Friel et al. Cerebral Palsy CST and Treatment

Conclusions/Significance: The efficacy of CIMT and Bimanual training is independent

of CST connectivity pattern. Children with an ipsilateral CST, previously thought to be

maladaptive, have the capacity to improve as well as children with a contralateral or

bilateral CST following intensive CIMT or Bimanual training.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT02918890.

Keywords: hemiplegia, transcramial magnetic stimulation, Hand-Arm Bimanual Intensive Therapy (HABIT),

rehabilitation, constraint-induced movement therapy (CIMT), brain reorganization, neuroplasicity, physical

rehabilitation

INTRODUCTION

Unilateral spastic cerebral palsy (USCP) is characterized
by sensorimotor deficits, particularly upper extremity (UE)
impairments mainly on one side of the body. In the past
decade, the evidence base for effective therapies has expanded
considerably (1). The best available therapies for UE impairments
in children with USCP involve intensive, skill-based motor
training (2–7). Despite the general efficacy of these intensive
interventions, there is considerable individual variability in
responsiveness (8–10). The high costs and time associated with
intensive therapy highlight the need for a greater understanding
of neurophysiological mechanisms that may mediate functional
recovery and can be targeted to optimize interventions.

One potential key determinant to how children respond to
UE therapies is developmental adaptation of the motor system
following early brain injury. The principal pathway for control
of skilled UE movements is the corticospinal tract (CST) (11).
During typical development, early bilateral projections of the
CST are pruned leading to a predominantly contralateral system
(12). In the context of a perinatal injury, there is often a loss of
direct projections of the CST from the injured motor cortex to
contralateral spinal cord motor circuits (13). Depending on the
timing and size of injury, theremay be an aberrant reorganization
of the motor system in which the uncrossed (i.e., ipsilateral)
projections from the non-lesioned hemisphere retain control of
the affected hand (14). These ipsilateral connections, found in
more than half of children with USCP, have been considered
to be “maladaptive” (15, 16), and those who retain contralateral
projections have better hand function than those who do not [e.g.,
(10, 17–19)]. However, there is growing evidence that ipsilateral
pathways have the capacity to support substantial motor function
(20, 21). The ipsilateral motor map can contain an abundance
of distal UE representations and are plastic (10, 21, 22). In fact,
greater relative overlap of the affected and less affected hand
representation within the contralesional hemisphere has been
shown to be associated with better hand function (23). This
suggests that overlapping representations might be adaptively
“yoked,” with cortical control of the child’s less affected hand
supporting that of the affected hand.

Two types of training have been shown to be among the most
efficacious approaches to improving UE function (1). Constraint-
induced movement therapy involves restraint of the less affected
UE and intensive unimanual practice with the more affected UE
[e.g., (24)]. Bimanual training involves provision of tasks that
necessitate or instruct use of both UE with the more affected

UE generally used as an assist (25). Both approaches have been
found to result in similar efficacy for most clinical outcomes
[e.g., (2, 26–30)]. However, the heterogeneity in children with
UCSP described above raises important questions about the
relation between CST pathway reorganization and treatment
outcome. Studies of CIMT have suggested that children with
ipsilateral control of the affected UE show markedly reduced
improvements in movement speed (16) and cortical excitability
(31) compared to children with a contralateral CST, possibly
due to the absence of typical interhemispheric inhibition
and/or a potential hemispheric dissociation of affected hand
representations in the primary motor cortex and somatosensory
cortex in these children (16, 31–33). In contrast, we have shown
that improvements in skill and increases in motor maps occur
independently of CST laterality following bimanual training (10,
21). Thus, CST laterality (especially ipsilateral reorganization)
may predict outcomes, depending on whether the training is
unimanual or bimanual. Despite the growing awareness of
CST laterality as a potential biomarker of recovery, its relation
to CIMT and bimanual training, two approaches with high
levels of evidence for improving motor function in children
with USCP (1), has not been formally tested in a large-sample
prospective trial.

In the present study we tested the hypothesis that
improvements in UE function following either CIMT or
bimanual training depend on CST laterality and type of training
(unimanual vs. bimanual) in children with USCP. In particular,
we predict that whereas children with a maintained contralateral
CST will respond equally to CIMT and bimanual training,
children with ipsilateral CST laterality will be less responsive to
CIMT than bimanual training. We tested our hypothesis in a
randomized clinical trial in which children were randomized to
receive either 90 h of CIMT or Hand-Arm Bimanual Intensive
Training (HABIT).

METHODS

All study procedures were approved by the Institutional Review
Boards of Teachers College, Columbia University, where the
treatments were conducted, the Burke Neurological Institute,
where TMS evaluations were performed, and Weill Cornell
Medicine, where magnetic resonance imaging (MRI) was
performed. Children and their caregivers provided written
informed assent and consent.
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Participants
Demographics and clinical characteristics of participants are
provided in Table 1. Participants were recruited from clinics
in the NYC area, our Web site (http://www.tc.edu/centers/cit/),
ClinicalTrials.gov (NCT02918890), and online support groups.
All participants were randomized (see below) to receive Hand-
Arm Bimanual Intensive Training (HABIT) or Constraint-
Induced Movement Therapy (CIMT) program, delivered in a
day camp model (6 h/day, 15 days). Six cohorts participated
in the intervention delivered in a summer day camp setting.
The inclusion criteria for were: (1) age 5.5–17 years, (2)
diagnosed with USCP, (3) capable of participating in a 15 day,
6 h/day camp while separated from caregiver(s), (4) capable of
following directions regarding hand use and testing, (5) capable
of communicating needs, (6) mainstreamed in age-appropriate
school classroom, and (7) able to lift the more affected arm
15 cm above a table surface and grasp light objects. The exclusion
criteria were: (1) unwillingness to comply with instructions or
other behavioral issues making delivery of an intensive therapy
infeasible, (2) health problems unassociated with hemiplegia, (3)
visual impairment that could interfere with participation, (4)
orthopedic surgery on the more affected hand within 1 year, (5)
presence of metallic objects in the body, and (6) botulinum toxin
in the more affected upper extremity within the past 6 months
or intended treatment within the study period, (7) seizures
after the age of 2 years, (8) family history of seizure disorders,
(9) current medication use to lower the seizure threshold, (10)
claustrophobia, or (11) pregnancy. Sample size calculations were
based on the results of the Assisting Hand Assessment (AHA)
and Jebsen-Taylor Test of Hand Function (JTTHF) outcomes of
a prior CIMT/HABIT RCT (2) and pilot data. The difference in
effect size of improvement in hand function was estimated to be
0.35 (difference change JTTHF = 102 s, sd = 120, AHA change
7 logits, sd = 10), alpha = 0.05, beta = 0.8 and 20% potential
dropout. The analysis yielded 82 children.

Randomization
Before randomization, children completed all baseline outcome
measures. Block randomization was implemented for each cohort
of participants (8–18 children). Each cohort was stratified by
age, sex, baseline hand function, and CST connectivity pattern
as closely as possible, then randomized offsite using concealed
allocation to receive either CIMT or HABIT.

Interventions
General Intervention Procedures
Children participated in an intensive hand training intervention
using either one (CIMT) or both (HABIT) hands. Children
attended for 6 h/day over 15 days (90 h). During the intervention,
children were paired with a trained interventionist, with an
interventionist:child ratio of at least 1:1. The interventionists
included physical and occupational therapists, graduate students
in kinesiology/neuroscience, speech pathology, and psychology,
and undergraduates. Interventionists were supervised by
experienced PT/OTs who enforced protocol fidelity, and both
the interventionists and supervisors were blinded to CST
connectivity patterns. Prior to the intervention, a training

TABLE 1 | Included participant characteristics.

CIMT group HABIT group

N 40 39

Mean age in years, months (SD) 9.4 (2.10) 9,7 (3,5)

Sex

Male 27 21

Female 13 18

Affected hemisphere

Right 19 14

Left 21 25

Lesion type

Middle cerebral artery 10 13

Periventricular 25 23

Malformation 2 1

Unknown 3 2

Corticospinal tract laterality

Contralateral 7 3

Bilateral 7 6

Ipsilateral 26 30

MACS

I 9 12

II 25 21

III 6 6

Baseline AHA, mean (SD) (95% CI),

logits

56.7 (20.7)

(50.1, 63.3)

55.2 (8.7)

(52.4, 58.1)

Baseline JTTHF, more-affected, mean

(SD) (95% CI), sec

405.1 (306.8)

(306.9, 503.2)

402.5 (296.5)

(306.4, 498.7)

Baseline JTTHF, less-affected, mean

(SD) (95% CI), sec

56.7 (20.7)

(39.1, 74.3)

63.8 (40.0)

(43.8, 83.9)

Baseline COPM Perf, mean (SD)

(95% CI), score

2.9 (1.1) (2.5,

3.2)

3.0 (1.4) (2.5,

3.4)

Baseline COPM Sat, mean (SD) (95%

CI), score

3.1 (1.6) (2.6,

3.6)

3.3 (1.8) (2.7,

3.9)

Baseline BBT, more-affected, mean

(SD) (95% CI), sec

18.2 (10.1)

(15.0, 21.5)

16.6 (9.8)

(13.5, 23.0)

Baseline BBT, less-affected, mean

(SD) (95% CI), sec

42.9 (12.7)

(29.6, 56.1)

41.1 (12.8)

(28.2, 54.0)

Baseline PEDI-FS, mean (SD) (95%

CI), score

63.8 (6.1)

(61.9, 65.8)

63.2 (7.0)

(61.0, 65.5)

Baseline PEDI-CA, mean (SD) (95%

CI), score

33.8 (5.4)

(32.0, 35.5)

33.2 (5.7)

(31.9, 35.6)

Baseline ABILHAND-Kids, mean (SD)

(95% CI), score

1.9 (1.6) (1.4,

2.4)

1.7 (1.1) (1.4,

2.1)

MACS, Manual Ability Classification System; AHA, Assisting Hand Assessment; JTTHF,

Jebsen-Taylor Test of Hand Function; COPM, Canadian Occupational Performance

Measure; BBT, Box and Block Test; PEDI, Pediatric Evaluation of Disability Inventory (FS,

Functional skills subscale; CA, Caregiver assistance in self-care subscale).

session was administered by the supervisors and standardized
based on the established manual of procedures for CIMT and
HABIT. Fidelity was reinforced by supervisors during the
day camp and during daily post-camp meetings. Participants
receiving CIMT and HABIT were located in separate rooms.
Each room was supervised by additional experienced PTs/OTs,
who modeled and ensured uniformity of treatment. Each day,
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interventionists had team meetings to discuss the progress and
needs of each child.

Participants worked one-on-one with their interventionist or
in groups (while still paired with individual interventionists).
Interventionists were matched with children prior to
randomization considering the child’s age, sex, and interests.
Emphasis was placed on making the experience enjoyable.
Activities were divided into whole and part task practice.
Whole task practice involved sequencing successive movements
within the context of activities (e.g., games, arts and crafts, goal
training). The activities were performed continuously for at
least 15–20min. Targeted movements and spatial and temporal
coordination were practiced within the context of completing
the task. Part task practice (analogous to “shaping” in the
psychology literature) (25, 34) involved breaking down motor
skills into smaller components and reinforcement of successive
approximations of the desired behavior (e.g., card turning to
promote forearm supination) while increasing repetitions and
progressing skill requirements. This approach also served to
increase treatment intensity by requiring as many repetitions
as possible over repeated 30-s intervals (typically a minimum
of 5 intervals).

Task difficulty was graded by varying the spatial/temporal
constraints or by providing tasks that required progressive skilled
use as task performance improved. The difficulty was increased
when the participant was successful on 7 of 10 repetitions.
Task performance was recorded, and positive reinforcement and
task- and age-specific knowledge of results were provided for
encouragement (35).

Constraint-Induced Movement Therapy
CIMT was modified to be child-focused (2, 34). The restraint
consisted of a cotton sling fastened to the child’s trunk with the
distal end enclosed to prevent using the less affected arm or
hand as an assist. The sling was continuously worn throughout
this intervention except when a break was requested (<0.5 h
per 6 h session).

Task Selection

To engage the child in the intervention and to maintain
engagement, we established a list of fine motor and manipulative
gross motor activities that elicit movement behaviors of interest
and included a battery of age-appropriate, unimanual functional
and play activities. Interventionists selected tasks based on which
train to the targeted hand impairments and the child’s interest.
Task difficulty was progressed as children improved by requiring
greater speed, accuracy, or movement repetition.

Hand-Arm Bimanual Intensive Therapy

Task Selection

We previously identified age-appropriate fine and gross motor
activities that require use of both hands (2, 25). Activities
were chosen by taking into consideration the role of the more
affected UE increasing in complexity from passive assist to active
manipulator. While task demands were graded to allow success,
children were typically asked to use the more affected UE in the
same manner as that of the non-dominant limb of a typically

developing child. Directions were provided to the child before the
start of each task in order to avoid use of compensatory strategies.
These directions specified how each hand will be used during the
activity, although choice was often provided to keep the approach
child-centered (e.g., use the more affected hand to roll the dice or
move a board piece during a game) (2, 25).

Outcome Measures
We chose several measures of hand function to capture different
aspects of manual ability. Assessments were administered by
an experienced physical or occupational therapist who was
blinded to the treatment allocation and CST connectivity of
each child. The Assisting Hand Assessment (AHA, version 4.4)
measured bimanual hand use. The Jebsen-Taylor Test of Hand
Function (JTTHF) measured unimanual dexterity of the affected
hand. The AHA and JTTHF were pre-determined primary
outcome measures.

Several secondary outcome measures were also used. The
Box and Blocks Test (BBT) measured unimanual dexterity.
The Canadian Occupational Performance Measure (COPM)
measured caregiver perceptions of a child’s performance of
functional goals, and satisfaction with how well the child can
perform the goal. The ABILHAND-Kids is a parent-report of
child’s manual ability. The Pediatric Evaluation of Disability
Inventory (PEDI) was used to measure functioning in the
home environment (i.e., self-care domain). All measures were
administered immediately before treatment (pre-test), within 2
days after (post-test), and 6 months after treatment (followup).

Bimanual Hand Function

AHA

The AHA is a validated test for measuring bimanual hand use
in children with UE impairments. The AHA measures the use of
the more affected hand in bimanual activities during a play-like
testing session (36). Sessions were videotaped and scored off-site
by a blinded evaluator. The AHA has excellent validity, reliability
(0.97–0.99) and responsiveness to change (37). The AHA units
were used for the analysis. The smallest detectable difference
(SDD) for AHA is an improvement of at least 5 units (38).

Unimanual Dexterity

JTTHF

The JTTHF measures the time taken to complete six unimanual
tasks, which include flipping cards, moving small objects, and
lifting cans (39, 40). The total score is the amount of time taken
to complete all tasks. The test was performed on both the more
affected and less affected hands. The JTTHF is well-validated and
has excellent reliability (40, 41).

BBT

The BBT measures how many blocks (2.5 cm3) an individual can
move from one box, over a barrier, to an adjacent box in 1min
(42). Both hands were tested. The BBT is valid and reliable for
children with CP (41).
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Hand Use in Daily Functioning

COPM

The COPM is a structured interview in which the individuals are
asked to identify up to five functional goals (43). In this study,
parents reported their child’s functional goals. Parents rated
how well children perform each goal (COPM-Performance), and
how satisfied they were with the child’s performance (COPM-
Satisfaction). The same caregiver was interviewed before and
after the intervention. A change of 2 or more points in each
scale of COPM is considered a minimum clinically important
difference (MCID) (43). The COPM has been validated for
parents of children with disabilities (44).

ABILHAND-Kids

The questionnaire measures the ability of a child to perform
specific 21 daily tasks which require hand use, according to the
parent’s perspective (45). It has been validated for children with
CP over the age of 6 and it is a reliable test (45, 46).

PEDI

Caregivers were interviewed to assess children’s daily functioning
using the PEDI, a valid/reliable test (47) focusing on child’s
functioning in daily living activities at home (48). Children’s
functional skills (PEDI-FS) and caregiver assistance (PEDI-CA)
in self-care were assessed.

Determination of CST Laterality
We determined CST laterality in two ways. (1) TMS (primary
approach): We determined which hemisphere evokes muscle
activation of the affected hand when TMS is applied to the
primary motor cortex (M1); (2) DTI (secondary approach):
We used DTI to visualize the affected CST only in children
whose CST laterality could not be determined with TMS. We
have shown that DTI is an accurate surrogate measure of CST
laterality (49).

Transcranial Magnetic Stimulation
Single-pulse transcranial magnetic stimulation (TMS) was used
to determine which hemisphere’s M1 controlled movement of
the child’s more affected hand. We recorded EMG from the
first dorsal interosseous (FDI) muscle in both hands. Skin was
cleaned with rubbing alcohol and a mild abrasive (NuPrep,
Weaver and Company, Aurora, CO). Electrodes were placed on
the FDI muscle belly. Reference electrodes were placed on the
muscle tendon, and a ground electrode was placed on the wrist
styloid process. EMG was recorded with Neuroconn hardware
and software (Neuroprax, Germany). The Neuroconn received
a trigger input from the TMS stimulator, such that the relative
timing of an EMG response to a stimulus could be measured
and visualized. The EMG response to TMS is a motor evoked
potential (MEP).

We identified the spot at which a single TMS pulse evoked the
strongest MEP in the affected FDI muscle (the motor “hotspot”).
To identify the motor hotspot, single TMS pulses were delivered
to the child’s scalp, starting ∼4 cm from midline above the ear.
The initial TMS stimulus intensity was 50% stimulator output.
If an MEP was not found, the coil position was moved in

1 cm increments to stimulate the scalp above motor cortex on
both hemispheres. Stimulus intensity was increased in 2–5%
increments until an MEP was found (50). We stimulated up to
80% stimulator output, because higher stimulation can be painful
to participants. If we were unable to find an MEP in the motor
strip, we stimulated at 80% stimulator output at 50 points across
frontal and parietal cortices in one hemisphere. If no MEP was
found at any of these sites, we classified that hemisphere as having
no direct control of the movement of either upper extremity.

After the motor hotspot was found, the resting motor
threshold (rMT) was determined. The rMT was defined as the
minimum stimulus intensity needed to evoke an MEP in the
affected FDI in 6 of 10 trials. Stimuli were delivered at a frequency
<0.1Hz. If an MEP was found after 6 of 10 pulses, the stimulus
intensity was lowered 2% until an MEP was no longer found in 6
of 10 trials.

We then placed a circular grid over the hemisphere, centered
over the hotspot, using Brainsight. The grid had a 10 cm diameter,
with five concentric rings, each gridpoint placed 1 cm apart.
The grid was centered over the hotspot for that hemisphere.
Although there was always one maximally responsive hotspot,
by stimulating each point of the grid, we captured all other
responsive regions in motor cortex. We stimulated each site
1–3 times (2–3 times if a response was found) at 110% the
participant’s rMT. By stimulating at 110% rMT, we thoroughly
searched for all motor cortex representations of the upper
extremities. Responses, as described below, were sites at which
a TMS stimulus evoked an MEP 50 µV or larger. As described in
detail elsewhere, we calculated the ratio between the number of
responses in the more affected FDI obtained from the lesioned
and contralesional hemispheres (10, 51, 52). This ratio is the
laterality index (LI).

Participants were categorized as having a contralateral CST
connectivity pattern if the LI was between 0.9 and 1; i.e., 90–
100% of the responses in the more affected hand come from
the lesioned hemisphere. Participants were categorized as having
an ipsilateral CST connectivity pattern if the LI was between 0
and 0.1; i.e., 0–10% of the responses in the affected hand come
from the lesioned hemisphere. Participants were categorized
as having a bilateral CST connectivity pattern if the LI was
between 0.1 and 0.9.

Transcranial Magnetic Stimulation Analysis
The latency and peak-to-peak amplitude of each TMS pulse was
measured using a suite of custom-writtenMATLAB (Mathworks,
Waltham, MA) scripts. If the latency of the MEP was longer
than 40ms after the TMS pulse, that trial was excluded from
analysis. Additionally, if high levels (>100 µV) of background
EMG activity were seen before the MEP, the trial was excluded
from analysis.

Magnetic Resonance Imaging
Each child received a structural MR scan (MP-RAGE, 3D, T1-
weighted) and diffusion tensor imaging scan, without sedation
prior to participation. The structural MRI was used to co-
register TMS stimulation targets with specific brain landmarks,
using a frameless stereotaxic neuronavigation system (Brainsight
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Frameless, Rogue Research, Montreal, QC, Canada). For TMS
localization, there is normal variability in brain topography
relative to scalp landmarks. MR scans were done on a Siemens
Prisma MRI Scanner (Malvern, PA) in the Citigroup Biomedical
Imaging Center (CBIC). Structural scans (165 slices) were taken
at a resolution of 256 × 256 px. The structural MRI was used
to identify the lesion type and extent, as well as to localize the
TMS coil (i.e., neuronavigation). The DTI scan was done during
the same session as the structural MRI. For DTI, a 65-direction
protocol was used, 75 slices per direction at a resolution of
112× 112 px each.

Diffusion Tensor Imaging Analysis
DT images for participants whose CST laterality could not be
determined with TMS due to excessively high threshold or
safety reasons were imported into DTI Studio (Johns Hopkins
University) software for processing and analyses. This has been
shown to be a reliable surrogate for TMS in determining
CST laterality (22, 49). Image series for each participant were
screened for movement artifact, and slices showing artifact
were removed. Since obtained images using 65 gradients and
performed duplicate scans, up to 30% of slices may be removed
without compromising feasibility of tract reconstruction. Using
DTI Studio, we placed region of interest seeds in the affected
motor cortex and cerebral peduncle, and later in the unaffected
motor cortex and cerebral peduncle. We used tractography to
find tracts that passed through both ROIs. We categorized each
CST as present or absent. If there was a present CST on the
affected side, the child was categorized as having a contralateral
CST. If there was not a CST present on the affected side, and a
CST present on the other side, the child was categorized as having
an ipsilateral CST (49). Note that, with this approach, “bilateral”
CST connectivity cannot be detected.

Statistical Analysis
This was an intention-to-treat study. If a child missed their 6
month assessment, we imputed their missing data based on the
average change data for other participants in their subgroup.
Statistical analyses were performed using SPSS (IBM, version
26). A treatment (CIMT, HABIT) × CST connectivity pattern
(contralateral, ipsilateral, bilateral) × test session (pre-, post-,
6 month) ANOVA with repeated measures on test session was
performed on all measures and Newman-Keuls post-hoc tests
were performed where appropriate. Regression analyses were
done to determine predictors of outcomes. For children with a
bilateral CST, correlations were done between the LI and changes
in outcome measures. Statistical significance was considered at
the p < 0.05 level.

RESULTS

Patient Flow
Patient flow is shown in the CONSORT diagram (Figure 1,
see legend for details). During recruitment, 212 individuals
were screened. Ultimately, 83 qualified individuals agreed to
participate and were randomized to CIMT or HABIT. One
child was randomized to HABIT after pre-test, but chose not

to participate on the first day of treatment due to social
anxiety. Thus, 82 participants (41 per group) completed the
treatment, although we were unable to complete TMS or DTI
on 3 participants so only data of the 79 participants with CST
determination were included (39 for CIMT, 40 for HABIT). All
other children completed the intervention, along with pre- and
immediate post-intervention assessments, but 7 children missed
the 6 month follow up assessments (CIMT n = 3, HABIT n =

4) and their data points were imputed. The results were the same
whether or not data for these children were included. We were
unable to determine the CST connectivity pattern for 3 children.
The results were the same whether or not data for these children
were included as well. Lesion type was missing for 5 children who
declined MRIs. These 5 children were excluded from analyses of
lesion type. Table 1 describes participant characteristics. There
were no significant treatment group differences in baseline scores
for any measure.

Adverse Events
Five children had adverse events. One child had a seizure
9 days after completing the immediate post-test. The event
took place immediately after an overseas flight without sleep
and after the child fell from bed. Two children had seizures
(one suspected and one confirmed) shortly before the 6-month
follow up. One child broke the more affected UE between
the immediate and 6-month follow up. Six-month follow up
evaluations were not conducted on these 4 participants. A fifth
child fell and required stitches in the head within a month of
the 6-month follow up. This child completed clinical testing for
the 6-month follow up. None of the events were deemed to
be study-related.

Bimanual Hand Function
Figure 2 shows the change scores for the AHA as a function of
treatment and CST organization (mean scores can be seen in
Table 2). As seen in the figure, overall there was improvement
across both treatments and CST organization patterns, but there
were variations within each group. There was a significant
increase of 1.8 and 2.4 AHA-units for CIMT and HABIT,
respectively, across test sessions {[F(2, 72) = 14.91, p < 0.001,
partial eta2 = 0.11], Table 2 and Figure 2}. Five participants
in the CIMT group and 11 in the HABIT group reached
the SDD. Newman-Keuls post-hoc tests revealed a significant
improvement between the pre-test and immediate post-test that
was maintained at 6 months. There were no interactions between
intervention group and test session or intervention group, CST
connectivity pattern and test session (p > 0.05).

Unimanual Dexterity
Figure 3 shows the change scores for the JTTHF for the more
affected hand as a function of treatment and CST organization
(mean scores can be seen in Table 2). There was a 111.1 s
(24%) and a 56.3 s (11%) decrease in time for CIMT and
HABIT, respectively {[F(2, 72) = 44.0 p < 0.001, partial eta2

= 0.34], Table 2 and Figure 3}. Newman-Keuls post-hoc tests
revealed a significant improvement between the pre-test and
immediate post-test that was maintained at 6 months. There
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FIGURE 1 | CONSORT flow diagram showing progress through the stages of the study, including flow of participants, withdrawals, and inclusion in analyses. A total

of 212 individuals were screened by phone or e-mail. Of these 78 children did not meet the study criteria and 28 declined participation. The remaining 106 children

potentially met the study criteria and were invited to undergo physical screening. Ten children were excluded and 13 who qualified declined to participate. The

remaining 83 children were stratified by age, sex, baseline hand function and CST connectivity pattern, and randomized to receive either CIMT or HABIT. One child in

the HABIT group dropped out before starting treatment, and 41 children in each group completed the intended treatments. We were unable to complete TMS or DTI

on 3 participants due to exceedingly high thresholds or safety concerns, so only data of the 79 participants with CST determination were included (39 for CIMT, 40 for

HABIT).

were no interactions between intervention group and test
session or intervention group, CST connectivity pattern and test
session (p > 0.05). There was no change in the less affected
hand (p > 0.05).

There was an increase in the Box and Blocks performed with
the more affected hand for both groups (12.29 for CIMT, 10.47
for HABIT) [F(2, 72) = 50.77, p < 0.001 partial eta2 = 0.53]
(Table 2). Newman-Keuls post-hoc tests revealed a significant
improvement between the pre-test and immediate post-test that
was maintained at 6 months. There were no interactions between
intervention group and test session or intervention group, CST

connectivity pattern and test session (p > 0.05). There was no
change in the less affected hand (p > 0.05).

Hand Use in Daily Functioning
For the ABILHAND-Kids (Table 2) both treatments resulted in
significant improvement [F(2, 72) = 1139.8 p < 0.001, partial eta2

= 0.97]. There were no interactions between intervention group
and test session or intervention group, CST connectivity pattern
and test session (p > 0.05).

Most goals defined in the COPM were bimanual (remaining
ones were unimanual with the more affected hand). Most of the
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FIGURE 2 | Raincloud Plot of Changes (Pre-test to Post-test) in AHA by Therapy Group and CST Connectivity. Dots represent raw change scores for individual

children (positive scores = improvements). Horizontal colored lines represent mean of CST group. Boxplots represent median and quartiles of therapy group data.

Curve represents probability distribution of therapy group data.

goals comprised self-care activities (e.g., dressing, grooming, and
eating), followed by play (e.g., ball activities). Both groups had
significant improvements in the COPM after the intervention
on performance [F(2, 72) = 89.06, p < 0.001, partial eta2 = 0.61]
and on satisfaction [F(2, 72) = 1139.9, p < 0.001, partial eta2

= 0.96] (Table 2). Twenty-four participants in the CIMT group
and 29 in the HABIT group reached the MCID of 2 or
more points for COPM performance. Twenty-five participants
in CIMT group and 30 in the HABIT group reached the
MCID of 2 or more points for COPM satisfaction. There
were no interactions between intervention group and test
session or intervention group, CST connectivity pattern and test
session (p > 0.05).

Finally, there was an overall improvement in the PEDI-
Functional Skills and PEDI- Caregiver Assistance in self-care
over time [F(2, 72) = 4727.9, p < 0.001, partial eta2 = 0.99]
(Table 2). There were no interactions between intervention
group and test session or intervention group, CST connectivity
pattern and test session (p > 0.05).

Children With a Bilateral CST
Although the above analyses indicated that intervention efficacy
was independent of CST laterality, we further examined children
with a bilateral CST. We examined correlations between LI and
the percent change in each outcome measure for the combined
CIMT and HABIT groups (note that the groups were too small to
considered by individual treatment). Figure 4 shows correlations
between LI and changes in AHA (A) and JTTHF (B). As seen

in the figure, there was no significant relation between change
scores and LI for the AHA (r = −0.08) or JTTFF (r = 0.51, but
r = 0.07 when an outlier >3.5 SD from the mean change score
was removed). There were no significant correlations between
LI and change in any other outcome measure (BBT: r = 0.09,
pCOPM-Performance r = −0.23, COPM-Satisfaction r = 0.24,
ABILHAND: r = −0.36, PEDI-Caregiver Assistance: r = −0.34,
PEDI-Functional Skills: r = 0.14).

Given the relatively small number of participants with
purely CST connectivity, we also reanalyzed all measures
considering just two groups: contralateral CST connectivity
present (combining the contralateral and bilateral groups) or
contralateral CST connectivity absent (ipsilateral group). There
still were no interactions between CST connectivity group and
treatment for any measure.

Predictors of Improvement
There were no statistically significant predictors of improvement
among the many potential covariates examined. Specifically,
there was no significant association between MACS level (p >

0.1), lesion type (p > 0.2), sex (p > 0.6), age (p > 0.4), side of
lesion (p > 0.4), and baseline function (p > 0.1) on improvement
in any outcome measure.

DISCUSSION

This is the first study, to our knowledge, to prospectively
examine how CST laterality in children with USCP might
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FIGURE 3 | Raincloud Plot of Changes (Pre-test to Post-test) in JTTHF by Therapy Group and CST Connectivity (positive scores = improvements).

mediate functional recovery following intensive unimanual or
bimanual therapy. We found the efficacy of intensive training
to be independent of CST connectivity pattern for all measures.
This finding did not support our hypothesis that improvements
in UE function following either CIMT or bimanual training
depend on CST laterality and type of training (unimanual
vs. bimanual) in children with USCP. That is, children with
ipsilateral, bilateral, and contralateral CST connectivity improved
equally in both CIMT and HABIT. We discuss possible reasons
for these findings.

CST Connectivity Does Not Predict
Treatment Efficacy
When brain injury is superimposed on development, the motor
system exhibits an extraordinary capacity to adapt. In children
with USCP, this flexibility is manifested as rewiring of the
CST and has intricate consequences for sensorimotor function.
Studies suggest CST laterality is associated with the magnitude
of UE impairments (10, 17–19). Yet, the variability in UE
function observed in children with USCP and the observation
that an ipsilateral CST may provide a neural substrate for
plasticity (21, 22) has made a precise understanding of how
developmental reorganization impacts motor skills difficult.
Perhapsmore importantly, there has been contradictory evidence

regarding the role CST laterality may play in mediating response
to therapy. Studies of CIMT have proposed ipsilateral CST
connectivity as a limiting factor to recovery (16, 31), although the
relationship between CST connectivity and CIMT outcomes is
not unequivocal (8). It should be noted that both of these studies
had small sample sizes (n= 16 in each study). In a larger study of
HABIT (n = 33) the results suggest children improve regardless
of connectivity pattern (21). We sought to adjudicate between
these differences in a larger, prospective randomized control trial.

Despite variability in outcomes, overall children with
ipsilateral, contralateral, and bilateral CST connectivity patterns
improved on all outcome measures for both CIMT and HABIT.
Although we recruited only a small sample of children with
contralateral CST connectivity, their responsiveness to CIMT
and HABIT is consistent with previous studies. Combining this
group with children with bilateral connectivity did not change
this finding, and the strength of the contralateral projections
in the bilateral CST group did not relate to the outcomes.
The discrepancy in improvements following CIMT for the
children with ipsilateral CST connectivity seen in our study
and that of Islam et al. (8) and not in the study by Kuhnke
et al. (16) potentially may be explained by several factors.
First the participants in the Kuhnke et al. (16) study were
considerably older, with a mean age of 17 years (range 10–30
years) compared to our study with a mean age of 9.5. Thus, it is
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TABLE 2 | Outcome measures.

Pre-test (95% CI) Post-test (95% CI) 6m follow-up (95% CI)

CIMT

AHA (0–100 units)

Ipsilateral CST 52.5 (48.5, 56.6) 54 (50.2, 57.8) 54.4 (50.3, 58.4)

Bilateral CST 62.3 (57.1, 67.5) 63.7 (57.6, 69.8) 64.1 (57.8, 70.5)

Contralateral CST 55.4 (50.4, 60.5) 58.6 (52.6, 64.5) 58.1 (52.4, 63.9)

JTTHF, more-affected (seconds)

Ipsilateral CST 479.5 (358.5, 600.5) 354.1 (254.5, 453.7) 342.4 (233, 451.9)

Bilateral CST 265.6 (46.6, 484.6) 175.9 (−28.8, 380.7) 213.3 (13.6, 413)

Contralateral CST 323.6 (89.9, 557.3) 224 (47.4, 400.7) 266.1 (109.5, 422.7)

JTTHF, less-affected (seconds)

Ipsilateral CST 61.7 (53.9, 69.6) 58.3 (49.8, 66.8) 53.3 (45.7, 60.8)

Bilateral CST 47.3 (38, 56.5) 47.5 (34.8, 60.1) 49.1 (41.4, 56.8)

Contralateral CST 49.4 (35.2, 63.5) 43.3 (34.4, 52.2) 46.1 (33, 59.1)

COPM Performance (0–10 rank)

Ipsilateral CST 2.9 (2.5, 3.3) 5.7 (5, 6.4) 6 (5.3, 6.7)

Bilateral CST 3.2 (2.5, 3.9) 6.3 (5.3, 7.4) 6.6 (5.7, 7.4)

Contralateral CST 2.5 (1.2, 3.8) 4.8 (3.3, 6.4) 5.3 (4.6, 6.1)

COPM Satisfaction (0–10 rank)

Ipsilateral CST 3.2 (2.6, 3.8) 6.4 (5.5, 7.3) 6.6 (5.9, 7.3)

Bilateral CST 3 (1.8, 4.3) 7.2 (6, 8.4) 7.3 (6.5, 8.2)

Contralateral CST 2.9 (1.9, 4) 5.7 (3.8, 7.7) 6.3 (5, 7.5)

BBT, more-affected (n of blocks)

Ipsilateral CST 16.6 (12.1, 21.1) 19.2 (13.9, 24.4) 19.7 (14.6, 24.8)

Bilateral CST 21.4 (15, 27.9) 27 (20.5, 33.5) 24.7 (17.4, 31.9)

Contralateral CST 18.9 (14.7, 23.1) 25.6 (21, 30.1) 23.4 (18.7, 28)

BBT, less-affected (seconds)

Ipsilateral CST 42.2 (36.9, 47.6) 46.6 (40.5, 52.7) 46.9 (41.5, 52.3)

Bilateral CST 44.9 (35, 54.8) 48.9 (37.6, 60.1) 50.5 (38.8, 62.3)

Contralateral CST 42.9 (38.4, 47.3) 48.1 (41.6, 54.7) 48 (44, 52)

PEDI functional skills

Ipsilateral CST 63.4 (61.1, 65.6) 66.5 (64.7, 68.3) 67.7 (66.1, 69.3)

Bilateral CST 64.9 (58.8, 70.9) 69.1 (65.8, 72.5) 69.5 (66.3, 72.7)

Contralateral CST 64.3 (61.3, 67.2) 65.3 (62.5, 68) 66 (63.4, 68.6)

PEDI caregiver assistance

Ipsilateral CST 33.7 (31.4, 36) 35.6 (33.8, 37.4) 37.4 (35.7, 39.1)

Bilateral CST 35 (31.4, 38.6) 35.9 (32, 39.8) 36.9 (32.3, 41.5)

Contralateral CST 33.9 (30.7, 37) 35.1 (32.3, 37.9) 35.9 (35.1, 36.6)

ABILHAND-Kids

Ipsilateral CST 1.6 (1, 2.3) 2.3 (1.7, 3) 2.7 (2.1, 3.2)

Bilateral CST 2.2 (1, 3.4) 2.5 (1.2, 3.8) 2.8 (1.4, 4.3)

Contralateral CST 2.6 (1.8, 3.3) 2.4 (1.6, 3.1) 2.3 (1.2, 3.4)

HABIT

AHA (0–100 units)

Ipsilateral CST 54.8 (51.4, 58.1) 57.2 (54.1, 60.3) 56.5 (53.4, 59.5)

Bilateral CST 54.5 (48.1, 60.9) 56.5 (49.4, 63.6) 56.7 (50.5, 62.8)

Contralateral CST 61.3 (57.9, 64.8) 65 (57.9, 72.1) 66.3 (62.9, 69.8)

JTTHF, more-affected (seconds)

Ipsilateral CST 435.7 (331.2, 540.2) 378.6 (281.3, 476) 380.2 (274.2, 486.2)

Bilateral CST 377.3 (122.4, 632.1) 316.8 (90.8, 542.8) 323.8 (152, 495.5)

Contralateral CST 121.3 (−183.9, 426.5) 98.9 (−170.5, 368.4) 146 (−152, 444)

(Continued)
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TABLE 2 | Continued

Pre-test (95% CI) Post-test (95% CI) 6m follow-up (95% CI)

JTTHF, less-affected (seconds)

Ipsilateral CST 70.6 (65.6, 75.5) 64.9 (58.7, 71.1) 55.4 (50.5, 60.3)

Bilateral CST 41.5 (−23.1, 106.2) 42.6 (−13.3, 98.5) 42.1 (21.2, 63)

Contralateral CST 41.9 (12.1, 71.7) 47 (35.2, 58.8) 44.2 (12.5, 75.8)

COPM performance (0–10 rank)

Ipsilateral CST 2.8 (2.3, 3.4) 6.4 (5.8, 7) 6.1 (5.5, 6.6)

Bilateral CST 3.6 (2.9, 4.2) 6.5 (5, 8.1) 6.5 (4.9, 8)

Contralateral CST 3.5 (3.2, 3.7) 5.9 (4.6, 7.1) 6.9 (5.5, 8.4)

COPM satisfaction (0–10 rank)

Ipsilateral CST 3.3 (2.6, 4) 7 (6.4, 7.7) 6.5 (5.8, 7.1)

Bilateral CST 2.7 (2.1, 3.3) 6.8 (5.5, 8.1) 6.8 (5.5, 8.1)

Contralateral CST 4.4 (2.1, 6.7) 6.1 (3.7, 8.5) 7.7 (5.9, 9.5)

BBT, more-affected (n of blocks)

Ipsilateral CST 16.2 (12.5, 19.9) 19.2 (15.6, 22.8) 19.3 (15.6, 23)

Bilateral CST 14 (7.9, 20.1) 18.7 (10, 27.4) 18.2 (9.5, 26.9)

Contralateral CST 26 (19.2, 32.8) 27 (20.6, 33.4) 31.3 (19.7, 42.9)

BBT, less-affected (seconds)

Ipsilateral CST 39.9 (35.2, 44.6) 43.8 (39.8, 47.8) 46.7 (42.1, 51.3)

Bilateral CST 46.3 (36.5, 56.1) 49.2 (36.9, 61.4) 49.4 (37.5, 61.3)

Contralateral CST 43 (30.3, 55.7) 51.3 (44.7, 58) 56 (41.2, 70.8)

PEDI functional skills

Ipsilateral CST 62.1 (59.7, 64.6) 66.5 (64.5, 68.5) 66.7 (64.7, 68.7)

Bilateral CST 68.7 (62.6, 74.7) 70.2 (66.2, 74.2) 69.6 (66.7, 72.5)

Contralateral CST 63.3 (57.6, 69) 64.7 (60.7, 68.6) 67.3 (64.3, 70.3)

PEDI caregiver assistance

Ipsilateral CST 32.9 (31, 34.7) 35.2 (33.8, 36.7) 35.6 (34, 37.3)

Bilateral CST 36.2 (30.4, 42) 37.4 (35.2, 39.6) 38 (35.1, 41)

Contralateral CST 37.3 (26.5, 48.1) 37.3 (27.8, 46.8) 35.3 (30.6, 40)

ABILHAND-Kids

Ipsilateral CST 1.6 (1.2, 2) 2.3 (1.9, 2.7) 2.4 (1.9, 2.8)

Bilateral CST 2.2 (1.2, 3.3) 2.7 (2.1, 3.3) 2.9 (1.7, 4.1)

Contralateral CST 2.3 (1.7, 2.8) 2.1 (1.9, 2.2) 3.3 (2.8, 3.8)

CST, cortical spinal tract laterality; AHA, Assisting Hand Assessment; JTTHF, Jebsen-Taylor Test of Hand Function; COPM, Canadian Occupational Performance Measure; BBT, Box

and Block Test; PEDI, Pediatric Evaluation of Disability Inventory.

