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Abstract

Objective—Few studies focus on upper limbs in bilateral cerebral palsy (CP) despite potential
bimanual deficits. Electroencephalography (EEG) was utilized to investigate brain mechanisms
underlying upper limb tasks in bilateral CP and typical development (TD) and relationships to
function.

Methods: 26 (14 CP; 12 TD) completed the Box and Blocks Test and transport task with paper,
sponge or mixed blocks, while recording EEG and motion data.

Results: Group effects for path time, path length and Box and Blocks Test revealed bimanual
deficits. Four sensorimotor-related EEG clusters were identified. Group effects were found in
premotor and dominant motor clusters with greater beta event-related desynchronization (ERD) in
CP. Hand and hand by group effects were found in the dominant motor cluster, showing greater
ERD with the more affected hand in CP. Condition effects were prominent in the posterior parietal
cluster with higher ERD reflecting greater difficulty in force modulation.

Conclusions: Higher brain activation associated with greater bimanual deficits is similar to our
lower limb findings but contrasts studies in TD or unilateral CP linking higher ERD to greater
proficiency.

Significance: Bilateral CP shows overreliance on the dominant hemisphere with the
less functional hand and higher brain activity presumably related to excessive intracortical
connectivity.
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1.0 Introduction

Cerebral palsy (CP) is a group of movement disorders typically caused by brain injuries

or malformations before birth or during the perinatal period (Krageloh-Mann and Horber,
2007; Robinson et al., 2009; Towsley et al., 2011). CP can affect one (unilateral) or both
(bilateral) sides of the body as well as lower and upper limbs depending on the location

and timing of the cortical insult (Graham et al., 2016) For children affected in their upper
limbs, studies have found they tend to exhibit slower, less coordinated arm movements and
difficulty modulating finger forces, all essential components for manual function(Gordon et
al., 2000; Gordon and Duff, 1999). Causes for upper limb dysfunction in CP include muscle
weakness, diminished sensation, increased muscle tone, and abnormal muscle synergies
(Eliasson et al., 1991; Eliasson et al., 2006; Gordon and Duff, 1999; Koman et al., 2004).
Far more studies on upper limb function have been focused on children with unilateral CP
than those with bilateral CP, even though the latter may potentially experience significant
functional limitations with both hands. The goal of this study was to examine performance
during a complex upper limb task in children with bilateral CP compared to an age-matched
neurotypical group (designated here as typically developing or TD) with simultaneous
recording of electroencephalography (EEG) to evaluate task-related brain activation. To our
knowledge, this is the first EEG study on upper limb function focused exclusively on those
with bilateral CP.

Advancements in the understanding of the brain mechanisms underlying functional motor
deficits in CP were made possible through the emergence of neuroimaging technologies.
Brain activation during upper limb tasks in CP has been examined using different imaging
modalities with the preponderance of studies utilizing functional magnetic resonance
imaging (fMRI) and focusing on children with unilateral CP. Several studies have examined
how activation patterns differ when using the paretic compared to the non-paretic hand in
unilateral CP or to patterns in typically developing children (Inuggi et al., 2018; Kukke

et al., 2015; Van de Winckel et al., 2013; Vandermeeren et al., 2003; Weinstein et al.,

2018) Depending on the imaging modality as well as the cohort being studied, sensorimotor
cortical representation for the paretic hand in unilateral CP may be most prominent in

the ipsilateral (non-lesioned) hemisphere, retained to varying degrees in the contralesional
hemisphere, and/or demonstrate a more bilateral activation pattern than seen with the non-
paretic hand or either hand of those without brain injury. The functional relevance of these
different patterns has also been explored, e.g. Vandermeeren et al. (2003) found that greater
activation of the non-injured hemisphere when using the paretic hand in unilateral CP was
associated with better hand function. While this may be an adaptive response to the loss

of pathways in the injured hemisphere in order to enable the paretic hand to function,

it is not necessarily optimal. Araneda et al. (2021) demonstrated that the best outcomes
after intensive motor training in unilateral CP were correlated with a decrease in brain
activity on the non-lesioned hemisphere and an increase on the lesioned hemisphere. In
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one of the few EEG studies in this cohort, Inuggi et al. (2018) examined 13 children with
unilateral CP and 15 with TD during a reach to grasp task with each hand. Mu band
suppression or decrease in alpha power in motor-related brain areas is a defining EEG
characteristic during movement. A decrease in power in a certain frequency band is referred
to as event-related desynchronization (ERD). Inuggi et al. (2018) found no significant group
differences in ERD, but did find an interaction between group and level of function with
post hoc results showing that mu ERD magnitude was lower in the central (sensorimotor)
region during movement execution but greater in the frontocentral region during movement
planning in CP compared to TD, but only when using the more affected arm. They further
correlated activation in the lesioned hemisphere with hand function and found that lower
ERD magnitude was related to poorer function.

