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Abstract

Objective—Dystonia is a disabling motor disorder often without effective therapies. To better
understand the genesis of dystonia after childhood stroke, we analyzed electroencephalographic
(EEG) recordings in this population.

Methods—Resting spectral power of EEG signals over bilateral sensorimotor cortices (POWygst),
resting inter-hemispheric sensorimotor coherence (Cohyest), and task-related changes in power
(TRPow) and coherence (TRCoh) during wrist extension were analyzed in individuals with
dystonia (age 20+3 years) and healthy volunteers (age 17+5 years).

Results—Ipsilesional TRPow decrease was significantly lower in patients than controls during
the more affected wrist task. Force deficits of the affected wrist correlated with reduced alpha
TRPow decrease on the ipsilesional and not the contralesional hemisphere. Cohyest Was
significantly lower in patients than controls, and correlated with more severe dystonia and poorer
hand function. Pow,et and TRCoh were similar between groups.

Conclusions—The association between weakness and cortical activation during wrist extension
highlights the importance of ipsilesional sensorimotor activation on function. Reduction of Cohyegt
in patients reflects a loss of inter-hemispheric connectivity that may result from structural changes
and neuroplasticity, potentially contributing to the development of dystonia.
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Significance—Cortical and motor dysfunction are correlated in patients with childhood stroke
and may in part explain the genesis of dystonia.
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Introduction

Motor disorders following childhood stroke are common (Lynch and Nelson, 2001), yet are
insufficiently studied (Bejot et al., 2012). Of the observed post-stroke motor sequelae,
childhood dystonia is the most frequently occurring disorder (Bejot et al., 2012). Dystonia,
as it occurs in children, is defined as a movement disorder in which involuntary sustained or
intermittent muscle contractions cause twisting and repetitive movements, abnormal
postures, or both (Sanger et al., 2010). Post-stroke dystonia is most commonly observed on
the side of the body contralateral to the stroke, and is referred to as hemidystonia. Unilateral
impairments in children with hemidystonia usually affect the arm (Chuang et al., 2002),
prevent the development of typical arm function, and can lead to substantial disability
persisting into adulthood. However, there are limited effective treatments for children with
dystonia.

Some of the proposed contributing mechanisms of dystonia include deficits of inhibition (at
the muscular, spinal, and cortical levels), abnormal sensorimotor integration, and
maladaptive plasticity (Lin and Hallett, 2009). Dystonia is often attributed to abnormalities
of the basal ganglia, however damage to the basal ganglia is not always present in children
with dystonia (Sanger, 2003). Due to the common observation that symptoms of dystonia
have a delayed onset relative to the causative brain injury, it has been suggested that
dystonia arises as a result of functional changes in the basal ganglia secondary to overt
structural changes due to injury in other brain regions (Breakefield et al., 2008). Others
hypothesize that there is a network of brain regions that, in addition to the basal ganglia,
include cerebral cortex, cerebellum, thalamus, midbrain, and brainstem, within which
abnormalities can be associated with the presence of dystonia (Neychev et al., 2011).
Irrespective of which brain areas are involved, abnormal neural activity finally converges on
the alpha motor neurons of the spinal cord leading to involuntary muscle contractions and
dystonic postures. Since the sensorimotor cortex contributes to a large portion of the
corticospinal tract neurons (Seo and Jang, 2013), this study focuses on abnormalities of
sensorimotor cortical activation in individuals with dystonia due to childhood stroke.

Analysis of the functional roles of various brain regions can be accomplished using positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI). However,
the necessity for an injection of a radioactive tracer in PET and the requirement to remain
still in an fMRI scanner render these methods challenging to use in some individuals,
particularly for children with dystonia. Studies which have been done in adults with
idiopathic dystonia using PET (Ceballos-Baumann et al., 1995; Odergren et al., 1998;
Ibanez et al., 1999; Lerner et al., 2004) and fMRI (Pujol et al., 2000; Preibisch et al., 2001)
indicate involvement of the sensorimotor cortices in addition to other cortical regions,
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cerebellum, and thalamus during tasks that trigger dystonia. However, the direction of
sensorimotor cortical activation (over- or under-activation) was inconsistent and remains to
be studied in childhood-onset dystonia.