FIGURE 4 | Plots showing correlations between laterality index and improvement in (A) AHA and (B) JTTHF immediately after the intervention. Note that one JTTHF

change value was >3.5 SD from the mean and was excluded from the correlation.
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possible that decreased neuroplasticity or the long development
of compensatory strategies and life and treatment experiences
may have limited the response to treatment in some individuals
or that there may be an interaction between age and CST
connectivity. However, we did not find a relation between age
and outcomes for anymeasure in the present study. Furthermore,
the study by Islam et al. (8) also had an older age group (age
10–16 years) yet reported improvements in participants with
ipsilateral connectivity. Thus, this may not be the primary reason
for the discrepancy.

The discrepancy in findings may be due to the differing
outcomes. Our study and that of Islam et al. (8) used the
AHA and JTTHF to determine efficacy of assisting hand use in
bimanual activities and unimanual dexterity, respectively. These
measures are validated in these age groups. The Kuhnke et al.
(16) study used the Wolf Motor Function Test (WMFT) to
determine unimanual dexterity, which is validated for adults who
had experienced a stroke. As acknowledged by the authors, this
test may be appropriate for a large number of their participants
who were within the adult age range, but is not validated for the
younger participants in their study. The outcomes may be test-
dependent, as evidenced by the lack of changes on theMelbourne
Assessment reported by Islam et al. (8). Nonetheless, there is
some overlap in the manual activities between the WMFT and
JTTHF, so it is unclear whether the findings may be due to the
differing tests.

The differences between studies could also be due to
baseline severity of hand impairments. There is not agreement
across studies regarding the effects of severity and outcome
following intensive treatment. For example, in a small study
of CIMT we found children with greater severity improved
more following CIMT (24). Poorer baseline hand function
predicted a best response for unimanual capacity immediately
after CIMT or bimanual training (9). Similarly, Simon-Martinez
et al. (53) found better improvements among children with
worse bimanual hand function following combined CIMT and
action observation. However, we did not find a relationship
between severity and outcomes following larger studies of
CIMT and HABIT (2, 4, 10). It should be noted that the
lack of overlapping measures precludes us from determining
severity differences between our study and that of Kuhnke et al.
(16). However, an important consideration is that most studies
have exclusion criteria that don’t allow the children with the
mildest or most severe hand function participate, and thus
the relationship cannot clearly be determined across the USCP
population. Given the large heterogeneity of individuals with
USCP, the discrepancies in outcomes may be due to the specific
sample enrolled. To our knowledge, our sample of children with
ipsilateral CST connectivity participating in CIMT and bimanual
training is the largest to date, and this large sample may suggest
that even children with ipsilateral connectivity benefit following
either CIMT or bimanual training.

Response to Treatment
Despite significant changes on the AHA for both the HABIT
and CIMT groups, the majority of participants did not reach
the SDD. We did not find any factors that relate to the change
in AHA scores. It is possible that since 70% of our sample had

participated in our prior CIMT or HABIT (n= 23) studies or had
received varying forms of CIMT (n = 35) ranging from wearing
a sock in usual and customary care to full programs with a cast
worn 24/7 at other sites prior to participating, there may have
been a ceiling effect. Analysis of the children who did and did
not receive previous intensive treatment suggested similar gains,
although the latter group was quite small. Interestingly, 3 of the
5 participants in the CIMT group who reached the SDD for the
AHA (Figure 2) had a contralateral CST pattern. Thus, with a
larger number of these individuals the findings might suggest
they respond better on average than children with other CST
connectivity patterns. Nonetheless, children with ipsilateral CST
connectivity patterns also improved andwere among the children
who reached the SDD for CIMT, andwere themost commonCST
subgroup reaching the SDD for HABIT.

Despite the small individual AHA changes, significant changes
were found across groups for all measures. More than two-
thirds of the participants across both groups exceeded the MCID
for goal performance as rated by caregivers. Thus, the majority
of parents perceived clinically meaningful improvements in
functional goals related to hand use.

Our finding that children improve equally across CST
connectivity groups in both interventions is consistent with a
systematic review that concluded that the minimum threshold
dose needed to elicit improvements in children with USCP
is 30–40 h (54) and at least 60 h for optimal improvements
(55). Although the studies reviewed did not stratify by CST
connectivity, our interventions involved∼3× theminimum dose
required to elicit changes and 50% more than the recommended
intensity. Moreover, our motor learning-based, task-specific
training, which also included functional goal training, are aligned
with the type of interventions that lead to efficacy at a lower dose
than general for UE motor training (54). Animal models suggest
that high intensity training can result in increases in synaptic
density in M1 (56), and increase cholinergic spinal interneurons
(57). However, the high dose of treatment in the present study
may have contributed to the lack of treatment differences based
on CST connectivity. It is conceivable that differences (especially
for the ipsilateral CST group) would be observed at lower doses.

Other Neurological Predictors of Efficacy
Although CST connectivity patterns seemingly do not predict
treatment outcome, there may be other brain areas that are
more predictive. For example, children with greater structural,
functional and connective brain damage have been shown to
exhibit enhanced responses to bimanual intervention (58).

Functional connectivity of sensorimotor networks may differ
depending on patterns of CST reorganization. Simon-Martinez
et al. (59) found that children with a contralateral CST show
increased connectivity between M1 and pre-motor cortices,
whereas children with a bilateral CST show higher connectivity
between M1 and somatosensory association areas. Impaired
sensation (60, 61) and sensorimotor connectivity (62, 63) is
related to poor motor performance. However, children with poor
sensory function had larger improvements following CIMT or
CIMT plus action observation (53). Thus, the integrity of the
sensory tracts and whether they are maintained in the lesioned
hemisphere (33, 64) may relate to functional improvements.
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Furthermore, brain lesion type and resulting volumetric changes
(65) and the integrity of the corpus callosum have also been
shown to relate to hand function (66). It is not directly known
whether integrity of these interhemispheric connections is
predictive of treatment efficacy. It is likely that there are complex
interactions between the integrity of various areas and treatment
outcome that are beyond the scope of the present study.

Limitations
Despite being one of the largest studies comparing CIMT
with bimanual training, there were not an equal number of
participants with each CST connectivity pattern. Although
we did have a large number of participants with ipsilateral
connectivity, adding to the confidence that such connectivity is
not maladaptive, we had a small number of children with purely
a contralateral pattern. This may be because these children may
have very mild hand function impairments in which they do
not qualify or whose parents do not view the effort/potential
benefit as being attractive. However, the responsiveness of these
individuals across studies is not in doubt, and the findings
held true even when the contralateral and bilateral groups
were combined. The latter group is perhaps more complex.
It is unclear whether they can be considered a homogeneous
group given the laterality indices varied considerably across
participants. Nonetheless, these indices did not correlate with
outcomes, and further study is warranted.

The large number of participants who had received intensive
therapies prior to participating in this study may have limited
our gains in UE function by creating ceiling effects. Although the
gains were similar whether or not children had received previous
intensive therapy, the favorable response to prior therapy may
have influenced the decision to participate in this study, and
thus these could potentially be “best responders.” The small
number of first-time participants precludes us from examining
whether CST connectivity predicts treatment outcomes in first-
time participants.

Conclusions
The present study suggests children with ipsilateral, bilateral, and
contralateral CST connectivity improved equally in both CIMT
and HABIT. Thus, children with an ipsilateral CST, previously
thought to bemaladaptive, have the capacity to improve as well as
children with a contralateral or bilateral CST following intensive
CIMT or Bimanual training.
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Objective: KMT2B-related dystonia is a progressive childhood-onset movement

disorder, evolving from lower-limb focal dystonia into generalized dystonia. With

increasing age, children frequently show prominent laryngeal or facial dystonia

manifesting in dysarthria. Bilateral deep brain stimulation of the globus pallidus internus

(GPi-DBS) is reported to be an efficient therapeutic option. Especially improvement of

dystonia and regaining of independent mobility is commonly described, but detailed

information about the impact of GPi-DBS on dysarthria and speech is scarce.

Methods: We report the 16-months outcome after bilateral GPi-DBS in an 8-year-old

child with KMT2B-related dystonia caused by a de-novo c.3043C>T (p.Arg1015∗)

non-sense variant with special emphasis on dysarthria and speech. We compare the

outcome of our patient with 59 patients identified through a PubMed literature search.

Results: A remarkable improvement of voice, articulation, respiration and prosodic

characteristics was seen 16 months after GPi-DBS. The patients’ speech intelligibility

improved. His speech became much more comprehensible not only for his parents, but

also for others. Furthermore, his vocabulary and the possibility to express his feelings

and wants expanded considerably.

Conclusion: A positive outcome of GPi-DBS on speech and dysarthria is rarely

described in the literature. This might be due to disease progression, non-effectiveness

of DBS or due to inadvertent spreading of the electrical current to the corticobulbar

53

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.662910
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.662910&domain=pdf&date_stamp=2021-05-14
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:SBerweck@schoen-klinik.de
https://doi.org/10.3389/fneur.2021.662910
https://www.frontiersin.org/articles/10.3389/fneur.2021.662910/full


Abel et al. DBS in KMT2B-Related Dystonia

tract causing stimulation induced dysarthria. This highlights the importance of optimal

lead placement, the possibility of horizontal steering of the electrical field by applying

directional stimulation with segmented leads as well as the use of the lowest possible

effective stimulation intensity.

Keywords: KMT2B-related dystonia, globus pallidus internus, internal capsule, dysarthria, case report, deep brain

stimulation

INTRODUCTION

Dystonia is a movement disorder characterized by abnormal and
uncontrolled hyperkinetic movements as a result of sustained
or intermittent muscle contractions (1). Dystonic symptoms can
affect only one or several sites of the body, resulting in twisting
and repetitive postures and movements (2). The etiology of
dystonias is quite heterogeneous (3). With the advancement of
next-generation sequencing techniques, several genetic causes of
isolated and combined dystonia have been identified (4). Since
2016, several mutations in the KMT2B gene have been identified
as a new etiology of early-onset dystonia (5–9). KMT2B-
related dystonia is a progressive childhood-onset disorder,
commonly evolving from a focal, mainly lower-limb dystonia
into generalized dystonia with cranio-cervical involvement.
Further clinical characteristics such as intellectual disability,
psychiatric comorbidities and dysmorphic features have been
reported in several patients with KMT2B-related dystonia (7).
Bilateral deep brain stimulation of the globus pallidus internus
(GPi-DBS) has been reported as an efficient therapeutic option.
Especially improvement of the movement disorder and regaining
of independent mobility is commonly described (8). Dysarthria is
one of the most commonly described stimulation-induced side
effects when GPi-DBS is used in dystonia (10). Nevertheless,
detailed information about the impact of GPi-DBS on speech in
KMT2B-related dystonia is scarce. Here, we report the 16-months
outcome after bilateral GPi-DBS in an 8-year-old child with
KMT2B-related dystonia with special emphasis on dysarthria and
speech. We compare the outcome of our patient with 59 patients
identified through a PubMed literature search.

CASE REPORT

A 6-year-old Arabic boy with generalized dystonia affecting
the limbs, trunk, cervical muscles and facial muscles, resulting
in severe disability in gait, speech and daily life activities was
admitted to our inpatient department.

Pregnancy, perinatal, birth and early infantile history were
unremarkable. Gross motor development was normal until the
age of 3 years, when the child started limping. Few months later,
he lost the ability to walk and reverted to crawling. After several
years, dystonia also involved the cervical, oromandibular and
laryngeal muscles, as well as both upper limbs. The patients’
speech and language development were delayed: At the age of 18
months, the child could pronounce “dad” and “mum.” At the age
of 2 years, the patient could speak two-word sentences in Arabic
and English. Swallowing and chewing have not been affected by

dystonia. The development of social and cognitive skills has also
been delayed. Psychiatric comorbidities have not been reported.

On admission, the patient presented with already generalized
dystonia and severe dysarthria. The child was wheelchair
bound and sat unsteadily. Dystonia symptoms worsened at
night, resulting in frequent nocturnal restlessness. Physical
examination revealed intermittent myoclonus in both legs but
no spasticity or other neurological symptoms. The patient
showed developmental delay, a short stature (percentile: <

3) and low body weight (percentile: < 3). His face showed
no dysmorphic features. The family history was negative
for neurologic conditions. The Burke-Fahn-Marsden Dystonia
Rating Scale (BFMDRS) score was 59 of 120 on the dystonia
movement scale and 22 of 30 on the disability scale. Magnetic
Resonance Imaging (MRI) of the brain and spine revealed no
abnormalities. Also in retrospect, no symmetrical hypointensities
of the globus pallidi commonly described in KMT2B mutations
were present. Lumbar puncture to analyze neurotransmitters
was denied.

Trio whole-exome sequencing, performed in a diagnostic
laboratory had shown that the patient carried a heterozygous
de-novo non-sense variant, c.3043C>T (p.Arg1015∗), in KMT2B
(11). According to American College of Medical Genetics
& Genomics (ACMG) criteria, the variant was classified
as “pathogenic.”

The patient was treated with retarded Carbidopa 25mg
/ Levodopa 100mg and Gabapentin 300mg. The dystonic
movement disorder did not improve significantly. The dystonia
was generalized, and therefore injections of botulinum toxin were
not performed.

After intensive rehabilitation including orthotic management
and supplying the patient with a posterior walker, the child could
walk a few steps (see Video 2 in the Supplementary Material).
For longer distances a wheelchair was necessary.

After an extensive interdisciplinary discussion, GPi-DBS was
performed at the age of eight years under general anesthesia.
Stereotactic planning was done with the Brainlab Elements
software, using MRI T1- and T2- sequences (T1 1mm isotropic
3D with Gadolinium and T2 space 0.65mm isotropic). The GPi
could be visualized on the T2- images, as shown in Figure 1.
Stereotactical electrode placement was done with a Leksell
Multipurpose Arc G-Frame. Directional leads (Model Vercise
TM Cartesia directional Lead, Boston Scientific), targeting
the caudal part of the GPi were implanted successfully and
a rechargeable as well as MRI-compatible impulse generator
(Model Gevia Boston Scientific) was placed subcutaneously in
the right infraclavicular region. Correct position of the leads
was confirmed by postoperative computed tomography (CT) and
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FIGURE 1 | Left: Pre-operative axial T2-weighted MRI. Stereotactic planning performed with the Brainlab Elements software shows the planned trajectories (red and

blue line). Right: postoperative axial CT. The pre-calculated electrode position is projected to the CT artifacts of the real electrode (yellow on the right side, orange on

the left side). The leads are located within the caudal part of the GPi. Green outline: putamen, outer orange outline: globus pallidus externus, inner orange outline:

globus pallidus internus.

image fusion to the planning scans in Brainlab Elements (see
Figure 1).

Initially the amplitude was set to 2mA on both sides with
a pulse width of 80 µs and a frequency of 130Hz. Due to the
short attention span, a structured test by monopolar review at
each contact was not possible. Therefore, we decided to start a
non-segmental stimulation at contact 2–4 on the left and 10–
12 on the right side. During the following weeks, we tested
different amplitudes of 2–4mA and pulse widths between 80
and 100 µs. A clinical improvement was already observed after
several days, especially for motor symptoms of the arms and
legs but speech did not improve at the same pace. During
subsequent visits, we changed the programming at the right lead
to a segmental stimulation with a current flow steering to a lateral
direction (contact 10:25, 11:0, 12:75%). Parallel to this change the
parents noticed a reduced stiffness in the left arm during active
movements and a significant, but still variable improvement of
speech fluency in addition to the already achieved amelioration
of symptoms.

Six and sixteen months after surgery, the boy underwent
a follow-up investigation and neurological rehabilitation.
Six months after surgery, his father reported impressive
improvement of dystonia. The child had already achieved
independent walking. Nocturnal restlessness and involuntary
motor movements had disappeared. On admission, the patient
appeared more settled, confident and focused. His concentration,
and consequently, his performance in activities of daily living had
significantly improved. The BFMDRS score 6 months after GPi-
DBS was considerably reduced, counting 28 of 120 (reduction of
eight points in the categories “mouth/speech/swallowing” and
23 points in the categories “trunk/extremities”) on the dystonia
movement scale and 11 of 30 on the disability scale.

An amelioration in speech and dysarthria after GPi-DBS
was noticed. The modified Bogenhausen Dysarthria Scales as
a clinical assessment with a defined scoring system (0 = most
severe disorder; 1 = severe disorder; 2 = moderate disorder; 3

= mild disorder; 4 = no disorder) were applied before GPi-DBS
as well as 6 and 16 months after surgery, by an Arabic speaking
doctor and an Arabic speaking speech therapist. A moderate
improvement from scale 1 to scale 2 was seen in articulation,
voice quality, speech fluency and prosodic characteristics 6
months after surgery. A remarkable improvement from scale 1 to
scale 3 was seen in articulation, voice quality, speech fluency and
prosodic characteristics 16 months after surgery. The patients’
speech intelligibility improved as well. His speech became much
more comprehensible not only for his parents, but also for
others. Furthermore, his vocabulary and the possibility to express
his feelings and wants expanded considerably (Video 1 in the
Supplementary Material shows the child counting in Arabic
before and 16 months after GPi-DBS).

LITERATURE REVIEW

We did not follow the methodology of a systematic review. We
analyzed the cohort studies performed by Cif et al. (7) and
Zech et al. (8) as these studies are the largest KMT2B-DBS
cohorts reported to date. Further, we have performed a PubMed
Search using the terms “KMT2B” and “dystonia” and Deep
Brain stimulation.

We identified 15 studies including a total of 59 patients with
KMT2B-related dystonia who underwent DBS between 2016 and
2020 (see Table 1 in the Supplementary Material).

In 56 cases, the GPi was targeted for lead implantation. In one
case, the leads were implanted within the subthalamic nucleus. In
two cases, lead placement was not described.

In 3/59 patients, improvement of speech
(“articulation”/”dysphonia”/”orolingual dystonia”) was described
(12–14). Amelioration of jaw opening dystonia was reported
in 2/59 cases (5, 15). Persisting dysarthria/dysphonia after
performance of DBS was described in 4/59 patients (6, 8, 13, 16).
In 50/59 patients, the outcome of dysarthria and speech after
DBS has not been specifically described.
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Cif et al. reported a total of 18 patients with KMT2B-
related dystonia who underwent GPi-DBS. In this study cohort,
only 3.4 % of all patients showed benefit on speech at the
last assessment (7). Carecchio et al. (9) reported eight patients
with KMT2B-related dystonia, who underwent GPi-DBS. They
observed laryngeal dystonia in some patients only after DBS was
performed (9).

DISCUSSION

We report the 16-months GPi-DBS outcome of an 8-year-old
child with KMT2B-related generalized dystonia.

Since 2016, mutations in the KMT2B gene have been
identified in patients with early-onset dystonia (5–9).
KMT2B encodes a lysine-specific histone methyltransferase,
which is involved in an important methylation process for
epigenetic modification linked to active gene transcription (17).
Dysfunction or haploinsufficiency of KMT2B is assumed to
affect the downstream expression of key genes that regulate
neurodevelopment and motor control (7). KMT2B-related
dystonia typically presents in childhood, commonly evolving
from a lower-limb dystonia into generalized dystonia with
cranio-cervical involvement (5–7). In our case, dystonia also
started in the lower limbs, involving the cervical, oromandibular,
and laryngeal muscles as well as the trunk and upper limbs a few
years later. The median onset of age of KMT2B-related dystonia
is reported to be 6 years, varying according to the subtype of
KMT2B variants (17). In our patient, dystonia symptoms started
at the age of 3 years. Facial dysmorphic features, developmental
delay and intellectual disability are frequently observed in
KMT2B-related dystonia patients as non-dystonic abnormalities
(8, 17). Our patient showed development delay including short
stature, low body weight and microcephaly as well as poor
development of speech and language. There were no facial
dysmorphic features.

Bilateral GPi-DBS is reported to be an overall efficient
therapeutic option. Especially improvements of the movement
disorder and regaining of independent mobility are commonly
described (8). Oromandibular involvement of dystonia
frequently results in disorders in speech and articulation
in KMT2B-related dystonia (7–9). Furthermore, dysarthria
additionally can occur as stimulation-induced side effect of
GPi-DBS. A differentiation between dysarthria as a symptom
of dystonia, regarding orofacial and buccolingual dystonia, that
may or may not be responsive to GPi-DBS and dysarthria as a
result of stimulation-induced side effect is necessary. In primary
dystonia, the most common stimulation-induced side effect of
GPi-DBS is reported to be dysarthria with a prevalence of up
to 12 %. Dystonic patients who underwent DBS described a
slowing of speech as well as requiring more effort for speech
production even without clinically evident dysarthria (10).
In terms of the established literature, studies with detailed
information about the impact of GPi-DBS on dysarthria
and speech in KMT2B-related dystonia are scarce. Speech
disturbances can, however, severely impair the patients’ quality
of life. In only 3/59 patients in the literature, improvement of

speech has been described (12–14). Nevertheless, persisting
dysarthria / dysphonia after performance of DBS has been
reported in 4/59 patients (6, 8, 13, 16). In addition, Carecchio
et al. observed no improvement or even newly developing
laryngeal dystonia in some KMT2B patients only after DBS
was performed (9). The underlying cause is not described,
but probably related to laryngeal dystonia associated with the
progression of disease.

In this case report, the patient presented with orofacial
dystonia, which was responsive to GPi-DBS. Further, a
stimulation-induced side effect resulting in dysarthria did
not occur. Dysarthria as well as delayed speech and language
development were identified and assessed before performance of
GPi-DBS in our case. According to the modified Bogenhausen
Dysarthria Scales, a remarkable improvement of voice,
articulation, respiration and prosodic characteristics were
found 16 months after GPi-DBS. Furthermore, the patient’s
vocabulary and the possibility to express his feelings and wants
expanded considerably after surgery.

Up to now, little is known about possible mechanisms of
stimulation-induced changes in speech associated with GPi-
DBS. A possible neuroanatomical mechanism is described
as an inadvertent spreading of the electrical current to
the corticobulbar tract in the adjacent internal capsule that
represents the face region somatotopically (18). Therefore,
higher stimulation intensities as well as more posterior
location of active lead contacts could result in stimulation-
induced dysarthria associated with undesirable spreading of the
stimulation to the corticobulbar tract in the adjacent internal
capsule (10).

Stimulation settings, as well as specific positioning of
the leads into the GPi, have not been described in the
cases with improvement of speech after GPi-DBS identified
in our literature review. We assume that the positive
effects on dysarthria and speech in our case are achieved
by low stimulation intensity, avoiding stimulation of the
corticobulbar tract by lead positioning within the caudal
part of the GPi, and horizontal steering of the electrical
field, using the features of the directional DBS-leads. A
standardized protocol to test directional vs. non-directional
stimulation would be useful for every patient, but in the
majority of our pediatric patients and in the patient reported
in this case report, the compliance does not allow this
lengthy procedure.

Moreover, our patient seemed to have a huge potential for
speech development, which he could not take advantage of
because of the severity of the dystonia. Therefore, minimizing
dystonia-related disorders regarding speech as well as movement
disturbances led to impressive amelioration in speech after GPi-
DBS implantation.

One important limitation of our case report is the short
follow-up after GPi-DBS. We take into consideration that our
patient was very young at time of surgery. Performing GPi-
DBS surgery is a symptomatic treatment. The course of disease
cannot be influenced. Therefore, the disease can progress despite
ongoing efficient DBS therapy. As KMT2B-related dystonia is
a progressive disease, a long-term follow-up is necessary. A
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decrease and even loss of stimulation effect as well as disease
progression in our patient could occur in the future.

CONCLUSION

Our case report demonstrates an improvement of dysarthria and
speech after GPi-DBS in an 8-year old boy with KMT2B-related
generalized dystonia.

A positive outcome of GPi-DBS on speech and dysarthria is
rarely described in the literature. This might be due to disease
progression, non-effectiveness of DBS or due to inadvertent
spreading of the electrical current to the corticobulbar tract
causing stimulation induced dysarthria. This highlights the
importance of optimal lead placement, the possibility of
horizontal steering of the electrical field by applying directional
stimulation with segmented leads as well as the use of the
lowest possible effective stimulation intensity. Future studies
should implicate specific speech and articulation outcome
assessments before and after performance of GPi-DBS associated
with KMT2B-related dystonia as well as long-term outcomes
after GPi-DBS.
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Background: The risk factors for impaired cognitive development after unilateral

perinatal stroke are poorly understood. Non-verbal intelligence seems to be at particular

risk, since language can shift to the right hemisphere and may thereby reduce

the capacity of the right hemisphere for its originary functions. Pharmaco-refractory

epilepsies, a frequent complication of perinatal strokes, often lead to impaired

intelligence. Yet, the role of well-controlled epilepsies is less well-understood. Here, we

investigated whether well-controlled epilepsies, motor impairment, lesion size, lesion

side, and lateralization of language functions influence non-verbal functions.

Methods: We recruited 8 patients with well-controlled epilepsies (9–26 years), 15

patients without epilepsies (8–23 years), and 23 healthy controls (8–27 years). All

underwent the Test of Non-verbal Intelligence, a motor-independent test, which excludes

biased results due to motor impairment. Language lateralization was determined with

functional MRI, lesion size with MRI-based volumetry, and hand motor impairment with

the Jebson-Taylor Hand Function-Test.

Results: Patients with epilepsies showed significantly impaired non-verbal intelligence

[Md = 89.5, interquartile range (IQR) = 13.5] compared with controls (Md = 103,

IQR = 17). In contrast, patients without epilepsies (Md = 97, IQR = 15.0) performed

within the range of typically developing children. A multiple regression analysis revealed

only epilepsy as a significant risk factor for impaired non-verbal functions.

Conclusion: In patients with unilateral perinatal strokes without epilepsies, the

neuroplastic potential of one healthy hemisphere is able to support the development

of normal non-verbal cognitive abilities, regardless of lesion size, lesion side, or language

lateralization. In contrast, epilepsy substantially reduces this neuroplastic potential; even

seizure-free patients exhibit below-average non-verbal cognitive functions.

Keywords: early brain lesion, functional magnet resonance imaging, lesion size, motor impairment, cognitive

function
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INTRODUCTION

Perinatal stroke has an estimated birth-prevalence of 37–
64/100,000 (1, 2). It affects mostly term-born newborns, and
presents with diverse signs and symptoms (2). Outcome is quite
variable, with many children achieving normal levels of function
(3, 4), while others experience difficulties, such as impairment

in different domains of cognitive functions (5–7) as well as in
motor skills (8–10). Potentially modifying factors explaining the

variability in cognitive outcome are lesion size, the severity of

hand motor impairment (6), and the side of the lesion (11–13).
In addition, for non-verbal functions in patients with left-

sided lesions, language reorganization has been proposed as a
modifying factor (6, 7, 14). This has been explained in the context
of the “crowding hypothesis” (15–17), suggesting that cognitive
processes originally located in the right hemisphere such as non-
verbal intelligence show deficits when language functions shift
to the right hemisphere. Following this hypothesis, non-verbal
functions seem to be at a particular risk for lower performance;
hence, in this study, we chose to focus on the development of
non-verbal functions after perinatal stroke.

The threat most feared by families of children with perinatal
stroke, however, is the development of epilepsy. Indeed, patients
with perinatal stroke have a significant risk to develop epilepsy,
which was estimated between 15% (18) and 54% (19). Not
surprisingly, the type of the lesion also plays an important role,
since children with cortico-subcortical lesions (commonly due to
arterial ischemic strokes, AIS), are much more prone to develop
epilepsies than children with white matter lesions (usually due to
periventricular venous infarctions, PVI) (7, 20). In addition to the
burden of seizures and side effects of anti-epileptic medication,
epilepsy may also hamper cognitive development. For children
with pharmaco-refractory epilepsies due to perinatal strokes,
it is well-known that cognitive development can be severely
compromised (3, 4, 21, 22). Much less is known, whether less
severe, well-controlled epilepsies also play a role in this regard.

A frequent methodological problem in almost all previous
studies on non-verbal cognitive abilities after perinatal stroke
was the application of tests requiring bimanual activities, like
the Wechsler Intelligence Scales (3, 4, 23–25), the Kaufman
Assessment Battery for Children (7), or the Beery Developmental
Test of Visual-Motor Integration (4). Administering such tests
in hemiparetic patients—a frequent consequence of perinatal
stroke (9, 10)—can lead to artificially lower scores for non-
verbal functions [see (26) for review]. To overcome this problem,
some authors [e.g., (6)] simply excluded patients with substantial
motor impairments that prevented valid administration of the
measures. As this potentially biases the outcomes, we here
opted to use a different approach: the assessment of non-verbal
cognitive abilities with completely motor-free tests. In a previous
study (14), we had used the Block Tapping test and the Tube
Figures Test; in the current study, we used the Test Of Non-
verbal Intelligence (TONI-4) which measures the ability for
abstract reasoning and the problem-solving capability—without
involving any motor component (27, 28).

Motor impairment may therefore influence the result of
cognitive tests by different mechanism. First, as described above,

motor impairment can artificially influence the test procedure
itself. Second, impaired motor abilities might limit a child’s
abilities to explore its environment, and thereby impair also the
development of cognitive functions (29).

The aim of our study therefore was to assess the influence
of well-controlled epilepsy (which we arbitrarily defined as
seizure-freedom for at least 6 months) on non-verbal cognitive
development of children with perinatal strokes, as assessed
using appropriate test procedures. Furthermore, we wanted to
clarify the influence of lesion size, hand motor impairment,
side of the lesion, and language lateralization on non-verbal
cognitive performances.

METHOD

Subjects
Participants were recruited in the University Children’s
Hospital Tübingen and in the Center for Pediatric Neurology,
Neurorehabilitation and Epileptology, Schön Klinik Vogtareuth.

In Tübingen, participants were recruited by searching the
clinical database for relevant diagnoses in electronic patient
charts and by personal contacts to patients who had participated
in previous studies. Healthy controls were recruited via
advertisements in the local press and in the clinic internal
information system. Patients in Vogtareuth were recruited via
personal invitations after searching the clinical database and
during hospitalization for a motor skills rehabilitation training.
These differences in recruitment strategies may explain why
the two cohorts of patients differed in terms of age (median
age Tübingen = 18.13 years, median age Vogtareuth = 10.15
years). Inclusion criteria, however, were the same, and all
participants were included following telephone interviews with
identical questionnaires.

We included 23 patients (11 females; age range 8–26 years;
median age 12.56 years) with a diagnosis of a pre-, peri-, or
neonatally acquired unilateral arterial ischemic stroke (AIS)
or unilateral periventricular hemorrhagic infarction (PVI). In
order to be able to participate in all tests, patients had
to be native German-speaking and aged 8 years or older.
Patients with a previous diagnosis of intellectual disability
(defined as IQ below 70) were excluded. Controls were
screened using a questionnaire asking for any neurological or
psychiatric diagnosis and for problems in cognitive or language
development. We did not, however, use any formal assessment
confirming normal development.

Additionally, patients with seizures during the last 6 months
were excluded. Hemiparesis was present in 21/23 patients (no
hemiparesis in #V13, #T12).

Patients were diagnosed with epilepsy (n = 8; age range,
9–26 years; median age, 16.40; 2 females) when at least two
afebrile, unprovoked seizures had occurred in the post-neonatal
period [definition as suggested in (19, 30)]. All but one of these
patients (#T28) were on anti-convulsive medication at the time
of the study. Of the patients without epilepsies (n = 15; age
range, 8–23 years; median age, 11.80; 9 females), one patient
(#V03) had suffered one single seizure, but was never treated
with anti-convulsive medication. The other 14 patients never
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had experienced epileptic seizures. Twenty-three age-matched
healthy volunteers (age range 8–27 years; median age, 12.42 years;
8 females) served as controls. For every single patient, we age-
matched a person from our cohort of 38 controls—irrespective
of epilepsy.

The study was approved by the local ethics committee
(Nr. 693/2014B01). All adult participants and the parents of
underage participants gave their written, informed consent, and
all underage participants gave verbal assent. The study was
in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki, 1964 in its latest version).

Neuropsychological Assessment
All participants completed the Test of Non-verbal Intelligence,
Fourth Edition (TONI-4), which measures the ability for abstract
reasoning and the problem-solving capability (28). It contains
of 60 graphical items, arranged in order from easy to difficult.
The participants analyze similarities and differences between the
items, which are defined by the characteristics shape, position,
direction, rotation, contiguity, shading, size and movement. The
age-adjusted test results are not confounded bymotor deficits and
are therefore suitable for patients with motor impairments such
as hemiparesis (27).

Structural and Functional Magnetic
Resonance Imaging
Subjects were either scanned on a Siemens 1.5 T Avanto
(Tübingen) or Symphony (Vogtareuth) MRI scanner (Siemens
Medizintechnik, Erlangen, Germany), using the same sequences
and a standard quadrature head coil. An echo-planar imaging
(EPI) sequence was used to acquire functional series (repetition
time = 3,000ms, echo time = 40ms, 40 axial slices, in plane
matrix= 64× 64, covering the whole brain with a voxel size= 3
× 3× 3 mm3). Anatomical images were acquired as T1-weighted
3D-datasets (repetition time = 1,300ms, echo time = 2.92ms,
167 contiguous sagittal slices, in planematrix 265× 265, resulting
in a voxel size of 1× 1× 1 mm3).

Functional and anatomical images were pre-processed
and analyzed using SPM12 (Statistical Parametric Mapping;
Wellcome Department of Imaging Neurosciences, UCL, UK),
the Computational Anatomy Toolbox extension to SPM12
(CAT12, by Christian Gaser and Robert Dahnke, Departments
of Psychiatry and Neurology, Jena University Hospital), as
well as custom scripts and functions running within Matlab
(Mathworks, Natrick MA, USA).