Jongsma et al. (2020) evaluated mu power changes in each hemisphere when using each
hand in 45 with TD and 15 with unilateral CP during motor execution, motor imagery and
action observation, with the strongest ERD response seen in motor execution. In TD, over
the central regions, mu ERD was observed in the contralateral hemisphere during movement
with event-related synchronization (ERS) which is an increase in power relative to a resting
baseline, in the ipsilateral one, interpreted as a, sign of inter-hemispheric inhibition, with
the response similar across hands. In CP, only the uninjured hemisphere showed significant
ERD with hand use that was lower in magnitude with the more, compared to the less,
affected hand.

Others found no group differences in spectral power between unilateral CP and TD during

a hand task in mu or beta frequencies but did find lower coherence between motor-related
brain regions in CP (Kukke et al., 2015; Kulak and Sobaniec, 2005). Other functional
imaging studies in unilateral CP have demonstrated that brain activation during motor tasks
is more widespread, extending more anteriorly (premotor regions) and posteriorly (posterior
parietal regions) compared to patterns from those with TD (Kurz et al., 2017; Lee et al.,
2013).

Far less is known about cortical activation patterns in those with bilateral CP and there

are few, if any, fMRI studies involving motor tasks in this cohort. A recent study by
Himmelman (2020) on a large structural MRI dataset collected by the Surveillance of CP
in Europe concluded that bilateral brain injuries are associated with greater motor severity
than unilateral ones due to greater interference with early network building. Obtaining
high quality MRI images in children with greater neurological injury is more challenging,
especially when they are asked to perform a motor task in the scanner. Consequently, other
modalities not as sensitive to motion artifact have been utilized, although also to a limited
extent. In contrast to MRI, magnetoencephalography (MEG) does not elicit startle responses,
which are particularly problematic in CP. A MEG study by Hoffman et al. (2019) during a
button press task in 12 children with bilateral CP compared to an age-matched group with
TD found no group difference in beta ERD magnitude (14-26 Hz) during movement in the
sensorimotor hand areas across groups and no interaction, even though hand function was
poorer in the group with CP. They did find a low gamma event -related synchronization
(ERS) at the point of movement execution and post-movement beta rebound or ERS both
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of which were weaker in CP than in TD, and which were correlated with poorer motor
outcomes.

A previous study from our laboratory (de Campos et al., 2020) utilized functional near-
infrared spectroscopy (fNIRS) to evaluate brain activation in the sensorimotor cortical region
during hand squeezing in both unilateral and bilateral CP compared to TD. The results in
bilateral CP demonstrated that brain activation magnitude and extent increased dramatically
with poorer hand function, specifically for those in Manual Ability Classification System
[MACS] Level 111 compared to MACS | and 11, the two highest functional levels, and was
largely bilateral in this unilateral task. Both EEG and fNIRS are particularly well-suited to
measure brain activity during functional movement because the electrodes or optodes are
placed on and move with the head, greatly expanding the ability to study children with more
significant motor impairments. No quantitative EEG studies have been conducted during
upper limb motor tasks in a cohort restricted to only those with bilateral CP.

In this study, we combined EEG with quantitative measures of upper limb motion and motor
performance to address the following aims: 1) evaluate and compare motor task performance
and cortical activation during a complex upper limb task in children with bilateral CP and
TD; and 2) relate task performance to brain activation outcomes in the group with CP.
Participants performed a block transport task similar to the Box and Blocks Test, which is

a clinically validated measurement tool to assess hand function (Zapata-Figueroa and Ortiz-
Corredor, 2022), while EEG was recorded. We further challenged participants by including
blocks with two different compositions, either a firm sponge or easily compressible origami
paper, which were visually indistinguishable. Three trial conditions were conducted: two
with each block type presented separately and one in which they were presented together

in a randomly mixed order so that participants could not anticipate finger forces prior to

the grasp. We hypothesized that the cohort with CP would have worse motor performance
than their peers, especially on the easily compressible paper and mixed block trials based on
previous reports on difficulty modulating finger forces. We further anticipated that any group
differences in EEG would be more prominent in the paper and mixed block trials and finally
that individual differences in motor performance in CP would be correlated with differences
in ERD magnitude in mu and beta frequency bands and in ERS magnitude in the low gamma
frequency band around movement onset in motor-related cortical regions. The ultimate goal
of this study is to inform cortical mechanisms and management of upper limb functional
deficits in bilateral CP.