In order to explore the nature of sensorimotor cortical activation in dystonia due to
childhood stroke, we used electroencephalography (EEG). EEG signals can be recorded
through electrodes placed non-invasively on the subject’s scalp while maintaining their
freedom of movement, unlike PET and fMRI scans. When the electrodes are placed over the
sensorimotor cortices, the observed EEG signal is generated primarily by the excitatory and
inhibitory post-synaptic potentials of pyramidal neurons in the motor and somatosensory
cortices. Recorded signals typically have a rhythmic nature and the prominent rhythms vary
in different cortical regions and during different tasks. Spectral power of sensorimotor
cortical EEG signals indicates the prominence of oscillations at particular frequencies, and
decreases in spectral power due to voluntary movement reflect task-related cortical
activation (Chatrian et al., 1959). The functional coupling between two cortical regions can
also be assessed using EEG through coherence measurement, and changes in coherence can
be measured during voluntary movement to assess task-related alterations in inter-regional
coupling (Andrew and Pfurtscheller, 1996; Manganotti et al., 1998).

The purpose of this study was to use EEG to explore sensorimotor cortical EEG power and
coherence between hemispheres at rest and during a task that activates the motor system in
individuals with dystonia due to childhood stroke. Due to the high prevalence of wrist
impairments in dystonia, and the known variability in force production by children with
dystonia due to early brain injuries (Chu and Sanger, 2009), an isometric constant-force
wrist extension task was used. The chosen task also reflects a movement component vital to
functional hand use that is a common target for rehabilitation. Results from this exploratory
study should provide a deeper understanding of the neurophysiological basis of dystonia in
the specific context of childhood stroke, which is critical to developing and selecting
effective treatments for this population.

Design and participants

This observational case-control study presents neurophysiological outcomes in a group of
children and young adults with wrist dystonia secondary to childhood stroke (DY'S group),
and a group of healthy volunteers (HV group). Participants were included if they met the
following criteria: (1) 7 to 40 years of age, (2) good general health, (3) ability to understand
and comply with instructions, (4) ability to actively extend both wrists, and (5) agreement to
refrain from caffeine or alcohol for at least 24 hours before testing. In patients, diagnosis of
dystonia was made using the Hypertonia Assessment Tool (by K.E.A.). The onset of
hemidystonia was required to be before the age of 13 years. All patients had the diagnosis of
unilateral cerebral palsy (CP, by K.E.A.), which is reported as a common outcome of
perinatal stroke with similar risk factors and associated motor control challenges (Kirton and
deVeber, 2006; Golomb et al., 2008).
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HV were excluded if they exhibited any neurological disorders on an examination (by
K.E.A.). Patients were excluded if they had received botulinum toxin injections in the flexor
carpi radialis or extensor carpi radialis muscles in the previous 6 months, or were
concurrently using any medicines for muscle tone (e.g., baclofen, trihexyphenedyl,
dantrolene sodium, tizanidine, or carbidopa/levodopa).

Eleven patients were recruited from local outpatient movement disorders clinics, and 10 HV
were recruited from the community. All 11 patients (18 + 5 years, 3 female) and 9 HV (17 +
5 years, 8 female) were eligible to participate and enrolled in the study. One HV was
excluded due to the discovery of an abnormal magnetic resonance imaging (MRI) scan after
enrollment. Patient characteristics are shown in Table 1. One HV did not undergo testing on
the non-dominant side due to an inability to remain relaxed throughout the 2-hour session.
Four patients were excluded from the analysis of the more affected wrist, and five from the
analysis of the less affected wrist for one of the following three reasons: (1) they did not
complete the task correctly, (2) they exhibited more muscle activity during intended rest
compared to intended activation, or (3) they were not able to rest completely during the rest
trial. For the remaining participants, artifact-free EEG signals were analyzed. Table 1
indicates which patients were included in the analyses for each wrist. Table 2 indicates the
presence or absence of damage to various brain regions in the subset of patients whose data
were analyzed. Brain injury type and location were identified by a neuroradiologist (N.P.)
on structural MRI scans.

All adult participants gave written consent for participation. Participants under 18 years of
age gave written assent and were accompanied by a parent who provided written consent for
the child’s participation. All procedures adhered to the ethical principles for research with
human subjects (Declaration of Helsinki) and were approved by the NIH Institutional
Review Board (ClinicalTrials.gov Identifier: NCT01432899). Data collection spanned a
period of 15 months. This study was a part of a larger protocol which includes brain
imaging, sensory testing, arm kinematic assessments, and posturography.

Apparatus and recordings

Participants were seated comfortably with one forearm on a stabilizing armrest designed to
allow isometric wrist flexion and extension against a force sensor (Honeywell International
Inc, Columbus, OH). The posture of the arm was approximately 30° shoulder flexion, 120°
elbow extension, and a neutral wrist (Figure 1). The armrest included forearm straps and
hand straps for stable positioning.