For the determination of lesion size, individual lesion masks
were manually drawn in native space on the anatomical
T1-weighted image using MRIcron (31). To compensate for
asymmetric ventricular enlargement, the mirrored ventricles of
the contra-lesional hemisphere were excluded from the lesion
masks for all subjects. Lesion volumes were calculated from the
lesion masks using a custom script.

For the determination of language lateralization, all patients
with left-sided lesions underwent fMRI and performed the
Vowel Identification Task (32) as a word generation task.
Methodological details have been described elsewhere (32–34).
In brief, pictures of everyday objects were presented visually to

the participants, who were asked to decide if the name of the
object contained the phoneme <i> by silently generating the
name of the object. In the control condition, participants were
presented an abstract puzzle and were asked to decide if a small
piece fitted into a larger one. Laterality of language activation was
calculated as described in Lidzba et al. (35). Based on the resulting
laterality index (LI), patients were classified as “left-dominant”
(LI > +0.2), as “right-dominant” (LI < −0.2) or as “bilateral”
(−0.2 ≤ LI ≤+0.2).

Motor Assessment
Hand motor function was assessed with the Jebson Taylor
Hand function test (JTHFT). The test provides quantitative
measurements of standardized unimanual hand function tasks
that are frequently used in everyday activities (36). We calculated
the median of six subtests (card turning, picking up small objects,
stacking checkers, simulated feeding, lifting light objects and
lifting heavy objects) (37). As suggested previously, we did not
perform the subtest “writing” due to possible distortion by the
different ages and performance levels of the participants (38–
40). The test was initially developed for adults, but recently
showed a good test-retest reliability in children aged 6–10 years
(41). For our analysis, we calculated the ratio of the medians
“non-dominant”/“dominant” hand motor function to control for
inter-individual differences not related to the hemiparesis.

Statistics
The statistical analyzes were performed using SPSS 25. For
correlation analyses, we used Spearman rank correlations; for
correlations including dichotomous variables, we used the point-
biserial correlations. Significance was assumed at p ≤ 0.05,
For group comparisons between the three groups, we used
the non-parametric Kruskal-Wallis-test, corrected for multiple
comparisons where appropriate by Bonferroni correction. A Chi-
Square-test was used for a distribution measurement of the
control group. Multiple regression analyses were used for the
assessment of several predictor variables for the outcome variable
non-verbal intelligence.

RESULTS

Table 1 summarizes demographic and clinical data of all 23
patients. Lesion size could be calculated in 21/23 patients, ranging
from 1.16 to 220.71 cm3. In the other two, dental braces
(#V04) or an implanted shunt system (#T28) prevented the
reliable determination of lesion size (Table 1). The presence of
epilepsy correlated significantly with lesion size (point-biserial
correlation, r = −0.47, p < 0.01) and with the type of the lesion
(AIS vs. PVI, Phi p < 0.05).

The Kruskal Wallis-test for the three groups—patients with
epilepsy, patients without epilepsy, and controls—yielded a
significant main effect for non-verbal intelligence [H (2) = 9.06,
n = 46, p < 0.05]. Pairwise comparisons with Bonferroni-
adjusted p-values demonstrated that patients with epilepsy scored
significantly lower than controls (p= 0.010), while no significant
differences were observed between patients without epilepsy and
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TABLE 1 | Patient characteristics.

ID Age at

study

(years)

Sex Lesion type TONI Epilepsy Lesion

size

(ml)

JTHFT

(ratio)

Lesion side LI Age of

onset

(years)

Time since

seizure-

freedom

(years)

History of

status

epilepticus

History of

AEDs

Time between

first and

last seizure

(years)

T14 16 M AIS 77 Yes 133.93 1.37 Left −0.5 11 1.25 No LEV BRIV,

OXC

4

T39 26 M AIS 87 Yes 167.79 25.34 Left −0.87 11.5 8 No STM 1.5

T44 16 M AIS 87 Yes 84.97 9.48 Right N/A N/A N/A OXC

T41 22 M PVI 89 Yes 200.57 6.49 Right 15.5 6 No OXC 1

V11 10 M PVI 90 No 50.29 4.69 Left +0.63

T28 16 M Not classified* 90 Yes N/A 1.52 Left +0.69 4 1 Yes STM, LEV,

CLB, PHT

12

V04 15 F PVI 91 No N/A 5.75 Right

T21 23 F PVI 92 No 29.57 6.64 Left −0.25

V14 10 M PVI 93 No 79.38 18.65 Right

V06 8 M PVI 93 No 28.83 2.40 Left +0.78

T57 19 F PVI 93 No 1.16 1.97 Left +0.64

T33 23 M PVI 97 No 161.77 4.08 Left −0.66

V03 11 F PVI 97 No 55.82 2.94 Left +0.67

T19 23 F PVI 99 No 36.05 2.42 Left −0.83

T13 9 M PVI 99 Yes 22.82 1.58 Left +0.85 0.25 0.5 Yes LEV, ACTH,

PB, STM,

CLB,

Steroids,

ESM

8

V01 8 M PVI 100 No 24.80 15.25 Left +0.61

V12 10 F PVI 101 Yes 220.71 5.05 Right 1 3 No OXC, TPM,

LEV

6

V13 10 F PVI 102 No 85.36 0.95 Left −0.31

V02 8 F PVI 104 Yes 45.11 2.04 Right 4.5 3 No LEV 1.5

V09 10 F PVI 108 No 1.24 2.17 Left N/A

T12 12 F PVI 109 No 97.30 1.12 Left −0.32

T56 12 M PVI 109 No 9.08 2.39 Right

V08 11 F AIS 121 No 41.65 3.85 Left −0.53

Patients are sorted by TONI. Hand motor function is calculated by the ratio (non-dominant/dominant) hand function of the median scores of JTHFT.

AIS, arterial ischemic stroke; LI, laterality index (positive: left; negative: right); N/A, no data available due to incompliance or technical failure; PVI, periventricular venous infarction; JTHFT, Jebson Taylor Hand function test; TONI, Test of

non-verbal intelligence. LEV, Levetiracetam; BRV, Brivaracetam; OXC, Oxcarbazepine; STM, Sulthiame; CLB, Clobazam; PHT, Phenytoin; PB, Phenobarbital; ESM, Ethosuximide; TPM, Topiramate.

*The lesion in T28 could not unequivocally be classified as AIS or PVI because only MRI after implantation of a ventriculoperitoneal shunt were available.
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FIGURE 1 | Scatterplot of all 21 patients with lesion size data available, marked with solid circles (with epilepsy) or open circles (without epilepsy). Capital letters mark

the side of the lesion (L, R), colors mark the lateralization of language (red = left-dominant; green = right-dominant; gray = no information). The solid line indicates the

correlation between lesion size and TONI for all patients, the dashed lines the correlations for the subgroups of patients with epilepsies (lower line) and without

epilepsies (upper line). The median TONI scores were about 7.5 points lower for patients with epilepsies (Md = 89.5, SD = 9.0) vs. those without epilepsies (Md = 97,

SD = 8.8), and almost one standard deviation lower for patients with epilepsy vs. typically developing controls (Md = 103, SD = 10.0). Patients with epilepsy differed

significantly (Kruskal-Wallis-test) from controls (marked with *), while patients with and without epilepsy and patients without epilepsy and controls did not differ.

TABLE 2 | Correlation coefficients.

Epilepsy JTHFT

(ratio)

Lesion size Lesion side LI

(left-sided lesions only)

TONI-4 −0.405* −0.359* −0.324 −0.042 −0.075

Correlation coefficients between non-verbal intelligence (TONI), hand motor impairment (JTHFT-ratio), lesion size, lesion side, and language lateralization (Spearman rank, one-tailed; for

lesion side as a dichotomous variable: point-biserial correlation, one-tailed). Note that lesion size was available for only 21/23 patients, and only 15/16 patients with left-sided lesions

contributed data for language lateralization.

The bold values with *indicate a statistically significant correlation.

controls (p = 0.364) and between patients with and without
epilepsy (p= 0.341; Figure 1).

Results of the assessment of potential modifiers of non-
verbal intelligence are displayed in Table 2. TONI scores were
negatively correlated with the presence of epilepsy (point-biserial
correlation, r = −0.41, p < 0.05) and with motor impairment of
the paretic hand (Spearman Rank, r = −0.36, p < 0.05). Lesion
size showed a trend (r = −0.32; p = 0.078) toward inferior
non-verbal intelligence scores in patients with larger lesions. No
significant correlations were observed for lesion side (r = 0.04;
p = 0.42) nor, in patients with left-sided lesions, for language
lateralization (r = 0.08; p= 0.40).

To investigate the differential effects of the potential modifiers
epilepsy, hand motor impairment, lesion size, and lesion type,

we conducted a stepwise linear multiple regression analysis in
the order of the strength of the correlation coefficients. Only the
factor epilepsy (R2 = 0.17, beta = −0.410, t = −2.0, p < 0.05,
one-tailed) was retained in the model as a statistically significant
predictor, with epilepsy explaining 17 % of the variance in non-
verbal intelligence. Neither hand motor impairment (p = −0.13,
one-tailed) nor lesion size (p = 0.34, one-tailed) provided
additional information.

Non-verbal intelligence did not correlate with epilepsy
onset (r = −0.61, p = 0.15), time since seizure freedom
(r = 0.20, p = 0.67), number of different antiepileptic drugs
ever used (r = 0.19; p = 0.65), time between first and last
seizure (r = 0.20, p = 0.67) or history of status epilepticus
(r =−0.10, p= 0.85).
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Seven patients had right-sided lesions, 16 patients had left-
sided lesions (Figure 2). In the 16 patients with left-sided lesions,
functional MRI revealed left-lateralized language in 7/16 patients
and right-lateralized language in 8/16 patients. Patient V09 could
not be classified due to technical failure, and no patient showed
bilateral language. Language lateralization indices ranged from
+0.85 to −0.87 and correlated significantly with lesion size
(r = −0.67, p < 0.05; Spearman rank): the larger the left-sided
lesion, the stronger the right-sided language dominance.

In our healthy control group, the median in non-verbal
intelligence (IQ = 103) was slightly above the population-based
average (IQ = 100), but they did not differ from the population-
based estimated distribution (Chi Square = 5.590; p = 0.232).
Overperformance of our healthy peer group can therefore be
ruled out as the decisive factor.

DISCUSSION

The major finding of our study was that epilepsy is a key risk
factor for impaired non-verbal cognitive abilities in children
with perinatal stroke. This has already been known for severe
pharmaco-refractory epilepsies (3, 4, 21, 22); in the current study,
we could demonstrate that negative effects can also be seen
even in patients with well-controlled epilepsies, i.e., with seizure-
freedom for at least 6 months. Despite our comprehensive
assessment, none of the other potentially modifying factors
lesion size, lesion side, language lateralization, or hand motor
impairment played any role beyond the deleterious effects
of epilepsy.

According to our analyses, patients without epilepsies after
perinatal stroke can be expected to develop normal non-verbal
cognitive functions. This is in line with other studies (3, 4)
reporting non-verbal cognitive performances in the range of
typically developing children for non-epileptic patients after
perinatal stroke. Furthermore, we found no correlation between
TONI scores and lesion size in this group (r = 0.02). This
confirms the report by Lõo et al., demonstrating that, in
non-epileptic children with PVI, lesion size did not correlate
with cognitive abilities (7). These patients provide impressive
examples of the neuroplastic potential of the developing human
brain: Even patients with very large lesions (e.g., patient T33)
have the potential to develop non-verbal intelligence in the
normal range (TONI = 97). This neuroplastic potential basically
of one hemisphere seems sufficient even in patients who shift
language to the right hemisphere as a consequence of large
left-sided lesions—thus apparently contradicting the “crowding
hypothesis” (see below).

In contrast, in patients with epilepsies, we observed a
significant impairment of non-verbal cognitive abilities, with
scores ranging between 77 and 104, hence from “poor” to
“average” cognitive ability according to the TONI-4-manual (28).

This is all the more striking as we had already excluded
patients with pharmaco-refractory epilepsies (i.e., with
ongoing seizures) and patients with a previous diagnosis of
intellectual disability. Apparently, in the presence of epilepsy,
the neuroplastic potential of the contra-lesional hemisphere is

not sufficient to allow for an undisturbed cognitive development.
Network formation must be expected to be an important
step in establishing the neural substrates for higher cognitive
functions. Several mechanism have been discussed how perinatal
lesions lead to epileptogenesis later in life; it seems likely that
epilepsy impairs neuroplasticity by interfering with network
formation (42).

In order to exclude that our results are mostly driven by
the one patient with seizure-freedom for <1 year (T13), we
conducted all analyses again without this patient T13. We
found that neither the results in the correlation analysis, nor
the group comparisons changed after the exclusion of this
patient; patients with epilepsy still scored significantly lower than
controls (p= 0.007).

The same holds true for the multiple regression analysis; only
the factor epilepsy (R2 = 0.20, beta=−0.444, t =−2.1, p < 0.05,
one-tailed) was retained in the model as a statistically significant
predictor, with epilepsy explaining 20 % of the variance in non-
verbal intelligence.

In our cohort, none of the parameters characterizing epilepsy
(i.e., epilepsy onset, time since last seizure, number of different
antiepileptic drugs ever used, time between first and last seizure,
or history of status epilepticus) correlated with non-verbal
intelligence. This negative result must be interpreted, however,
in the context of our small number of only eight patients with
epilepsy and the limited dataset we obtained. We would expect
that a more detailed analysis of a larger cohort of patients with
stroke-induced epilepsy reveals such correlations.

Supporting our findings, impaired development of cognitive
abilities in patients with epilepsies after perinatal stroke was also
reported in previous studies (3, 4, 7). Two of these studies (3, 4)
added a longitudinal aspect to this negative influence of epilepsy,
describing a decline of cognitive functions over time associated
with post-neonatal epilepsy in cohorts of children with perinatal
AIS. Since our study was cross-sectional in nature, we are unable
to provide such insights into the time-course of the development
of cognitive impairment in our patients. Furthermore, these
studies (3, 4, 7), reported on cohorts of patients with various
seizure severities, ranging from seizure-free patients on anti-
convulsive medication (as in most of our patients) to patients
with drug-resistant epilepsies with ongoing seizures. The new
aspect of our study in this respect, with seizure-freedom for at
least 6 months as an inclusion criterion, was that the presence
of even well-controlled epilepsy can significantly impair the
development of non-verbal cognitive functions.

Nevertheless, children with larger lesions seem to be at higher
risk to show impaired non-verbal cognitive abilities, since lesion
size tended to correlate with non-verbal intelligence (r =−0.32).
Our multiple regression analysis, however, demonstrated that
this correlation is not an effect of lesion size per se, but arises as a
consequence of the higher likelihood of larger lesions to result in
epilepsies (r = 0.55). Hence, the effect of lesion size is biased by
the higher likelihood of epilepsy in these patients.

In addition to the fact that motor impairment can artificially
influence the test procedure itself, impaired motor abilities
might limit a child’s abilities to explore its environment, and
thereby impair also the development of cognitive functions
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FIGURE 2 | Axial slices of the T1-weighted datasets of the 22 patients with MRI data available, sorted by TONI scores (as in Table 1). No MRI was available in patient

V04 due to dental braces. A “lightning” symbol marks patients with epilepsies. Radiological orientation, R, right; L, left.

(29). Therefore, motor function is also an influencing factor
when investigating cognitive outcome in children with unilateral
perinatal stroke.

Similar to the lesion size analysis, children with hand motor
impairment tend to show more severely impaired non-verbal
cognitive abilities (r = −0.36). After inclusion of epilepsy as the
first regressor, however, motor impairment ended up showing no
additional significant effect in the regression model. This might
indicate that epilepsy and motor impairment are epiphenomena
of the same underlying feature of the lesion.

An interesting discrepancy arose when comparing our
findings with previous data from our own group (14) regarding
the crowding hypothesis. In this previous study (14), the degree
of right-hemispheric language involvement did correlate with
non-verbal cognitive parameters in a similar group of patients
with unilateral PVI without epilepsies. Such a correlation was
not only observed for the (potentially motor-contaminated)
performance IQ scores of the Wechsler Intelligence Scales,
but also for motor-free tests of visuospatial memory (Block-
Tapping Test) and spatial ability (Tube Figures Test). To ensure
that the presence of epilepsy in the current study did not
wash out the influence of language lateralization or lesion
size on the cognitive performances, we conducted the same
analysis confined to patients without epilepsies—and again found
no significant correlation between non-verbal intelligence and
language lateralization (n = 12, r = −0.54, p = 0.09) or lesion
size (n= 14, r = 0.02, p= 0.96).

This discrepancy may indicate that not all non-verbal
cognitive functions are compromised to the same extent: In the
current study, we found no evidence for non-verbal reasoning
(as measured with the TONI) to be impaired by a right-shift of
language. This is compatible with previous suggestions of spatial
ability and reasoning tests being separable dimensions (43).
Therefore, these two studies from our group seem to indicate
that language shift to the right hemisphere may compromise
some originary right hemispheric functions [such as visuospatial
memory and spatial ability (14)] more than others (non-verbal
reasoning—the current study).

Interestingly, the factor “lesion side” was irrelevant, which
is compatible with recent studies that also failed to find such

a difference using subtests of the Wechsler Intelligence Tests
to assess non-verbal cognitive abilities (3, 4). This corroborates
the hypothesis that cross-hemispheric reorganization may be
an important mechanism underlying the neuroplastic potential
of the developing human brain (44). In contrast, two studies
reported lesion side-specific problems in cognition after perinatal
strokes: In the first study (12), patients with perinatally
acquired right-sided lesions were impaired in configural
processing and made more global errors in reproducing
memorized objects in drawing tasks, whereas patients with
left-sided lesions were impaired in featural progressing and
made more local errors. A possible explanation for this
discrepancy is, again, that side-specific problems may exist for
visuospatial memory functions, but that this side-specificity can
not necessarily be transferred to the context of non-verbal
reasoning as measured with the TONI in the current study.
Second, in an earlier study from the same group (13), right-
sided lesions lead to impaired visuospatial functions in pre-
school children with perinatally acquired lesions. This specific
impairment (which was revealed in drawing tasks) improved
until school age, most likely by developing compensatory
strategies. Therefore, the discrepancy to our data may not only
be explained by the different cognitive functions tested, but
also by the fact that we included only patients aged 8 years
or older.

Limitations of our study include the following: First,
we did not include patients with IQ < 70. Therefore, we
have certainly underestimated the impairment of cognitive
functions caused by epilepsies. Second, we have not
collected data on learning disabilities. Hence, we cannot
exclude that despite average score in non-verbal cognitive
abilities, our patients show deficits in these aspects of
cognition. Third, we did not analyze EEG data of our
patients. Therefore, we could not assess the potential
influence of interictal epileptic activity on non-verbal
cognitive development.

Fourth, our patients showed a wide age range. We controlled
for this issue by using age-adjusted norms and controls, but
the inhomogeneity of the group might still be a confounding
factor. Fifth, our sample size is relatively small. Given the
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stringent inclusion criteria and the rarity of the underlying
medical conditions, however, we attained an exceptional
group size and used appropriate statistical approaches. We
therefore interpret our results as valid. Sixth, our manual
approach to determine lesion size is precise, but not at all
topographically specific. We therefore cannot exclude that
certain lesion topographies exert a more prominent effect on
non-verbal cognitive abilities than what we report here. To
this effect, lesion-symptom mapping approaches would have
been necessary.

Seventh, AIS and PVI are two different pathological
entities with different etiologies and different outcomes. Due
to the small number of only 4 patients with AIS in our
sample, we were unable to search for potential effects of
lesion type.

Eighth, we did not control for the educational level
of the parents—a factor which might also play a role in
cognitive outcomes.

Ninth, with only two patients without CP in our cohort,
we were unable to analyze the effect of presence vs. absence
of CP on brain organization. Future studies could address
this point by specifically recruiting patients without any
motor impairment.

Our study has important implications for patient

counseling: Patients with perinatal strokes without epilepsy
can be expected to develop non-verbal intelligence within the
range of typically developing children. If not hampered by
epilepsy, the neuroplastic potential of one healthy hemisphere is
able to support the development of normal non-verbal cognitive
abilities, regardless of lesion size, lesion side, or language
lateralization. Epilepsy, even when well-controlled, seems to
substantially reduce this neuroplastic potential, resulting in
impaired non-verbal abilities.
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Neuronal plasticity is considered to be the neurophysiological correlate of learning

and memory and changes in corticospinal excitability play a key role in the normal

development of the central nervous system as well as in developmental disorders. In a

previous study, it was shown that quadri-pulse theta burst stimulation (qTBS) can induce

bidirectional changes in corticospinal excitability (1). There, a quadruple burst consisted

of four single-sine-wave (SSW) pulses with a duration of 160 µs and inter-pulse intervals

of 1.5ms to match I-wave periodicity (666Hz). In the present study, the pulse shape was

modified applying double-sine-waves (DSW) rather than SSW pulses, while keeping the

pulse duration at 160 µs. In two separate sessions, we reversed the current direction of

the DSWpulse, so that its second component elicited either a mainly posterior-to-anterior

(DSW PA-qTBS) or anterior-to-posterior (DSW AP-qTBS) directed current in the

precentral gyrus. The after-effects of DSW qTBS on corticospinal excitability were

examined in healthy individuals (n = 10) with single SSW TMS pulses. For single-pulse

SSW TMS, the second component produced the same preferential current direction as

DSW qTBS but had a suprathreshold intensity, thus eliciting motor evoked potentials

(PA-MEP or AP-MEP). Single-pulse SSW TMS revealed bidirectional changes in

corticospinal excitability after DSW qTBS, which depended on the preferentially induced

current direction. DSW PA-qTBS at 666Hz caused a stable increase in PA-MEP, whereas

AP-qTBS at 666Hz induced a transient decrease in AP-MEP. The sign of excitability

following DSW qTBS at I-wave periodicity was opposite to the bidirectional changes

after SSW qTBS. The results show that the pulse configuration and induced current

direction determine the plasticity-effects of ultra-high frequency SSW and DSW qTBS

at I-wave periodicity. These findings may offer new opportunities for short non-invasive
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brain stimulation protocols that are especially suited for stimulation in children and

patients with neurological or neurodevelopmental disorders.

Keywords: transcranial magnetic stimulation, double-sine pulses, non-invasive brain stimulation, neuronal

plasticity, corticospinal excitability, human primary motor cortex, long-term potentiation, long-term depression

INTRODUCTION

Synaptic plasticity is considered to be the neurophysiological
correlate of learning and memory and changes in corticospinal
excitability play a key role in the normal development of the
central nervous system as well as in developmental disorders
(2, 3). Regular or patterned repetitive transcranial magnetic
stimulation (rTMS) of the precentral motor representations can
induce lasting bidirectional changes in corticomotor excitability
revealed by a lasting change in the mean amplitude of the
motor evoked potential (MEP). This change in corticomotor
excitability is attributed to changes in synaptic efficacy in
the stimulated corticospinal system and therefore referred to
as long-term potentiation (LTP)-like or long-term depression
(LTD)-like plasticity (4). LTP and LTD are supposed to be the
neurophysiological correlate of learning and memory (5, 6).

Extending the classic rTMS protocols, we recently introduced
a novel quadri-pulse theta-burst stimulation (qTBS) protocol
(1). The burst protocol consisted of four single-sine-wave (SSW)
pulses which were given at an ultra-high pulse repetition rate
of 666Hz and a burst repetition rate of 5Hz. We chose a
within-burst repetition rate of 666Hz to mimic the periodicity of
descending I-waves that are generated by TMS (7). Depending
on the preferential current direction, our novel SSW qTBS
protocol consistently induced lasting bidirectional changes in
corticospinal excitability in the human precentral motor hand
representation (1).

The SSW qTBS protocol recombined two established
patterned rTMS protocols, namely theta-burst stimulation
(TBS) and quadri-pulse stimulation (QPS) that were previously
demonstrated to effectively induce changes in corticospinal
excitability by primarily targeting two different mechanisms
(8, 9). While TBS is Ca2+-dependent with a frequency leading
to an optimal post-synaptic Ca2+ influx that is required for
LTP- and LTD–like plasticity (10, 11), QPS effectively induces
synaptic plasticity at interstimulus intervals, mimicking the
rhythmic pattern of multiple descending volleys (so-called I-
wave rhythmicity) that can be recorded in the corticospinal tract
(7, 9, 12). These descending volleys are composed of multiple
excitatory and inhibitory (GABAergic) neurons and axons of
different sizes, location, orientation, and function and activate
presynaptic neural elements to the corticospinal cell (7, 13).

In the present study, we modified our novel qTBS with
ultra-high within-burst frequency bursts. We altered the pulse
configuration using double-sine-wave (DSW) pulses rather
than single-sine-wave (SSW) while keeping the pulse duration
constant. DSW pulses were generated by a new stimulation
device designed and built by B.G. and N.G., Munich School
of Bioengineering, Technical University of Munich, Garching,
Germany, which enabled us to apply DSW pulses at ultra-high

pulse repetition rates that mimic I-wave periodicity (i.e., 666Hz).
We hypothesized that DSW pulses would be more effective in
inducing changes in corticomotor excitability. The use of DSW
pulses was motivated by our own findings that concatenated
full-sine cycles decrease the threshold of local excitability with a
maximum at two sine (14). We assumed that these polyphasic
TMS pulses at a sequence within the medium frequency
band of 1–300 kHz may improve the effectiveness of high
frequency patterned rTMS protocols such as qTBS by summation
of subthreshold excitations within one pulse cycle, which is
analogous to the so-called “Gildemeister effect” at peripheral
nerves (15). This effect describes that highfrequency pulse cycles
do not necessarily generate action potentials themselves, but
subthreshold excitations of subsequent pulse phases may be
integrated (15, 16). This has been shown in animal studies where
electrical peripheral nerve stimulation of reversed DSW pulses
resulted in a summation of the excitatory effect (16). Moreover,
the stimulation effect of reverse DSW pulses depended on the
sequence of polarity and the value of the membrane potential.
At hyperpolarization of the membrane, the initial negative
DSW pulse was more effective, whereas at depolarization of the
membrane, the initial positive DSW was more effective (16). The
coupling of full-sine pulses resulted in changes in the threshold
voltage for nerve excitation (16).

In the present study, we aimed to investigate how DSW qTBS
generating ultra-high frequency bursts at I-wave periodicity
(666Hz) shapes corticomotor excitability. For DSW pulses, we
selected an initial current direction of the DSW to ensure that the
second component of the DSWwould elicit either a preferentially
posterior-to-anterior (DSW PA-qTBS) or anterior-to-posterior
(DSW AP-qTBS) directed current in the precentral gyrus. The
aftereffects of DSW qTBS on corticomotor excitability were
examined using single SSW TMS pulses as in our previous study
in order to facilitate comparability of results (1). Single-pulse
SSW TMS produced the same preferential current direction in
the precentral gyrus as DSW qTBS but had a suprathreshold
intensity, thus eliciting motor evoked potentials (PA-MEP or AP-
MEP). We hypothesized that DSW pulses of the same total pulse
length of 160 µs as used for SSW qTBS may introduce stronger
plasticity-inducing effects.

MATERIALS AND METHODS

Participants
In DSW qTBS experiments, ten healthy volunteers (5 women,
5 men) aged 20–37 years (median age 22.5 years; SD 4.85)
participated in the study after giving written informed consent.
In SSW qTBS experiments, twelve healthy volunteers (7 women,
5 men) aged 18–36 years (median age 23.5 years; SD 4.45)
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participated. Seven volunteers (4 women, 3 men, aged 20–37
years; median age 22 years; SD 5.55) took part in SSW qTBS
and DSW qTBS experiments. The study was approved by the
local Ethics Committee of the Technical University of Munich,
Faculty of Medicine (vote 5423/12) and carried out according to
the Code of Ethics of theWorldMedical Association (Declaration
of Helsinki). Eight participants were right-handed and two
were left-handed according to the Edinburgh Handedness
Inventory (17). A structured interview according to existing
guidelines revealed none of the participants as having either a
history of neurological or psychiatric illnesses, nor meeting any
exclusion criteria concerning the safety of TMS (18, 19). When
comparing single-sine and double-sine data, we analyzed the
same participants that took part in our previously published
study (1).

Experimental Procedures
The experimental procedures closely resembled the procedures
we had used previously for SSW qTBS (1). To investigate the
direction dependency, the experiments were performed in PA
(Experiment 1) and AP (Experiment 2) direction. A schematic
drawing of the qTBS paradigm and a detailed timeline of
Experiments 1 and 2 are depicted in Figures 1A,B. For DSW
qTBS, the ISI of each pulse was set to 1.5ms (666Hz) to match
I-wave periodicity (1, 12). Each DSW qTBS pulse consisted of
two full-sine cycles with 80 µs duration, respectively, resulting
in a total stimulus duration of 160 µs with a sine-frequency
of 12.5 kHz (Figure 2A). We defined the direction of a DSW
pulse according to which current direction is produced by its
second component in the precentral gyrus. A DSW pulse has a
PA direction if the second component of the pulse produces a
posterior-to-anterior current in the precentral gyrus. Conversely,
a DSW pulse has an AP direction, if its second phase produces an
anterior-to-posterior current in the precentral gyrus (Figure 2A).
The same nomenclature was used for SSW qTBS (Figure 2B) (1).
To avoid carry-over effects, we randomized and counterbalanced
the order of sessions between subjects and the minimum period
between sessions was 1 week. Participants were not aware of
the detailed experimental condition. As it has been introduced
in our previous study using SSW qTBS (1), MEP and resting
motor threshold (rMT) were recorded with single SSW TMS
pulses before (pre-interventional at baseline) as well as at four
time points after the end of qTBS (post-qTBS) in PA and AP
directions (post 1: 0min; post 2: 15min; post 3: 30min; post 4:
60min) (Figure 1). Single-pulse SSW TMS produced the same
preferential current direction in the precentral gyrus as DSW
qTBS (Figures 1, 2A,B). Therefore, the induced current direction
in the brain (i.e., AP and PA, respectively) was always the
same for evaluation (single-pulse SSW TMS) and intervention
(DSW qTBS).

In addition, we compared the reported effects of SSW qTBS
and DSW qTBS in the PA and AP directions (supporting
information) using a between-subject design (1).

Electromyographic Recording
The methodological details of electromyographic recording
match those reported in our previous study (1). In short,

participants were seated comfortably in a chair resting both
hands comfortably on a cushion or in their lap to ensure complete
relaxation. MEPs were recorded by surface electromyography
(EMG) from the non-dominant abductor pollicis brevis (APB)
muscle using silver/silver chloride surface electrodes (surface area
263 mm2; AMBU, Ballerup, Denmark) mounted according to
the bipolar belly-tendon technique. Participants were asked to
relax the target muscle throughout the measurement. MEP size
was determined by measuring the two highest peaks of opposite
polarity and then averaged over 20 trials (20). Trials that differed
by more than three times the standard deviation (SD) from
the mean were considered outliers and were excluded from the
analysis as described previously, which was the case for only
one trial (21). The data was bandpass filtered (20–2,000Hz) and
amplified by an Ekida DC universal amplifier (Ekida, Helmstadt,
Germany) connected to a Micro 1401 mkII data acquisition unit
(Cambridge Electronic Design, Cambridge, UK) with a sampling
rate of 5 kHz and stored on a personal computer for online visual
display and later offline analysis using Signal software version 5
(Cambridge Electronic Design).

Transcranial Magnetic Stimulation
Procedures of TMS were similar to those introduced previously
(1). In detail, the intersection of an eight-shaped stimulation
coil (diameter: 100mm) was centered over the precentral motor
hand representation of the non-dominant hand (M1-HAND).
The handle pointed in a posterior direction and was lateralized
at an angle of∼45◦ away from the midline.

For single-pulse SSW TMS, the coil was connected to
a custom-made magnetic stimulation device (QuattroMag,
Munich School of Bioengineering (MSB), Technical University
Munich, Munich, Germany) with a biphasic SSW of 160 µs pulse
duration (Figure 2B), as reported previously (1, 22). For single-
pulse DSW and DSW qTBS, another custom-made magnetic
stimulation device (QuattroBurst, MSB, Technical University of
Munich, Munich, Germany) with a DSW of the same total pulse
duration of 160 µs was used resulting in two concatenated full-
sine cycles of 80 µs, respectively (Figure 2A). The reverse of the
current direction from PA to AP was performed using a cable
that was connected to the coil changing the polarity of each
pulse (AP-PA-switch) (1). For single-pulse SSW TMS and SSW
qTBS, we refer to PA stimulation when the induced current in
the precentral gyrus had a posterior-to-anterior direction, and
AP stimulation refers to stimulation producing a preferentially
anterior-to-posterior current flow (Figure 2B) (1).

Before each experiment, the optimal site for stimulation
(‘hotspot’) was determined using single pulse SSW TMS of
slightly suprathreshold intensities. The position of the coil was
marked with a felt-tip pen. The procedure was repeated prior to
DSW qTBS using single pulse DSW TMS to ensure the location
of the hotspot for DSW qTBS and to determine the active motor
threshold (AMT) for DSW qTBS intensity. Single-pulse SSW
TMS used to identify the hotspot and motor thresholds was
administered at a frequency of 0.25Hz. Single-pulse SSW TMS
to measure MEP was applied at a pulse repetition rate of 0.1Hz
with a jitter of 15%. Both, rMT and AMT, were determined by
a maximum-likelihood threshold-hunting procedure (23) using
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FIGURE 1 | Schematic drawing of DSW and SSW qTBS pulse sequence and experimental procedures (A) qTBS consists of 360 trains of DSW or SSW TMS pulses.

Each train consists of magnetic pulses delivered at interstimulus intervals of 1.5ms resulting in a total of 1,440 stimuli. Trains were repeated every 200ms. (B)

Experimental procedures, a timeline of experiments and number of participants for DSW Experiments 1 and 2. Experimental procedures and timelines resembled

those introduced in our previous study for SSW qTBS (1). In Experiment 1, the interstimulus interval (ISI) of each double-sine-wave (DSW) qTBS pulse was set to

1.5ms (666Hz) to test the potential I-wave frequency-dependent patterns of DSW qTBS with an effective induced current in the precentral gyrus flowing from

posterior to anterior (PA). In Experiment 2, the direction of the induced current was changed to an anterior-posterior direction (AP). For single-sine-wave (SSW) pulse

TMS, cycles of corresponding current direction were applied. Details of waveforms and preferentially induced current directions are presented in Figure 2. The prefix

PA and AP indicates the respective current direction in the precentral gyrus. MEP, motor evoked potential; RMT, resting motor threshold; AMT, active motor threshold;

qTBS, quadri-pulse theta burst stimulation; DSW-RMT, resting motor threshold with double-sine-wave pulses; DSW-AMT, active motor threshold with

double-sine-wave pulses; PA, posterior-anterior; AP, anterior-posterior.

the TMS Motor Threshold Assessment Tool, version 2 (http://
www.clinicalresearcher.org/software.htm). AMEPwas defined as
a potential larger than 50 µV in peak-to-peak amplitude.

AMT was defined as the lowest intensity that evoked a small
response (>100 µV) while participants maintained a slight
contraction of the APB of 5–10% of the maximum voluntary
contraction, as previously described for quadri-pulse stimulation
(1, 9). Voluntary contraction of adequate force was controlled by
a manometer. After determination of the motor threshold, we
adjusted the stimulator output to elicit mean MEP amplitudes of
800–1,200µV peak-to-peak (SI1mV) with single pulse SSWTMS
for evaluation.

Double-Sine-Wave (DSW) Quadri-Pulse

TBS (qTBS)
DSW qTBS was applied with a double-sine waveform over
the precentral motor hand representation of the non-dominant
hemisphere, as described previously for SSW qTBS (1). DSW
qTBS consisted of bursts with four pulses of the same intensity
in intervals of 1.5ms (∼666Hz). Each burst was separated by
200ms (5Hz). A total of 1,440 pulses was delivered in each
session with 360 bursts. The stimulus intensity of each pulse was

set to 90% DSW AMT (1). Mean stimulation intensity for DSW
AP-qTBS at 1.5ms ISI was 48.00%MSO ± 5.79 and 42.90%MSO
± 6.10 for DSW PA-qTBS at 1.5 ms ISI.

For comparison with SSW qTBS, we evaluated the same
participants with the same dataset as reported in our previous
study (1).

Analyses and Statistics
The analyses and statistics of DSW PA-qTBS and DSW AP-
qTBS match those reported in our previous manuscript (1).
We ensured a sufficient relaxation of the APB by monitoring
the electromyographic activity online and by inspecting each
MEP sweep again offline. The pre-stimulus time window for
determining if MEPs were contaminated by muscle activity was
120ms. If the electromyographic activity exceeded 0.05mV, the
trial was excluded from further analyses.

All statistical analyses were computed using IBM SPSS
Statistics software, version 20.0 (IBM SPSS Statistics Inc.,
Chicago, IL, USA). Statistical evaluation of DSW qTBS data
was performed using repeated-measure analysis of variance
(ANOVA) with the inner-subject factors TIME (5 levels: PRE,
POST 1, POST 2, POST 3, POST 4) and DIRECTION (2 levels:
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FIGURE 2 | qTBS pulse sequence and current waveforms for double-sine-wave (DSW) and single-sine-wave (SSW) stimuli. (A) DSW pulses in PA and AP directions

had a biphasic current waveform with 5 components with 160 µs total pulse duration. Current directions always refer to the electrical current produced by the second

component of the DSW or SSW pulse in M1-HAND. (B) SSW pulses in PA and AP directions with 3 components and 160 µs total pulse duration were used for

assessing corticomotor excitability. (C) Comparison of rMT data revealed by single pulse TMS using SSW and DSW pulses. RMT was significantly higher with DSW as

compared to SSW pulses in PA- and AP-current directions (post hoc t-test: p = 0.02). Asterisks (*) indicate significant differences between measurements (p < 0.05).