2.0 Methods

2.1 Participants

This study was conducted based on the Code of Ethics of the Declaration of Helsinki, and
approved by the Institutional Review Board of the National Institutes of Health (Protocol
# 13-CC-0110). All participants and a parent provided informed assent and consent,
respectively. Inclusion criteria were a diagnosis of bilateral CP, age 5-17 years, and the
ability to reach and grasp objects with both hands (MACS level I-111). The MACS scale
comprises five levels with higher levels indicating greater impairment. MACS Level |
indicates that the child can handle objects easily and successfully, while a MACS Level
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V means the child is dependent on their caregiver for upper limb tasks (Eliasson, 2006).
Children with uncontrolled seizures were excluded. Additionally, all were asked to refrain
from caffeine for 24 hours prior to the study. While visual acuity and 1Q were not measured,
we confirmed with participants and their families prior to enrollment that they were able

to see well enough (with correction as needed) to perform the task and were capable of
complying with study instructions.

A total of 32 participants, 16 with bilateral CP and 16 age-matched peers with typical
development (TD), were recruited. Two participants with CP and four with TD were
excluded, due to an inability to perform the task as instructed (2 TD/1 CP) or poor EEG data
quality (2 TD/1 CP). The final dataset included 14 participants with CP (6 males, 8 females;
average age: 13.5 + 2.7) and 12 with TD (7 males, 5 females; average age: 14.0 + 2.5).

Mean age was not significantly different between groups (p = 0.40). The etiology of bilateral
CP was periventricular leukomalacia (PVL) secondary to preterm birth for the majority of
participants. Demographic data for included participants are summarized in Table 1.

2.2 Experimental Procedures

Prior to EEG and motion capture data collection, the Box and Blocks Test of upper limb
coordination was administered for each hand, while the child sat comfortably at a table
opposite the examiner. The number of blocks transported in one minute was recorded.

Reflective markers were then placed bilaterally on the dorsal midpoints of the wrists, over
the second and fifth metacarpals, and on the fingernails of the thumb and index fingers.
These markers were tracked by a 12-camera motion capture system (Vicon Motion Systems,
Denver, CO). Digital videos were also captured to evaluate task performance.

We used a 64-channel, wireless, active EEG system (Brain Products, Morrisville, NC,
United States) and positioned the cap according to the 10-20 international system. Electrode
impedances were checked to ensure they were below 20 kQ. EEG data were referenced to
FCz and collected at 1000 Hz. First, two minutes of quiet, seated rest were collected.

During the experiment, participants were instructed to start and end each trial with the
designated hand placed on the circle in the center of the table (the rest position). As soon
as the start cue was given, they were instructed to transfer the 3 blocks placed in 3 squares
on the side of the table corresponding to the designated hand, as quickly as possible one

at a time to the corresponding square on the opposite side, starting with the closest block
first. (See Figure 1) EEG and motion capture data were collected simultaneously using a
trigger to ensure temporal alignment. Each participant performed 15 trials (45 total blocks)
for each of three conditions with each hand in the same order across participants: (1) a mix
of paper and sponge blocks, (2) paper blocks alone, and (3) sponge blocks alone. For the
mixed condition, a random block order was predetermined to minimize anticipatory force
adjustments. Children were given the opportunity to rest between conditions and were also
told that they could ask to rest at any time between trials as needed.

All experiments were conducted in the middle of the day, either late morning or early
afternoon depending on family preference and under controlled conditions (standardized
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instructions and identical set-up for each participant in a quiet room with minimal
distractions) that were consistent throughout the study.

2.2.1 Behavioral Processing

2.2.1.1 Video Data: We videotaped all trials and visually identified errors in block
handling, some of which led to a failed transport. Data from trials with failed transports
were removed from the analysis.

2.2.1.2 Motion Capture Analysis: Motion capture data were processed using Visual 3D
(C-Motion Inc, Germantown, MD). Grasp and release events were identified based on local
minimum hand velocities. Additionally, data were averaged within individuals separately for
the paper and sponge condition, as well as separately for the paper and sponge blocks from
within the mixed trial.

2.2.1.3 EEG Processing: EEG data were processed in MATLAB with the EEGLAB
toolbox (MathWorks, Natick, MA). Line noise (60 and 120 Hz) was removed using the
Cleanline function. Channels were additionally removed if they exhibited a flatline for
longer than 5 seconds, insufficient correlation with their neighboring channels (r < 0.7),
and/or noise contamination exceeding a kurtosis of 4 standard deviations from the mean.

If a channel was removed for a participant in one condition, it was removed for all other
conditions. All datasets were then merged and down-sampled to 250 Hz before applying
artifact subspace reconstruction (ASR), which removes non-stereotypical artifacts (Mullen et
al., 2013).