Cortical brain activity was recorded using EEG (Compumedics Neuroscan, Charlotte, NC).
Nineteen Ag/AgCl electrodes were placed on the scalp according to the International 10-20
system, and one electrode was placed on each earlobe. EEG signals (bandpass DC-100Hz,
sampling rate 1 kHz) were referenced to the right earlobe electrode during data collection
and later re-referenced to linked-earlobes before analysis.

Surface electromyography (EMG) was used to record muscle activity bilaterally from a
wrist extensor muscle (extensor carpi radialis, ECR) and a wrist flexor muscle (flexor carpi
radialis, FCR). EMG signals (bandpass 5-200 Hz, sampling rate 1 kHz, Compumedics
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Neuroscan, Charlotte, NC) were recorded using two Ag/AgCl electrodes (2cm spacing) on
the belly of each muscle. EEG and EMG impedances were kept below 5 ke.

Task description

At the beginning of the testing session, participants performed maximal isometric wrist
extension with real-time feedback of their force displayed as a line on a computer monitor
placed at eye-level 1 m in front of the head. The investigator encouraged participants to try
to increase the height of the line by giving more effort. Force recordings from three 5-
second trials were collected. The mean force achieved during the middle 3 seconds of each
trial was computed and the maximum mean force (Fpay) Was used to scale subsequent wrist
extension tasks for that wrist.

EEG and EMG signals were recorded under two conditions: rest and task. In the rest
condition, participants sat with their testing arm in the arm apparatus for 60 seconds while
attempting to rest. They fixated their vision on a cursor in the center of the computer
monitor. In the task condition, participants extended their wrist to 15% Fpy,x With visual
feedback of their force level. The feedback display was scaled such that the target force was
in the center of the monitor. Each of 20 seven-second trials was cued by an auditory signal
and separated by a 4-second rest break. Numerous short trials were favored over fewer
longer trials because motor control deficits in the DYS group were anticipated to impair the
ability to sustain muscle contractions for long periods of time.

Before recording data, all trials were explained and demonstrated by the investigator, and
participants were shown EEG signals in real-time to train them on minimizing facial and
neck movements during subsequent data collection. Silence was maintained during testing.
Both wrists were tested and were categorized as dominant (D) or non-dominant (ND) in the
HV group, and as less affected (LA) or more affected (MA) in the DYS group. Similarly, the
cortical hemisphere contralateral to the D/LA wrist was categorized as the dominant (D) or
contralesional (CL) hemisphere, and the hemisphere contralateral to the ND/MA wrist was
categorized as the non-dominant (ND) or ipsilesional (IL) hemisphere.

Signal processing

To study cortical activity over the sensorimotor cortex, the C3 and C4 EEG signals
(recorded above the left and right sensorimotor areas) were analyzed. Raw EEG signals
were band-pass filtered (1-50 Hz) with a finite impulse response filter. Each 60-second rest
trial was divided into 12 5-second segments. Each task trial was segmented by extracting the
middle 5 seconds of data (1 — 6 seconds after task onset). The mean EEG value of each rest
and task segment was subtracted from that segment. Independent component analysis was
performed to identify and remove artifacts associated with eye-blinks and muscle activation.
Rest and task power spectra were computed for each rest and task segment using the Fast
Fourier Transform with a 10% Tukey window (4096 data points). Magnitude squared
coherence was estimated between C3 and C4 for each rest and task segment using Welch’s
averaged periodogram method with non-overlapping Hann windows (1024 data points).
Mean spectral power and mean coherence estimates were computed over all trials within one
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condition (rest or task) in the delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-15 Hz) and beta
(15-30 Hz) frequency ranges.

To confirm that participants were resting the wrist during rest trials and activating the ECR
muscle during task trials, EMG signals were processed. EEG data from participants who did
not rest or activate the ECR as intended were eliminated from analysis, as mentioned above.
EMG signals from the middle 5 seconds of the task trials without EEG artifacts were de-
meaned and concatenated. The mean EMG value was also removed from each 60-second
rest EMG segment. Data from each rest EMG segment and the concatenated task EMG
segment were rectified and averaged over the whole segment. All data processing was done
using MATLAB (MathWorks, Natick, Massachusetts) and the EEGLAB toolbox (Delorme
and Makeig, 2004), an open source environment for electrophysiological signal processing.