Error bars display the standard error of the mean (S.E.M.). qTBS, quadri-pulse theta burst stimulation; SSW, single-sine-wave; DSW, double-sine-wave; ISI,

interstimulus interval; MEP, motor evoked potential; MSO, maximum stimulator output; IBI, interburst interval; AP, anterior-posterior; PA, posterior-anterior.

PA and AP) after the Kolmogorov-Smirnov test revealed no
violations of the assumption of normality.

DSW qTBS and SSW qTBS were compared using a
rmANOVA with the inner-subject factors TIME (5 levels: PRE,
POST 1, POST 2, POST 3, POST 4) and between-subject factor
PULSE SHAPE (2 levels: SSW and DSW). No transformations
were required.

All statistics were performed using the mean single pulse
SSW MEP amplitude of each case computed of 20 MEP trials
averaged to a mean, or rMT value (%MSO). Accordingly, the
figures display the mean SSW TMS MEP amplitude, or rMT, of
all cases. If necessary, we used the Greenhouse-Geisser correction
to adjust for violations of sphericity, resulting in adjusted p-
values based on adjusted degrees of freedom. In the case of
significant main effects or interactions, we conducted post-hoc
two-tailed paired t-tests for PRE-POST investigations and for
inter-group comparisons, if the same participants took part in the
experiment. For inter-group comparisons between DSW qTBS
and SSW qTBS data, we computed post-hoc two-tailed unpaired
t-tests. Data was corrected using the Bonferroni correction for
multiple comparisons by multiplication of the p-values by the
number of tests, in this case four. This method was used for MEP
and resting motor threshold data. The significance level was set
at α = 0.05 for all statistical analyses. All values given are mean
group values± SD, if not indicated otherwise.

RESULTS

None of the participants reported any adverse events during or
after the experiments. Detailed MEP values, standard deviations,

and mean TMS intensities (%MSO) in the AP and PA directions,
respectively, for each condition at SI1mV are depicted below. We
observed no changes in hotspots between single pulse SSW TMS
and single pulse DSW TMS which was administered prior to the
DSW qTBS in AP and PA directed currents in the precentral
motor hand representation.

Comparison of rMT between SSW TMS and DSW TMS
recorded prior to DSW qTBS revealed significantly higher
threshold values (p < 0.01) for DSW TMS in AP and PA directed
currents, respectively (Figure 2C).

Double-Sine Wave (DSW) qTBS at I-Wave

Periodicity
Ten volunteers participated in Experiment 1 (DSW PA-qTBS)
and Experiment 2 (DSW AP-qTBS), assessing the effect of
DSW qTBS at I-wave periodicity with ISI of 1.5ms. Mean
intensity of SSW TMS to target SI1mV was 60.80%MSO ±

14.44 for PA-MEP amplitudes (Experiment 1) and 70.20%MSO
± 11.04 for AP-MEP amplitudes (Experiment 2). rmANOVA
of MEP showed a significant main effect of DIRECTION
[F(1;9) = 18.246, p = 0.002] and TIME x DIRECTION
interaction [F(4;36) = 5.466, p = 0.002], but no effect of TIME
[F(4;36) = 1.738, p= 0.163].

PA-MEP amplitudes significantly increased on all time points
(post hoc t-tests: POST 1: p = 0.036; POST 2: p = 0.00014; POST
3: p= 0.012; POST 4: p= 0.004) (Figure 3A).

In the AP direction, mean AP-MEP amplitudes significantly
decreased on time point POST 1 (post hoc t-test: p = 0.004)
(Figure 3A).
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FIGURE 3 | Results of MEP data with corresponding current direction after double-sine-wave (DSW) qTBS in AP and PA directions at ISI of 1.5ms (A) and resting

motor threshold following DSW qTBS in AP and PA directions at ISI of 1.5ms (B). For evaluation, we always used single-sine-wave TMS (SSW TMS) pulses with

corresponding current direction as used for qTBS. (A) Changing the current flow in M1-HAND from AP to PA led to bidirectional changes in corticospinal excitability

with a significant increase of PA-MEP and a significant decrease of AP-MEP, opposite to the bi-directionality observed after SSW qTBS. (B) Resting motor threshold of

SSW TMS following DSW qTBS in AP and PA directions at ISI of 1.5ms did not demonstrate significant changes. As observed previously (1), RMT in AP and PA

directions significantly differed at pre measurements. Pre: before qTBS, POST1: immediately after qTBS, POST2: 15min, POST3: 30min, POST4: 60min after qTBS.

Asterisks indicate significant differences between pre and post measurements (p < 0.05). Error bars indicate the standard error of the mean (S.E.M.). qTBS,

quadri-pulse theta burst stimulation; PA, posterior-anterior; AP, anterior-posterior; ISI, interstimulus interval; MEP, motor evoked potential; MSO, maximum stimulator

output.

Between group comparisons revealed significant differences
at time points POST 1 (p = 0.004) and POST 2 (p = 0.008)
(Figure 3A).

rmANOVA on rMT data revealed a significant main effect
of DIRECTION [F(1;9) = 42.178, p = 0.000112] but no effect
of TIME [F(4;36) = 0.809, p = 0.528] or TIME x DIRECTION
interaction [F(4;36) = 2.523, p = 0.058]. As expected, and
previously observed in the study using SSW qTBS (1), baseline
data of SSW TMS rMT prior to DSW qTBS differed significantly
(post hoc t-test: p = 0.000464), with higher thresholds in the AP
direction (Figure 3B). Mean SSWTMSAP- and PA-rMT data are
presented in Table 1.

Single-Sine Wave (SSW) qTBS and

Double-Sine Wave (DSW) qTBS in

PA-Directed Currents
We compared the effect of single-sine wave (SSW) qTBS and
double-sine waves (DSW) qTBS, and analyzed for SSW AP-
and PA-qTBS the same dataset as previously published (1). Of
these participants (n = 12), seven took also part in DSW AP-
and PA-qTBS experiments. rmANOVA of raw MEP in PA- and
AP-directed currents in the brain were computed.

For the PA direction, rmANOVA showed a significant main
effect of PULSE SHAPE [F(1;20) =14.308, p = 0.001] and TIME
x PULSE SHAPE interaction [F(1;20) = 10.590, p = 0.004] with
no significant main effects of TIME [F(4;80) = 0.561, p = 0.692].
Mean single-sine wave MEP amplitudes significantly increased
after double-sine wave (DSW) PA-qTBS at all time points, as
demonstrated above. Conversely, mean single-sine wave (SSW)
MEP amplitude after SSW PA-qTBS significantly decreased at

time points POST 1 and POST 3 (post hoc t-test: p = 0.008,
p = 0.037, respectively; (Figure 4B). Post hoc unpaired t-tests
revealed a significant difference in SSW MEP amplitudes after
SSW and DSW PA-qTBS at all time points (POST 1: p = 0.004;
POST 2: p = 0.012; POST 3: p = 0.004; POST 4: p = 0.048)
(Figure 4B).

After SSW and DSW PA-qTBS, significant main effects on
rMT data were observed for PULSE SHAPE [F(1;20) = 6.872,
p= 0.016] but not for TIME [F(4;80) = 0.642, p= 0.634] or TIME
x PULSE SHAPE interaction [F(4;80) = 2.469, p = 0.051]. Post
hoc analyses (unpaired t-test) revealed no significant differences
of baseline data of rMT prior to single- and double-sine PA-qTBS
(p= 0.058), but between all time points after stimulation (post 1:
p = 0.013; post 2: p = 0.025; post 3: p = 0.036; post 4: p = 0.006)
(Table 1).

SSW qTBS and DSW qTBS in AP Directed

Currents
Comparing AP directed SSW and DSW qTBS effects, rmANOVA
revealed a significant TIME x PULSE SHAPE interaction
[F(4;80) = 3.929, p = 0.006] with significant main effects for
PULSE SHAPE [F(1;20) = 11.070, p = 0.003] but not for TIME
[F(4;80) = 1.839, p = 0.129] (Figure 4A). Mean SSW MEP
amplitudes after DSW AP-qTBS significantly decreased at time
point POST 1 (p= 0.004). Mean SSWMEP amplitudes increased
after SSW AP-qTBS at time point POST 4 (post hoc t-test:
p = 0.014). Comparing SSW and DSW AP-qTBS, SSW MEP
amplitudes were significantly different (post-hoc unpaired t-test)
at time points POST 1 (p = 0.008) and POST 4 (p = 0.044)
(Figure 4A). Detailed MEP values are provided in Table 1.
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TABLE 1 | Raw data of motor evoked potential (MEP) in millivolts (mV) and resting motor threshold (rMT) in percent of maximum stimulator output (%MSO) in the

respective effective current direction in the brain anterior-posterior (AP) and posterior-anterior (PA) before and after double-sine wave (DSW) qTBS and single-sine wave

(SSW) qTBS.

Timepoint

Current direction Pre POST 1 POST 2 POST 3 POST 4

DSW qTBS MEP ± SD (mV) PA 0.93 ± 0.08 1.26 ± 0.31 1.29 ± 0.17 1.36 ± 0.37 1.27 ± 0.24

AP 1.01 ± 0.14 0.63 ± 0.22 0.76 ± 0.36 0.83 ± 0.38 0.88 ± 0.38

RMT ± SD (%MSO) PA 43.50 ± 6.52 42.70 ± 5.60 42.80 ± 6.73 43.30 ± 7.59 41.10 ± 6.10

AP 51.70 ± 5.23 54.20 ± 8.27 54.80 ± 4.92 52.90 ± 7.26 53.40 ± 5.99

SSW qTBS MEP ± SD (mV) PA 0.99 ± 0.14 0.77 ± 0.32 0.81 ± 0.42 0.73 ± 0.42 0.81 ± 0.49

AP 0.98 ± 0.10 1.20 ± 0.47 1.25 ± 0.48 1.19 ± 0.42 1.41 ± 0.49

RMT ± SD (%MSO) PA 50.25 ± 2.53 52.17± 2.78 50.17 ± 2.12 51.83 ± 2.81 52.42 ± 2.93

AP 59.33 ± 8.40 61.00 ± 11.98 60.58 ± 12.19 61.33 ± 9.74 59.00 ± 10.04

Analyses of rMT data (rmANOVA) measured with SSW
pulses of the same direction revealed no significant main
effect of PULSE SHAPE [F(1;20) = 3.648, p = 0.071], TIME
[F(4;80) = 1.543, p = 0.198] or TIME x PULSE SHAPE
[F(4;80) = 0.635, p= 0.639] after SSW and DSW AP-qTBS.

Comparing the changes in corticospinal excitability between
DSW and SSW qTBS of opposite current directions but with the
same sign of plasticity (1), we observed a tendency toward a more
stable increase in corticospinal excitability after DSW qTBS and
a decrease in corticospinal excitability after SSW qTBS (Table 1).

DISCUSSION

This study extends the findings of previous research on the
ability of TBS to alter corticomotor excitability. Using pulses
with a double-sine-wave configuration, the present study is
the first investigating the after-effects of DSW qTBS and
the impact of induced current direction on corticospinal
excitability. DSW pulses were applied as quadruple bursts at
I-wave periodicity (666Hz) to preferentially interact with the
intracortical circuits in the precentral cortex that project onto
the fast-conducting corticospinal neurons. After effects of DSW
qTBS on corticospinal excitability were examined using single
SSW TMS pulses that produced the same preferential current
direction as DSW pulses during qTBS. We found that DSW
qTBS at 666Hz produced lasting changes in corticomotor
excitability. The temporal order of phase-related reversals and
the resulting order of current reversals in the precentral gyrus
determined whether DSW qTBS at I-wave periodicity produced
an increase or decrease in corticospinal excitability. If the
second component of DSW induced an anterior-to-posterior
current in the cortex, DSW AP-qTBS transiently decreased AP-
MEP amplitudes. Conversely, DSW PA-qTBS increased PA-
MEP amplitudes, if the second component of DSW induced a
posterior-to-anterior current in the cortex.

Double-Sine Wave (DSW) qTBS in PA and

AP direction
Biphasic SSWpulses with cycle durations>160µs are commonly
used for TBS. But so far, there is no research on the plasticity

inducing effects of TMS pulses that consist of two concatenated
full-sine cycles. In this study, we matched the total duration
(160 µs) of the DSW pulse to the duration of an SSW pulse
(Figures 2A,B). Hence, a single DSW pulse produced five
reversals of the induced current direction in the stimulatedmotor
cortex within the 160 µs (Figures 2A,B). Inducing very fast
oscillating tissue currents, DSW PA-qTBS at 666Hz (i.e., at I-
wave periodicity) caused a stable increase in PA-MEP amplitudes,
whereas DSWAP-qTBS at 666Hz induced a transient decrease in
AP-MEP amplitudes.

These after effects are novel and interesting, but a
neurobiological interpretation is challenging and remains
in many aspects speculative. Previous electrophysiological TBS
studies are of little help as they used biphasic SSW pulses with
longer single-cycle duration. Given the short cycle length of
our DSW pulse, polarity reversals occurred at a faster rate and
thus, the rise times of the electrical field during a single pulse
component were steeper, but shorter. Therefore, the biophysical
effects of a given AP or PA component of the DSW pulse can be
expected to differ substantially from the effects evoked by the AP
or PA component of a standard SSW pulse. Due to the shorter
duration, the depolarizing and hyperpolarizing effects of the
DSW components on the axonal membrane may interact. The
earlier components of the DSW pulse may enhance or attenuate
the likelihood of the later components of the DSW pulse to
alter the membrane state and to evoke changes in corticomotor
excitability by eliciting action potentials in the targeted cortex
region with DSW qTBS.

Computational models and experimental observations

suggest that the effect of electrical stimulation with reversed

double pulses on the probability to elicit an action potential

depends on the sequence of polarity within a pulse and on the
value of the membrane potential at the time of stimulation
(16). In a hyperpolarized membrane state, an initial negative
double-sine shaped pulse is more effective in generating action
potentials in animal models, while in a depolarized membrane,
an initially positive pulse is more effective (16). It has been
argued, using biphasic pulses, that the initially negative short
falling component of the pulse leads to a hyperpolarization
of the nerve membrane and removes a small degree of the
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FIGURE 4 | Comparison of MEP data with corresponding current direction after single-sine wave (SSW) and double-sine wave (DSW) qTBS in AP and PA directions,

respectively, at ISI of 1.5ms (A,B). Data are replotted from Figure 3A and from the previous manuscript (1). For evaluation, we always used single-sine wave (SSW)

TMS pulses of corresponding current direction. (A) Differences of MEP course after SSW AP-qTBS and DSW AP-qTBS demonstrate bidirectional changes in

corticomotor excitability in the precentral motor hand representation with a significant increase of AP-MEP after DSW AP-qTBS and a significant decrease of AP-MEP

after SSW AP-qTBS. (B) Conversely, PA-MEP amplitudes as a sign of changes in corticomotor excitability significantly increased after SSW PA-qTBS and transiently

decreased following DSW PA-qTBS. SSW TMS results shown here are the same as previously published (1). Pre: before qTBS, POST1: immediately after qTBS,

POST2: 15min, POST3: 30min, POST4: 60min after qTBS. Asterisks indicate significant differences between pre and post measurements or between SSW and

DSW measurements within one time point (p < 0.05, unpaired t-test). Error bars indicate the standard error of the mean (S.E.M.). qTBS, quadri-pulse theta burst

stimulation; PA, posterior-anterior; AP, anterior-posterior; ISI, interstimulus interval; MEP, motor evoked potential.

resting level of sodium channel inactivation (24). This, in turn,
renders the following long rising component more effective in
depolarizing the nerve membrane and eliciting action potentials
(24). The long rising or falling second component in biphasic
pulses dominates the depolarizing or hyperpolarizing effect
which is primed by the initial current of the short component
(24). In this context, a hyperpolarization of the nerve has been
shown to increase the availability of sodium channels during the
subsequent depolarizing component of the pulse and triggers
action potentials elicited by the pulse (24). However, the situation
may be much more complex using DSW pulses due to the many
reversals of the current. In this case, we may only speculate
about the mechanisms and further investigations of the detailed
neurophysiological mechanisms are needed, as these hypotheses
of different membrane states are not directly supported by
our experiments.

The preceding components of DSW used in the present
study may have influenced the responsiveness of the cortical
target structures (axons) to the depolarizing or hyperpolarizing
effects of the tissue current induced by later phases of a DSW
pulse, while the priming effect of a preceding hyperpolarization
may explain the sign of the aftereffects induced by DSW qTBS.
We speculate that this leads to an increase in corticomotor
excitability after DSW PA-qTBS, which is explained by a
higher efficacy of this double-sine shaped pulse to elicit
action potentials.

In contrast, the transient decrease in corticomotor excitability
after DSW AP-qTBS may be due to the hyperpolarization of
predominantly AP directed currents. Thus, DSW AP-qTBS may

generate action potentials in fewer neurons (16, 24–26). However,
we remain very speculative as the detailed cellular mechanisms
have not been directly investigated (e.g., on single neurons).

Another explanation of the effects may be that each DSW
pulse of the respective current direction results in a greater net
activation of AP- and PA-directed currents (here, DSW AP-
qTBS and DSW PA-qTBS), respectively. Comparing the results
of SSW qTBS and DSW qTBS of the same preferential current
direction in the brain, we demonstrated an opposite sign of
plasticity (Figures 4A,B). The idea of the same effective current
direction in the brain (i.e., AP and PA) is supported by the
directional dependency of rMT values, which is in agreement
with our hypothesis, that DSW AP-qTBS mainly induces an
AP-directed current in the brain while DSW PA-qTBS mainly
induces a PA-directed current flow in the brain (Figure 2C).
Hence, we assume further mechanisms of DSW pulses to
be responsible for the bidirectional effects of DSW qTBS on
corticospinal excitability.

The interpretation of our findings is further complicated by
the assumption that AP and PA currents in the precentral gyrus
may produce preferential excitation of different sets of cortical
neurons (27). Implementing realistic models of cortical neurons,
a recent modeling study of TMS-induced electrical fields in the
precentral gyrus identified intracortical axonal terminations in
the superficial crown and lip regions as primary stimulation
target sites (28). Relevant to our study, varying the induced
current direction (AP vs. PA) caused an anterior-posterior shift
in precentral activation for both monophasic and biphasic pulse
(SSW) configurations (28). This leads to a preferential excitation
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of differently oriented axon terminals in the anterior (AP current)
or posterior (PA current) lip regions of the precentral gyrus.
Since cortical neurons in the precentral crown display marked
regional differences in their sensitivity to fire in response to
the rapidly changing AP or PA-directed currents, we argue
that DSW PA-qTBS and AP-qTBS targeted spatially distinct
sets of cortical neurons in the precentral cortex. This may
be an important additional cause for why DSW PA-qTBS
induced opposite effects on corticomotor excitability compared
to AP-qTBS.

Double-Sine-Wave (DSW) qTBS and

Single-Sine-Wave (SSW) qTBS
The direction of plasticity produced by DSW qTBS at I-
wave periodicity was opposite in sign compared to the
bidirectional excitability changes that we had previously
observed after SSW qTBS at I-wave periodicity. This was
the case when we compared the SSW qTBS conditions
(applied in our previous study) and the DSW qTBS conditions
(applied in this study) of the same preferential current
direction in the precentral motor hand representation. We
found an increase in corticomotor excitability after DSW
PA-qTBS and a decrease after SSW PA-qTBS, while DSW
AP-qTBS led to a decrease and SSW AP-qTBS to an
increase (Figure 4). Comparing the changes in corticospinal
excitability between DSW and SSW qTBS of opposite current
direction but with same sign of plasticity (1), the increase
in corticospinal excitability was slightly more evident after
DSW PA-qTBS than SSW AP-qTBS indicating DSW qTBS is
more effective.

The burst frequency (666Hz) for both, DSW qTBS and SSW
qTBS, was chosen to interact with I-wave periodicity, for instance
by modifying the fidelity of spike timing mechanisms for single-
sine qTBS (1, 29). We consider a differential effect of DSW and
SSW pulses on the high-fidelity spike-timing mechanisms at I-
wave periodicity to be unlikely, given the very high frequency
of the alternating tissue current in the kHz range. Rather, we
propose that the aforementioned mechanisms of change in
membrane states and action potential generation account for
the differences in current-orientation specific effects. However,
we may not exclude a rather simple explanation that DSW
PA-qTBS has an AP-like stimulation effect and, consequently,
DSW AP-qTBS has a PA-like stimulation effect. Although
this seems to be unlikely since an evaluation in the opposite
current direction of SSW TMS to DSW qTBS demonstrated no
changes in corticospinal excitability (Supplementary Material).
Moreover, I-wave excitability appears to play a central role in
modulating corticospinal excitability (30). Regardless of what the
underlying mechanisms may be, the results of our qTBS work
highlights the pulse configuration as an important variable of
TMS interventions. Our observation motivates future research
examining, in detail, how the number of cycles and cycle length
of SSW, DSW, and poly-sine wave pulses influence the efficacy
of inducing action potentials in axonal structures in the targeted
cortex. Such research may inform future attempts to optimize
the pulse configurations used for interventional rTMS in a
therapeutic setting.

Differences to Previous Findings and

Safety Issues
In a therapeutic setting, the motivation for applying rTMS is to
induce stable changes in cortical excitability and function (31).
Here, we introduce a modified version of the existing qTBS
protocol using a novel pulse configuration which may draw on

mechanisms of neuronal excitation that could not be investigated
previously with conventional either monophasic or biphasic
single-sine-wave pulse configurations. Comparing our findings
to other TMS studies that investigated corticospinal plasticity

in humans, the increase or decrease in corticomotor excitability
resembles previously reported LTP- and LTD-like plasticity (8).

Yet, the mechanisms that determine the induction of action
potentials with DSW pulses remain to be explored. Further
investigations using DSW to better understand the mechanisms
of the new stimulation protocol are needed.

Our previous findings demonstrated that using pulses that
consisted of multiple sine cycles is more effective in exciting

corticospinal output neurons in the precentral motor hand
representation than single-sine cycles (14). Here, we observed a

slightly higher threshold for DSW pulses of app. 10 %MSO as
compared to our previous findings (14). Since we did not use the
same stimulation device, this difference may be attributed to the
technical pattern because of different capacitors and repetition
of the pulses or neurophysiological differences in chronaxie and

rheobase. Additional experiments comparing SSW pulses of 80
µs and DSW pulses of 160 µs may provide additional insights.

Furthermore, it is worth mentioning that the directional
dependency of rMT values is in line with our hypothesis, that the

preferential currents in the brain induced by DSW stimulation
cause higher rMT values for AP-directed currents than for PA-
directed currents. This may support the idea of predominantly

PA- and AP-directed tissue currents and activation as illustrated
in Figure 2C.

As a limitation, we evaluated changes in corticospinal
excitability only by SSW single-pulse TMS. As we used

amplitudes with an intensity to target 1mV (SI1mV) and rMT of
DSWTMS was high (Figure 2C) we were unable to target SI1mV
by DSW single-pulse TMS. Moreover, we limited the stimuli
count before experiments to avoid occlusion of possible plasticity

effects in human primary motor cortex (21). The study is further
limited by a rather small numbers of participants. However, we
tried to minimize any confounding factors by choosing an intra-
subject design for DSW qTBS (and for SSW qTBS). Even then,

DSW qTBS has demonstrated clear (bidirectional) effects on
corticospinal plasticity.

In this study, DSW pulses were used for the first time
for ultra-high-frequent qTBS. This raises the question whether

the novel protocol is equally as safe as previously introduced
rTMS protocols.We performed the interventionwith stimulation
intensities below active motor thresholds according to existing

safety guidelines (18). The protocol was well-tolerated by all
participants with no adverse effects or spread of excitation
to neighboring muscles during stimulation. However, further
studies are needed to confirm the safety and clinical use of
patterned rTMS protocols using DSW pulses.
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CONCLUSIONS

We demonstrated bi-directional changes in corticospinal
excitability after ultra-high frequency DSW qTBS over human
precentral motor hand representation. The induced current
direction in the brain determined the sign of plasticity of
DSW qTBS at ISI that target I-wave periodicity (i.e., 666Hz).
Bi-directional effects were opposite to those observed after
SSW qTBS in the respective current direction. The results may
be explained by the effects of alternating medium frequency
current at axonal membranes. Our findings may be of relevance
when designing new and effective non-invasive TMS protocols
for research and therapeutic purposes and may provide new
insights into mechanisms of corticospinal excitability in the
human precentral gyrus. The results of this study may offer
new opportunities for short non-invasive brain stimulation
protocols that are especially suited for transcranial magnetic
stimulation in children and patients with neurological or
neurodevelopmental disorders.
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Dystonia is a disorder of sensorimotor integration, involving dysfunction within the

basal ganglia, cortex, cerebellum, or their inter-connections as part of the sensorimotor

network. Some forms of dystonia are also characterized by maladaptive or exaggerated

plasticity. Development of the neuronal processes underlying sensorimotor integration

is incompletely understood but involves activity-dependent modeling and refining of

sensorimotor circuits through processes that are already taking place in utero and

which continue through infancy, childhood, and into adolescence. Several genetic

dystonias have clinical onset in early childhood, but there is evidence that sensorimotor

circuit development may already be disrupted prenatally in these conditions. Dystonic

cerebral palsy (DCP) is a form of acquired dystonia with perinatal onset during a

period of rapid neurodevelopment and activity-dependent refinement of sensorimotor

networks. However, physiological studies of children with dystonia are sparse.

This discussion paper addresses the role of neuroplasticity in the development of

sensorimotor integration with particular focus on the relevance of these mechanisms for

understanding childhood dystonia, DCP, and implications for therapy selection, including

neuromodulation and timing of intervention.

Keywords: dystonia, children, dystonic cerebral palsy, sensorimotor integration, plasticity, critical windows,

neurodevelopment, neuromodulation

INTRODUCTION

Dystonia is a neurological syndrome characterized by involuntary, sustained, or intermittent,
muscle contractions causing abnormal, often repetitive, movements, postures, or both. Dystonic
movements are typically patterned, twisting, and associated with overflow muscle activation
(1). Healthy babies and infants also express involuntary, sustained, patterned, and repetitive
contraction of non-synergistic muscles, causing twisting movements or postures (Figure 1) which
are replaced through development by skilled, purposeful, and economic movements (2). Although
the underlying pathophysiological mechanisms of dystonia are still not fully understood, several
common themes have emerged from physiological studies, including reduced inhibition within the
CNS (4), exaggerated plasticity (5, 6), abnormal patterns of basal ganglia neuronal firing (7–10),
and enhanced low-frequency oscillatory activity in the basal ganglia (11, 12), and an abnormal
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excessive low frequency drive to muscles (13–16). Another
striking feature is aberrant sensorimotor processing, with the
implication that distorted perception of incoming afferent
information and its abnormal integration with motor commands
leads to excessive and undesired dystonic movements (16–20).
Abnormal sensorimotor processing, particularly measures of
spatial or temporal tactile sensory discrimination, appears to be
an “endophenotype” in certain genetic dystonias, being observed
also in non-manifesting DYT1 carriers (21) or asymptomatic
first degree relatives of patients with adult-onset primary torsion
dystonia (22).

Unfortunately, despite the onset of many genetic dystonias
in mid-childhood (e.g., DYT1 and DYT6), neurophysiological
studies in children with dystonia are sparse (23). This leaves
a significant gap in our knowledge of the impact of these
genetic abnormalities on the sensorimotor system as it develops
and matures through infancy, childhood, and adolescence, and
during critical windows of neurodevelopment (23, 24) when
neuroplasticity is naturally heightened compared with adults,
facilitating development, learning, and adaptation in typically
developing children (24). As will be seen below, these mutations
may have an impact on sensorimotor development even in utero.
Moreover, many acquired dystonias arise from brain injury in the
perinatal period [i.e., dystonic cerebral palsy (DCP)], when the
presence of transient neuronal structures or critical periods of
synaptic plasticity and activity-dependent refinement of neuronal
circuits gives rise to specific periods of vulnerability to insult
(2, 24–26). To gain a thorough understanding of these processes,
and the options for therapeutic intervention, it is important to
study neurophysiological mechanisms of disease in infants and
children rather than extrapolate from adult studies (23).

This article brings together literature on the neurophysiology
of normal development of the sensorimotor system in the
pre-natal and perinatal periods, childhood and adolescence, to
consider the role of plasticity mechanisms during these times,
and then to consider how these processes are relevant to dystonia,
with an emphasis on both isolated genetic dystonias with onset in
childhood and DCP.

NEUROPLASTICITY AND ITS
MECHANISMS

Neuroplasticity refers to the dynamic biological capacity of the
central nervous system to undergo structural and functional
change in response to experience, and to adapt following
injury (24). These experience-driven changes are mediated by
a variety of mechanisms, including neurogenesis, apoptosis,
synaptogenesis, and synaptic pruning, as reviewed in detail
elsewhere (24, 27). Two main forms of plasticity are described–
Hebbian and homeostatic–and both play a critical role in nervous
system maturation.

Hebbian Plasticity
Hebbian mechanisms include changes in synaptic strength
mediated via long-term potentiation (LTP) or long-term
depression (LTD) following high frequency or prolonged,

patterned pre-synaptic stimulation, respectively (28). See also
Figure 1. LTP or LTD can also be induced by repeated pairing
of single presynaptic stimuli with post-synaptic depolarisation,
with the relative timing of the pre- and post-synaptic action
potentials determining the direction of synaptic change (28).
If Hebbian forms of plasticity are unregulated, there is the
potential for neural circuit activity to become unstable and to
“runaway” toward hyperactivity or quiescence (29). Homeostatic
plasticity mechanisms are therefore required to guard against this
possibility and stabilize the system.

Homeostatic Plasticity
Homeostatic mechanisms regulate both synaptic numbers and
synaptic strength (30) and act to adjust neuronal firing in
response to changes in post-synaptic activity. Thus, when cortical
networks are deprived of activity, network properties are altered
to promote excitability, for example by an increase in strength
of excitatory synapses onto excitatory neurons (29). In contrast,
an elevation in network activity leads to a reduction in the
strength of excitatory synapses. Homeostatic mechanisms thus
restore activity to a “set-point” following perturbations (30)
and act throughout the nervous system, both centrally and at
the neuromuscular junction (29), thus tuning the central and
peripheral mechanisms for action.

These homeostatic changes in synaptic strength occur
relatively slowly over several hours and are mediated in various
ways, such as proportional scaling of synaptic currents (i.e., each
synapse is strengthened or weakened in proportion to its initial
strength, allowing the relative differences between synapses to be
preserved), changes in the clustering of postsynaptic receptors
(i.e., prolonged synaptic inactivity leads to an increase in the
insertion of post-synaptic receptors), presynaptic transmitter
release or reuptake and changes to the number of functional
synapses (29). Combinations of these mechanisms can also
allow “sliding plasticity thresholds,” which adjust the ease with
which LTP and LTD can be induced in an activity—dependent
manner (29).

NEUROPLASTICITY AND DYSTONIA

Neurophysiological Tools Used to Assess
Plasticity
The paired associative stimulation (PAS) protocol involves
coupling of low frequency electrical peripheral nerve stimulation
with transcranial magnetic stimulation (TMS) over primary
motor cortex. This leads to an increase or decrease in the
amplitude of the motor evoked potential (MEP), depending
on the inter-stimulus interval between the peripheral and TMS
stimuli, reflecting an increase or decrease in excitability of the
corticospinal neurons (31). These effects are both enduring and
show topographical specificity, and are therefore considered
to represent LTP-like and LTD-like neuroplasticity within the
sensorimotor system (31). Paired associative stimulation has
been demonstrated in adults (31, 32) and in children from
age seven upwards (33). The theta burst stimulation (TBS)
paradigm applies bursts of high frequency TMS pulses to the
motor cortex, each burst comprising three pulses at 50Hz,
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FIGURE 1 | Normal development, dystonia, and role for activity-dependent plasticity. [Top (L-R)]: Thirty-five week gestation fetus; typically developing 6 month old

infant; 7 year old girl with DYT-1 dystonia (2); Red Rectangle: (A) Example of activity-dependent synaptic plasticity. The two synchronously firing neurons (1 and 2) are

retained by a “retrograde messenger” from the post-synaptic receptors shown in (B) while the asynchronously firing neuronal connection (3) is lost. From Penn and

Shatz (3) annotated from DO Hebb 1949: “The Organisation of Behaviour”. [Lower (L-R)]: Adolescent with generalized DYT-1 Dystonia attempting to eat; Adolescent

in status dystonicus due to Pantothenate Kinase associate Neurodegeneration (PKAN); Clinical cases courtesy J-P Lin.

FIGURE 2 | DYT-1 dystonia and intrusive “ballerina postures” and improvements with Deep Brain Stimulation (DBS). Video frames over time before and after DBS.

Onset age 6.0 years with rapid progression to wheel-chair mobility by age 6.5 years. (Top) “Ballerina posturing” of the right leg interferes with lying and sitting (see also

Figure 1C). [Lower (left-right)]: unable to stand or walk; head and chest X-ray post ACTIVA RC rechargeable DBS implant, age 7 years; standing unsupported within

days of DBS; walking unsupported 3 months post DBS with a left circumducting gait; fully recovered at 3 years post-DBS. Courtesy J-P Lin.
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with the bursts repeated at 5Hz intervals. Intermittent TBS
(comprising runs of 2 s on and 8 s off, repeated 20 times)
gives rise to MEP facilitation (an LTP-like response), whereas
continuous TBS for 40 s gives rise to an LTD-like response
with suppression of MEP amplitude (34). The TBS paradigm
therefore assesses plasticity in the motor cortex. Plasticity
in the sensory cortex can be induced using high frequency
repetitive somatosensory stimulation (HF-RSS), a protocol
which applies patterned cutaneous electrical stimulation, and
which can improve both two-point spatial discrimination and
temporal discrimination in the stimulated area in healthy
adults (35).

Abnormalities of Hebbian and Homeostatic
Plasticity in Adults With Genetic or
Idiopathic Dystonias
Adults with focal hand dystonia show abnormal LTP-like
plasticity, as measured with PAS, with a larger and less focal
increase in corticospinal excitability compared with controls (5,
36) which could represent an over-recruitment and “blurring”
of the distinct functions and characteristics between primary
(SI) and secondary (SII) somatosensory cortices and primary
and supplementary motor (MI and MII, respectively) cortices.
This in turn can be related to dystonic symptoms, in which
there is a loss of specificity in muscle activation, with overflow
to other muscles, including antagonists. Additionally, excessive
LTP-like plasticity may strengthen inappropriate sensory-motor
associations, particularly with excessive practice or training, as
is seen in musician’s dystonias or writer’s cramp (5). Abnormal
plasticity is also present in adults with idiopathic dystonia or
isolated DYT1 genetic dystonia, as demonstrated by enhanced
long-lasting effects of TBS (37), while homeostatic plasticity,
assessed with combined repetitive TMS and transcranial direct
current stimulation, is abnormal in patients with focal hand
dystonia (38). Furthermore, cerebellar modulation of motor
cortex plasticity is impaired in patients with writer’s cramp
(39) and sensory cortex plasticity is abnormal in patients with
cervical dystonia, in whom a paradoxical response to HF-
RSS was seen, with a deterioration in somatosensory temporal
discrimination (40).

Quartarone et al. postulated that abnormal or excessive
cortical plasticity may lead to the consolidation of incorrect
motor programmes (or “engrams”) containing redundant
muscular activation, which in turn are manifest as overt dystonic
movements (5). Examples are shown in Figure 2. Interestingly,
restoration of plasticity levels (measured with PAS) toward
those seen in controls is observed in patients who have
responded clinically to pallidal Deep Brain Stimulation (DBS)
(41, 42). The observation that improvement in dystonia occurs
in proportion to the reduction in cortical plasticity implies
that this effect on plasticity makes an important contribution
toward the mechanisms of GPi DBS in dystonia (43), in
turn suggesting an important pathophysiological role of the
exaggerated plasticity response.

Assessment of Plasticity in Acquired
Dystonia
In contrast to idiopathic or genetic dystonias, patients with
acquired hemidystonia have shown normal responses to both
PAS (44) and HF-RSS (45), suggesting that abnormal plasticity,
at least in the form measured with these particular protocols,
may not be essential for the development of dystonia (45). On
the other hand, in patients with acquired dystonia secondary to
basal ganglia lesions, there is usually a delay between the time of
injury and the onset of dystonic symptoms (46), which would be
consistent with a maladaptive plasticity response.

How do we explain this conundrum? Examining the
developmental origins of these disorders and how each may
impact on sensorimotor circuit development may help to
reconcile these findings. In this context it is also important
to appreciate that, as well as plasticity generally being greater
in early life, the site and extent to which various homeostatic
plasticity mechanisms are active alters during different stages
of neurodevelopment (30). For example, genetic dystonias,
although often not manifesting until mid-childhood or later,
are likely to influence development even during embryogenesis,
when circuits are initially forming. In contrast, many acquired
dystonias arise from injury in the perinatal period (DCP)
when prior embryonic development of sensorimotor circuits has
been normal, but is then impaired abruptly at a critical time
when activity-dependent refinement of sensorimotor circuits
would normally be heightened. Understanding the role of
neuroplasticity mechanisms in the developing sensorimotor
system may therefore provide critical insights in this regard.