Next, we removed any remaining noisy time periods via visual inspection before
performing AMI/CA Independent Component Analysis (ICA). In order to match EEG

data to corresponding brain regions, we aligned electrode positions to the standard MNI
brain template (Montreal Neurological Institute, Quebec, Canada). The EEGLAB DIPFIT
algorithm was subsequently used to generate best-fit equivalent-current dipoles for each
independent component (IC) (Oostenveld and Oostendorp, 2002). We subsequently removed
ICs with topographical sparseness greater than 5 or dipole residual variance greater than
20% (Bulea et al., 2015; Melnik et al., 2017). We applied the ICA sphering and weighting
matrices from the merged file to the individual condition datasets, which did not have ASR
applied, to minimize potential loss of cortical data. We rejected non-cortical components
using the ICLabel plug-in and visual inspection of the topography, dipoles, and power
spectra for each IC (Pion-Tonachini et al., 2019). Time series data from the remaining
cortical components were epoched from 500 ms before to 1900 ms after grasp, which
retained 96% of all successful transports. The 2-minute rest baseline trials were epoched
every 2400 ms, to match the length of the experimental epochs (=500 ms to 1900 ms).

K-means clustering was performed to analyze group-level data. Before clustering, we
reversed (left to right) the location of the dipoles of left-hand dominant participants, to align
precomputed event-related potentials (ERPSs), power spectra, inter-trial coherence (ITC), and
scalp maps by dominant and non-dominant hemispheres. Data were then preclustered using
Principal Component Analysis (PCA). Time-based information included power spectra (2
to 50 Hz), ERPs (low pass filtered at 20 Hz), and ITC values. Each of these measures was
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assigned 3 PCA dimensions and a weight of 1 for clustering. Dipole locations were assigned
3 PCA dimensions and a weight of 3.

Clusters were pruned by manually rejecting non-cortical components based on visual
inspection of the power spectra and dipoles. For statistical analyses, ERD outcomes (in
decibels [dB]) within clusters were split by group (TD and CP) and further subdivided by
hand (dominant and non-dominant) and condition (paper, sponge, mixed paper, and mixed
sponge). Grasp occurred at time 0 for all epochs. Epoch time-frequency data from the
newtimef function were time-warped so that release time occurred at the median within each
group. Participants with TD had a median release time of 530 ms, and those with CP had
a median release time of 740 ms. For the rest and block transport trials, the power in each
IC was calculated by multiplying the time frequency data by its complex conjugate and
converting to decibels. We created event-related spectral perturbations (ERSPs) relative to
rest by dividing the power in the experimental condition by the mean power per frequency
for the rest condition. For each IC and condition, we calculated the mean ERSP across all
epochs. For each cluster and participant, minimum event-related desynchronization (ERD)
values, i.e. the largest magnitude ERD values. were extracted from the mu (6-12 Hz) and
beta (15-30 Hz) frequency bands over the transport period. If a cluster had multiple I1Cs
from one participant, an average ERD was computed across ICs. We initially extracted

the largest magnitude event-related synchronization (ERS) from the entire transport period
as we had done for the mu and beta bands in the low gamma frequency band (30-50

Hz). Based on Cheyne et al. (2008) who reported that gamma ERS has been shown to

be temporal in nature, occurring very close to movement onset, and visual inspection of
our ERSP results showing oscillating power including both ERD and ERS throughout the
movement, we decided to limit our focus to gamma ERS during task onset. We extracted
the maximum ERS values for each participant separated by condition, hand, and cluster
surrounding the initial grasp movement at time 0.

2.2.2 Statistical Analysis—Motion capture outcomes (path time, path length), Box and
Blocks scores and EEG outcomes (minimum mu and beta ERDs and maximum ERS in the
low gamma band at the onset of the movement) were analyzed using the IBM Statistical
Package for the Social Sciences (SPSS) VV28. A repeated measures general linear mixed
model was performed for each frequency band in each cluster, to quantify the effects

of hand, condition, and group. If a main or interaction effect was significant (p<0.05),

post hoc analyses were performed using independent samples t-tests for between group
differences and paired samples t-tests for within-group differences. Pearson correlation
analysis was performed to relate behavioral and EEG outcome measures for participants
with CP (p<0.05).

3.0 Results

3.1 Motion capture, video and clinical results

There was a significant main effect for group in the Box and Blocks Test (p <0.001);
children with TD transported a greater number of blocks with both hands compared to the
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corresponding hand in children with CP. The non-dominant hand in CP also transferred
fewer blocks compared to their dominant hand.