Outcome measures

The primary outcome measures were the resting EEG spectral power at C3 and C4 (POW/est),
resting inter-hemispheric (C3—-C4) coherence (Cohy.st), mean task-related spectral power
change at C3 and C4 (TRPow), and mean task-related inter-hemispheric (C3—-C4) coherence
change (TRCoh), in four frequency bands (delta, theta, alpha, and beta).

Task-related power loss (TRPow, Equation 1) was computed as the difference in EEG
spectral power between the task condition (Powg,g) and the rest condition (Powyest)
normalized by the power in the rest condition (Hummel et al., 2002). Similarly, task-related
coherence (TRCoh, Equation 2) was computed as the difference between inter-hemispheric
coherence in the task condition (Cohi,gk) and the rest condition (Cohyes) normalized by
resting coherence. Both TRPow and TRCoh were expressed as a percentage. In the alpha
frequency band, partial coherence with respect to the O1 electrode was used in computing
Cohygsk and Cohyegt to account for the confounding effects of occipital alpha oscillations on
sensorimotor alpha rhythms through volume conduction (Mima et al., 2000). O1 signals
were pre-processed the same way as the C3 and C4 signals described above.

TRPow= (Powtask _POWrest)/POWrest * 100 Equation 1

TRCOh:(COhtask*COhrest)/COhrest * 100 Equation 2

In order to evaluate wrist strength, Frax Was considered as a secondary outcome measure.

Statistical analysis

Full-factorial analysis of variance (ANOVA) was used to model POW g, Cohpest, TRPOW,
and TRCoh. Task-related measures (TRPow and TRCoh) from the D/LA and ND/MA wrist
tasks were modeled separately. Fixed factors in the models for Pow,egt and TRPow included
group (HV, DYS), frequency (delta, theta, alpha, beta), and hemisphere (D/CL, ND/IL).
Fixed factors in the models for Cohy.st and TRCoh included group (HV, DYS), and
frequency (delta, theta, alpha, beta). Prior to statistical analysis, Pow,es: Was logarithm-
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transformed and Coheg; Was logit-transformed. Full-factorial ANOVA was used to assess
the effects of group (HV, DYS), and wrist (D/LA, ND/MA) on Fpax.

EEG spectral power and EEG coherence are known to be independent measures (Shaw,
1981), however the multiple (3) analyses of power (Powrest, TRPow for D/LA, TRPow for
ND/MA) and coherence (Cohrest, TRCoh for D/LA, TRCoh for ND/MA) may increase the
likelihood of detecting significant effects. To address this potential issue of multiple
comparisons, the Bonferroni correction was used to adjust p-values in the models for power
and coherence. In the results below, unadjusted p-values are presented with the adjusted p-
values immediately following in brackets. Figures include unadjusted p-values.

A significance level of 0.05 was used for all statistical tests. Statistical analysis was done
using SPSS 22 (IBM Corporation, Armonk, NY). Post-hoc analysis for ANOVA models
was done using Tukey’s multiple comparison analysis method. Normality of all model
residuals was tested and confirmed using the Shapiro-Wilk test.

Resting EEG spectral power (Pow,egt, Figure 2)

There was an effect of hemisphere (F(1,15) = 4.2, p = 0.04 [0.12]) and frequency (F(3,15) =
101.4, p < 0.001 [0.003]) on Pow,eg, but no effect of group. The hemispheric difference was
slightly more power in the D/CL compared to the ND/IL hemisphere (Figure 2a).
Examination of the effect of frequency indicated Pow,.s; was smallest in the beta range and
largest in the delta range (Figure 2b).

Resting inter-hemispheric coherence (Coh,est, Figure 3)

Coh,egt Was significantly less in the DY'S group compared to the HV group (Figure 3a,
F(1,7) = 6.2, p = 0.01 [0.03]) and varied in different frequency bands (F(3,7) = 26.6, p <
0.001 [0.003]). The effect of frequency on Cohegt can be appreciated in Figure 3b and
indicates the lowest coherence in the alpha range, and the greatest in the delta range. Within
patients, to explore the relation between the abnormally low Cohys and clinical
characteristics, Spearman’s rank-order correlation was computed between Cohyeg and the
MACS score, and between Coh,est and the MA BFM arm score. There was a significant
negative correlation between Coh,est and MACS scores (rg(52) = -0.54, p < 0.001), and
between Coh,est and BFM arm scores (rg(52) = —0.51, p < 0.001) indicating that the patients
with poorer function (higher MACS scores) and greater dystonia severity (higher BFM arm
scores) had lower values of Cohyest.