PRENATAL AND PERINATAL PERIODS ARE
CRITICAL FOR ESTABLISHMENT AND
EXPERIENCE-DRIVEN REFINEMENT OF
SENSORIMOTOR CIRCUITS

During embryonic and fetal development, thalamocortical
neurones destined for sensory cortex pass via the transient
structure of the sub-plate, and subsequently to the cortical
plate, reaching the cortex around 24 weeks gestational age (25).
Whilst the sub-plate is considered fundamental in establishing
thalamo-cortical connections, more detailed connectivity
depends on neuronal activity, including endogenous neural
activity generated by the nervous system itself before sensory
input is available (3).

Evidence for the Role of Neuronal Activity
in Sensorimotor Circuit Development
In humans, endogenously generated bursts of neuronal activity
are seen in preterm infants from 26 weeks gestational age.
From 28 weeks, “delta brushes” are seen, comprising slow delta
waves (0.3–2Hz) with superimposed fast (8–25Hz) activity (47,
48), initially over central regions, but with the topography and
predominant frequencies changing with gestational age (49).
Delta brushes occur spontaneously, but can also be triggered
by contralateral limb movements or somatosensory stimulation
with a somatotopic distribution (47).
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Animal models, particularly rodents in which early postnatal
stages are comparable to late fetal stages of human development
(50), support the concept that neuronal oscillatory activity in the
developing somatosensory cortex plays a role in establishing early
networks (51–54). Newborn rats demonstrate several patterns of
spontaneous and sensory stimulus-induced oscillatory neuronal
activity in somatosensory cortex, including 1–2 s runs of alpha
frequency (8–12Hz) activity, termed “spindle bursts” due to
their typical appearance (52). In vitro and in vivo studies
suggest that sub-plate neurones are involved in the generation
or amplification of spindle bursts, which are considered to be
the correlate of human delta brushes (25, 50). As with delta
brushes, spindle bursts in newborn rat primary somatosensory
(S1) cortex are triggered by muscle twitches with a somatotopic
distribution. Inactivation of peripheral input using lidocaine
leads to a significant reduction in the occurrence of spindle bursts
in contralateral barrel cortex of newborn rats (54), indicating that
a substantial proportion of spontaneous spindle burst activity in
developing sensory neocortex is triggered by events in the sensory
periphery (50, 54).

Recent fMRI studies show a somatotopic organization of
sensorimotor cortex even in preterm human infants (55),
suggesting early intrinsic determination of a broad somatotopic
map. This is supported by the topography of sensory evoked
responses to tactile stimulation of the upper and lower limbs
in preterms (56). However, the fine-tuning of somatotopic
organization within sensory and motor cortices requires
experience-dependent synaptic plasticity. For example, in the
rat, neonatal asphyxia and hind limb immobilization leads
to disorganization of primary somatosensory (S1) cortex with
abnormally large and overlapping hind limb receptive fields (57)
indicative of a lack of activity-dependent synaptic pruning. Taken
together the above observations suggest that early oscillatory
neuronal activity, both spontaneous and sensory-evoked, plays
an important role in the development and refinement of
sensorimotor networks.

Evidence of Activity-Dependent
Refinement of Efferent Projections
During this same time period (24–34 weeks GA), efferent
projection tracts are also developing, connecting the cortex
with sub-cortical nuclei, cerebellum, and spinal cord (58).
The corticospinal projections are initially bilateral but, during
typical development, the ipsilateral projection is gradually
withdrawn though a neuroplastic process of activity-dependent
competition, particularly during the first 15–18 months after
birth (59). The “rewiring” of descending motor pathways in
individuals with hemiplegic CP provides another example of
how activity, or lack of activity, during critical developmental
windows shapes the development of structural and functional
sensorimotor connections. Unilateral brain lesions disrupt
the usual process of activity-dependent competition between
ipsilateral and contralateral corticospinal projections, such
that uncrossed ipsilateral projections from the non-lesioned
hemisphere survive and are strengthened due to lack of
competition from contralateral corticospinal fibers arising from

the lesioned hemisphere, which end up being withdrawn
(59, 60). The pattern of re-organization and relative strength
of descending ipsilateral and contralateral projections varies
depending on the timing and extent of the lesion (61, 62)
and have been reviewed in detail elsewhere (58). However, the
ascending somatosensory pathway retains its projection to the
contralateral sensory cortex (63) and may even take a longer
route to bypass a periventricular lesion and reach its intended
destination in the postcentral gyrus (64).

It is clear that the prenatal and perinatal periods are critical
for both the establishment and the experience-driven refinement
of sensorimotor circuits. A pathological process that disrupts
the normal pattern of events during these periods will therefore
have a profound effect on sensorimotor development, whether
it be via genetically determined abnormalities of synaptogenesis
and synaptic plasticity, or due to a lack of the normal activity
responsible for experience-dependent synaptic modification and
the consequential effect on homeostatic plasticity set-points.

HOW ARE SYNAPTIC PLASTICITY AND
EXPERIENCE-DRIVEN REFINEMENT OF
SENSORIMOTOR CIRCUITS IN THE
PRENATAL AND PERINATAL PERIODS
RELEVANT TO GENETIC DYSTONIA?

There is growing evidence that several genetic dystonias are
associated with abnormal synaptogenesis and synaptic plasticity.

DYT1 Dystonia
One well-studied example from the myriad of genetic dystonias
is DYT1, a severe generalized dystonia with typical onset in
mid-childhood (Figures 1C,D, 2), resulting from a mutation
in TOR1A, (typically a three base pair deletion leading to loss
of a glutamic acid residue at the carboxyl-terminal region).
This mutation leads to impaired function of the protein
TorsinA which is thought to pay a role in the function of
the endoplasmic reticulum and nuclear envelope as well as in
interactions between the cytoskeleton and nuclear membrane
and regulation of cellular lipid metabolism (65). These are all
key processes in synaptogenesis and synaptic plasticity, since
changes in the numbers of post-synaptic receptors involves
changes in the turnover and synaptic localization of many post-
synaptic scaffolding proteins (29). Mouse models of TorsinA
hypofunction display altered protein homeostasis and abnormal
synaptic transmission and plasticity (66, 67). One model has
shown subtle neurodegeneration in several regions of the
sensorimotor network, including sensorimotor cortex, thalamus,
globus pallidus, and deep cerebellar nuclei (67). It is noted
that the double knock-out model used in the Liang study is
genetically quite different from DYT1 patients, who usually
have a single heterozygous mutation, and that other studies
using Dyt1 heterozygous knock-out mice have not demonstrated
neurodegeneration (66). However, evidence from several animal
model studies indicates that TorsinA hypofunction affects
multiple regions of the sensorimotor network and that there
are early critical windows in which sensorimotor circuit
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development may be vulnerable to TorsinA hypofunction,
particularly during periods of intense synaptogenesis (67–70).

DYT6 Dystonia
Mutations in THAP1, a zinc-finger transcription factor,
which lead to DYT6 dystonia, have also been associated
with dysfunction of molecular pathways leading to defective
neuritogenesis, with implications for axonal guidance, and
defects in synaptic plasticity (71). Although these deficits
were observed in early development of the mutant mouse,
Zakirova et al. raise the interesting suggestion that any effects
on neuritogenesis that persist into adulthood might be offset
by the synaptic changes (71). Interestingly these abnormalities
show convergence with those disrupted in DYT1 dystonia i.e.,
in both DTY1 and DYT6 there is a defect of neuritogenesis and
synaptic plasticity (71). In human functional imaging studies,
both DYT1 and DYT6 are associated with abnormal connectivity
in cerebello-thalamo-cortical pathways (72). Importantly, these
findings emphasize that the disrupted plasticity and activity
in the sensorimotor network caused by TOR1A or THAP1
dysfunction are not just manifest at the time of clinical onset
(usually mid-childhood) but are likely to impact on the early
development of sensorimotor circuits and also on their function,
perhaps shifting the balance between excitation and inhibition.

Relevance of Abnormal Synaptic Plasticity
in Genetic Dystonias to Sensorimotor
Network Development
Neuroplasticity is generally enhanced during development
compared with adulthood (24). In addition, the extent to which
various plasticity mechanisms are operative fluctuates during
development and across different parts of the brain (30). In
humans, synaptogenesis starts around 27 weeks gestational
age and intensifies during the first 2 years of life, with
maturation patterns varying across different cortical regions
(24). Abnormal synaptic plasticity within the sensorimotor
network due to TOR1A hypofunction is therefore likely to have
a significant impact during early sensorimotor development,
including prenatally. Synaptic pruning also peaks at different
times for different brain regions, earlier in auditory than in
pre-frontal cortex, the latter continuing into adolescence (24).
Furthermore, the pattern of expression of CNS receptors changes
with a sequential (but partly overlapping) expression of GABA-
A, then NMDA and then AMPA receptors, supporting the
development of LTP and LTD and a transition from neonatal to
adult forms of plasticity (73–75).

Although originally identified in DYT1 dystonia, there is now
evidence of an association between variant mutations within
the TOR1A gene and focal dystonia and writer’s cramp (65),
disorders which tend to occur with overuse, and to present
in adulthood. Further studies will be required to delineate the
possible effect of these particular mutations on sensorimotor
circuits during development (including prenatally) and the
intriguing possibility of preventing manifestation of the disorder
by modulating neuroplasticity in early life.

HOW ARE SYNAPTIC PLASTICITY AND
EXPERIENCE-DRIVEN REFINEMENT OF
SENSORIMOTOR CIRCUITS IN THE
PRENATAL AND PERINATAL PERIODS
RELEVANT TO DYSTONIC CEREBRAL
PALSY?

Dystonic cerebral palsy (DCP) refers to dystonia that arises
from a brain insult in the perinatal period. This encompasses
individuals with acquired dystonia due to hypoxic ischaemic-
encephalopathy (HIE) at term (i.e., birth asphyxia), extreme
prematurity, or unconjugated hyperbilirubinaemia-induced
kernicterus, or indeed a combination of these.

Patterns of Brain Injury in DCP
The patterns of brain lesions seen on MRI in DCP differ
with timing of injury: typical MRI findings in HIE due to
acute severe asphyxia reflect those areas of high metabolic
rate at the time of injury, with classical involvement of
the thalamus, basal ganglia (especially posterior putamen),
peri-rolandic (sensorimotor) cortex, and sometimes also the
cerebellum (76–79). The overlap between these areas and those
implicated in the functional neuroanatomy of dystonia is striking
(80–82). In extreme prematurity one is more likely to observe
periventricular leukomalacia or the sequelae of intraventricular
hemorrhage, but a normal structural MRI is reported in up to
50% of prematurely born children with DCP (83). In kernicterus,
the injury on MRI is localized to the globus pallidus internus and
subthalamic nuclei but is notoriously transient in many cases.
Although imaging cohorts find “normal” structural MRI scan
reports in 17–20% of children with CP (76–78), it is important
to remember that changes to the development and function of
sensorimotor networks are still likely to be present.

Impact of Brain Injury on Sensorimotor
Circuit Development in DCP
Although a broad somatotopic map is usually present in sensory
cortex by term (or before), its further development is refined by
experience-dependent connectivity changes.

Neonatal Asphyxia
For those with HIE, the development of sensorimotor circuits
will have proceeded normally up until the time of injury, but
then the injury to the thalamus, a crucial relay in the passage of
sensory information to the cortex, and the subsequent disruption
of thalamocortical pathway activity, will disrupt the on-going
refinement of sensorimotor circuitry that usually occurs in the
post-natal period. There is also injury to the sensorimotor
cortex itself (peri-rolandic cortex) and to the basal ganglia
and cerebellum, all important sub-cortical structures in the
sensorimotor network. Thus, several nodes of the network may
be disrupted.

As noted above, rat models demonstrate that neonatal
asphyxia with hind limb immobilization leads to impaired
somatotopic organization of primary sensory cortex with
abnormally large and overlapping hind limb receptive fields
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(57) suggesting a lack of activity-dependent synaptic pruning.
It is notable that in adults with focal or generalized dystonias,
widened and overlapping sensory receptive fields have also
been demonstrated, both in the cortex [e.g., (84) and in the
globus pallidus (7)]. Even in the absence of asphyxia, early
restriction of sensorimotor activity in newborn rats gave rise to
maladaptive plasticity in the SM cortex (85, 86) with degradation-
“blurring”- of the somatotopic organization of somatosensory
cortex. Importantly, neuronal responses in sensorimotor cortex
remained abnormal even after sensorimotor activity was no
longer restricted (86), emphasizing the long-lasting impact of an
insult within this critical window.Whilst equivalent experimental
paradigms are not feasible in human infants, there is clear
evidence from clinical studies that abnormal sensory evoked
potentials (SEPs) have high predictive value for neurological
sequelae in post-asphyxiated neonates (25).

Extreme Prematurity
In individuals with cerebral palsy born pre-term with
periventricular white matter injury on MRI, diffusion tensor
imaging studies show injury to the posterior thalamic radiation,
indicating disruption of thalamocortical connections (87, 88).
Moreover, the injury in the posterior thalamic radiation pathways
is more severe than that in the descending corticospinal tracts
and correlates with clinical measures of severity (88). These
seminal findings emphasized the importance of disruption to
sensory and not just motor pathways in cerebral palsy due
to prematurity. As indicated by the animal studies outlined
above, reduction or loss of peripheral input leads to reduced
oscillatory activity in the developing sensorimotor cortex
(52, 54). It can be envisaged that injury or dysfunction of the
ascending sensory tracts of the posterior thalamic radiation will
disrupt the passage of sensory information to the sensory cortex,
and that the subsequent disruption of sensorimotor cortex
neuronal oscillatory activity will in turn affect the development
of sensorimotor circuits, even if the dysfunction of ascending
pathways is only transient. Indeed, in preterm infants with
structural brain lesions (bilateral intraventricular hemorrhage)
somatosensory evoked responses to tactile stimuli are abnormal
(56). Interestingly, the responses only became abnormal after
a delay of several weeks (56), suggesting that the abnormality
may reflect a neuroplastic response with re-organization of the
relevant neuronal networks.

Role of Somatosensory Evoked Potentials
Importantly, abnormal somatosensory evoked potentials have a
high predictive value for adverse neurodevelopmental outcome
in both preterm infants and term infants with HIE (25, 89–
92), with SEPs evoked from posterior tibial nerve stimulation
having particular sensitivity for predicting development of
CP in preterms (90, 91). In addition to the clear clinical
application of these studies, the findings are also concordant
with the notion that sensory pathway dysfunction has a
negative impact on the normal activity-dependent development
of sensorimotor networks.

In a study of upper and lower limb SEPs in young people
with dystonia, 47% of patients showed an abnormality in at least

one of their SEP responses (93). A similar proportion of 40%
was confirmed in a larger cohort (94). The abnormalities were
seen predominantly in the acquired dystonia group, of which the
majority had dystonic-dyskinetic CP (93, 94). Although this was
not a longitudinal study, it is likely that these abnormalities were
long-standing and therefore that sensory pathway dysfunction
had been present since the perinatal period in these individuals,
with a consequent adverse impact on the activity-dependent
refinement of sensorimotor circuits in the early post-natal period,
and an enduring effect on their function (86).

SENSORIMOTOR DEVELOPMENT IN
CHILDHOOD AND ADOLESCENCE

Neuronal sensorimotor development continues throughout
childhood and into adolescence and is associated with age-
related improvements in sensorimotor skills, leading to a
reduction in associated postures and unwanted overflow
(95–98). The neurophysiological mechanisms of motor
performance enhancement and refinement also reflect
activity-dependent plasticity.

Postnatal Cortical Oscillatory Activities
and Reactivity
In humans, the post-natal development of cortical oscillatory
activities and their reactivity to sensory stimulation is well-
documented (99). A 6Hz rhythm is seen over central regions
from as early as 5–6 months (99). The peak frequency of this
central rhythm increases with age, especially in the first year of
life (99–101) when motor skills are developing rapidly. By the
end of the first year of life, a 6–9Hz rhythm is present over
sensorimotor cortex which displays the typical characteristics of
the adult mu rhythm (adult mu having a frequency of 8–12Hz
and a distinctive arciform morphology), showing suppression in
response to movement and/or somatosensory stimulation (101,
102). Thus, mu event-related desynchronisation (ERD), which
is considered to reflect sensorimotor processing (103–105), is
present in infancy, at a time of rapid sensorimotor development.
Stroganova et al. (100) observed that the peak frequency of
mu rhythm in the second half-year of life, depended on the
duration of intra- and extra-uterine development, whereas the
frequency of the occipital alpha rhythm depended only on extra-
uterine development i.e., the presence of visual input, suggesting
that the development of the sensorimotor mu rhythm itself is
influenced by somatosensory stimulation, which is present even
in the uterus (100).

Mu Rhythm Modulation
The mu rhythm and its modulation continues to develop
throughout childhood, with the mu/alpha ERD being followed
by a mu/alpha event related synchronization (ERS) (20) and
the emergence of a beta range (14–30Hz) ERD and ERS also
in response to movement (20, 102, 106, 107). Whilst ERD is
considered to reflect activation of sensorimotor networks, ERS
is considered to reflect active inhibition or “resetting” within
the sensorimotor cortex (103–105). Evidence from adult studies
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suggests that post-movement beta ERS may relate to erasing
working memory information after task completion, or an
integration between feedback and reward (108). Development
proceeds further during adolescence before reaching an adult
pattern (109). For example, recent observations suggest a relative
“overshoot” in the mu/alpha ERS response in 10–14 year olds,
which becomes more refined in 15–21 year olds (20). Similarly,
in a recent MEG study of alpha-beta cortical oscillations in
response to lower limb somatosensory stimulation applied
during isometric force production, adolescents showed a more
enhanced modulation compared with adults (109). Thus, the
balance between excitation and inhibition may still be maturing
at this stage.

Patterns of Neuronal Oscillatory Activities
in Dystonia
Dystonia is associated with enhanced low frequency (4–12Hz)
neuronal oscillatory activity in the basal ganglia (11, 12, 110)
and also in the motor cortex (111). The exaggerated low
frequency basal ganglia oscillations are coherent with activity
in other parts of the sensorimotor network, including the
cerebellum (12), correlate with symptom severity (112), and are
coherent with dystonic EMG (14). An abnormal excessive low
frequency drive to muscles has been shown in several forms
of dystonia (13–16). The enhanced low frequency oscillations
in the basal ganglia and motor cortex are suppressed by DBS
(11, 111), as is the exaggerated low frequency muscular drive
(15). Interestingly the performance of an effective sensory trick
in two patients with cervical dystonia has been associated with
a bilateral desynchronisation in the 6–8Hz and beta band in
both the globus pallidus and sensorimotor cortices (113), while
a similar maneuver in two patients wtihout an effective sensory
trick induced a worsening of dystonia and an increase in 6–
8Hz oscillations. These observations support the notion that
exaggerated low frequency oscillations play an important role in
the pathophysiology of dystonia.

Much of this work involves invasive recordings and has
therefore focused on adults with dystonia. The development
of cortical and basal ganglia oscillatory activity in young
patients with dystonia remains largely unexplored. Normal
patterns of development of cortical oscillatory activities are
well-documented, as noted above, with the proportion of
low frequencies [delta (1–3Hz) and theta (3–7Hz)] generally
decreasing with age, and the proportion of higher frequencies
[alpha (8–12Hz) and beta (14–30Hz) ranges] generally
increasing with age. A recent study found that the spectral
content of scalp EEG over sensorimotor cortex in children with
dystonia follows a similar general pattern with age, but that
power in the theta range is relatively higher than in typically
developing children (20). This study found that children with
either isolated genetic dystonia or with DCP show impaired mu
modulation in response to a proprioceptive stimulus, indicating
an abnormality in sensorimotor processing which is common
across different dystonia etiologies (20)—Figure 3. Importantly,
this abnormality was present even in the youngest age-group
tested (5–9 years). It is possible that this form of sensorimotor

processing does not develop adequately in dystonia, either
due to genetic abnormalities of synaptogenesis and synaptic
plasticity (for example as in DYT1 or DYT6 dystonia) or due to
lack of sensory input during a critical window of sensorimotor
circuit development (e.g., in DCP). However, it is also possible
that the observations reflect a secondary plastic change in the
sensorimotor cortex due to abnormal feedback from dystonic
muscle activity. This remains to be tested.

Neurophysiological Phenomena Show
Different Maturational Profiles
Different neurophysiological phenomena relevant to
sensorimotor function show different maturational profiles.
For example, TMS studies have shown that short-latency
intracortical inhibition is present but at significantly lower
levels in children under the age of 10 compared with adults
(114). Intercortical inhibition, as measured by the ipsilateral
silent period, is absent in pre-school children: it can be seen by
age 6–7 years, but with a delayed latency and short duration
compared with the adult ipsilateral silent period, and tends
to mature by early adolescence (115, 116). Somatosensory
gating, investigated using a paired-pulse electrical stimulus
paradigm in children aged 10–18 years, appears to show a fully
mature pattern by age 10 years (117). Interestingly it has been
suggested that alpha/mu ERD may in part reflect somatosensory
gating (118). The earlier development of mu ERD compared
with mu or beta ERS (20) in this context is thus concordant
with the suggestion that somatosensory gating mechanisms
develop earlier than the (motor cortical) inhibitory mechanisms
measured with TMS, or those reflected by movement related
beta and gamma oscillations, which continue to develop during
childhood and adolescence and into young adulthood (119).
The lower levels of intracortical inhibition in children have
been suggested to facilitate greater plasticity and motor learning
during normal development (114, 120). In dystonia/DCP, these
lower levels of inhibition may contribute toward a destabilization
of pathologically enhanced plasticity at a critical stage in mid-
childhood, but could also provide a window of opportunity
for intervention.

RELEVANCE OF NEUROPLASTICITY AND
SENSORIMOTOR DEVELOPMENT FOR
TIMING OF NEUROMODULATION
THERAPIES

Overall, these different developmental disorders, all with the
clinical manifestation of dystonia, are each characterized by
disruption to the early development of sensorimotor networks,
although at different stages and with different impacts on and
responses from neuroplastic mechanisms.

Timing of Injury and Disruption to
Sensorimotor Development
Individuals with dystonic CP due to prematurity may experience
a disruption of thalamocortical pathway activity, through damage
to posterior thalamic radiation fibers, at a developmental stage
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FIGURE 3 | Developmental sequence of event-related changes in EEG power in relation to a proprioceptive stimulus in typically developing children and children with

dystonia. Results from a study in which changes in sensorimotor cortex EEG were recorded in response to proprioceptive stimuli in 30 young people with dystonia

and 22 controls (20). Participants sat at a table with their arm positioned in the arm-rest of a robotic wrist interface which delivered controlled passive wrist extension

movements, resulting in brief stretches of the wrist flexors, with rise-time of 240ms, and a target of 12◦ from the neutral position. Up to 160 wrist extension

movements were recorded for each hand. Scalp EEG was recorded using a BrainVision system (BrainAmp MR Plus) and stimulus timing was synchronized with the

EEG recordings via an electrical marker designating the movement onset. Offline, data were segmented into epochs comprising 1 s pre-stimulus and 3.5 s

post-stimulus. After artifact rejection, remaining epochs were averaged to produce a stretch evoked potential for each hand in each subject. EEG power was

calculated in 1Hz bins from 5 to 40Hz using the continuous Morlet wavelet transform with eight wavelet cycles. Relative changes in post-stimulus EEG power with

respect to the pre-stimulus period were calculated. The figure shows pooled time-frequency plots across subjects showing the response over the contralateral

hemisphere to stretch of the dominant hand wrist flexors i.e., right sensorimotor cortex for left hand movement, left sensorimotor cortex for right hand movement for

controls (A–C), and individuals with dystonia (D–F), grouped by age. Left column: Young age group (5–9 years, n = 10), middle column: Intermediate age group

(10–14 years, n = 6), right column: Older age group (15–19 years, n = 6). x-axis shows time in ms after the stimulus (dashed vertical line), y-axis shows frequency,

color scale shows relative power at each frequency with respect to the pre-stimulus period, such that dark blue indicates event-related desynchronisation (ERD) and

yellow-orange indicates event-related synchronization (ERS). The sharp increase in power with respect to baseline at time zero, extending up to 40Hz, and the brief,

early increase in theta range (4–7Hz) power from 0 to 300ms are likely to reflect movement artifact and a contribution from the stretch evoked potential, respectively.

Figure adapted from McClelland et al. (20).

when the subplate is still guiding the development of sensory
cortex and somatotopic maps are still being formed. Those with
dystonic CP due to term HIE will have had normal prenatal
development of sensorimotor circuits followed by sudden and
profound disruption of thalamocortical pathway activity and thus
of the neuronal activity which would normally determine the
on-going refinement of sensorimotor circuitry that occurs in the
post-natal period. In addition, other nodes of the sensorimotor
network will have been damaged (basal ganglia, cerebellum,
sensorimotor cortex itself). Individuals with genetic dystonias
(including for example TOR1A or THAP1 related dystonias),
although not manifesting clinically until mid-childhood, may
actually have had an even earlier prenatal onset of sensorimotor
circuit dysfunction, perhaps so early that functional circuits could
still develop through compensatory mechanisms, as alluded to
by Zakirova et al., with defects in neuritogenesis being offset by
synaptic changes (71). One could speculate that an abnormality
of dendrite formation leads to reduced neural activity at a
critical time-point in prenatal development, which in turn leads

to a change in the plasticity threshold due to homeostatic
mechanisms, or even in the range of the plasticity response,
which enhances the effect of LTP-like mechanisms. Whilst this
enhanced LTP-like plasticity may initially be an advantage, there
may come a point in mid-childhood, when LTP is enhanced as
part of normal maturation, where the system is tipped out of
a functional range and into an unstable range causing hyper-
excitability i.e., the destabilizing effect of Hebbian plasticity is
unchecked and leads to a driving of synaptic strengths toward
maximum values.

In contrast, in acquired dystonia due to perinatal brain injury,
the “plasticity machinery” itself may be intact (44, 45), but
the consequence of reduced and atypical patterns of afferent
feedback in early life induces a different form of maladaptive
neuroplasticity. The “set-point” around which these processes
function may well have been affected by the relative deprivation
of afferent input induced by the lesion (30), even if this was only
temporary. This can be considered a type of reactive plasticity,
following sensory deprivation or CNS insult (24). Interestingly, a

Frontiers in Neurology | www.frontiersin.org 9 July 2021 | Volume 12 | Article 66808187

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


McClelland and Lin Sensorimotor Development in Childhood Dystonia

cTBS (continuous Theta Burst Stimulation) study demonstrated
that adolescents who had been born pre-term showed a reduced
LTD-like response to cTBS compared with adolescents born
at term, suggesting that LTD-like neuroplasticity regulation is
impaired in this group (121). These were not individuals with
dystonia, but the study emphasizes that pre-term birth can have
an impact on the function of plasticity mechanisms.

Thus, the ultimate effects of sensory deprivation on cortical
circuitry are the result of a complex interplay between Hebbian
and homeostatic forms of synaptic plasticity (29). These
considerations could help to explain the conundrum presented
earlier. For example, it is possible that patients with acquired
dystonia may show normal PAS or HF-RSS responses, but that
the set-point around which the underlying plasticity mechanisms
are working has been changed due to the relative deprivation of
sensory input resulting from the CNS insult.

Timing of Intervention
The observation that there is often a delay between the time of
insult and the development of symptoms in acquired dystonia
suggests a maladaptive plasticity response and raises the exciting
possibility that intervention within this time could be beneficial
in preventing the development of dystonia. Even after the
onset of dystonia, timing of intervention is important. Early
presentation of dystonia in childhood is often followed by gradual
worsening without remission despite attempted pharmacological
and physical support interventions (122). There is evidence from
clinical studies that the duration of dystonic symptoms or the
proportion of life lived with dystonia has an influence on DBS
response: outcomes fromDBS showed a negative correlation with
dystonia duration, normalized for age at surgery (123) and this
relationship was observed for both primary (isolated genetic or
idiopathic) and acquired dystonia (123). Marks and colleagues
emphasize that DYT1 dystonia progresses quite rapidly during its
early course, and that the initial goal of DBS is to arrest or slow
this deterioration before actual improvement can occur (124),
another factor in favor of early intervention.

A meta-analysis of 321 patients (from 72 articles) confirms
that shorter duration of life lived with dystonia (or older age at
onset) is associated with better improvement scores, as measured
with the Burke Fahn Marsden Dystonia Rating Scale (125).

The foregoing review of time-critical events in the developing
brain is sharply illustrated by the success of cochlear implantation
to augment hearing (a special sensory input) in late infancy and
early childhood with a view to promote language recognition
and speech production, which has a greater chance of success if
cochlear neuromodulation is performed before the age of 5 years
when auditory and language plasticity windows are open (126).
Comparable studies of intervention in early life for children with
acquired dystonia (in particular DCP) are not yet available, with
most reported cases of DBS surgery taking place from 5 years
of age onwards (127). However, the findings above, regarding
the relationship between proportion of life lived with dystonia
and DBS response, combined with the documented success of
early cochlear implantation, indicate that neuromodulation for
movement disorders in childhood constitutes a race against
time before the dysfunctional movement patterns and sensory

experiences are neuroanatomically and neurophysiologically
set (126).

Abnormal neuronal activity during critical windows in the
prenatal and perinatal periods clearly has enduring effects
on neural circuit activity for later life. This is demonstrated
by the studies in rats, discussed above (85, 86), and also by
studies in drosophila, in which increased neuronal excitation
during a critical embryonic period could permanently
induce seizure behavior in post-embryonic stages (128). An
opportunity for “rescue” might be possible, but only during
these critical early time-periods (128). Interestingly, in a study
of neuromotor outcome in very preterm infants, Pike and
Marlow describe a phenomenon of “transient dystonia” (or
dystonia of prematurity), in which infants showed abnormalities
of tone and dynamic function over the first postnatal year, but
were neurologically normal by the age of 2 years. The authors
speculated that these infants had sustained a less severe brain
injury, but the observations could also suggest that these early
years represent a period in which “rescue” is still possible through
early intervention.

Very early intervention with neuromodulation, including
DBS, in younger children will require not only the further
development of surgical methods and age-appropriate
equipment, but also, and indeed more importantly, a greater
in-depth understanding of the pathophysiology of sensorimotor
circuit development in infants with, or at risk of developing,
dystonia/dystonic CP. Herein, lies a huge and critical gap in
scientific knowledge which needs urgently to be addressed.
Technology is advancing rapidly, but without this fundamental
scientific understanding, trials of DBS neuromodulation
in very young children and infants will not be possible or
ethically acceptable. Other potential considerations include the
use of non-invasive neuromodulation techniques to harness
neuroplasticity within critical windows for sensorimotor circuit
development. This could include non-invasive neurostimulation
methods such as TMS, or targeted occupational or physical
therapy techniques aiming to modulate neural activity by
enhancing sensorimotor afferent input in infants who would
otherwise experience a restriction or deprivation or sensory
stimulation following a CNS insult. Such approaches could
be used independently or as an adjunct to DBS, or could
help to achieve a situation where the child is more likely
to respond to DBS at a later stage, when the risk/benefit
ratio of neurosurgery may be more favorable. Again, these
potential interventions need to be based upon a robust
understanding of the fundamental mechanisms and the critical
time windows for neuroplasticity in sensorimotor circuit
development in human infants. These studies need to be
performed in order to establish a strong evidence-base and to
provide the confidence and impetus for clinical trials of such
early interventions.

CONCLUSION

It is clear that critical windows exist, during which abnormal
neural activity has enduring effects on future neuronal
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function and also during which restoration of normal
activity might prevent long-term, persistent disruptions of
neuronal circuit function (128). This is highly relevant to
our understanding of dystonic CP and genetic dystonias
with onset in childhood, but also provides insights into the
mechanisms underlying dystonias with onset in later life.
We are currently missing out on opportunities to intervene
early and improve neuromotor developmental outcomes
due to critical gaps in scientific knowledge and a sparsity of
research in pediatric dystonia/dystonic CP. Further study is
urgently needed to understand in detail how neuroplasticity
processes influence sensorimotor circuit development and
function in dystonic CP and to define the potential time
windows in which intervening to modulate neural activity
may induce a more normal pattern of development, either
through invasive or non-invasive methods of therapy, or
their combination.
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Uniparental disomy (UPD) is a specific type of chromosomal variant that has been

detected in both prenatal diagnosis and neonates with advances in molecular genetic

testing technologies [mainly chromosome microarray analysis (CMA) technologies

containing single-nucleotide polymorphism (SNP) probes]. In this case, we performed

non-invasive prenatal genetic testing (NIPT) to screen fetuses for aneuploidy and

detected the presence of aneuploidy chimerism and UPD by CMA, including SNP

analysis and whole-exome sequencing, to detect pathogenic variants within the genome.

The NIPT results suggested an increased number of fetal chromosome 16, and the CMA

results indicated that it was the first case of holistic paternal UPD16 with isodisomy

combined with heterodisomy, although no abnormal phenotype was seen in the newborn

at postnatal follow-up. The homozygous region of the isodimer combined with the

heterodimer is smaller than that of the complete isodimer, and it is less prone to recessive

genetic diseases. A retrospective analysis of this case of paternally derived UPD16 was

used to explore the uniparental diploid origin of chromosome 16 and to provide some

reference for genetic counseling and prenatal diagnosis.

Keywords: paternal uniparental disomy, UPD 16, SNP array, prenatal diagnosis, chromosomal variant

INTRODUCTION

Eric Engel first proposed the concept of a single-parent diploid in 1980, which described the
situation in which two homologous chromosomes are inherited from the same parent and have no
genetic relationship with the other parent (1). The incidence of uniparental diploidy in newborns
is ∼0.029%. As of 2010, statistics in the literature have reported ∼1,100 cases of whole uniparental
disomy (UPD) and 120 cases of partial UPD (2). Recent data from more than 4 million subjects
studied by the personal genetics companies 23 and Me and Biobankhave led to the estimation
that all chromosomes (not only chromosomes with imprinted regions) have a UPD incidence of
1/2,000 (3). Chromosome 16 is one of the chromosomes that are prone to non-integration, which
also causes a high incidence of chromosome 16 UPD, but most cases are maternal UPD. According
to statistics from Kotzor and other scholars in 2005, there have beenmore than 50 cases of maternal
chromosome 16 UPD reported in the literature, and their clinical phenotypes have varied, ranging
from no abnormal clinical phenotypes to mental retardation, developmental delay, and structural
abnormalities (4). However, only two cases of paternal UPD16 have been reported, and its clinical
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manifestations range from no abnormal clinical manifestations
to the onset of Mendelian genetic disease (5, 6).

UPD includes three subtypes: heterodisomy, isodisomy, and
partial isodisomy. Heterodisomy is caused by non-segregation
in stage I meiosis, and the affected individual inherits two
homologous chromosomes from the same parent; isodisomy is
caused by non-segregation in stage II meiosis, and the affected
individual inherits two sister chromatids of one homologous
chromosome from one parent. For the simple type of uniparental
diploid (referring to the absence of combined trisomy or other
abnormal mosaicism), its pathogenicity mainly lies in two
aspects. One is caused by the influence of imprinted genes from
this perspective. In other words, most chromosomal UPDs do
not have clear and characteristic clinical symptoms. Currently,
UPDs on chromosomes 6, 7, 11, 14, 15, and 20 can cause clinical
symptoms. The second type is the onset of recessive genetic
diseases on the chromosome where the UPD is located. For
example, UPD on the X chromosome may cause the onset of
X-linked recessive genetic diseases in female patients (7). As
the known cases of UPD on chromosome 16 belong to the
overall UPD involving the entire chromosome, the segments
and genes that cause UPD on chromosome 16 cannot be
located, and its pathogenic mechanism is also difficult to analyze.
Although partial UPD16 cases involving only partial fragments of
chromosome 16 can help researchers determine the chromosome
segment that causes specific clinical symptoms, further determine
the key genes that cause the disease, and clarify gene functions
and pathogenic mechanisms, there is no literature support
at present.

This study used single-nucleotide polymorphism (SNP) array
technology to perform copy number analysis and SNP genome
typing on a prenatal diagnosis sample with abnormal non-
invasive prenatal genetic testing (NIPT) and found a case of
paternal UPD16. The results of the whole-exome sequencing
(WES) test showed no abnormalities, the neonatal follow-up after
birth did not show abnormal phenotypes, and all developmental
indicators were normal. Similar to the previous two reports on
paternal upd16, no abnormal syndrome was found in the cases.
The cases reported by Kohlhase et al. found bilateral calcaneal
andmandibular arch hypoplasia. In the cases reported byDonova
et al., Fanconi anemia was mainly caused by homozygous
mutation of the FANCA gene (5, 6). No significant gene mutation
on the chromosome of UPD was found in this case report; the
two previous reports were isodimers, whereas this case report
describes isodimers combined with heterodimers. Compared
with a complete isodimer, the homozygous region is relatively
small, and the risk of recessive diseases is lower. This study
conducted a retrospective analysis of this case of UPD16 to
explore the source and pathogenic mechanism of chromosome
16-UPD and its application value in clinical response and
genetic counseling.