There were no significant differences between or within groups for the number of successful
transports across conditions and hands. The mean number of successful transports out of 45
total transports ranged from a low of 37.6 (84%) for the CP non-dominant paper condition
to a high of 43.1 (96%) for the TD dominant and non-dominant sponge conditions, with

a range across hands and conditions of 37.6 to 42.6 transports in CP and 42.5 to 43.1
transports in TD.

Significant main effects for group were found for both path time and distance (p <0.001

and p = 0.03, respectively), showing that children with CP had longer path times and path
lengths when transporting blocks with each hand. Additionally, there was a significant hand
by group interaction for path time (p =0.03) explained by the fact that children with CP took
longer to transport blocks with their non-dominant versus dominant hand, whereas the TD
group had similar timing across hands. Table 2 reports mean values for these outcomes by
group and hand There were no condition by group interaction effects.

3.2 EEG Results

Resting power in the dominant and non-dominant hemispheres was computed across groups
with the means shown in Table 3. The group with CP had significantly lower resting

power in the non-dominant hemisphere mu band compared to TD (p<0.001). There were no
significant group differences in beta or low gamma resting power.

Four motor-related clusters were identified: dominant motor, non-dominant motor, premotor,
and posterior parietal. Figure 2 shows the topographical map of these four clusters along
with the number of TD and CP participants within each cluster.

A detailed summary of EEG findings across group, hand, and condition for motor-related
clusters are presented in Figure 3 and Table 4. Only the non-dominant cluster showed

no significant main or interaction effects in either frequency band. Supplemental Table 1
provides the mean EEG results by cluster, hand, condition, group, and frequency.

3.2.1 Group Effects—No significant between group differences were found in the mu
band ERD magnitude for any of the clusters. However, since the resting mu power was
significantly lower in the non-dominant hemisphere in CP, we additionally performed the
mixed model analysis for the non-dominant motor cluster mu band with baseline mu power
as a covariate. A main effect for hand was found with post hoc analyses, revealing that

the ERD magnitude was significantly less for the dominant hand in CP (6.08 £ 2.7 dB)
compared to the non-dominant hand (7.2 + 3.6 dB) and to the corresponding hand in TD (7.1
+3.0dB).

Main effects for group were found in the beta band within the premotor and dominant motor
clusters, with CP having overall greater magnitude ERD than TD. No significant between
group differences were found in the low gamma band ERS magnitude around the time of
grasp for any of the clusters.
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3.2.2 Hand Effects—Main and interaction effects for hand were only found in the
dominant motor cluster. In the mu and beta bands, there were significant main effects for
hand (p = 0.03) in both and a significant hand by group interaction (p = 0.04) in the mu
band and a trend in the beta band (p = 0.06). In the mu band, the mean ERD magnitudes

for the non-dominant hands (TD: -5.8 +/- 3.0 dB; CP: —7.3 +/ 3.1 dB) were greater than
those for the dominant hands (TD: -5.7 +/- 2.0 dB; CP: -5.8 +/- 2.0 dB), with the more
pronounced magnitude in the CP group in the non-dominant hand leading to the group

by hand interaction, In the beta band, a similar but non-significant pattern was present
(non-dominant hand - TD: -4.1 +/- 1.3 dB; CP: —6.8 +/- 3.1 dB’ dominant hand - TD: -3.9
+/-1,1dB; CP: -4.9 +/- 1.7 dB).

In the low gamma band ERS, a main effect for hand was found in the dominant motor
cluster. Post-hoc analysis revealed greater mean gamma ERS magnitude when using the
non-dominant hand across conditions, but the mixed sponge condition was the only one
that showed a significant difference (p = 0.01), although a similar non-significant trend was
found for the paper and mixed paper conditions (p=0.08 for both).

3.2.3 Condition Effects—In the mu band, there was a main effect for condition (p =
0.01) and a condition by group interaction (p = 0.01) only in the posterior parietal region
(see Figure 4A). Post hoc analyses to compare conditions within hands for both the TD and
CP groups revealed that in their dominant hand, children with CP exhibited greater ERD
magnitude for: mixed sponge (6.8 +/- 3.2 dB) compared to sponge (-5.5 +/- 2.7dB; p

= 0.003), mixed paper (7.1 +/- 3.3 dB) compared to sponge (-5.5 +/- 2.7dB; p = 0.01),
and mixed sponge (-6.8 +/-3.2 dB) compared to paper (-5.8 +/- 3.1 dB; p =0.03). In
their non-dominant hand, children with CP exhibited greater ERD magnitude during the
mixed paper (—8.11 +/- 2.7 dB) condition compared to sponge (-6.2 +/- 2.9 dB; p = 0.02)
and paper (=7.2 +/-2.9 dB) compared to sponge (-6.2 +/- 2.9 dB; p = 0.05). In contrast,
children with TD only exhibited a greater ERD magnitude for mixed paper (-7.1 +/- 3.3
dB) compared to mixed sponge (—6.6 +/-3.4 dB) for their non-dominant hand (p = 0.02).