Furthermore, to investigate the effect of inter-hemispheric structural MRI findings on inter-
hemispheric EEG connectivity, a post hoc Kruskal-Wallis H Test was used. A significant
effect of thinning of the corpus callosum was found on Cohyest (x2(2) = 22.0, p < 0.001). The
DYS subgroup with callosal abnormalities (Table 2) had significantly lower mean rank of
Cohyegt (39.3; n = 36) than the DYS subgroup without callosal abnormalities (83.1; n = 16)
and HV (66.4; n = 68).
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Task-related EEG spectral power percent change (TRPow, Figure 4)

In the D/LA wrist task (Figure 4a and 4b), TRPow decrease was significantly greater in the
D/CL than ND/IL hemisphere (F(1,15) = 9.3, p = 0.003 [0.009]), and varied by frequency
(F(3,15) = 5.7, p = 0.001 [0.003]). TRPow was not different between subject groups. Figure
4b depicts the effect of frequency on TRPow decrease, which was greatest in the alpha and
least in the delta frequency range.

In the ND/MA task (Figure 4c and 4d), there was a significant interaction between group
and hemisphere on TRPow (F(1,15) = 10.4, p = 0.002 [0.006]). This interaction indicates
that the lateralization of TRPow decrease to the hemisphere contralateral to the task muscle
seen in the HV group (ND hemisphere during ND task) is not observed in the DYS group.
Rather, patients display more activation of the hemisphere ipsilateral to the more affected
wrist (CL hemisphere during MA task). In addition, there was a significant effect of
frequency on TRPow (F(3,15) = 2.9, p = 0.04 [0.12]). Figure 4d depicts the effect of
frequency on TRPow decrease, which was greatest in the alpha and least in the beta
frequency range. To explore the relation between TRPow decrease during the MA wrist task
and motor function in the DY'S group, Spearman’s rank-order correlation was computed
between TRPow decrease in the alpha range (the frequency band with the largest change)
and each patient’s Fyax. There was a significant correlation between IL alpha TRPow and
Fmax (rs(6) = 0.83, p = 0.04) indicating individuals with greater IL TRPow decrease could
generate larger forces with the MA wrist. On the other hand, there was no correlation
between CL alpha TRPow and Frhax (p = 0.87) suggesting that wrist strength was not
associated with the task-related changes in CL alpha EEG power.

Task-related inter-hemispheric coherence percent change (TRCoh, Table 3)

TRCoh was minimal at all 4 frequency bands in both wrists, indicating little change in inter-
hemispheric coherence due to the task (Table 3). There was no group difference in any of
the frequency bands for the D/LA or ND/MA wrist tasks.

Wrist strength (Fmax, Figure 5)

There was a significant interaction between subject group and wrist on Fax (F(1,28) = 5.0,
y0.034) such that the DYS group produced less force with the ND/MA wrist than the HV
group (p = 0.008), whereas the groups produced similar forces with the D/LA wrist (p =
0.76).

Discussion

In this study, quantitative EEG features were found to differentiate a sample group of
individuals with dystonia due to childhood stroke from a comparison group of HV at rest
and during isometric unilateral wrist extension. At rest, reduced inter-hemispheric
sensorimotor connectivity (Cohyeg) in the DY'S compared to the HV group was associated
with more severe dystonia in the MA arm and reduced hand function. During wrist
extension, changes in EEG spectral power in the DY'S group were found to be reduced
compared to HV in the IL hemisphere during extension of the more affected wrist. The
reduced IL task response, correlated with reduced MA wrist strength within the DYS group.
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Sensorimotor cortical activation

The blocking of alpha and beta EEG rhythms (as indicated by decreased TRPow) is known
to be related to cortical activation during voluntary movement (Chatrian et al., 1959;
Pfurtscheller, 1989). Therefore, reduced IL EEG power loss in patients compared to HV
during the ND/MA wrist extension task is likely due to under-activation of IL sensorimotor
cortical areas. Our methods cannot expose the cause of this under-activation. Potential
mechanisms include a primary injury to the IL sensorimotor area, and indirect effects from
injury to other cortical and subcortical areas that influence the IL sensorimotor area. The
significant loss of IL sensorimotor activation may be an important target for rehabilitation.
In support of this, two studies in individuals with perinatal stroke showed improvements in
MA hand function after constraint-induced movement therapy that were associated with
concurrent increases in IL corticospinal excitability (Juenger et al., 2007; Walther et al.,
2009). Another technique to increase IL corticospinal excitability is intermittent theta burst
transcranial magnetic stimulation (TMS), which was shown to be related to improvements in
clinical scales of neurologic deficits and function in a pilot study in adults with subacute
MCA stroke (Hsu et al., 2013). Consequently, future rehabilitative efforts in childhood
stroke would likely benefit from methods that can improve IL sensorimotor cortical
activation during hand movement.