CLINICAL REPORT

We present a case of a 26-year-old pregnant woman, G2P0
(gravida 2, para 0), with both pregnancies from the same non-
consanguineous male partner. The couple had normal physical
conditions, normal mental development, and no adverse contact

or exposure in the working environment. The first abortion
of the pregnant woman was an induced abortion, and the
aborted tissue was not examined for genetics. The present
pregnancy was spontaneous. The results of NIPT at 13 weeks
of gestation showed that the number of chromosomes at 16 was
excessive. Chromosome microarray analysis (CMA) results after
amniocentesis at 18 weeks showed that there were two regional
homozygous fragments around the centromere of chromosome
16. CMA family analysis suggested that fetal chromosome 16
was an integral paternal UPD with isodisomy and heterodisomy.
Consecutive systematic ultrasound examinations throughout
pregnancy were as follows: ultrasonography at 12 weeks of
gestation showed no significant abnormality (Figures 1A,B).
On ultrasound performed at 25 weeks, abnormal echogenicity
of the fetal left lower lung (possible isolated lung) and slight
polyhydramnios were observed (Figures 1C,D). At 30 weeks of
gestation, the ultrasound results were the same as before, but the
amniotic fluid volume had returned to normal (Figures 1E,F).
Ultrasonography at 34 and 37 weeks showed no significant
abnormality (Figures 1G,H). There were no abnormalities
in blood pressure, weight, uterine height, or abdominal
circumference during pregnancy and no abnormalities in any
fetal heart rate test. In the first trimester of pregnancy, she had
been treated with infusion for cold and fever, but the specific
medication was unknown. The pregnant woman delivered a boy
by cesarean section at 38 weeks 3 days. A physical examination
was performed after birth, and the weight of the newborn was
3.25 kg.

At 1 month and 5 days old, the baby’s weight was 4.7 kg,
his height was 52.0 cm, his head circumference was 39.0 cm,
his facial features were normal, his mental development was
within the normal range, his prehalogen was 2.0 × 2.0 cm, and
his hearing oral, chest, abdominal, and umbilical examinations
were unremarkable. At 4 months 18 days old, the baby’s weight
was 6.8 kg, his height was 59.0 cm, his head circumference
was 43.5 cm, his facial features were normal, his mental
condition was good, his front halogen was 1.0 × 1.0 cm, his
physical examination is normal, and his movement and language
development were normal. At 6 months old, the baby’s weight
was 7.2 kg, his height was 64.0 cm, his head circumference
was 43.8 cm, his front halogen was 1.0 × 1.0 cm, his physical
examination showed no abnormalities, and his hemoglobin value
was 105 g/L. At 10 months 26 days old, the baby’s weight was
8.9 kg, his height was 70.5 cm, and his head circumference was
48.9 cm. There were no abnormalities in facial features or in
his gross motor, fine motor, or speech development. After birth,
peripheral blood was retrieved for karyotyping and SNP array
analysis, and the results were consistent with the prenatal results.
AWES test was also performed and showed no abnormal results.
Overall, to the date of this article, the clinical presentation of
the newborn did not show any adverse conditions. All data were
collected after obtaining informed consent from the patient.

MATERIALS AND METHODS

Non-invasive Prenatal Genetic Testing
Peripheral venous blood (5mL) was collected from the
pregnancy at 19 weeks of gestation, anticoagulated by
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FIGURE 1 | Detailed ultrasound images. (A,B) No abnormalities were observed in this fetus at 12 weeks of gestation. (C,D) An ultrasound scan revealed abnormal

echogenicity of the left lower lung (isolated lung possible) and hydramnion at 25 weeks of gestation. (E,F) Ultrasound image of abnormal echogenicity of the left lower

lung (isolated lung possible) and normal amniotic fluid volume at 30 weeks of gestation. (G,H) At 34 and 37 weeks of gestation, no abnormalities were observed on

ultrasound.

ethylenediaminetetraacetic acid, and then transferred into
a sterile centrifuge tube for NIPT (The Beijing Genomics
Institute). The procedure was performed as described in a
previous study (8). Then, cell-free DNA from plasma was
extracted and stored at −80◦C. The kits were purchased from
BGI Biotechnology Co., Ltd. (Wuhan, China). Cell-free DNA
was sequenced using the MGISeq-2000 sequencing system
(BGI, China) to obtain the exact DNA fragment distribution on
each chromosome. The coverage depths (Cov-chrN) of the test
and standard samples were calculated based on bioinformatics
analysis and then converted into a specific risk index, which
was eventually used to determine the sample risks of trisomy 21
(T21), trisomy 18 (T18), and trisomy 13 (T13).

Cytogenetic Analysis
Peripheral blood samples were collected from both parents.
Chromosome analysis was performed according to the standard
protocol using G-banding at a 450-band resolution. At least 25
metaphases were read for each sample.

Chromosome Microarray Analysis
In this study, an SNP array was used to confirm the existence
of genomic variation that was detected by NIPT. Genomic
DNA was extracted from peripheral blood or amniotic fluid
cells from pregnant women using the QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany). The Infinium Global Screening
Array (Illumina, San Diego, CA), consisting of ∼700,000 marker
genome-wide tag SNPs and markers targeting all regions of
known cytogenetic importance, was applied for the whole-
genome scan. Molecular karyotype analysis was performed using
GenomeStudio V2011.1 software (Illumina, San Diego, CA).
Automated detection of copy number changes was carried

out using the cnvPartition algorithm (versions 1.2.1–3.1.6) in
GenomeStudio V2011.1 software. All identified abnormalities
were further characterized by visual inspection of the Log R and
BAF chromosomal plots (9).

WES Analysis
WES is a high-throughput sequencing analysis that captures
and enriches DNA from all exome regions of the genome
using exome sequence-specific capture technology. WES analysis
was performed by BGI-Shenzhen Clinical Laboratory Centre.
The exome describes the protein-coding regions of the human
genome; most pathogenic gene mutations occur in exome
regions. WES captures probes that cover only 1–1.5% of the
human genome, allowing for the accurate detection of multiple
exome disease-causing variants at once (10). Genomic DNA from
the blood of the subject was used as the test material. The DNA
was first sheared, and libraries were prepared. Then, the exons
of the target gene and the DNA in the adjacent shear region
were captured and enriched by the BGI V4 chip. Finally, the
MGISEQ-2000 sequencing platform (Shenzhen, China) was used
for variant detection. Sequencing data quality control indicators
were as follows: the average sequencing depth of the target region
was≥180×, and the percentage of loci with average depth >20×
in the target region was >95%.

Data Analysis
Sequenced fragments were aligned to the UCSC hg19 human
reference genome by BWA to remove duplicates. GATKwas used
for base mass value correction and SNV, INDEL, and genotype
detection. Exome depth was used for copy number variation
detection at the exon level. The specific experimental procedure
was performed according to the kit instructions (11–15).
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FIGURE 2 | Karyotype analysis. (A) Normal karyotype analysis of amniotic fluid cells (46,XY). (B) Karyotype analysis of newborn peripheral blood, showing a 46, XY

karyotype as the fetal amniotic fluid sample. (C,D) The peripheral blood of the couple showed a normal 46, XX and 46, XY karyotype.

We evaluated the chromosome region with the information
provided by the Online Mendelian Inheritance in Man database
(OMIM, http://omim.org/), the DECIPHER Database (http://
decipher.sanger.ac.uk), the UCSC database (http://genome.ucsc.
edu), and the Geneimprint database (http://www.geneimprint.
com/).

RESULTS

Results of NIPT
The NIPT of this case report indicated that the fetus
had a high risk of an increased number of chromosome
16 and no other chromosomal abnormalities (data not
shown). Further amniocentesis or cord blood aspiration for
karyotyping and gene chip analysis was required to confirm
the diagnosis.

Karyotype Results
Karyotyping of the fetus, consistent with his newborn’s peripheral
blood, revealed a normal karyotype (46, XY) (Figures 2A,B).
The couple had normal karyotype results (46, XX and 46, XY)
(Figures 2C,D).

CMA Detected UPD of Chromosome 16
The CMA results of the peripheral blood of the newborn after
birth were consistent with the CMA results of the amniotic
fluid (16). In this case, the log R ratio of chromosome 16
was consistent with a normal copy number; in addition,
some genotypes present were homozygous (genotypes as
AA or BB). There was partial isodisomy of chromosome
16 with loss of heterozygosity (genotypes as AB). This is
consistent with the mechanism of trisomy/monosomy rescue.
Whole-genome SNP array analysis can detect all chromosome
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FIGURE 3 | SNP array results of these cases involved imprinted chromosome 16. (A) The fetus was chromosome 16 combined with UPD: 16p12.1p11.1

(25,079,459–35,257,261) × 2 hmz pat, 16q11.2q23.1 (46,394,361–77,737,858) × 2 hmz pat. (B,C) SNP arrays revealed no abnormalities at chromosome 16 in

females and males.

number abnormalities; identify and detect chromosome
rearrangements, including genomic sequence gains and losses;
and are effective in detecting genomic imbalances. In this case,
whole-genome SNP array analysis on uncultured amniocytes
detected arr [hg19] 16p12.1p11.1 (25,079,459–35,257,261) ×

2 hmz and 16q11.2q23.1 (46,394,361–77,737,858) × 2 hmz,
which indicated a case of isodimeric merged heterodimeric
holomeric paternal UPD (Figure 3A). The results of SNP
typing for all chromosomes except chromosome 16 supported

the parentage of the fetus to both spouses (Figures 3B,C).
The comparative results of typing in neonates are shown in
Table 1.

Analysis of Pathogenic Variants in the

Genome
In this case,WES did not detect pathogenic/suspected pathogenic
variants within the subject’s genome.
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TABLE 1 | Comparative results of SNP in neonates.

Chromosomal

segment

Length (bp) Total number

of SNP probes

Number of

SNP probe

detections

SNP probe

detection rate

Number of AB

heterozygotes

AB

heterozygous

ratio

Fractal and

paternal

concordance

rate

UPD type

16:88,366–

25,068,754

24,980,388 7,419 6,843 92.24% 1,126 16.45% 100% Heterodisomy

16:25,079,459–

35,257,261

10,177,802 1,628 1,490 91.52% 0 0 100% Isodisomy

16:46,394,361–

77,737,858

31,343,497 7,354 6,866 93.36% 0 0 100% Isodisomy

16:77,741,596–

90,161,959

12,420,363 5,273 4,961 94.08% 912 18% 100% Heterodisomy

TABLE 2 | Case review of the f parentage UPD16.

Date Author UPD detection

method

Isodimer/heterodimer Genetic

mutation

Sex Age Phenotype

2000 Kohlhase et al.

(5)

STR Isodimers (technical

limitation, cannot

confirm the presence of

heterodimeric regions)

Untested Female Prenatal—13 months Normal phenotype and no

syndromic picture with the

exception of bilateral

achilles and mandibular

arch hypoplasia

2016 Donovan et al.

(6)

STR, SNP array Complete isomorphism FANCA

homozygous

mutation

(inherited

from father)

Female 9 years old No synthetic picture with the

exception of Fanconi

anemia that due to the

homozygous state of

FANCA gene.

DISCUSSION

This case of prenatal diagnosis was clinically specific, with limited
testing and difficulty in obtaining comprehensive phenotypic
information. The detection and diagnosis method of UPD is
based on the relevant guidelines published by the American
College of Medical Genetics and Genomics in 2020, which
describes the adaptation of UPD detection in prenatal diagnosis.
Based on the case we reported, the chromosomal abnormalities
detected by NIPT during pregnancy may indicate the existence
of UPD. When specific chromosomes are involved, such as
chromosomes 6, 7, 11, 14, 15, and 20, we recommend the
detection of UPD.

UPD can occur during meiosis of gametes or mitosis
of oosperm and is most commonly seen in the q11.2-
q13.1 imprinted region of chromosome 15, as in Prader
Willi/Angelman. Most of the reported UPDs on chromosome 16
are of maternal origin; as of 2005, more than 50 cases of maternal
UPD (16) have been reported, whereas only two cases of paternal
UPD have been reported (Table 2).

Chromosome 16 in this case was identified as a chromosomal
paternal UPD with an isodimeric merger of heterodimers based
on SNP typing results. Thus, our report is the first confirmed case
of a parental UPD (16) with both regional isodimers and regional
heterodimers. This case is a newborn boy currently without any
abnormal phenotype. Themechanisms of occurrence of complete
and regional isodysomy are different. Chromosomal errors occur

at different stages of cell division, and types of UPDs may not
have the same effects on fetal development.

UPD is usually caused by two non-disjunction events, the first
occurring during meiosis and the second during mitosis. Meiosis
I non-disjunction is the failure of two homologous chromosomes
to separate, resulting in an increased probability of two different
homologous chromosomes or uniparental heterodimers from the
same parent. After fertilization with a normal haploid gamete,
the chromosomes affected in the zygote may be trisomic or
monosomic. Mitotic non-disjunction after the formation of a
zygote may then occur as a second event, with aneuploidy
being rescued by the loss of a third chromosome (trisomic
rescue) or the duplication of a monosomic chromosome
(monosomic rescue) (7). Given that most non-disjunctions occur
in maternal meiosis I, trisomies consisting of two different
maternal chromosomes and one paternal chromosome are more
common. Subsequent trisomic rescue is achieved by the loss of a
paternal chromosome, whichmakesmaternal heterodimersmore
common. Thus, as described in the background of this article, we
found that most of the reports of UPD16 are maternal UPD16.

The specific mechanism of paternal UPD on chromosome 16
in this case is not clear. Based on the abovementionedmechanism
of UPD formation, we suggest that it may be caused by an
error in meiosis II during the formation of the father’s sperm,
resulting in the formation of sperm with two chromosomes 16
of paternal origin. As a result of meiotic recombination, the
two chromosomes appear as alternate regions of heterozygotes
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and homozygotes, but there are homozygous regions around
the centromere, that is, regional isodisomes. This sperm–ovum
union forms a zygote with two paternal chromosomes 16, after
which the zygote undergoes trisomy rescue, loses one maternal
chromosome 16, and finally develops into an embryo carrying a
paternal UPD of chromosome 16.

Incomplete trisomic rescue or monosomic rescue can
result in chimeric cell lines, some of which have residual
chromosomal trisomies or monosomes, leading to pathogenicity.
In this case, we ruled out trisomic or monosomic chimerism
by two karyotypic analyses with prenatal amniocentesis and
peripheral blood taken from the newborn. At present, only
UPD on chromosomes 6, 7, 11, 14, 15, and 20 clearly causes
clinical symptoms, and no clearly pathogenic imprinted genes
have been identified on chromosome 16. Related cases have
reported that chromosome 16 contains 2 clear maternally
imprinted genes: ZNF597 and NAA60 (17, 18), and genes
with possible imprinting effects include SALL, C16orf57/USB1,
ACD, and FOXF1; therefore, paternally derived chromosome 16
uniparental diploidy may be pathogenic (19–22). None of the
above six genes was found to be clearly related to the occurrence
of diseases. This case also proves that there is no pathogenic
maternally imprinted gene on chromosome 16, andWES analysis
showed no meaningful gene mutations, which is consistent with
the currently observed phenotype. Of course, this conclusion will
need to be supported by additional clinical evidence.

Most cases of UPD (16) are of maternal origin, and
the available reports of paternal UPD (16) are all complete
isodimers. Our report suggests that regional isodimers merging
with regional heterodimers can also exist. In the process
of sperm formation, errors may also occur during the
meiotic phase. The follow-up of this case, with a normal
neonatal phenotype, demonstrates the absence of maternally
imprinted pathogenic genes on chromosome 16, at least not

maternally imprinted pathogenic genes that affect intrauterine
fetal development or cause early infant morbidity. In addition,
compared with complete isodysomy, homozygous regions of
isodysomy combined with heterodysomy are relatively less likely
to result in recessive genetic diseases. Clinically, in cases of
prenatal diagnosis or postnatal detection of paternal UPD16, the
pathogenicity of the UPD itself may not be prioritized, but the
fetus/affected child should be recommended for WES analysis to
look for genetic mutations. This case may provide some guidance
for eugenics on the male side.
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Type I Interferonopathies comprise inherited inflammatory diseases associated with

perturbation of the type I IFN response. Use of Janus kinase (JAK) inhibitors has been

recently reported as possible tools for treating some of those rare diseases. We describe

herein the clinical picture and treatment response to the JAK-inhibitor ruxolitinib in a

5-year-old girl affected by Aicardi-Goutières Syndrome type 6 (AGS6) due to ADAR1

mutation. The girl’s interferon score (IS) was compared with that of her older brother,

suffering from the same disorder, who was not treated.We observed a limited, but distinct

neurological improvement (Gross Motor Function and Griffiths Mental Development

Scales). Analysis of IS values of the two siblings during the treatment showed several

changes, especially related to infections; the IS values of the child treated with ruxolitinib

were consistently lower than thosemeasured in her brother. Based on these observations

we suggest that the use of ruxolitinib in children with the same conditionmight be effective

in inhibiting type I interferon response and that starting this therapy at early age in children

with AGS could mitigate the detrimental effects of type I interferon hyperproduction.

Keywords: interferonopathies, JAK-inhibitor, Aicardi-Goutières syndrome, ruxolitinib, type I interferon

INTRODUCTION

Type I interferonopathies constitute a recently identified group of Mendelian autoinflammatory
diseases characterized by an aberrant and uncontrolled activation of the IFN-alpha pathway
leading to multisystemic involvement in the first years of life (1). In physiological conditions, the
activation of type I IFN pathway is strictly dependent on interferon binding to IFNAR receptor,
which is expressed on all the nucleated cells; this results in the activation of the membrane
receptor-associated Janus kinases (JAKs) TYK2 and JAK1. Activated JAKs phosphorylate the signal
transducer and activator of transcription (STAT) proteins which, in turn, induce transcription
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of interferon stimulated genes (ISGs) (2, 3). The evaluation of
interferon activity by quantitative analysis of ISGs transcription,
through the so-called interferon signature, has recently been
used in clinical practice and therapeutic trials in children with
AGS and other interferonopathies, although its capacity to finely
intercept disease activity has still to be clearly determined (4).

Aicardi-Goutières Syndrome (AGS) is a rare subacute
monogenic encephalopathy which represents the prototype of
type I interferonopathies (5). To date, mutations in 9 genes
(TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1,
ADAR, IFIH1, PNPT1, MDA5, LSM11, and RNU7-1) have been
associated with the disease. Between them ADAR, which encodes
for the RNA editing enzyme ADAR1, which destabilizes the
double-stranded RNA by hydrolytic deamination of adenosine
to inosine (6). Although AGS clinical picture is heterogeneous
in terms of severity of the neurological involvement and for
the extent of extra neurological manifestations, neuroimaging
findings in subjects with AGS are typical and constitute a useful
tool for the diagnostic work-up and follow-up monitoring (6–9).
To date, no definite treatment is available to prevent progressive
encephalopathy resulting in neurological damage. Therefore,
the management of children with AGS can only be based on
supportive measures for limiting late sequelae. Recent studies
showed that the use of JAK-inhibitors could be effective for
controlling the disease in children with AGS (10–14).

CASE PRESENTATION

We report the case of a 5-year-old girl born to unrelated
parents who had been identified in the prenatal period as
a carrier of compound heterozygous mutations in ADAR1:
p.P193A (c.577C>G) and p.LYS359Argfs∗S14 (c.1076_1080 del).
The same genotype was originally observed in the older brother
who was born 6 years before from an uneventful pregnancy
and delivery (see Figure 1A). The boy was well-until 7 months
of age when he started to suffer from irritability, dystonic
movements, and progressive loss of psychomotor skills that lead
to the final picture of spastic-dystonic tetraparesis within few
months. Extensive workup showed basal ganglia calcifications
on CT scan and brain MRI. Genetic analysis lead to the final
diagnosis of AGS. The boy was regularly followed at our Units
since then. At last evaluation before treatment with ruxolitinib
was started in his sister, the boy was suffering from severe
neurological involvement (spastic-dystonic tetraparesis, severe
intellectual disability, enteral feeding) and his last available

Abbreviations: ADAR, adenosine deaminase acting on RNA; AGS, aicardi-

goutières syndrome; BID, Twice a day; CNS, central nervous system; CT, computed

tomography; GMDS-ER, griffiths mental development scales-extended revised;

GMFM-88, gross motor function measure-88; HIB, hemophilus influenzae type B;

HPIV-1, human parainfluenza virus-1; IFIH1, interferon induced with helicase C

domain 1; IFN, interferon; IFNAR, Type 1 interferon receptor; IS, interferon score;

ISGs, interferon stimulated genes; JAK, janus kinase; LSM11, LSM11, U7 small

nuclear RNA associated; MRI, magnetic risonance imaging; MRSA, methicillin-

resistant Staphylococcus aureus; RNASEH2 (A-B-C), ribonuclease H2 subunit A-

B-C; RNU7-1, RNA, U7 Small Nuclear 1; SAMHD1, SAM And HD Domain

Containing Triphosphate Triphosphohydrolase 1; STAT1, Signal Transducer And

Activator of transcription 1; TREX1, three prime repair exonuclease 1; TYK2,

tyrosine kinase 2.

MRI confirmed the basal ganglia calcifications and showed
cortical-subcortical atrophy and leukodystrophy. The girl had
no symptoms of disease in the early years of life and showed
adequate psychomotor development. Analysis of IFN signature,
performed at birth, showed high values, which spontaneously
returned to normal in the second year of life. Neuroimaging
study of the child at that age by MRI was also normal
(Figure 1A). When the girl reached 3 years of age, she presented
with symptoms related to mild recurrent upper respiratory
tract infections. Thereafter, her neurological conditions began
to deteriorate with the appearance of asthenia, irritability,
disturbed sleep-wake patterns, and signs of extrapyramidal
involvement (see below for details). Brain MRI showed bilateral
symmetrical signal abnormality of the striatum, with volume
loss of both putamina (Figure 1B), suggesting bilateral striatal
necrosis (BSN), a typical although not a pathognomonic finding
of AGS6. Additionally, brain CT showed an isolated calcification
in the left anterior periventricular white matter, and evaluation of
IS was suggestive of increased type I activity (IS 2.88 with normal
values 0–2.22). Because these features are usually observed
when AGS subjects develop encephalopathy, we started infection
prophylaxis with Immunoglobulins i.v. (1 g/kg/4 weeks) and
corticosteroids (prednisone 2 mg/kg for a week followed by
weaning over 1 month). Re-evaluation of the child at 40 months
of age, failed to demonstrate clinical signs of improvement and
on MRI there was a slight increase of the signal abnormality
in both striatal nuclei (Figure 1C), which prompted us to taper
prednisone and start treatment with a JAK-inhibitor, in an
attempt to prevent disease progression.

Ruxolitinib was started at 2.5mg twice daily; 10 weeks later
the dose was increased to 5mg BID. The child underwent
a neurological examination before starting any treatment (at
37 and 38 months of age), 1 month after starting i.v.
immunoglobulins (39 months) and after 1 (41 months), 2, 4, 6,
18, and 24 months from the start of ruxolitinib treatment. The
motor function and the developmental profile were videotaped
and assessed by a physician blinded to treatment, using the Gross
Motor Function Measure (GMFM)-88 at the same timepoints
and the Griffiths Mental Development Scales-Extended Revised
(GMDS-ER) at baseline (38 months) and after 9 and 18 months
from the beginning of ruxolitinib. Quantification of IS was
also performed before and during treatment and compared
with the IS values measured in her older brother on the
same occasions.

The neurological examination of the girl before treatment
showed signs of extrapyramidal involvement: “tonus changing”
pattern, dystonic posturing of the left hand, and fingers
associated with difficulties in manual ability, asymmetrically
impaired gait characterized by excessive internal rotation of
right side of the body, bradykinesia, difficulty maintaining
balance, and increased gait velocity. Spontaneous speech was
severely impaired, making verbal communication slower and less
accurate, which was associated with a deficit of verbal fluency
and naming. GMDS-ER and GMFM-88 scores are reported in
Tables 1, 2.

A mild but significant improvement of the neurological
picture was evident, especially after 18 months of follow-up, with
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FIGURE 1 | (A) Patients’ Timeline. (B) Brain MRI. Brain MRI, axial T2-weighted image at the age of 18 months (A), 36 months (B), 40 months (C), 5 years (D).

Putamen (black arrow) and head of caudate nucleus (white asterisk), show normal signal at 18 months (A); follow-up MRIs (B,C) show progressively increasing diffuse

hyperintensity in both gray matter nuclei with volume loss of the putamina, consistent with bilateral striatal necrosis; after 18 months of therapy with Ruxolitinib the MRI

(D) showed no progression of the basal ganglia abnormality.

a reduction of bradykinesia, better fine motor skills and balance
competencies, and vocabulary expansion, even if the dystonic
posturing, asymmetrical gait, and verbal fluency deficit persisted.
The GMFM-88 evaluation showed a progressive increase in
the global score (from 68 to 82%) and all the subscales at
every timepoint, as summarized in Table 1. Moreover, GMDS-
ER documented increased scores in language (from 34th to
43th percentile), performance (from 3rd to 41rd percentile), and
practical reasoning (from 8th to 58th percentile) subscales at
18 months/follow-up.

The IS values were fluctuating between 36.24 and 69.30
(notably the IS was performed by a different lab than
previously, with the normal cohort range between 0 and 4.67).
At her last follow-up visit, evaluation of IS showed lower
values when compared with measurements performed before
starting ruxolitinib treatment (see Figure 2). In addition, when
comparing the IS of the girl with her brother’s IS we found

that her values were consistently lower. In particular, the
child treated with ruxolitinib presented a mild increase of
IFN score during infections, while her brother (off-therapy)
had significant increments of IS ranging from 53.02 up to
851.45. The peak values of IS in both subjects were observed
during an episode of Pseudomonas aeruginosa infection, which
occurred ∼9 months after starting treatment with ruxolitinib.
During a pulmonary infectious episode by a Methicillin Resistant
Staphylococcus aureus (MRSA) and Haemophilus influenzae type
B which affected both patients, we observed that IS remained
unchanged in the treated child, whereas the IS value increased
in her brother. Moreover, when the two siblings were free of
infections, we detected consistently lower levels of IS in the
ruxolitinib-treated child than in her brother. Neuroimaging
assessment after 18months of ruxolitinib therapy byMRI showed
no change of the signal intensity abnormality in the basal
ganglia (Figures 1A,D).
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TABLE 1 | Gross motor function measure-88 from the treated patient.

Chronological age

(months)

37 38 39 41 42 44 47 58 64

GMFM-88 domain

Lying & rolling (%) 84 92 94 94 94 94 96 96 96

Sitting (%) 92 87 88 93 96 97 97 97 97

Crawling & kneeling (%) 67 62 71 69 74 83 83 86 86

Standing (%) 74 56 72 72 72 64 69 72 72

Walking, running, &

jumping (%)

40 43 49 49 49 48 50 53 57

Total score (%) 71 68 75 75 77 77 79 81 82

TABLE 2 | Griffiths mental development scales-extended revise from the treated

patient.

Chronological age (months) 38 47 58

GMDS-Er subscale

Locomotor (percentile) <1/ <1 <1

Personal-Social (percentile) 42 9 30

Hearing and speech (percentile) 34 76 43

Eye and hand coordination

(percentile)

5 10 2

Performance (percentile) 3 57 41

Practical reasoning (percentile) 8 40 58

Total score (percentile) 2 6 4

DISCUSSION

Aicardi-Goutières Syndrome is a disorder of the aberrant
activation of the immune system, in particular of IFN-alpha
pathway. Over the years, some features of the disease have been
clarified: the disease is characterized by a first subacute phase,
were children affected show the neurological deterioration,
followed by a more chronic course. Although the majority of
patients with AGS demonstrate the disease onset in the first
months of life, there is extreme variability in age at onset
and severity of the clinical picture. Also, a wide intrafamilial
variability has been observed. These observations suggest that
treatment in the early stages could result in the mitigation
of inflammation associated with tissue damage and therefore
mitigate the sequelae. Defining a standardized treatment is
difficult, also for the small number of patients and the clinical
heterogeneity. Empirical therapy with immunosuppressor drugs
(corticosteroids, azathioprine, IVIG) has been attempted in the
past, without clear evidence of benefits.

A better understanding of the pathogenesis of AGS, with
the focus on type I interferon production, suggested new
therapeutic strategies based on the use of JAK-inhibitors.
Indeed, promising results came from the use of JAK-inhibitors
in various interferonopathies. Beneficial effects are reported
after JAK-inhibitor therapy in patients with other distinct
interferonopathies such as SAVI, USP18, CANDLE (14–17).
There is also mounting evidence on the possible beneficial effect
of JAK-inhibitors in subjects with AGS, as reported in a large

cohort published by Vanderver et al. which included 35 AGS
subjects, −7 with AGS6–treated with baricitinib, analyzing the
response to treatment with interferon signaling gene-expression
score (18). Ruxolitinib has also been shown to be effective
in the treatment of lesions in patients with FCL mutated
in TREX1 and on systemic inflammation in patients with
IFIH1 mutations (13). Also, two AGS2 patients with a severe
developmental delay with unspecified age of onset, both treated
with ruxolitinib 0.2 mg/kg/day, increased after 7 days−0.5
mg/kg/day starting from the age of 23 months, showed an
improvement in psychomotor retardation with a reduction in
dystonic movements and Interferon Score (19). In addition, a
patient with AGS7 at 32 months of age, without response to
therapy with IVIG and corticosteroids, started ruxolitinib 5 mg/2
vv/day with clinical improvement, recovery of neuromotor skills,
increase in neuropsychiatric function scales and improvement of
neuroradiological findings (12).

These positive effects are less striking compared to other
type I interferonopathies, probably because the clinical picture
is dominated by severe CNS damage, which is peculiar to AGS
and is almost irreversible. Nonetheless, our patient showed mild
signs of improvement of her neurological picture since the start
of ruxolitinib. We acknowledge that firm conclusions could not
be reached from a single case report, and that other factors may
have contributed to the clinical improvement of our patient. AGS
is a two-phase disease, with the first encephalitic phase where
the neurological damage occurs and a second chronic phase.
Disease severity is very variable, even in patients carrying the
same mutations. It is possible, however unlikely, that our treated
patient reached the “stable” phase of the disease just at the same
time the treatment was started, with an overall better clinical
picture than her brother. It is also important to underline that the
motor skills improvement observed in the treated patient may be
due to the time-lapse of observation, as it is expected that motor
skills improve with age. Nonetheless, it is striking to note that all
the data from the patient before treatment were consistent with
active disease with worsening clinical picture, while treatment
start was followed by mild improvement in the clinical picture,
reduction in the IS, and stabilization of MRI findings.

As interferon signature reproducibility is sub-optimal and
the test may be influenced by a concomitant infection, and
given the unique family history of two AGS siblings who
shared the same ADAR genotype and environmental milieau,
we decided to compare IS values between the child receiving
ruxolitinib and her brother, who had advanced AGS-associated
encephalopathy and did not receive any specific treatment. IS
levels were fluctuating during observations, the higher levels
being during infections, but the girl’s IS levels were always
lower than those measured in her brother who had the same
infections. This observation is consistent with the induction of
type I interferon during infections and with the biologic activity
of JAK inhibitors. Although the better clinical evolution of the
treated patient, compared to her brother, may be due to many
factors -as already discussed- we suggest that the use of JAK-
inhibitors may influence the clinical evolution of AGS patients
by downregulation of the type I interferon response and that our
case report seems to confirm a possible efficacy of ruxolitinib in
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FIGURE 2 | Trend of interferon-signaling gene expression score from June 2018 to August 2020. (A) IFN score P#1 pre-therapy, not available measurement of P#2.

(B) IFN score during treatment of P#1, in parallel with P#2, and report of simultaneous respiratory infections. P#1 shows mild increment of IFN score during infections,

while P#2 presents significant increments. Also, during infection free periods, there is discrepancy of the values. The interferon score was calculated as the median

fold changes of expression of a panel of interferon-stimulated genes (ISGs: IFI27, IFI44L, IFIT1, RSAD2, ISG15, and SIGLEC1). The gene expression was analyzed by

quantitative reverse transcription polymerase chain reaction (qPCR) using 18s as gene housekeeping to normalize the results. Relative quantification (RQ) was

calculated with the formula 2−11Ct, using as calibrator a pool of 17 healthy controls. The mean interferon score of the healthy donors plus two standard deviations

above the mean was calculated. Scores higher than this value (4.67) were designated as positive.

AGS6. The early use of these drugs, before neurological damage
occurs, could also give insights for a better understanding of their
possible efficacy on this severe disease.
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Deep brain stimulation (DBS) serves as a treatment for neurological and psychiatric

disorders, such as Parkinson’s disease (PD), essential tremor, dystonia, Tourette

Syndrome (GTS), Huntington’s disease, and obsessive-compulsive disorder (OCD).

There is broad experience with the short-term effects of DBS in individual diseases and

their signs/symptoms. However, even in acute treatment and for the same disorder or a

given disorder, a prediction of effect is not perfect. Even further, the factors that influence

the long-term effect of DBS and its withdrawal are hardly characterized. In this work,

we aim to shed light on an important topic, the question of “DBS dependency.” To

address this, we make use of the Kuramoto model of phase synchronization (oscillation

feature) endowed with neuroplasticity to study the effects of DBS under successive

withdrawals and renewals of neuromodulation as well as influence of treatment duration

in de novo DBS “patients.” The results of our simulation show that the characteristics

of neuroplasticity have a profound effect on the stability and mutability of oscillation

synchronization patterns across successive withdrawal and renewal of DBS in chronic

“patients” and also in de novo DBS “patients” with varying duration of treatment (here

referred to as the “number of iterations”). Importantly, the results demonstrate the

strong effect of the individual neuroplasticity makeup on the behavior of synchrony of

oscillatory activity that promotes certain disorder/disease states or symptoms. The effect

of DBS-mediated neuromodulation and withdrawal is highly dependent on the makeup

of the neuroplastic signature of a disorder or an individual.

Keywords: electrophysiological signature, deep brain stimulation, dependency, neuropsychiatric disease,

neuromodulation

INTRODUCTION

Deep brain stimulation (DBS) is a neuromodulation technique that is effective as a treatment
for severe neurological and psychiatric disorders (1–4). It has been suggested that it modulates
cortico-striatal brain circuitry with an indirect effect on cognitive and behavioral abilities (5, 6).
The overall efficacy of DBS for different pathologies, such as Parkinson’s disease (PD) and dystonia,
has been well-established for months and a number of years. The long-term effects remain overall
effective on motor symptoms and mood (7, 8); they have, however, to be characterized further
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in terms of variability in efficacy and clinical adverse
features, such as stimulation-related side effects or
stimulation-independent effects. To further the demographic
and history of disease-related predictors, understanding of
relevant prediction factors for short- and long-term effects
of DBS is required. Long-term neuromodulation with deep
brain stimulation reorganizes the brain, changes the inherent
patterns of cortical excitability typical of a particular disorder
or symptom, and causes different individual clinical responses
of a patient upon withdrawal of the stimulation input. One
meaningful marker for the clinical withdrawal effect seems to be
neuroplasticity which is quantifiable with electrophysiological
recordings (9–12). Importantly, in patients in vivo it would be
impossible to characterize the complex multifactorial patterns
of neuroplasticity in a specific state (e.g., “ON DBS,” “OFF
DBS,” and “symptom status”) the patient is in. The reasons for
this are technical in nature. This explains the high value of a
computational simulation as used here. It allows consideration of
an input as a function of complex patterns, supposedly reflecting
an electrophysiological signature of a patient.

A mechanism by which complex systems reach a specific state
is synchronization of the lower-level elements that are organized
into a functional unit (13). Synchronization has been referred to
as the property of a non-linear system in which the dynamics of
individual elements are correlated in time (14). Computational
models have shown that synchronized spiking within small
neural populations in cortical and hippocampal areas may be
enhanced through Hebbian learning, which is characterized by
long-term potentiation (LTP) if a presynaptic spike precedes a
postsynaptic spike within a brief time window or by long-term
depression (LTD) if the temporal order of spikes is reversed, a
relationship described as neurons that fire together wire together
(15–18). The invasive and non-invasive brain stimulation
approaches allow a quantification of synaptic strength in the
human nervous system, and manipulation of it has implications
for the treatment of neurological and psychiatric disorders (19,
20). Exaggerated oscillatory neuronal synchronization relates to
the cardinal symptoms of bradykinesia, rigidity, dystonia, and
levodopa-induced dyskinesias. Excessive theta synchronization
is a finding in dystonia, sensorimotor integration, and motor
learning (21–25). Excessive beta oscillations have often been
linked to specific Parkinson symptoms. It has been hypothesized
that DBS is able to interrupt pathological synchronization (26).