In the beta band, there was a main effect for condition in the dominant motor and posterior
parietal clusters (p < 0.001, p < 0.001) as well as a condition by group interaction in the
posterior parietal cluster (p = 0.01). The condition by group effect is explained by the
finding that children with CP exhibit notably greater ERD magnitude for mixed conditions
(see Figure 4B). In the dominant hand, children with CP exhibited greater ERD magnitude
in the mixed conditions compared to the separate conditions: mixed sponge (4.7 +/- 2.0
dB) compared to sponge (-3.6 +/- 1.0 dB; p = 0.04), mixed sponge (-4.7 +/ 2.0 dB)
compared to paper (-3.5 +/- 1.4 dB; p = 0.03), mixed paper (=5.0 +/-1.8 dB) compared
to sponge (-3.6 +/1.0 dB)(p = 0.01), and mixed paper (-5.0 +/- 1.8 dB) compared to
paper (-3.5 +/- 1.4 dB; p = 0.01). They also exhibited greater magnitude ERD in their
non-dominant hand for the mixed paper (7.4 +/- 4.6 dB) condition compared to paper
(-5.1 +/- 2.0 dB; p = 0.02). Children with TD exhibited greater ERD magnitude in their
dominant hand for mixed paper (—4.5 +/-1.6 dB) compared to paper (-4.1 +/- 1.5dB; p =
0.01) and sponge (—4.4 +/- 1.8 dB) compared to paper (4.1 +/- 1.5 dB; (p = 0.04). In their
non-dominant hand, children with TD exhibited greater magnitude ERD for mixed paper
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(-4.9 +/- 0.5 dB) and mixed sponge (-4.8 +/- 1.5 dB) compared to paper (-4.5 +/- 1.8 dB;
p =0.03 and p = 0.01, respectively).

A main effect for condition was present in the non-dominant motor (p = 0.007), dominant
motor (p = 0.03) and posterior parietal regions (p = 0.01). Post hoc analysis revealed that in
the non-dominant motor cluster, ERS magnitude was greater when using the non-dominant
hand for: mixed sponge [1.8 + 1.9 dB] compared to paper [1.2 £ 1.5 dB] (p = < 0.001)

and sponge [1.2 + 1.9 dB] (p = 0.003). In the dominant motor region, ERS magnitude was
greater when using the dominant hand for: mixed paper [2.2 £ 1.6 dB] compared to paper
[1.7 £ 1.4 dB] (p = 0.05) and sponge [1.8 + 1.4 dB] (p = 0.02). For the non-dominant

hand, greater ERS magnitude was present during: mixed sponge [1.7 = 1.8 dB] compared to
sponge [1.3 + 1.6 dB](p = 0.03), as well as mixed paper [1.8 + 1.6 dB] compared to paper
[1.4 £ 1.3 dB](p = 0.04) and sponge [1.3 £ 1.6 dB] (p = 0.002). Finally, in the posterior
parietal region, ERS magnitude was greater when using the dominant hand for: mixed paper
[2.0 £ 1.1 dB] compared to sponge [1.6 + 1.1 dB] (p = 0.05), mixed sponge [2.2 + 1.0 dB]
compared to sponge [1.6 £ 1.1 dB] p = 0.005), and paper [2.0 + 0.9 dB] compared to sponge
[1.6 £ 1.1 dB] (p = 0.02). The ERS magnitude was greater with the non-dominant hand for:
mixed paper [2.3 + 1.4 dB] compared to sponge [1.7 £ 1.3 dB] (p = 0.002) and paper [1.6 +
1.2 dB] (p = <0.001), as well as mixed sponge [2.3 + 1.3 dB] compared to sponge[1.7 £ 1.3
dB] p = 0.01) and paper [1.6 £ 1.2 dB] (p = 0.004).

3.3 EEG and Behavioral Correlations in the Group with CP

A total of 48 EEG outcome measures ([4 clusters] X [3 frequency bands] X [4 conditions])
were correlated with the Box and Blocks, path time, and path length measures separately

for the dominant and non-dominant hands. All four clusters exhibited significant correlations
between EEG activity and behavioral measures. For the non-dominant hand, 20 wof 48
correlations were significant and only 5 of 48 correlations were significant for the dominant
hand. Significant correlations were predominantly from the mixed conditions and in the

beta band, and higher magnitude ERD values related to poorer motor performance in all
cases with the exception of gamma ERS magnitude, which had an inverse correlation in

the premotor cluster when using the dominant hand with paper blocks. Table 5 provides a
summary of correlations.