The positive correlation between IL alpha power loss and wrist weakness suggests that in
this group of individuals, the MA wrist was largely associated with activity in the IL
hemisphere rather than the CL hemisphere, which was not correlated with wrist force. In
perinatal unilateral brain injury, disruption of the contralateral/crossed corticospinal
projection originating from the IL hemisphere has been shown to lead to a strengthening of
the ipsilateral/uncrossed corticospinal projection from the CL hemisphere to the paretic
extremities (Eyre et al., 2001; Staudt et al., 2002; Eyre et al., 2007). By this mechanism, we
may expect CL cortical activation to be significantly related to a motor task of the paretic
limb. However, this result was not seen in this study and may be related to the timing of
brain injury in the sample groups studied. Whereas brain lesions acquired in the first and
second trimesters have been associated with the presence of functional ipsilateral/uncrossed
corticospinal projections from the CL hemisphere, brain lesions due to MCA infarctions
acquired later in the third trimester have not (Staudt et al., 2004). This effect of injury
timing, obtained using TMS and fMRI, was suggested by Staudt and colleagues to reflect a
reduction in the reorganization potential of the CL hemisphere in the late stages of gestation,
which may account for the lack of correlation between CL cortical activation and MA wrist
strength in our sample stroke group.

Central cortical oscillations in the alpha and beta frequency ranges are associated with
voluntary movement; however, there is evidence that the neural circuits involved in each
rhythm are distinct (Pfurtscheller et al., 1994; Schnitzler et al., 2000). Oscillations around 10
Hz (alpha range) are likely to originate from the postcentral gyrus, indicating more
somatosensory activation. On the other hand, 20 Hz oscillations (beta range) are thought to
originate from the precentral gyrus, suggesting more motor activation. Our observation that
the decrease in TRPow was greatest in the alpha rhythm may indicate that sensory
integration is faulty in these patients. This finding is consistent with other evidence of

Clin Neurophysiol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kukke et al.

Page 10

sensory abnormalities in dystonia of different causes (Hallett, 1995; Sanger and Kukke,
2007). Another reason our measurement of TRPow decrease was less in the beta compared
to alpha frequencies could be the particular task we studied. We explored the state of active
isometric muscle contraction rather than discrete finger movements, as has been commonly
done in previous studies of event-related desynchronization (Pfurtscheller and Berghold,
1989; Toro et al., 1994). In the active muscle contraction state, there is likely more
somatosensory cortical involvement (alpha range) to maintain the target wrist extension
force compared to discrete tasks, which may require more motor cortical involvement (beta
range).

We did not detect a difference between subject groups in EEG spectral power of the
sensorimotor cortex (C3 and C4) during the rest condition. In contrast, other studies reported
a significant C3/C4 alpha power decrease and delta power increase during attempted rest in
children with similar diagnoses, including hemiplegic CP (Kulak and Sobaniec, 2005) and
spastic CP (Sajedi et al., 2013), compared to controls. These two studies had contradictory
results in the theta frequency range; there was an increase in resting power described by
Kulak and Sobaniec, and a decrease in resting power in the study by Sajedi and colleagues.
These discrepancies in resting EEG power could be explained partly by any unreported
muscle activation during attempted rest in the other studies since depression in alpha power
is related to muscle activation. Variability of brain injury location in patient groups, absence
of dystonia in some participants in the studies referenced, and small sample sizes could also
be factors contributing to differences between studies.

Other EEG studies in children with CP have indicated distributed cortical alpha activation in
patients compared to control subjects during a grasp task (Lee et al., 2012; Shin et al., 2012).
Whereas control subjects exhibited alpha EEG power loss primarily in the sensorimotor
cortex, patients showed spectral changes in the sensorimotor cortex, supplementary motor
area, posterior parietal cortex, and parieto-occipital area. Since only the sensorimotor cortex
was examined in our study, it is not clear whether spectral changes could have been seen
over a larger cortical area. However, distributed activation may be less likely since we
studied an isolated isometric wrist extension task rather than the more complex functional
grasp task used in the two aforementioned studies.