At large-scale levels, for instance by considering
electroencephalography (EEG) and magnetoencephalography
(MEG) data, a valid index of synchronization is in-phase
activation of neural elements in relation to cognition and
pathology. In particular, alpha-beta phase synchronization
has been reported to mediate the recruitment of visuospatial
attention (27), while the role of selective attention in controlling
phase oscillatory neural activity to efficiently process relevant
information at pre-stimulus stages has been emphasized (28).
In addition, frontotemporal theta phase-synchronization has
been shown to underlie music-evoked pleasantness (29), while
inter-brain phase synchronization has been proposed to be
a marker of human social interaction (30). With regards to
pathology, previous studies reported that deficits in EEG

phase synchrony may underlie cognitive disturbances in
schizophrenia (31) and that aberrant multi-frequency MEG
phase temporal synchronization may be useful to predict
conversion from mild cognitive impairment to Alzheimer’s
disease (AD) (32). Likewise, EEG phase synchrony has been
helpful to prognosticate the outcomes in pediatric coma
(33). Mean phase coupling of the motor brain regions has
been shown to be abnormally enhanced in patients with
PD and isolated dystonia (34, 35). In contrast, pianists with
musician’s dystonia exhibited deficient phase coupling between
the neuronal assemblies required to inhibit motor memory
traces (36). Increased EEG phase synchronization in all bands
has been shown to be present in patients with Huntington’s
disease and to correlate with cognitive decline (37). The
enhanced coupling or synchronization seems to be a feature
of pathology, e.g., rigidity in PD or dystonic symptoms in
dystonia. The desynchronization (or decoupling) on the other
hand rather reflects “leaving of (also pathological) state,” in
line with Pfurtscheller’s work (38), while synchronization in
the oscillations has a physiological healthy function (e.g., idling
states) and the lack of mutability (change between states) bears
pathology. For clinicians who use DBS as a treatment, pressing
questions are: “What happens with the patient when I start DBS,
when I switch off DBS after a short treatment duration, after a
long treatment duration, when it accidentally stops working”?
And moreover, “Is the patient dependent on the DBS or is there a
window in time where I can ultimately stop DBS and the patient
reaches independence?”

In the present study, we made use of computational
modeling using an established network’s model of
synchronization, Kuramoto’s model, endowed with
plasticity (39). First, we targeted the effect of consecutive
withdrawals and renewals of DBS by considering the
different neuroplasticity conditions defined by the levels
of (long term) potentiation and depotentiation. Second,
we examined the effect of stimulation duration (by
varying the number of iterations in the model) in de
novo DBS “patients,” again under different neuroplasticity
conditions. The results of our computer simulation
mirror relevant clinical observations and also broaden our
understanding of the long-term effect of DBS under the
considered conditions.

MATERIALS AND METHODS

Kuramoto’s Model With Endowed Plasticity
As emphasized by previous DBS studies, the state of a neuron
can be described by a set of variables that for certain parameters
display a regular behavior. Therefore, such a state is susceptible to
be described by the parameters that reflect changes in regularity
as in the case of the phase (40). The same notion naturally applies
to the ensembles of neurons whose regular behavior gives place to
the patterns of regularity that have been linked to high cognitive
functions and behavioral features as described earlier. On the
basis of such an observation, we adopt Kuramoto’s model of
network synchronization to address the long-term effects of DBS.
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In accordance with Kuramoto’s model, the phase evolution
equation for a network of coupled oscillators is given by:

∂

∂t
ϕi = ωi +

Kij

N

N
∑

i=1

sin(ϕi − ϕj)+ Ii,

where ϕi and ωi represent the phase and natural frequency of
oscillator i, Kij refers to the coupling between the oscillators
i and j, N represents the number of oscillators (N = 100),
and Ii denotes the DBS input received by the oscillator i. The
values for ωi were uniformly distributed random numbers in the
interval (0,1). The DBS input adopted was a stereotypical train of
rectangular pulses with a 130Hz frequency and a 3.0 amplitude.
Note that a modified version of this model has been previously
used to evaluate the efficacy of new therapeutic DBS protocols
(40). As in previous studies (39), we assume a direct effect of
plasticity on the coupling between the oscillators as defined by:

Kij = ap ⋆ exp(
r1

τp
)− αd exp(

r2

τd
),

where αp and αd refer to the potentiation and depotentiation
rates, τp and τd denote the damping parameters (set-up as 0.5),
and r1 and r2 (r1 6= r2) denote constant parameters that were
selected from the uniformly distributed random values in the
interval (0,1) for each pair of oscillators i, j.

Synchronization Quantification
To quantify global synchronization for the considered network
of coupled oscillators, we make use of the phase locking value
(PLV) (41), which provides a normalized synchronization index
[ranging from 0 (no synchronization) to 1 (full synchronization)]
between a pair of oscillators i, j = 1.0.100 as defined by:

PLVij =
1

N

∣

∣

∣

∣

∣

N
∑

i=1

e−i(ϕi−ϕj)

∣

∣

∣

∣

∣

,

where ϕi and ϕj denote the phase of oscillators i and j. The
grand average of PLVij across all possible combinations of pairs
of oscillators (i 6= j and without repetition) represents a global
index of network synchronization for a given plasticity and
DBS condition.

Plasticity Conditions
In the present study, we considered different plasticity conditions
on the basis of previous studies addressing the assessment
of neuroplasticity in the case of patients suffering from
neurodegenerative and psychiatric disorders as well as healthy
subjects. For instance, a reduction of neuroplasticity as reflected
in decreased LTP and LTD has been suggested in subjects with
depression by transcranial magnetic stimulation (TMS) studies
utilizing paired associative stimulation (PAS) (42). A deficient
plasticity that is reflected in strong asymmetry of LTP and LTD
has been suggested in patients suffering from bipolar disorder by
studies targeting the effect of lithium on human plasticity (43).
With regards to PD, lack of LTP in the primary motor cortex has
been stressed by TMS studies utilizing intermittent theta burst

stimulation (iTBS) (44). An excess of LTP has been suggested in
the case of patients with dystonia (45).

Note that the plasticity conditions in the adopted
synchronization model are defined by setting up the specific
values for the potentiation and depotentiation rate parameters;
specifically the following plasticity conditions were considered:

(1) high level of potentiation (αp = 8.0) and low level of
depotentiation (αd = 0.001); (2) low level of potentiation (αp =

0.001) and high level of depotentiation (αd = 8.0); (3) equally
high level of potentiation (αp = 8.0) and depotentiation (αd =

8.0); (4) equally medium level of potentiation (αp = 4.0) and
depotentiation (αd = 4.0); equally low level of potentiation and
depotentiation: (5) (αp = 0.7) and (αd = 0.7); (6) (αp = 0.1) and
(αd = 0.1); and (7) (αp = 0.001) and (αd = 0.001).

DBS Conditions
Focusing on the effect of consecutive withdrawal and renewal of
DBS, the conditions DBS ON, DBS OFF, DBS ON2, DBS OFF2,
and DBS ON3 were considered. For these conditions, duration
and absence of DBS were set up to 2,000 iterations.

In the case of de novoDBS “patients,” the conditions DBS OFF
and DBS ON were considered. For these conditions, duration,
and absence of DBS stimulation were set up to 500, 1,000, and
2,000 iterations.

Synchronization Percentage Change
For the long-term scenario of consecutive withdrawal and
renewal of DBS, the condition DBS ON was defined as
the baseline level (100%) so that percentage change in
synchronization for the subsequent DBS conditions (DBS OFF,
DBS ON2, DBS OFF2, and DBS ON3) was calculated in relation
to DBS ON. Analogously, the initial condition DBS OFF was
adopted as the baseline level (100%) in the case of de novo
DBS “patients.”

RESULTS

With a focus on the long-term effect of DBS under successive
withdrawal and renewal of stimulation, we varied the level
and balance of potentiation and depotentiation as depicted
in Figures 1A,B, 2A,B. Strikingly, a stable high phase locking
value was noticeable in the case of high potentiation and
low depotentiation (Figures 1A, 2A), whereas PLV fluctuated
between increased and decreased very low values. There is a
stable increase of PLV during the successive DBS OFF states
in the opposite constellation of potentiation and depotentiation
(Figures 1B, 2B). The case of symmetry (i.e., equally high,
medium, or low) in the level of potentiation and depotentiation
is depicted by Figures 1C–G, 2C–G. It is noticeable that for
the high levels of potentiation and depotentiation (8.0 and
8.0), PLV tended to decrease under successive DBS withdrawal
and renewals (Figures 1C, 2C); in the case of middle levels of
potentiation and depotentiation (4.0 and 4.0), PLV showed a
stable trend without fluctuations (Figures 1D, 2D); in the case
of low values of potentiation and depotentiation (0.7 and 0.7),
PLV fluctuated between increased and decreased low values
with a consistent increase during the successive DBS OFF states
(Figures 1E, 2E). In the case of very low levels of potentiation
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FIGURE 1 | The simulation results (mean and SD of the grand average phase locking value [PLV]) corresponding to the long-term effect of deep brain stimulation

(DBS) under successive withdrawal and renewal of stimulation: unbalanced potentiation and depotentiation (high and low level) (A,B); balance potentiation and

depotentiation, i.e., equally high levels, (C); equally medium levels (D); equally low levels (E–G).

and depotentiation (0.1 as well as 0.001), PLV fluctuated between
increased and decreased very low values with a stable increase
during the successive DBS OFF states (Figures 1F,G, 2F,G).

With a focus on longitudinal development under DBS input
in de novo DBS “patients,” we again altered the level and balance
of potentiation and depotentiation as depicted by Figures 3A,B,
4A,B. Strikingly, a stable high level of PLVwas noticeable across a
number of iterations (500, 1,000, and 2,000) (Figure 3A) and thus
reflected the duration of DBS input, with a slight increase during
DBS ON (Figure 4A) in the case of high potentiation and low
depotentiation. A stable low level of PLV was noticeable across a
number of iterations (500, 1,000, and 2,000) (Figure 3B) with a
tendency to decrease during DBS OFF and DBS ON (Figure 4B)
in the case of low potentiation and high depotentiation. The
case of symmetry in the level of potentiation and depotentiation
is depicted in Figures 3C–E, 4C–E. It is noticeable that for
high levels of potentiation and depotentiation (8.0 and 8.0),
PLV first increased and then showed a tendency to decrease
in the transition from DBS OFF to DBS ON across a number
of iterations (Figures 3C, 4C); in the case of middle values of
potentiation and depotentiation (4.0 and 4.0), PLV first increased
and then showed a tendency to decrease during DBS OFF while
a tendency to decrease was observed during DBS ON across a
number of iterations (Figures 3D, 4D); in the case of very low
levels of potentiation and depotentiation (0.001 and 0.001), PLV
showed low values with a tendency to decrease during DBS OFF
and DBS ON across a number of iterations (Figures 3E, 4E).

DISCUSSION

This paper summarizes a computational modeling study in
scenarios with different neuroplasticity distributions, reflecting
virtual “patients” with different neurophysiological signatures.
When a powerful treatment, such as deep brain stimulation gets
introduced in a new patient, questions arise as to “Why there is
no effect? Will there be an effect when I stimulate for a longer
time? What happens when the DBS machinery fails or a planned
interruption of the stimulation occurs?” In long-term patients on
this neuromodulation treatment, the question comes up whether
a break or time off the intervention could be planned, or whether
a life-long dependence on this input is likely.

In line with existing neurobiological models and
neurophysiological findings in various DBS-treated conditions,
our study looks at synchronization (coupling) of oscillatory
activity, assuming that too much synchronization in
certain frequency bands (beta in PD, theta in dystonia, etc.)
maintains the pathological state (rigidity, dystonic symptoms,
obsessive compulsive behavior, etc.), whereas a reduction in
synchronization reflects the leaving of the symptom-stabilizing
state. The in vivo situation of a biological system of course is
complex and the exact mechanism of action leading to symptom
improvement initiated by disruption of the synchronization
patterns through DBS remains unclear (46).

The adopted computational simulation approach is
particularly advantageous with regards to avoiding the risks
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FIGURE 2 | The simulation results [percentage change of the grand average PLV, DBS ON represents the baseline level (100%)] corresponding to the long-term effect

of DBS under successive withdrawal and renewal of stimulation: unbalanced potentiation and depotentiation (high and low level) (A,B); balance potentiation and

depotentiation, i.e., equally high levels, (C); equally medium levels (D); equally low levels (E–G).

associated with turning on and off an implanted DBS device in
patients suffering from neurological or psychiatric pathology and
allowing flexibility in setting up the different plasticity scenarios
that would not be accessible simultaneously under real (in vivo)
patient conditions.

In the first part of our study, we simulated patients
with DBS switched on long-term, and observed the effect of
consecutive withdrawals and renewals of DBS. In the second
part of the study, de novo “patients” (with no previous DBS
treatment) received long-term DBS of various durations. On
DBS treatment, the literature shows that certain symptoms
seem to respond very quickly (tremor in PD) whereas others
need longer, yet variable, time to allow the DBS effects on
symptom alleviation to occur (dystonia) (9, 47). Particular
patient profiles, that is, individual differences in baseline
potentiation or depotentiation changes due to symptoms, have
never been profiled and could provide information as to the
potential response patients have to neuromodulation settings and
treatment duration.

Our study introduces different neuroplasticity makeups, i.e.,
different levels and balances of potentiation and depotentiation.
It assumes that thismirrors some real patient electrophysiological
signatures. It is well-established that dystonia tends to show too
much neuroplasticity, whereas it tends to be at normal levels in
obsessive-compulsive disorders (OCD), and there is a lack of it in
PD, Tourette Syndrome, bipolar disorder, and schizophrenia, as
examples for abnormalities (48–50). These citations all represent

group level studies, however, individual neuroplasticity levels are
relevant for the personal effect of withdrawal or insertion of
therapeutic input.

For the first part of the study, the simulations revealed that
symmetry and asymmetry in the potentiation and depotentiation
levels have a strong effect on the stability and level of
synchronization patterns across the successive withdrawals and
renewals of DBS input to the system. Our results reveal
that, interestingly, a high level of potentiation in combination
with a low level of depotentiation ensures the system is
“stuck” in its current state (low mutability). Whether DBS is
switched on or off does not affect the oscillatory state of the
system. It remains stabilized at its observable high level of
synchronization. On the contrary, when potentiation is low,
independent of whether this is in combination with high or
low depotentiation values, the oscillatory state of the system
is highly mutable with a striking effect of switching DBS
on or off. However, the effects of switching DBS on or off
seem highly predictable. Intriguingly, when potentiation and
depotentiation are balanced, both high or medium, the response
to repeated insertions and withdrawals of DBS becomes less
predictable and might suggest that they both counteract each
other in line with a homeostatic regulation of the system,
where a drive in one direction is counteracted via the other
mechanism and driven into the opposite direction, with the
goal of keeping the system in healthy boundaries. We conclude
that the reaction of the oscillatory system highly depends on
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FIGURE 3 | The simulation results (mean and SD of the grand average PLV) corresponding to the influence of stimulation duration (500, 1,000, and 2,000 iterations) in

de novo DBS “patients”: unbalanced potentiation and depotentiation (high and low level) (A,B); balance potentiation and depotentiation, i.e., equally high levels, (C);

equally medium levels (D); and equally low levels (E).

the neuroplasticity makeup of the “individual.” Let us assume
that there are disorders with too much plasticity, i.e., too much
potentiation: In this case, the reaction of the system to DBS
withdrawal or reinsertion is almost ineffective. The system is
stabilized in its current status. This situation resembles that
of many DBS naïve dystonia patients, for example. The long
time to respond to initial treatment in dystonia or the strong
resistance to neuromodulation and to occupational training
might be due to such a neurophysiological signature. In the
low potentiation constellation, the oscillatory system instantly
responds to being switched on or off. The system is highly
mutable, a response well-known for major symptoms of PD
and long-term DBS-treated dystonia patients who have low
potentiation as a cardinal neurophysiological feature (9, 47).

The change of the oscillatory system directly matches the
ON/OFF state and is highly predictable. The most complicated
constellation arises with balanced high or medium levels of
potentiation and depotentiation. Unlike what happens in the
high unbalanced potentiation situation, in this case, the system
responds to insertion and withdrawal of DBS. However, the
contradictory forces of neuroplasticity seem to intermingle and
one might speculate that the homeostatic mechanisms come into
play to keep the system within healthy boundaries. Here, the
outcome of DBS OFF and ON scenarios becomes unpredictable.
However, change happens, and this stands in contrast to the
unbalanced high potentiation-low depotentiation scenario where
the oscillatory system remains immutable and “stuck” in its
current state.
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FIGURE 4 | The simulation results [percentage change of the grand average PLV, the initial DBS OFF represents the baseline level (100%)] corresponding to the

influence of stimulation duration (500, 1,000, and 2,000 iterations) in de novo DBS “patients”: unbalanced potentiation and depotentiation (high and low level) (A,B);

balance potentiation and depotentiation, i.e., equally high levels, (C); equally medium levels (D); and equally low levels (E).

In the second part of our study, the computational simulation
mimicked a de novo “patient” who then received DBS for
various durations (iterations), and consecutively withdrawal of
DBS was simulated at different time points along this time
axis. Again, as in the first part of the study, the outcome
was highly dependent on the synaptic plasticity signature. In
the unbalanced high potentiation-low depotentiation situation,
the system over time remains immutable and “stuck” in its
oscillatory state. DBS insertion is not able to produce change
in the system, resembling the situation of therapy-resistant
patients. As an example, naïve patients with dystonia are known
for their high potentiation. The removal of high potentiation,
allowing the system to become mutable, might drive the change
toward the beneficial effects of DBS as suggested before (9).
In the balanced high and medium potentiation-depotentiation
scenario, we observe effects in a monophasic positive direction
after insertion of DBS with a gradual decrease in coupling in

the oscillatory system. Interestingly, however, upon withdrawal
of DBS, a rebound occurs that exceeds the level of the
initial coupling by far. This might resemble a situation of
dramatic, sometimes life threatening worsening of symptoms
in dystonia patients with accidental or planned DBS switch
OFF (51). In a scenario where there is an unbalanced or
balanced low potentiation, the response to DBS is present and
in a positive direction, it appears that the system is mutable.
Intriguingly, the oscillatory system reverts back to the DBS
naïve state upon DBS withdrawal, but not to the 100% baseline
level of the naïve system, in other words some of the DBS-
induced effect seems to be stabilized despite a relative lack of
potentiation. However, this is only a mild deviation from the
naïve 100% value in the OFF state (before treatment or DBS input
was initiated).

The computational simulation study shows the strong effect
of the individual neuroplasticity makeup on the insertion and
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withdrawal of DBS as a therapeutic tool on the oscillatory system
and thereby supposedly on disorder symptoms manifesting
in brain coupling. How mutable a system is and thereby
how effectively it responds to the treatment input might be
linked to such individual signatures. Even in healthy people,
neuroplasticity levels are variable and individual (52, 53). The
meaning of such a marker setup or signature for personalized
therapy and management of patients becomes clear by the usage
of such computational approaches.

Limitations of the study or points to consider: This is a
computational modeling and simulation approach and not in
vivo data. However, in this limitation lies strength, because it
is impossible, due to technical limitations, to obtain such data
during acquisition of this type of neurophysiological recordings
in real patients. Besides technical impossibility, the potential
harm of switch OFF situations needs to be carefully considered
by experienced clinicians who know the patients well. The
second point to consider is that this modeling does not currently
include the fact that the neuroplasticity itself is dependent on
the oscillatory system and therefore will be dynamic over time.
In other words, the results of the current study reflect the
neuroplasticity conditions that once set up remain the same
across iterations. As shown previously, the neuroplasticity is

variable over time and also influences the switch OFF clinical
outcome based on its potentiation as one form of neuroplasticity
at that particular time point (9, 11, 12, 54). To explore the
dynamics of the system would be a meaningful next study.

In conclusion, the electrophysiological signature has a
profound impact on the effects of an intervention, such as DBS on
the system, and can be used in future to narrow down potential
outcomes in specific scenarios.
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The fast pace of gene discovery has resulted in groundbreaking advances in

the field of epilepsy genetics. Clinical testing using comprehensive gene panels,

exomes, or genomes is now increasingly available and has significantly increased the

diagnostic yield for early-onset epilepsies and enabled precision medicine approaches.

In this paper, we report a case of epilepsy in a pedigree. The proband had

heterozygous mutations in KCNC1 (NM_001112741.1:c.959G>A, p. Arg320His),

CAPN3 (NM_000070.2:c.526G>A, p. Val176Met), and NEFH (NM_021076.3:c. 2595

delC, p. Lys866Argfs∗51). Sanger sequencing verification was consistent with the results

of whole-exome sequencing. The KCNC1 mutation was a de novo mutation, and the

CAPN3 and NEFH mutations were inherited from their father and mother, respectively.

Based on the American College of Medical Genetics and Genomics (ACMG) guidelines,

a heterozygous mutation was found for APOB (NM_000384.2: c.10579C > T, p.

Arg3527Trp). The heterozygous mutation at this site was inherent in the pedigree.

Coexpression analysis indicated that heterozygous mutations of KCNC1, CAPN3, NEFH,

and APOB were closely related to the clinical phenotypes of the patient, and the

clinical phenotypic heterogeneity of the disease may be the result of the interaction of

multiple genes.

Keywords: whole exome sequencing, Sanger sequencing, epilepsy, coexpression analysis, heterozygous

mutations

INTRODUCTION

Epilepsy is a disorder of the central nervous system caused by abnormal discharge of
neurons that affects consciousness, sensation, temperament, and movement. The classification
levels of epilepsy diagnosis are based on seizure type, epilepsy type (focal, generalized,
combined generalized and focal, and unknown) and epilepsy syndrome, and 40% of epilepsy
is related to genetic factors (1–4). More than half of active epilepsy cases are 12 years old.
The clinical features of epilepsy are complex and diverse and can manifest as paroxysmal
movement, abnormal autonomic nerve function, transient sensory disorders, limb convulsions,
loss of consciousness, and mental disorders. The etiology of epilepsy is heterogeneous and
includes genetic factors, brain diseases, and systemic diseases. An imbalance between excitation
and inhibition of the central nervous system leads to epileptic attack, and ion-channel
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abnormalities are closely related to the occurrence of disease.
Mutations in coding genes can participate in the development of
the disease by affecting the functioning of ion channels, including
those for potassium, calcium, and sodium ions. Approximately
25% of hereditary epilepsy cases are caused by variations in
ion channel-related genes (5). In addition, epilepsy is related to
changes in neurotransmitters and glial cells (6). Epilepsy can
be controlled in most patients through regular medication, but
some patients develop refractory epilepsy. Long-term repeated
seizures can lead to cognitive impairment, which places a heavy
economic and psychological burden on patients and families.
Defining the pathogenesis of epilepsy has practical significance
for classification, prenatal diagnosis, genetic screening, and
subsequent treatment. With the rapid development of high-
throughput sequencing technology, whole-exome sequencing
technology is playing an important role in the genetic diagnosis
of hereditary diseases. Mutations in genetic diseases are mostly
located in coding regions, which account for 1% of the
whole genome. The whole-exome sequencing technique has the
advantages of low cost and strong pertinence. This technique
coversmost variations associated with gene function (7), enabling
screening for pathogenic genes for a variety of diseases (8–
11). In the present report, we elucidate the causative role of
the interaction of multiple heterozygous mutation genes in the
pathogenesis of a severe form of epilepsy.

MATERIALS AND METHODS

Case Presentation
A 26-year-old man came to the hospital because of his recurrent
limb convulsions, unstable gait, and ease of falling accompanied
by loss of consciousness for more than 5 years. The first seizure
occurred at the age of 6 years, and he manifested generalized
convulsions, foaming at the mouth, a blue complexion, and non-
responsivity. The seizure lasted approximately 2min. Then, he
exhibited no abnormality upon waking, later developed clonic
attacks, unintentional movements, and hand and foot paralysis,
and received Depakine treatment in the same year (sodium
valproate syrup). The next year, the patient experienced large
twitching of the legs for 2min.When the patient discontinued the
drug for 2 months, the symptoms were aggravated, characterized
by handshaking and eyelid movements, followed by weakness of
the legs, trembling of the limbs, and convulsions of the whole
body when he was frightened or stressed.

The patient was a first full-term baby and was delivered
via Cesarean section due to a misplaced position and a
large head. The proband was in good condition after birth.
Compared with children of the same age, the patient has
poor balance function and poor coordination. The patient’s
parents denied a family history of epilepsy. At the age
of 6, the proband underwent a computerized tomography
(CT) examination of the brain, and no obvious abnormalities
were found. Further electroencephalogram (EEG) and CT
examinations were performed, and no obvious abnormalities
were found. At the age of 8, the patient had a second
seizure, and EEG examination showed inhibition of the α

wave. Further 24-h dynamic EEG examination showed abnormal

EEG (evident in the right frontotemporal central region,
epileptiform discharge) and inhibition of α waves. Based on
magnetic resonance imaging (MRI) results, sclerosis of the right
hippocampus was suspected. At the age of 9, the proband
underwent brain positron emission computed tomography
(PET CT), which showed no significant abnormalities in
interictal pet metabolic brain imaging and a single spike in
the right frontal region during light sleep. At the age of 26,
an MRI of the brain showed no significant abnormalities.
Multiple external hospital examinations were performed, and
no obvious abnormalities in the EEG, MRI, or CT results
were found. The muscles were tested more than 10 years ago
and have not since. No muscular problems were found by
electromyography (EMG) and nerve conduction velocity (NCV).
Recent clinical follow-up shows that a major seizure (violent
convulsions) occurred once, in the last 2 years, and myoclonus
often occurred.

Karyotyping Analysis
Peripheral blood was collected intravenously from the proband
and his parents, and the peripheral blood lymphocytes
were cultured and harvested. A karyotyping analysis was
performed according to the conventional G-banding technique
(550-band resolution) (12).

Chromosomal Microarray Analysis
The CytoScan HD chip has a 2 M-probe count and is a high-
density chip for detecting copy number variations and single
nucleotide polymorphisms. Blood samples of the proband and
his parents were collected, and the Affymetrix cyto HDArray was
performed in strict accordance with the chip operation manual
using CytoScan chip technology provided by Affymetrix.

Library Preparation and Whole-Exome

Sequencing
Venous blood was withdrawn from the proband and his parents,
and genomic DNAwas extracted according to the manufacturer’s
standard procedure for the MagPure Buffy Coat DNA Midi
KF Kit (Magen, Guangzhou, China). Then, the genomic DNA
was fragmented by Segmentase (BGI, China) to generate small
DNA fragments (100–500 bp) that were further screened using
magnetic beads to enrich the fragments with sizes ranging from
280 to 320 bp. After the ends were filled, an “A” base was added
to the 3’ end to enable ligation of the DNA fragment to an
adapter with a “T” base at the 3’ end. The DNA fragments were
amplified by a ligation-mediated polymerase chain reaction and
purified to form a library. The library was enriched by array
hybridization following a protocol (Roche NimbleGen, Madison,
USA), followed by elution and postcapture amplification. The
magnitude of the enrichment of the products wasmeasured using
an Agilent 2100 Bioanalyzer. All the amplified libraries were
subsequently sent to BGI for circularization and sequencing on
the MGIseq-2000 platform with a paired-end 100 sequencing
strategy. The sequenced data were automatically demultiplexed
by index.
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Bioinformatics Analysis
We used published filtering criteria to generate “clean reads”
for further analysis (13). The “clean reads” were aligned to
the human genome reference (hg19) using Burrows Wheeler
Aligner (BWA) software (14). The output files were used to
perform sequencing coverage and depth analysis of the target
region and single-nucleotide variant (SNV), as well as insertion
and deletion (indel) calling. We used GATK to detect SNVs
and indels. All SNVs and indels were filtered and estimated
via multiple databases, including dbSNP, HapMap, 1000 human
genome datasets and databases of 100 healthy Chinese adults. We
used the scale-invariant feature transform (SIFT) and Polyphen2
to predict the effect of variants. Pathogenic variants were
assessed under the protocol issued by the American College of
Medical Genetics (ACMG) (15). The Human Gene Mutation
Database (HGMD) was used to screen for mutations reported in
published studies.

Sanger Sequencing
Mutations in the targeted genes for the proband and his
parents were validated using conventional Sanger sequencing
methods. Segregation analysis was performed if DNA from
family members was available.

Protein–Protein Interaction Analysis
The protein–protein interactions of targeted genes with the
heterozygous mutations confirmed by Sanger sequencing were
analyzed with STRING version 10.0 (16) (https://stringdb.org/
cgi/input.pl?sessionId=GQHzYg5cCT15&input_page_show_
search=on).

RESULTS

Karyotyping Analysis and Chromosomal

Microarray Analysis
The results of a karyotyping analysis indicated that the karyotypes
of the three blood samples were normal. Chromosomal
microarray analysis did not identify obvious copy number
variations, ruling out the contribution of chromosomal
abnormalities and copy number variations to the disease in the
family (data not shown).

Whole-Exome Sequencing Analysis
Whole-exome sequencing identified a new heterozygous
mutation c.959G>A (p. Arg320His) in the KCNC1 gene.
KCNC1 encodes a voltage-gated potassium channel expressed in
inhibitory neurons, and mutations in the gene cause progressive
myoclonus epilepsy and ataxia. A suspected pathogenic variation
consistent with the phenotype of the subject was detected in the
CAPN3 gene associated with limb-band muscular dystrophy
type 2A/limb-girdle muscular dystrophy II. Due to the absence
of relevance to the pathogenicity of this variant, the mutation
was considered a causative mutation according to the ACMG
guidelines (15, 17–19). Whole-exome sequencing also detected
a suspected pathogenic mutation in the axonal NEFH genes
related to Charcot-Marie-Tooth disease type 2. There are no
reports on the pathogenicity of this mutation (NEFH c.2595delC,

p. Lys866Argfs∗51). According to the ACMG guidelines, this
variation was considered a likely pathogenic variation. In
addition, the WES test results indicated a heterozygous mutation
(APOB, c.10579C>T, p. Arg3527Trp), and pathogenicity of
this variant has been reported (20). According to the ACMG
guidelines, the patient had no relevant clinical manifestations,
and the mutation was suspected to be a disease-causing
variant (Table 1).

Sanger Sequencing
Sanger sequencing confirmed that the c.959G>A mutation in
the KCNC1 gene was a de novo mutation. The heterozygous
mutation CAPN3 c.526G > A (p. Val176Met) was detected in the
proband and his father. The heterozygous variants c.2595delC (p.
Lys866Argfs∗51) and c.10579C > T (p. Arg3527Trp) detected in
the NEFH and APOB genes of the patient were inherited from
his mother. The patient’s parents did not report any history of
seizures, myasthenia, or myoclonus problems (Figure 1).

Protein–Protein Interaction Analysis
A protein–protein interaction analysis was performed on
the following targeted genes and their interacting genes:
KCNC1, CAPN3, NEFH (interacting genes: PKN1, CDK5), and
APOB (interacting genes: SYNCRIP, A1CF, APOBR, APOBEC1,
APOBEC2, SCARB1, AMFR, HNRNPAB, OSBPL10, APOA5);
the results indicated that the proteins were highly interacting
(Figures 2, 3), suggesting that the combination of heterozygous
mutations in multiple genes led to a severe phenotype.

DISCUSSION

Significant advances in the understanding of the neurobiology of
seizures and epileptic diseases have resulted in multiple etiologic
categories for epilepsy classification. An initial investigation
often involves neuroimaging, ideally MRI, where available. The
clinician can thus determine whether there is a structural
etiology for the patient’s epilepsy. The five etiologic groups
are genetic, infectious, metabolic, immune, and unknown (2).
Therefore, elucidation of the etiology and pathogenesis of
seizures is very important for genetic counseling, diagnosis,
and effective treatment of seizures. Recent studies on the
etiology of epilepsy have shown that genetic factors play an
important role in the pathogenesis of epilepsy (21, 22). The
whole-exome sequencing technique uses a specific probe to
enrich the DNA of the protein-coding regions and detects
gene mutations through high-throughput sequencing, which
provides good support for the diagnosis of hereditary diseases.
Whole-exome sequencing of 10 families of seizures has
indicated mutations associated with severe epilepsy and several
new disease-causing genes (23). Whole-exome sequencing
technology provides new guidance on diseases that are
difficult to diagnose only through clinical characterization and
laboratory tests, as well as facilitating the diagnosis of diseases
and an analysis of etiology and pathogenesis (24). In this
study, we found that the presence of KCNC1, CAPN3, and
NEFH mutations in probands was closely related to clinical
manifestations such as seizures and muscle weakness. Among
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TABLE 1 | Results of gene mutation in patients with whole exome sequencing.

Gene Site Coding DNA change Protein change Disease associated with the gene

KCNC1 Chr11: 17793600 NM_001112741.1:c.959G>A p. Arg320His Progressive myoclonic epilepsy type 7

CAPN3 Chr15: 42679978 NM_000070.2: c.526G>A p. Val176Met Limb band muscular dystrophy type 2A/limb girdle muscular dystrophy 11

NEFH Chr22: 29886222 NM_021076.3: c.2595delC p. Lys866Arg fs*51 Charcot-Marie-Tooth disease type 2 hypercholesterol

APOB Chr2: 21229161 NM_000384.2: c.10579C>T p. Arg3527Trp Type 1/autosomal dominant hypercholesterolemia type B

FIGURE 1 | Sanger sequencing results of the KCNC1, CANP3, NEFH, APOB. Arrows indicate the verification site of mutation. (A) The three results were sequencing

results of proband, father and mother. KCNC1 was a new mutation (c. 959G > A, p. Arg320His). There was no heterozygous mutation of variant. (B) CAPN3 (c.526G

> A, p. Val176Met) at this site, which was inherited from the father. (C) NEFH is a heterozygous mutation (c.259 5delC, p. Lys866Arg fs*51) inherited from the mother.

(D) APOB belongs to heterozygous mutation (c.10579C > T, p. Arg3527Trp), inherited from its mother.

these mutations, KCNC1 was a de novo mutation, and the
latter two mutations were inherited from the proband’s father
and mother.

KCNC1 belongs to the gene family related to potassium-
ion channels that are widely distributed in the central nervous
system. This gene plays an important role in regulating a series
of physiological activities, such as action potential formation,
membrane repolarization, and creating tension in muscle cells.
Voltage-gated potassium channels are critically important for
the rapid repolarization of fast-discharging brain neurons, where
Kv3 is a voltage-gated potassium channel consisting of six
transmembrane segments (25). The Kv3 subfamily consists of
four genes, Kv3.1, Kv3.2, Kv3.3, and Kv3.4. KCNC1 encodes
Kv3.1 and can activate the high-frequency discharge of cells,
which is themain determinant of the discharge of high-frequency
neurons and facilitates regulation of the excitability of cells (26).
KCNC1 is a highly conserved potassium channel subunit of
the voltage-gated tetrameric potassium channel Kv3 subfamily.

The Kv3 subfamily is closely associated with neurological
disorders, such as KCNC 3 (Kv3.3) missense mutations found
in spinocerebellar ataxia (27) and the absence of KCNC2
chromosomes in patients with neurodevelopmental retardation
and ataxia (28). Knocking out KCNC1 in KCNC1-mutant mice
has been reported to lead to myopathy and ataxia (29–31).
Recently, a new mutation c.959G>A (p. (Arg320His) in KCNC
1 was identified as a major cause of progressive myoclonic
epilepsy (32, 33). Since 2015, exome sequencing has led to
the identification of more than 24 KCNC1 c.959G>A mutation
cases in unrelated families (Tables 2, 3). Table 1 shows a list
of variants, including those found in our patient and all cases
reported thus far, as well as the major clinical symptoms observed
in patients with this KCNC1 c.959G>A mutation. A similar
clinical phenotype and findings were obtained for our patients
as for most reported patients reported thus far, and 10 patients
manifested trembling (Table 3). Being positively charged, the
arginine residue contributes to the gated charge (37, 38). This
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FIGURE 2 | Network for KCNC1, CAPN3, NEFH, APOB, and their interacted genes. Network nodes represent proteins. Splice isoforms or post-translational

modifications are collapsed, i.e., each node represents all the proteins produced by a single, protein-coding gene locus. Edges represent protein-protein associations:

associations are meant to be specific and meaningful, i.e., proteins jointly contribute to a shared function; this does not necessarily mean they are physically binding

each other.

mutation has a negative effect on the Kv3.1 channel by producing
electrophysiological abnormalities, resulting in the expression
of the corresponding neuron (39). The clinical manifestations
reported in previous studies were similar to those of the patient
of this study.

CAPN3 encodes a muscle-specific member of the calcium-
activated neutral protease family. Mutations in the CAPN 3 gene
are associated with the pathogenesis of limb muscular dystrophy
type 2A (LGMD2A) and limb-girdle muscular dystrophy II. In
many patients with myopathy, dozens of different CANP3 gene
mutations have been detected. The main clinical manifestations
are progressive symmetrical muscle atrophy and proximal limb
muscle weakness (40). A novel homozygous missense mutation
of the CAPN3 gene (c.1699G > A) was detected in a Saudi
Arabian family (41). Studies have suggested that a pair of calpain
protein lesions carry the mutations c.146G>A and c.329G>A
in the CANP3 gene, and the clinical manifestation is LGMD2A
(limb muscular dystrophy type 2A). The mutation site of the
former is located in the short N-terminal domain 1 of the
calpain-3 protein, which encodes a regulatory propeptide rich in
cysteinase (42), whereas the mutation of the latter encodes the IIa
domain of the calpain-3 protein, which forms a catalytic crack

related to self-degradation together with the IIb domain (40).
CAPN3 mutation can be considered a powerful genetic factor
leading to LGMD2A disease. Previous studies have found that
HSD17B10C.526G>A leads to problems of kinetic damage and
complex formation (43). According to the ACMG guidelines,
the variation is suspected to be pathogenic. In this study, a
novel variant C.526G > A (p. Val176Met) was identified that
has not previously been reported in patients. This variant is
a heterozygous mutation that the patient inherited from his
father, although both patient’s parents had no related clinical
manifestations. Similar manifestations seem to exist in this
patient, such as unsteady walking and ease of falling.

NEFH is the pathogenic gene of Charcot-Marie-Tooth 2
(CMT2), and the hereditary model is autosomal dominant
inheritance. Charcot-Marie-Tooth disease is a disease of
the peripheral nervous system that is characterized by
progressive muscle weakness and muscle atrophy. The
clinical manifestation of CMT2 is axonal degeneration
without myelinated lesions, and the nervous transmission
rate is normal or slightly decreased. CMT2 can lead to
progressive distal muscle weakness and atrophy, which is
partly consistent with the clinical manifestations observed
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FIGURE 3 | Coexpression scores based on RNA expression patterns and protein co-regulation. In the triangle-matrices above, the intensity of color indicates the level

of confidence that two proteins are functionally associated, given the overall expression data in the Homo sapiences and other organisms.