4.0 Discussion

The goal of this study was to examine brain activity during a challenging upper limb task

in children with bilateral CP as compared to controls without CP. Ideally, mobile brain
imaging studies should utilize an integrative approach that simultaneously records brain and
motor data, which is possible across a broad range of functional movements (Jungnickel
and Gramann, 2016). Unlike the majority of previous studies using EEG in CP, here we
utilized source localization techniques that grouped cortical sources into clusters based on
anatomical location and timing of activation as opposed to using specific electrodes or sets
of electrodes to represent brain regions. This may be especially important when evaluating
those with brain injuries who may present with altered anatomy.
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Children with unilateral CP typically have one highly functional upper limb with bimanual
difficulties largely attributable to difficulties in the opposite limb, whereas children with
bilateral CP may have significant deficits in both upper limbs, limiting both unimanual
and bimanual function. This was demonstrated in our cohort with bilateral CP who were
significantly slower and less directed in their movements as a group in both upper limbs
during the task, as well as on the Blocks and Box test, compared to typically developing
controls. As part of the first aim, to evaluate and compare motor task performance and
cortical activation during a complex upper limb task in children with bilateral CP and TD,
we also expected to detect significant behavioral differences between block compositions,
which were not found. However, group differences with block compositions were found in
EEG outcomes and were related to performance differences across participants with CP.
This underscores the value of portable neuroimaging technologies to capture information
otherwise not accessible from behavioral data alone. The condition in which the blocks were
randomly mixed so that children could not anticipate how much force to exert required
considerably more cortical resources in those with CP, especially during use of the more
affected hand, which likely has poorer sensorimotor function as shown previously in CP.

Independent component analysis combined with source localization and clustering
techniques now allow for the identification and analysis of cortical sources representing
specific functional brain processes. Using data from both participant groups, we identified
four motor-related clusters: premotor, dominant motor, non-dominant motor, and posterior
parietal with similar proportional representation in each group. These four regions represent
the frontoparietal network that has been previously identified to support the planning and
execution of complex motor tasks (Thorpe et al., 2016) such as the one examined here.

In our earlier EEG studies on treadmill walking in unilateral CP and typically developing
children (George et al., 2021; Short et al., 2020) and adults (Bulea et al., 2015), we also
identified activation in this same network. However, in our unilateral CP studies in contrast
to this study in bilateral CP, the non-dominant motor cluster was less represented in CP
given the asymmetrical nature of the brain injury (Short et al., 2020).

The concept of a frontoparietal network involved in goal-directed motor tasks is well-
established, but it is still an active area of research to more fully understand the contribution
of the included brain regions and how they interact. Corbetta and Shulman (2002) discussed
“attentional sets” during goal-directed activities that involve the frontoparietal brain regions
in both visual identification of a target (perceptual set) and formulation of a response to
reach a target (motor set). They proposed that these are controlled mainly by top-down
cognitive processes but can be modified by external stimuli (bottom-up). An MRI study by
Gallivan et al. (2011) also identified what they referred to as a parieto-frontal network
during a task that involved reaching for one of two different cubes or only touching

the side of a cube. They described the integration of visuomotor and attention-related
processes in specific parts of this network during motor planning that differentiated the
three conditions (mainly frontal regions) and others (e.g. sensorimotor cortex) that were
more active during movement execution. However, an EEG study by Naranjo et al. (2007)
evaluating temporal dynamics instead found that activation in the frontal and parietal brain
regions during a reaching task was more simultaneous than sequential supporting a parallel
processing system or network where feedback circuits play an important role even before

Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hinchberger et al.

Page 12

movement onset. Ogawa et al. (2022) presented a more recent and nuanced description of
the contributions of different brain regions to what they termed the frontoparietal motor
network, with the pre-motor regions more active during movement planning, primary
motor and sensory areas during movement execution, and the parietal regions critical for
formulating the spatial coordinates for limb movements required to reach the targets.

Interestingly in this study, we were able to identify group differences in the pre-motor and
dominant motor regions, which were more prominent when using the more affected hand

in CP. The greater amount of ERD in CP showed an overreliance on those regions for both
motor planning and execution. A recent study in stroke by Hordacre et al. (2021) found that
impairment of the dominant hand in stroke, which was found in our cohort with bilateral

CP, is associated with greater activation in the frontoparietal network that was inversely
related to dominant corticospinal tract integrity and was believed to be compensatory. This is
consistent with the finding by Burton et al. (2009) of increased intracortical connectivity in
bilateral CP due to fewer descending motor pathways.