Inter-nemispheric connectivity

The pattern of decreasing resting inter-hemispheric sensorimotor coherence with increasing
frequency observed in HV in this study matches results from a previous study in typically
developing children (Gasser et al., 1987). However, the decrease in resting inter-hemispheric
coherence we found in individuals with secondary dystonia compared to controls has not
been previously reported and may be related to decreased connectivity of the hemispheres
through the corpus callosum. There are common neuroanatomical signs of white matter
damage in individuals with early brain injury (Korzeniewski et al., 2008), and white matter
damage has been related to thinning of the corpus callosum (Panigrahy et al., 2005). Based
on a theory of the excitatory function of the corpus callosum, decreased size would reflect
more laterality of brain function (Bloom and Hynd, 2005). Considering the laterality of brain
function following asymmetric childhood stroke, structural changes related to the corpus
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callosum may be partly responsible for the reduction in inter-hemispheric sensorimotor
coherence in patients. Correspondingly, in our study, the presence of thinning of the corpus
callosum had a significant negative effect on the amount of resting inter-hemispheric
coherence. This idea is also supported by the observation that children with agenesis of the
corpus callosum have reduced inter-hemispheric EEG coherence (Koeda et al., 1995).

The association of reduced C3-C4 EEG coherence with greater dystonia severity (BFM arm
score) suggests alterations in inter-hemispheric connectivity are involved in the development
of dystonia. One potential explanation of this relation is that reduced excitatory drive from
the CL hemisphere to inhibitory interneurons in the IL hemisphere can lead to disinhibition
of the IL motor cortex causing excessive cortical activation and increased dystonia severity.
Supporting this notion, there has been research using single-pulse TMS of the motor cortex
indicating increased cortical activation (Ikoma et al., 1996) and decreased cortical inhibition
(Ridding et al., 1995; Filipovic et al., 1997) in patients with primary (no identifiable cause)
dystonia. More recently, there has been a study of adult patients with secondary (due to focal
lesions of caudate and putamen) hemidystonia (Trompetto et al., 2012) similarly indicating
increased cortical excitability, and decreased inhibition compared to controls. Further, in
patients with mirror dystonia (movement of the unaffected hand triggers dystonia in the
affected hand), double-pulse TMS studies have shown reduced inhibition of the IL
hemisphere from the CL hemisphere (Beck et al., 2009; Sattler et al., 2014). However,
whether a reduction in inter-hemispheric connectivity causes dystonia, is a result of
dystonia, or is related to an injury unassociated with dystonia is not clear from this study and
is an important topic for future investigations. For example, asymmetry in arm movements
and/or decreased frequency of bilateral arm movements due to unilateral dystonia may
increase asymmetry in cortical activation through use-dependent plasticity and reduce inter-
hemispheric connectivity.

The correlation between reduced inter-hemispheric sensorimotor connectivity and the
MACS score suggest that the coupling between homologous cortical regions at rest may
have functional significance. Correspondingly, an fMRI study in adults with ischemic stroke
showed a correlation between reduced inter-hemispheric connectivity at rest and reduced
hand function (Carter et al., 2010). Another fMRI study in adults with brain tumors
indicated a reduction in resting inter-hemispheric connectivity in patients with weakness that
was not present in patients without weakness (Otten et al., 2012). Similarly, our results
indicate that all the individuals in the DYS group had low inter-hemispheric connectivity at
rest and wrist weakness. The mechanism by which spontaneous neural activity at rest
impacts task performance is not known. However, one hypothesis is that performing a motor
task from an altered baseline level of neural connectivity can affect how neurons
communicate to initiate the desired motor output (Wu et al., 2011). In future longitudinal
studies of development or interventional trials, we propose the use of Coheg as a potential
neurophysiological outcome measure to explore the link between resting inter-hemispheric
connectivity and functional changes within an individual.

In a study investigating EEG outcomes in children with hemiplegic CP (Kulak and
Sobaniec, 2005), the authors also described a decrease in resting inter-hemispheric
sensorimotor coherence in all but the delta frequency range. This discrepancy in the delta
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frequencies could be due to differences in the etiologies of the patients assessed since only 2
out of 12 patients in their study shared a history of ischemic stroke with the patients in our
study.

Our observed lack of change in inter-hemispheric coherence related to the isometric wrist
extension task (TRCoh) may indicate that the simple task did not depend on coordination of
both brain hemispheres. It may also be related to the small sample size tested in this study. If
TRCoh for each wrist task in each group is used to estimate the sample size required for
detecting a group difference, 62 subjects per group would be required for the D/LA wrist,
and 24 subjects per group would be required for the ND/MA wrist (with alpha = 0.05, beta =
0.8). It is therefore possible that with more subjects, group differences may be found such
that there is a slight increase in TRCoh in the DY'S group and a slight decrease in the HV
group during extension of the ND/MA wrist. However, this remains to be tested in a larger

group.