TABLE 2 | Clinical phenotype of patients with mutation site of c.959G>A.

Gender (male, female) 50.0% male

50.0% female (12:12)

Initial symptom

MS 52.2% (12/23)

GTCS 17.4% (4/23)

Trembling 30.4% (7/23)

Ataxic 8.7% (2/23)

FS 4.3% (1/23)

Seizure types

GTCS 91.3% (21/23)

FS 4.3% (1/23)

MS 95.7% (22/23)

GTCS, MS 87.0% (20/23)

Ataxia 100.0% (24/24)

Mental retardation 63.6% (14/22)

MS, myoclonic seizure; FS, Focal seizure; GTCS, generalized tonic clonic seizure.

in this study. Whole-exome sequencing revealed a mutation
(NEFH c.2595delC, p. Lys866Argfs∗51). There have been no

reports on the pathogenicity of this mutation. It has been
reported that in the CMT family, NEFH mutations interfere
with neurofilament assembly by protein sequestration and
cause neurotoxicity (44, 45). In the present study, Sanger
sequencing confirmed that the variation in NEFH was inherited
from the mother. The patient had clinical manifestations,
such as unstable gait, but the parents had no relevant
clinical manifestations.

APOB apolipoprotein E (apo E) is a 34 kDa glycosylation
and excretion protein, and APOB is a major protein constituent
of chylomicrons (apo B-48), LDL (apo B-100), and VLDL
(apo B-100). APOB is associated with familial hypercholesterol
type 1 and autosomal dominant hypercholesterolemia type
B. An APOB mutation (c.10579C>T, p. Arg3527Trp) was
detected by unexpected detection and reported as a pathogenic
mutation based on ACMG guidelines. The respective patient
was found to have an APOE mutation (p. Leu167del),
which was the cause of dominant inheritance of familial
hypercholesterolemia (20, 46).

Epilepsy is a heterogeneous disease characterized by abnormal
signal transduction of neurotransmitters and abnormal ion
channels. The etiology of epilepsy is complex, and many studies
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TABLE 3 | The clinical features and gene test result of 24 patients with mutation site of c.959G>A.

Number Gender Age at

onset

Initial

symptom

Seizure

types

Ataxia Mental

retardation

Gene

mutation

site

Amino acid

variation

Age,

outcome

References

1 F 10y MS,

GTCS

MS, GTCS Yes No c.959G>A P.Arg320His 13y;

Unsteady

walking

(34)

2 F 11y MS, FS MS, FS Yes Yes c.959G>A P.Arg320His 12y;

Unsteady

walking

(34, 35)

3 M 12y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 38y; He was

in a

wheelchair at

the age of 27

(33, 36)

4 M 6y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 34y; He was

in a

wheelchair at

the age of 17

(33, 36)

5 M <5y Ataxic MS, GTCS Yes No c.959G>A P.Arg320His 40y; He was

in a

wheelchair at

the age of 16

(33, 36)

6 F 10y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 36y; He was

in a

wheelchair at

the age of 15

(33, 36)

7 M 9y Trembling,

MS

MS, GTCS Yes No c.959G>A P.Arg320His 24y;

Unsteady

walking

(33, 36)

8 F 7y Trembling MS, GTCS Yes No c.959G>A P.Arg320His 22y; He was

in a

wheelchair at

the age of 14

(33, 36)

9 F 10y MS MS, GTCS Yes No c.959G>A P.Arg320His 19y; He was

in a

wheelchair at

the age of 17

(33, 36)

10 F 12y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 24y; He can

walk at the

age of 17

(33, 36)

11 F 9y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 15y; He was

in a

wheelchair at

the age of 13

(33, 36)

12 F 9y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 25y; He was

in a

wheelchair at

the age of 19

(33, 36)

13 F 10y Trembling MS, GTCS Yes No c.959G>A P.Arg320His 42y;

Unsteady

walking

(33, 36)

14 F 13y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 37y;

Unsteady

walking

(33, 36)

15 M 12y Ataxic MS, GTCS Yes Yes c.959G>A P.Arg320His 19y;

Unsteady

walking

(33, 36)

16 F 14y GTCS GTCS Yes No c.959G>A P.Arg320His 16y;

Unsteady

walking

(33, 36)

(Continued)
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TABLE 3 | Continued

Number Gender Age at

onset

Initial

symptom

Seizure

types

Ataxia Mental

retardation

Gene

mutation

site

Amino acid

variation

Age,

outcome

References

17 M 10y MS MS, GTCS Yes Yes c.959G>A P.Arg320His 18y;

Unsteady

walking

(33, 36)

18 M NA NA NA Yes NA c.959G>A P.Arg320His NA (33, 36)

19 M 8y Trembling,

MS

MS Yes No c.959G>A P.Arg320His 18y;

Unsteady

walking

(36)

20 M 12y GTCS MS, GTCS Yes Yes c.959G>A P.Arg320His 17y; (36)

21 F 15y Trembling,

MS

MS, GTCS Yes Yes c.959G>A P.Arg320His 40y;

Unsteady

walking

(36)

22 M 9y Trembling,

MS

MS, GTCS Yes Yes c.959G>A P.Arg320His 63y; Die of

pneumonia

and

respiratory

failure

(36)

23 M 9y Trembling MS, GTCS Yes Yes c.959G>A P.Arg320His 12y;

Hypophrenia,

Ataxic

(32)

24 M 7y GTCS MS, GTCS Yes NA c.959G>A p.Arg320His 10y;

Myoclonics

(32)

NA, not available; MS, myoclonic seizure; FS, Focal seizure; GTCS, generalized tonic clonic seizure.

have shown that genetic factors are the main cause of epilepsy.
The clinical manifestations of epilepsy are phenotypically
heterogeneous; that is, a gene associated with epilepsy may
have different clinical characteristics. In this study, three genes,
KCNC1, CAPN3, and NEFH, were found to be genetically
mutated. The former is a de novo mutation, and the latter
two heterozygous mutations were inherited from the proband’s
father and mother. CANP3 and NEFH are suspected pathogenic
genes closely related to the clinical manifestations of patients.
The STRING database (http://string-db.org) provides a critical
assessment and integration of protein–protein interactions,
including direct (physical) and indirect (functional) associations,
and was used to analyse the evidence for the interaction
of KCNC1, CAPN3, NEFH, and APOE. It seems that the
heterogeneity of patient phenotypes results from the interaction
of multiple mutated genes. Although our study identified KCNC1
as the main cause of pathogenic mutations, the role ofNEFH and

CAPN3 inmutationsmay be a fortuitous phenomenon. However,

we should not ignore the multigene interactions leading to the
diversity of epilepsy phenotypes in clinical analysis. Meanwhile,
in this case, due to the application of gene sequencing, the disease
of the proband was reasonably explained, which laid a foundation
for finding a better treatment plan and brought the possibility
of healthy growth and development of the next generation for
similar families.

With the rapid development of gene sequencing technology,
especially the application of whole-exome sequencing
technology, the problems of case divergence, gene-site
heterogeneity and exon incompleteness in the diagnosis of
epilepsy and other diseases have been solved. Whole-exome
technology has high sensitivity and accuracy and can be used

to identify rare monogenic genetic diseases, which considerably
facilitates the study of the etiology of diseases. Whole-exome
sequencing technology is used to capture epilepsy-related
pathogenic genes and their mutation sites, after which prenatal
diagnosis can be performed by Sanger sequencing technology
to detect the causes of rare clinical diseases and carry out
genetic diagnosis for high-risk groups with a family history
of disease. This technology is a reliable means of identifying
pathogenic genes and exploring pathogenic mechanisms that
can be employed in prenatal diagnosis and genetic counseling
to effectively reduce the risk of having children with epilepsy.
Thanks to gene sequencing technology, we can diagnose,
treat, and follow up patients with genetic abnormalities as the
main line. Overall, based on the previous information on gene
mutations, we could not make a definite connection on these
genes, but analysis of the genotype and phenotype correlation of
this case alone does not rule out the possibility.
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Response inhibition refers to the ability to suppress inappropriate actions that interfere

with goal-driven behavior. The inferior frontal gyrus (IFG) is known to be associated

with inhibition of a motor response by assuming executive control over motor cortex

outputs. This study aimed to evaluate the pediatric development of response inhibition

through subdural electrocorticography (ECoG) recording. Subdural ECoG recorded

neural activities simultaneously during a Go/No-Go task, which was optimized for

children. Different frequency power [theta: 4–8Hz; beta: 12–40Hz; high-gamma (HG):

70–200Hz] was estimated within the IFG and motor cortex. Age-related analysis was

computed by each bandpass power ratio between Go and No-Go conditions, and

phase-amplitude coupling (PAC) over IFG by using the modulating index metric in two

conditions. For all the eight pediatric patients, HG power was more activated in No-Go

trials than in Go trials, in either right- or left-side IFG when available. In the IFG region, the

power over theta and HG in No-Go conditions was higher than those in Go conditions,

with significance over the right side (p < 0.05). The age-related lateralization from both

sides to the right side was observed from the ratio of HG power and PAC value between

the No-Go and Go trials. In the pediatric population, the role of motor inhibition was

observed in both IFG, with age-related lateralization to the right side, which was proved

in the previous functional magnetic resonance imaging studies. In this study, the evidence

correlation of age and response inhibition was observed directly by the evidence of

cortical recordings.

Keywords: electrocorticography, Go/No-Go, high-gamma, inferior frontal gyrus, lateralization, motor inhibition
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INTRODUCTION

Motor inhibition refers to the ability to suppress inappropriate
or prepotent actions that interfere with goal-driven behavior.
Go/No-Go tasks are designed to provide experimental epochs
of movement preparation, response execution, and motor
inhibition. Consequently, they are widely used to investigate
neural responses specifically attributable to motor inhibition (1).
Typically, during the task, participants are requested to press a
button or otherwise respond to one type of stimuli, such as a set
of alphabet letters, a colored dot, or an image (Go stimuli), and
withhold or inhibit a response to another type of stimuli, such as
a specific single letter, a different color dot, or a contrasting image
(No-Go stimuli). Inhibition is a conversion process of motor
behavior, reflecting the capacity to selectively withhold voluntary
movements (2).

A large accumulation of neuroscientific evidence from
functional (fMRI) studies has reported an increase in the
concentration of oxygenated hemoglobin during successful No-
Go inhibition in the predominantly right-lateralized brain
network comprising the orbitofrontal cortex, dorsolateral pre-
frontal cortex, supplementary motor areas (SMA)/pre-SMA
areas, basal ganglia circuits, and inferior frontal gyrus (IFG)
(3–6). The results indicate that motor inhibition is a largely
lateralized process within (generally) the right hemisphere, with
the right IFG believed to be particularly sensitive to response
suppression (7). Within this inhibition network, the right IFG
is predicted to serve as an execution center when inhibition is
required (8–10).

Following a literature review, a power spectrum analysis based
on adults’ electroencephalogram (EEG) studies demonstrated
that the theta frequency band (4–8Hz) plays an important
role during motor inhibitory control (11–13). Considering the
demand for motor inhibition, theta band activity revealed a
correlation with right IFG during inhibition tasks (14). The
power change between the Go and No-Go conditions were also
observed in electrocorticography (ECoG) studies. A previous
ECoG study of 16 patients with intracranial electrodes recording
for medically refractory epilepsy found significantly increased
gamma band activity in the right IFG after No-Go signal
cueing (15). Motor inhibition-evoked gamma-band responses
during No-Go trials localize to the right IFG (15), which is
compatible with the activation of blood oxygenation level-
dependent (BOLD) response in functional MRI (fMRI) studies
(3, 8). The aforementioned findings, based on EEG and ECoG
studies, show that the right IFG has a role in the motor inhibition
of adults.

Age-related functional and anatomical neural development
has been observed (16). In a meta-study including 2–12-year-
old children from 65 EEG studies, the No-Go-related negative
amplitude became progressively negative by age, compared with
the Go conditions. The results implied that No-Go-related EEG
signals as indexing motor inhibition would change with age (17).
In the pediatric population, the findings of frontal activation in
No-Go conditions were similar to those in adult populations
(2, 18, 19), with some notable differences, including an overall
greater engagement of more widespread brain networks (19) and

left frontal engagement, which was predicted to contribute to
motor inhibition in the immature nervous system (20). Yet, to
date, the vast majority of electrophysiological investigations of
response in inhibition have been based on adult populations;
the dominance of right IFG, the contributions of left IFG
during motor inhibition, and the connectivity of frontal and
other parts of brain regions between Go and No-Go conditions
in children have not been explored using ECoG. Because
subdural recordings provide the greatest fidelity of gamma-
band dynamics, confirmatory recordings using ECoG in pediatric
populations during response-inhibition are warranted.

The processing of motor inhibition included not only
IFG, but also other parts of the brain, including the pre-
SMA, orbitofrontal cortex, dorsolateral pre-frontal cortex, and
basal ganglia (3–6). Considering the neural network of motor
inhibition, power changes across different parts of the cortex
between Go and No-Go conditions were proven to be related
to cortical connectivity and response accuracy in tasks (11, 21).
Thus, taken all together, phase-amplitude coupling (PAC) is
a suitable cross-frequency coupling approach used to evaluate
cortical coupling and functional connectivity. For example, in
a magnetoencephalography (MEG) study, high-gamma power
(HG, 30–70Hz) was phase-locked to alpha neural oscillation (8–
13Hz) with the human eyes closed within occipital channels
(22). Furthermore, in ECoG studies, the phase of canonical
low-frequency bands, such as theta (4–8Hz), has been shown
to modulate power in HG band (80–150Hz) signals (23). The
task-related coupling effects were also observed between the
phase of low-frequency (0–3.5Hz) and amplitude of gamma
band (28–70Hz) neural signals (24). Comparing the coupling
effect between the ECoG and fMRI signals in the resting state
of brain connectivity, PAC mimicked comparable patterns in
these two measurements (25). Collectively, it is believed that
PAC represents a neural gating mechanism where the presence
of significant coupling indicates the phase of a low-frequency
oscillator, which serves to briefly facilitate the high-frequency
activity of a second, distant cortical region (23, 26).

It has been predicted that PAC may serve as a
neurophysiological mechanism underlying the maturation
of neural communication (26) and as a driving mechanism
for orchestrating function, including motor inhibition (27).
However, the degree to which this neural network and
physiological mechanism of motor inhibition exist within
pediatric populations is unclear. The aim of this study is to
investigate the neural activity, extracted from in-dwelling ECoG
electrodes, during motor inhibition in the pediatric population,
and estimate the degree to which PAC is associated with the
maturation of motor inhibition.

MATERIALS AND METHODS

Participants
A total of eight pediatric patients (male:female = 3:5; mean
age 9.8 years; range 7–16) underwent neurological surgery
at the Seattle Children’s Hospital in Seattle, Washington,
for the treatment of intractable epilepsy without evidence
of anatomical abnormality from the MRI examinations.
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TABLE 1 | Demographical and clinical characteristics of pediatric patients implanted ECoG grids.

Patient no. Age Gender Grid location Side Handedness Hand testing Performance (accuracy, %)

1 7 F Frontal/Parietal Right Right Right 64.2

2 8 F Frontal/Parietal Left Right Right 93.9

3 9 M Frontal/Parietal/Temporal Left Right Both 74.5

4 11 F Frontal/Parietal/Temporal Right Right Both 95.9

5 11 F Frontal/Parietal/Temporal Left Right Both 75.0

6 12 M Frontal/Temporal Right Right Both 92.9

7 15 F Frontal/Parietal/Temporal Right Right Both 66.3

8 16 M Frontal/Parietal/Temporal Left Right Right 97.9

Corticographic potentials were acquired from four patients
with right hemisphere grids, and four patients with left-sided
grids, according to the clinical considerations. Five patients
completed Go/No-Go testing for both the hands and the other
three patients only performed right-hand testing as shown in
Table 1. With approval from the Seattle Children’s Hospital
Institutional Review Board, all patients and guardians provided
informed consent, including the use of ECoG recordings and
medical records. All patients underwent a two-stage surgery:
craniotomy with unilateral subdual grid and strip implantation
according to seizure semiology, followed by removal of the
electrodes with resection of epileptic foci. Subdural ECoG 8 ×

8 grids or 2 × 8 strips (Integra, Princeton, New Jersey, USA)
with 4.75-mm diameter platinum electrodes spaced at 10mm
were transiently placed subdurally to localize the epileptic foci
according to clinical considerations, and removed after 1 week of
ECoG monitoring.

Go/No-Go Task and Signal Recording
The Go/No-Go task was developed in Psychotoolbox-3 with
MATLAB software (Mathworks, Natick, Massachusetts, USA)
and was optimized for children (28–30). During the task, patients
were asked to press a button on the appearance of a Go
signal (a lion), and not respond on the appearance of a No-
Go signal (a bear). The No-Go vs. Go signals were randomly
distributed at the ratio of 1:6 with a total of 49 trials in each
experimental run. There was a 1 s jittered intertrial interval as
shown in Figure 1. Patients were asked to use the right hand
during the first run of the task, and the left hand for the 2nd
round. However, not all the patients complied. The responses
were classified as Go-correct (lion, reaction), Go-wrong (lion, no
reaction), No-Go-correct (bear, no reaction), and No-Go-wrong
(bear, reaction).

The ECoG signals were recorded at 1.2 kHz by the clinical
system with the Xltek R© or Natus R© Quantum R© LTM amplifier
(Natus, Pleasanton, California, USA). A portable laptop was
utilized for task execution and documenting patients’ responses,
which were recorded simultaneously with ECoG signals. A digital
transistor-transistor logic (TTL) output signal generated through
Psychotoolbox-3 time-stamped event boundaries on the ECoG
time series data.

Electrocorticography Data Analysis
All the artifact-free ECoG signals were analyzed with MATLAB
software (R12, MathWorks, Natick, Massachusetts, USA). The
flowchart of ECoG preprocessing was shown in Figure 2. Data
were rereferenced within the grid by common average and notch
filtered for line noise (at 60, 120, and 180Hz). A spectral density
time series was computed for each channel by (HG, 70–200Hz)
bandpass filtering (4th-order zero-phase Butterworth filter) and
the absolute values of the Hilbert transform of the filtered signals
were estimated. The bandpass filtered time series were binned
into response categories and their corresponding HG powers
for each trial type within each epoch were calculated from 1 s
before to 1 s after the visual cue. The time-series data was then
z-normalized to the first second of (i.e., baseline, precue period
of the trial) signal.

The coordinates of each electrode were recorded by the
intra-operative navigation system and transformed into patient
space, which was defined by the preoperative high-resolution
T1-weighted MRI volume. The data was further transformed
to MNI standard space for the identification of motor and
motor areas according to anatomical structure (31). Based
on the patients’ responses, the results would be Go/Correct,
Go/Non-correct, No-Go/Correct, and No-Go/Non-correct. As
a screening and selection measure for electrodes over IFG and
motor cortex, the maximum value of each trial within an epoch
was averaged in Go/Correct and No-Go/Correct conditions. For
visualization purposes only, Z-score values in the electrodes over
the IFG and motor cortex were plotted on the MNI brain and
spatially normalized by a Gaussian distribution. Heat (i.e., color)
maps were created to reveal HG brain activity in Go/Correct
and No-Go/Correct conditions. All the electrodes within the
IFG and motor cortex were ranked according to epoch-based
normalized-HG activity. For each patient, the most activated
electrodes within Go/Correct and No-Go/Correct conditions
were identified as motor cortex cortical signal (Cm) and IFG
cortical signal (Ci), respectively, and selected for statistical and
cross-frequency coupling analysis.

Broadband power spectra of only Cm and Ci were further
calculated. Raw time series data from Cm and Ci were bandpass
filtered (2–200Hz, 4th-order zero-phase Butterworth filter); the
Morlet wavelet transform was calculated on the bandpass filtered
series (32–34) and truncated to each epoch of Go and No-Go
conditions from 1 s before to 1 s after the visual cue. For each
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FIGURE 1 | Illustration of the optimized Go/No-Go paradigm (Go vs. No-Go = 1:6) for children. The patients were asked to respond in Go trials (lion) and hold in

No-Go trials (bear).

FIGURE 2 | Illustration of the flow chart of data analysis. After preprocessing

the ECoG signal, high-gamma (HG) activation was applied to define the most

activated electrode to represent inferior frontal gyrus (IFG) (Ci) and motor

cortex (Cm). Broadband pass power spectrum was analyzed between Go and

No-Go conditions. Finally, side-related bandpass power changed, as well as

age-related bandpass power and phase-amplitude coupling (PAC) between

Go and No-Go conditions were further evaluated.

epoch, the calculations of phase and amplitude of the measured
ECoG were determined through the Morlet wavelet transform.
Amplitude estimates were again Z-normalized by the first second
of power of each 3Hz frequency step and averaged across all
epochs of Go/Correct and No-Go/Correct conditions. The power
change across low-to-high frequencies, from rest (1 s before the
visual cue) to reaction (1 s after the visual cue), was estimated in
Go/Correct and No-Go/Correct conditions.

Single-band power in right and left-side IFG was analyzed.
Pre-processed raw time-series form Ci was truncated from 1 s
before to 1 s after the visual cue and calculated by the Short-
time Fourier transform in each 5ms window. Power in different
frequencies (theta: 4–8Hz; beta: 12–40Hz; HG: 70–200Hz) was
filtered and Z-normalized by the same frequency power at rest
(1 sec before the visual cue). The peak value in each 5ms window
after the visual cue was chosen. Cross-patient analysis in different
frequency bands was compared between right and left IFG.

Age-related analysis was computed using the Ci signal in
two parts: the power ratio in different frequency bands between
Go/Correct and No-Go/Correct, and PAC. The peak values in
each 5ms window after the visual cue were chosen from the
normalized power filtered in different frequency bands (theta: 4–
8Hz; beta: 12–40Hz; HG: 70–200Hz). The power ratio of each
band between No-Go/Correct and Go/Correct was calculated in
each patient by the following equation Equation (1):

power ratio =
No − Go/Correctave

Go/Correctave
(1)

where No-Go/Correctave and Go/Correctave denote the average
power of No-Go/Correct trials and Go/Correct in the 1 s reaction
period after the visual cue.

Moreover, PAC was computed by modulation index to
determine if there was any change over IFG during Go and No-
Go epochs. (23) The PAC value, z(t), was is given by Equation (2).

z(t) = AHigh(t)e
iφLow(t) (2)

whereAHigh(t) is the normalized high frequency (40–200Hz)
envelope amplitude in the time series; and iφLow(t) is the low-
frequency (2–20Hz; stepped every 3Hz) phase in the time
series. The z(t) in 1 s period after visual was then averaged to
calculate the ratio between No-Go/Correct and Go/Correct in
each different-age patient.

Statistical Analysis
The peak values in each bandpass power between Go and No-Go
conditions were illustrated by mean± 95% CI and p-values were
calculated by unpaired t-test (p = 0.05). The Tukey–Kramer test
was used to correct multiple comparisons for the unequal sizes
between the Go and No-Go conditions. To test for the statistical
significance of PAC between motor and IFG areas, a standard
permutation test was applied by conducting 1,000 shuffles of
each bin of low-frequency phase and high-frequency amplitude.
This method generated a null distribution of modulating index
and the 95th percentile CIs. Any real-modulating index values
calculated between each bin of frequency and amplitude from
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Ci revealing greater than null distribution at an alpha level of
0.05 were considered statistically significant. The significance of
PAC values of each Go/Correct and No-Go/Correct condition
was calculated by a permutation test (significance value = 0.05)
(25), and non-significant effects were zero-valued. The results
were depicted as the ratio of the average between Go/Correct and
No-Go/Correct conditions.

RESULTS

Activation of High-Gamma Band Filtered
Signal
High gamma-filtered ECoG power localizes movements from
different body parts (35) and fine finger movements (36) across
the primary motor cortex. Based on the previous findings, HG
power was used to evaluate brain responses over the primary
motor cortex and IFG in Go and No-Go conditions (15). For
the patients with right-sided grid coverage, activated HG signals
over themotor cortex were noted when the contralateral left hand
was used in Go conditions (with the exception of one 12-year-old
patient with no motor cortex coverage), but no activation when
the ipsilateral right hand was used. Independent of which hand
was used, right IFG in the No-Go condition exhibited greater HG

activation relative to the Go condition (Figure 3). Similar high-
frequency response profiles in the left IFG were also observed in
the patients with left hemisphere grids. HG power over the motor
cortex was activated when the contralateral hand was used, as
shown in Figure 4.

Power Spectrum Over Motor Cortex and
IFG
The broadband cortical spectrum (2–200Hz) was calculated via
the wavelet transform from the representative electrodes of Cm
and Ci. For the cortical signals from the right Cm, increased
high-frequency power (70–200Hz) and decreased low-frequency
power (20–40Hz) were noted after the visual cue, while the
contralateral hand was used in Go/Correct conditions. This
power change over the motor cortex was consistent with that
of a previously published report (37). For the signal over the
right Ci, the activated power over HG (70–150Hz), beta (12–
40Hz), and theta (4–8Hz) were observed when either the right
or left hand was used in No-Go/Correct conditions as shown in
Figure 5. Moreover, the same range of power activation in No-
Go/Correct conditions was also noted over the electrode of the
left Ci, left IFG region (Figure 6). In the cross-patient power
analysis, the mean values of HG, beta, and theta power in the

FIGURE 3 | Illustration of the mean high-gamma (HG) activation for the patients aged 7, 11, 12, and 15 years with right side grid coverage. Activation of the right IFG

in No-Go/Correct trials is greater than that in Go/Correct trials. HG activation over the sensorimotor cortex was observed in Go/Correct trials when the contralateral

hand was used (in this case the left hand).
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FIGURE 4 | Illustration of the mean high-gamma (HG) activation for the patients aged 8, 9, 11, and 16 years with left-side grid coverage. Activation of the left IFG in

No-Go/Correct trials is higher than that in Go/Correct trials. HG activation over the sensorimotor cortex was observed in Go/Correct trials when the contralateral hand

was used (in this case the right hand).

No-Go/Correct condition over Ci were higher than those in the
Go/Correct conditions over both sides of the IFG, but statistical
significance was only noted in the HG and theta power over the
right IFG (p < 0.05, with corrected by Tukey-Kramer test) as
shown in Figure 7.

Age-Related ECoG Power and PAC
Analysis
In each patient, the theta, beta, and HG band power ratios
over the right IFG between No-Go/Correct and Go/Correct
conditions were calculated. The bandpass powers among
different frequency in the No-Go/Correct conditions were higher
than those in the Go/Correct conditions, which mean the ratios
were over 1. For the patients with grid-covered right IFG, the
ratio of theta, beta, and HG frequency bands showed obvious
change by age. However, with grid-covered left IFG, there was
a decreasing trend of power ratio in HG by ages, and also an
increasing trend in theta, but no age-related pattern was observed
in the power ratio of the beta frequency band as shown in
Figure 8.

The PAC values over IFG (Ci) were computed separately for
the Go/Correct and No-Go/Correct conditions. Most of the PAC
values after the permutation test were non-significant (i.e., set to

zero). For the right IFG, the PAC value in the No-Go/Correct
conditions was higher than that in the Go/Correct conditions.
Although a similar pattern was observed in the younger patients
for left IFG, the ratio progressively decreased with age as shown
in Figure 9.

DISCUSSION

In this study, we investigated movement inhibition in the
eight pediatric patients who received transient subdural grid
implantation for localizing epileptic foci. Our observations
highlight two things. First, HG activation in No-Go conditions
was higher than that in the Go condition over both the left
and right side IFGs. The PAC values in the No-Go condition,
calculated between low-frequency (2–40Hz) phase and high-
frequency amplitude (70–200Hz) from IFG, were higher than
those in Go conditions, and we also observed in both left and
right cortices. This indicates that activation of IFG in the No-
Go condition may modulate the cortical activities to inhibit
movements. Second, in the left IFG, the HG and PAC ratio
decreased, while the theta ratio increased, with increasing age.
In the previous literature, maturational patterns of EEG activity
in the resting state revealed that theta-band power decreased
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FIGURE 5 | The broadband spectral changes revealed the power change over the motor cortex (the blue dot) and the IFG (the right dot) from 1-second before to

1-second after the visual cues (Go or No-Go) by the 11-year-old with a right-side grid implanted. When the left hand was used, the power within the high-gamma

band (HG, 70–200Hz) increased with the decreased beta band (12–40Hz) over the motor cortex after visual cues in the Go/Correct trials. Increased HG, beta, and

theta (4–8Hz) power was noted when both the right and left hands were used in No-Go/Correct trials.

while the alpha-band power increased with age (38). The theta-
band activity was replaced by the alpha-band first in the occipital
regions and progressed later to frontal regions by ages (39). Many
studies suggested changes in the white matter (WM) volume was
thought to reflect the process of increased myelination, whereas
myelination increases the speed of nerve impulse propagation
across the brain’s region-specific neurocircuitry, especially in
the prefrontal cortex, up until 24 years old (40). Thus, growth-
related changes in WM might lead decreasing in resting-state
theta-band activity with development. In this study, we used the
baseline-normalized event-related spectral perturbation (ERSP)
(41) to determine the activation of ECoG data under the No-
Go trial. There was an increasing power ratio of theta oscillation
with stronger theta activity in No-Go trials as lower resting-
state theta activity (baseline) by age. The observed age-dependent
relationship between theta activity and inhibitory control at the
neurophysiological and behavioral level may relate to biophysical
properties of theta oscillations and their role in coordinating
information processing in a network in the maturation process

(42, 43). Critically, relative to adult populations, our results
support the hypothesis that the center of motor inhibition in the
pediatric populations is not limited to the right IFG, but rather is
a product of bilateral contributions from the IFG (20).

The process of motor inhibition is generally assumed to be a
multiple step, functional process, mapping onto multiple regions
of the cortex (7). In an fMRI study, 26 healthy volunteers (mean
age: 23.4 years old) were asked to continuously tap a button
with their right index finger, stopping the movement following
occasional visual cues, in order to compare the brain activation
between the voluntary and forced inhibition of ongoing actions.
The results revealed that during the period of inhibition there
were greater activations over the SMA, middle cingulate cortex,
bilateral insula, and inferior parietal cortex in addition to the
right IFG (44). In another fMRI study of 26 healthy subjects,
BOLD signals were measured in a Go/No-Go task. Greater
activation over the right IFG and pre-SMA regions were noted in
No-Go conditions than in Go conditions (45). A 15-participant
study (mean age = 27.5 years old) compared different degrees
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FIGURE 6 | The spectrum revealed the power change over the motor cortex (the blue dot) and the IFG (the right dot) from 1 s before to 1 s after the visual cues (Go or

No-Go) by a 9-year-old boy with a left-side grid implanted. When the right hand was used, the power of the high-gamma band (HG, 70–200Hz) increased with a

decreased beta band (12–40Hz) over the motor cortex after visual cues in Go/Correct trials. Increased HG and theta (4–8Hz) power were noted when both the right

and left hands were used in No-Go/Correct trials.

FIGURE 7 | Illustration of the right and left IFG with cross-patient power analysis in Go/Correct and No-Go/Correct conditions. The normalized power in theta

(4–8Hz), beta (12–40Hz), and high-gamma (HG, 80–200Hz) were calculated by mean value, interquartile range (box plot), and maximal/minimal (error bar). In

No-Go/Correct conditions, the power of theta, beta, and HG were higher than those in Go/Correct condition, with statistical significance in theta and HG power over

the right IFG (marked by an asterisk, p < 0.05, corrected by the Tukey–Kramer Test).
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FIGURE 8 | The power ratios between No-Go/Correct and Go/Correct in theta, beta, and HG were illustrated by mean ± 95% CI in each patient. For the patients with

the right IFG coverage, there was no obvious change by age. For the left IFG, there was a decreasing trend in HG by age as well as an increasing trend in theta, but

no obvious pattern was noted in the ratio of beta.

of difficulty of the stop signal task and found that the right IFG
and adjacent anterior insula had more activation during more
difficult tasks (46). Additional insight regarding the role of the
left IFG in Go/No-Go task execution was demonstrated in a 22-
participant fMRI study. The study included two variants of the
Go/No-Go ratio: a high frequency of Go cues (Go: No-Go = 3:
1), and a high frequency of No-Go cues (Go: No-Go = 1: 3).
The results revealed that the left IFG and a dorsal portion of the
pre-SMA were more reactive to No-Go cues compared with Go
cues, whether the frequency of No-Go cues was high or low (47).
Together, these studies indicate that the right IFG participates
in a network that orchestrates the process of motor inhibition.
The findings of this study support the conclusion that in addition
to the right IFG, which is well-established as being involved in
motor inhibition in adults, the left IFG also plays a role in motor
inhibition within the maturing brain (20).

Considering the whole neural network for movement
inhibition, the change of neural activations over extended regions
of the cortex, such as motor, premotor, and pre-SMA regions,
would also be observed between Go and No-Go conditions.
In a stop-event-related study of 12 adult epileptic patients,
event-related spectral power was measured by intracranial
ECoG to identity the movement-related spectral change over
the sensorimotor cortex. The early increased mu band (10–
20Hz) reflected a transient state of motor inhibition over the
precentral gyri (48). In another Go/No-Go task, the middle
frontal gyrus (MFG) demonstrated transiently increased HG
power during stop signals, and the increased HG over MFG
was stronger for unsuccessful stop conditions compared to
successful stop conditions, which implied the role of MFG in
behavioral monitoring (49). The processing of motor inhibition
not only included the frontal region, but also the pre-SMA,
orbitofrontal cortex, dorsolateral pre-frontal cortex, and basal
ganglia (3–6).

Modulating effects between different brain regions, including
the IFG, anterior insula, pre-SMA, and sensorimotor cortex, with
interaction with basal ganglia, were demonstrated in a neural
network study of movement inhibition (47). The movement
context was modulated by the neural activity of the basal ganglia,
anterior cingulate cortex, and frontal cortex (50, 51). In an
fMRI study, response-related amplitudes were calculated via
logistic regression analysis. Covariance was applied to evaluate
the coupling effects between two regions. The results revealed
the coupling between the fronto-parietal regions and right IFG
increased in successful stop signal tasks compared with that of
unsuccessful stop signal tasks, suggesting that the right IFG had
more neural interaction during movement inhibition (52). The
role of the left IFG in movement inhibition was also evaluated
by correlation in another fMRI study by a Go/No-Go task. In
No-Go trials, the left IFG revealed positive connectivity with the
dorsal portion of the pre-SMA, but negative connectivity with
regions responding to Go cues (left sensorimotor cortex) (47).
In a clinical case report, the fMRI data analysis in the Go/No-
Go task revealed left IFG compensated the original right IFG
function after brain injury, which may be the reactivation of the
original left IFG function (53). These findings are congruent with
the results of our study, which revealed that both the right and
left IFG serve to modulate focal activity with the motor cortex
during No-Go conditions.

Age-related neural development has been widely discussed,
including changes in cortical thickness (16), cortical structure
(54), the number of synapse formations (55), and functional
activity (54). For example, visual acuity has been correlated
to the structure and thickness of the visual cortex (16). Most
neural development, such as the sensorimotor cortex, matures
symmetrically over both sides (56). However, the language
function lateralizes to the dominant cortex with age (57).
Utilizing structural MRI, lateralization was strongly correlated
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FIGURE 9 | The phase-amplitude coupling (PAC) values were calculated by modulating the index between low-frequency phase (2–40Hz) and high frequency

amplitude (70–200Hz) in Go/Correct and No-Go/Correct conditions. The illustration revealed the calculated ratio between Go/Correct and No-Go/Correct conditions

in right and left-side IFGs. For the right IFG, the PAC value in No-Go/Correct conditions is higher than that in Go/Correct conditions, which means the ratio is over 1,

and consistent between the low-frequency phase (5–25Hz) and high frequency amplitude (100–150Hz). For left IFG, a similar pattern was observed in younger

patients, but the ratio decreased with age.

with volume and thickness over the left IFG (58). For the
function of motor inhibition, the presented studies show that
right IFG plays an important role (2, 7, 8, 15), but some reports
have revealed equal contribution by bilateral IFG (20). In an
MRI study, decreasing WM tracts over right IFG was observed
in the patients with Attention Deficit Hyperactivity Disorder,
compared with the normal population. For the motor inhibition,
the results identified the pathogenesis of WM tracts over IFG
potentially related to deficient inhibitory control (59). Our study
indicated that both IFG played a role in motor inhibition in the
pediatric population, but with age, lateralization to the right IFG
becomes dominant.

There were some limitations in this study. The brain activity
recorded by the ECoG signal was limited by the location of grids
and strips, and coverage of the regions of interest was determined
entirely by the clinical need. In the future, more cases are needed
to investigate the correlation between age and motor inhibition,
which may reveal the developmental pattern from bilateral
IFG involvement in children to solely right IFG involvement
in adults.

CONCLUSION

In our pediatric patients, both the right and left IFG had
roles in motor inhibition. The power ratio between the No-
Go and Go conditions revealed age-related lateralization from
the bilateral-to-right side IFG. The PAC modulation over
IFG was more synchronized in No-Go trials than in Go
trials. The correlation of age computed by the PAC ratio
between two conditions further supported age-related right side
IFG lateralization.
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