Limitations

The patient group in this study was selected on the basis of dystonia in one arm resulting
from childhood stroke. However, the heterogeneity of brain injury location, mechanism, and
timing in the small patient group and the similarity of our results with other studies of adult
and pediatric stroke suggest that the EEG features that distinguish the DYS and HV groups
may not be specific to dystonia. Therefore, it will be crucial to incorporate larger and more
homogeneous groups with additional experimental controls in future studies of dystonia
(e.g., a patient group with early brain injury and without dystonia). Similarly, although all
patients in this study were diagnosed with hemiplegic CP, it is not clear to what extent the
results in this study can be expanded to the CP population at large since stroke is not
typically the primary cause of CP.

The electrode positions on the IL hemisphere may have been above slightly different parts
of the sensorimotor area than the CL brain hemisphere in patients due to atrophy of the IL
hemisphere (Piovesana et al., 2001). In the future, this may be addressed through MRI-
guided electrode placement. Future work should build upon the results from this study to
address outstanding questions, including assessing a task that is affected by dystonia but is
achievable by the patient group, expanding the EEG analysis spatially to determine where
the maximum power change and maximum inter-hemispheric coherence originates, and
incorporating a larger sample group.
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Figure 1.
Experimental apparatus. In (a), a participant is shown seated with an EEG electrode cap on

the head, EMG sensors on the forearms, and looking forward at a feedback display of the
isometric wrist extension force. The wrist force sensor is housed under the wrist positioning
device. In (b), a different participant’s right wrist is shown positioned appropriately in the
device. To test the left wrist, the subject was seated in the adjacent chair so the left arm
could be positioned in the device, and the display was moved to be in front of the
participant.
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Hemisphere

Delta Theta Alpha Beta
Frequency band

Mean resting EEG spectral power (Pow,egt) in each hemisphere (a) and in each frequency
band (b). Data from both subject groups are combined since there was no statistical

difference between groups. D/CL = Dominant/Contralesional hemisphere, ND/IL = Non-
dominant/Ipsilesional hemisphere.
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Figure 3.

Mean resting inter-hemispheric coherence (Cohegt) for each group (a) and in the each
frequency band (b). Bars represent the 95% confidence interval. HV = Healthy volunteers,

DYS = Dystonia group.
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Mean task-related EEG spectral power change (TRPow) in each hemisphere (a and c) and in
each frequency band (b and d). Data from the dominant/less affected wrist are in the top row
(a and b); data from the non-dominant/more affected wrist are in the bottom row (c and d). P
values for all statistical differences between factors are indicated. Bars represent the 95%
confidence interval. Closed circles represent HV and open circles represent DY'S in order to
show the group-hemisphere interaction on TRPow from the Non-dominant/more affected

wrist task. D/CL = Dominant/Contralesional hemisphere, ND/IL = Non-dominant/

Ipsilesional hemisphere, HV = Healthy volunteers, DY'S = Dystonia group.
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Figure 5.
Maximum wrist force (Fnax) for the D/LA wrist (top row) and the ND/MA wrist (bottom

row). Bars represent the mean value of force and error bars represent 1 standard deviation.
D/LA = Dominant/Less affected, ND/MA = Non-dominant/More affected, HV = Healthy
volunteers, DYS = Dystonia group.
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Table 3

Mean TRCoh (95% confidence interval) during wrist extension for both wrists and both subject groups in each
frequency band.

Dominant/Less Affected Non-Dominant/More Affected
Frequency band
HV DYS HV DYS
Delta 1.03 (-19.21 t0 21.27) 8.20 (-5.591021.99) -15.25(-46.74t0 16.24) 5.01 (-15.26 to 25.28)
Theta 2.89 (-18.81 to 24.59) 6.85 (—8.54 t0 22.24) -5.97 (—-39.46 to0 27.52) 4.21 (18 t0 26.68)
Alpha -1.33(-22.231t019.57) 1.51(-20.24 to 23.25)  —2.83 (-29.26 to 23.61) 18 (-19.99 to 55.98)
Beta -5.36 (-20.76 t0 10.03)  6.00 (-10.67 to 22.67)  —0.48 (-27.71 to 26.75) 3.42 (-6.86 t0 13.69)

HV = Healthy volunteers, DYS = Dystonia group
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