EEG results revealed main effects or interactions across groups, hands, or conditions in
three of the four clusters and in mu, beta, and gamma frequency bands, with specific results
varying by cluster. The only cluster not showing group, hand, or condition differences in the
mu and beta bands was the non-dominant motor cluster. Interestingly, there was no main
effect of group for the mu band ERD or low gamma ERS magnitudes in any of the clusters,
but there was a main effect for hand and a hand by group interaction in the dominant motor
cluster. The non-dominant hand data from both groups in the dominant motor cluster had
greater mean ERD magnitude compared to when the dominant hand was used, with this
difference more pronounced in CP. This is in contrast to the non-dominant cluster where

a difference in activation across hands in CP was not evident. These results suggest more
reliance on the dominant motor cluster for sensorimotor tasks or alternately less inhibition
to that hemisphere in CP during more affected hand movement as suggested in unilateral
CP studies (Jongsma et al., 2020). The group with CP also had greater activation in the
beta band in the premotor cluster compared to TD, illustrating the need for greater cortical
resources in CP during movement.

The posterior parietal cluster in both the mu and beta bands had a significant main effect

for condition and a condition by group interaction for ERD throughout the task. These
effects were explained by the CP group notably showing higher magnitude ERD in the more
challenging mixed condition. For the gamma band, differences across conditions were seen
in all but the pre-motor cluster with an interaction of condition with group only found in the
parietal cortex, which represented greater difficulty in CP during the mixed condition.

This finding of the prominent involvement of the posterior parietal region across block
conditions is not surprising given its role in planning movements and integrating visual
and sensory information with movement to facilitate actions like reaching and grasping,
with greater activation magnitude associated with a higher degree of attention during a task
(Tzagarakis et al., 2010; Wilhelm et al., 2021). This result reflects the need for those with
CP to focus more attention on grasp planning when they were not certain whether objects
were easily compressible (Gordon and Duff, 1999).
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Increased beta band activation magnitude has been shown in previous studies of children
with cerebral palsy (Kurz et al., 2020; Kurz et al., 2017; Short et al., 2020). In the 2017
Kurz study using MEG, 13 children with bilateral cerebral palsy and 15 children with TD
performed a target-matching task with the knee, and the children with CP were found to
have greater beta ERD magnitude in the primary motor and inferior parietal regions during
movement planning and execution. Additionally, greater beta ERD magnitude was correlated
to worse behavioral performance (Kurz et al., 2017). In their MEG study from 2020, the
Kurz group again found an increase in beta ERD was associated with worse behavioral
performance during walking for both the planning and execution stages in children with
bilateral cerebral palsy. In the present study, poorer performance in CP was consistently
associated with greater ERD magnitude in both the mu and beta bands almost exclusively
when using the non-dominant hand (with the exception of one significant correlation found
for the dominant hand) and during the mixed condition. Correlation magnitudes were
notably quite high (ranged from 0.58 to 0.91), reflecting the functional relevance of the
higher activation magnitudes in CP.

Our finding relating greater mu ERD magnitude to poorer function is in contrast to other
studies such as Inuggi et al. (2018) which showed that in the non-dominant hemisphere

in unilateral CP, less mu ERD magnitude correlated with poorer function. Their finding
makes sense for those with loss of brain tissue in one hemisphere with the developmental
potential to utilize and thereby retain ipsilateral pathways in the non-inured hemisphere

that would otherwise diminish over time. It has also been demonstrated in healthy adults

and infants that greater experience or ability in a specific skill tends to be associated with
higher activation in the mu band (Thorpe et al., 2016). One potential explanation for the
seemingly contradictory mu band correlations in bilateral CP may be that there needs to

be a sufficient level of activation that supports skilled movement, beyond which increased
activation may be more maladaptive. When there is a bilateral brain injury, the process of
networking building is disrupted compared to the situation when one hemisphere is intact
(Himmelmann et al., 2020). The brain injury in bilateral CP often involves diffuse white
matter injury, with evidence of reduced pathways between the cortex and the lower brain
centers such as the thalamus or with spinal motor neurons. The timing of the damage in
individuals with bilateral CP, many of whom are born preterm and sustain brain damage

in the third trimester, differentially affects the subplate neurons, which adversely reduces
thalamocortical connectivity. This was hypothesized to lead to increased intracortical
connectivity instead (Burton et al., 2009). Interestingly, in this cohort of children with
bilateral CP, damage to the non-dominant motor cluster may not have been so extensive as to
correlate with less functionality, as has been reported in unilateral CP (Inuggi et al., 2018).
Instead less function was correlated with greater activation in that hemisphere, likely due to
a maladaptive increase in connections within that hemisphere, as hypothesized. Also, of note
here, although both hands in the bilateral CP cohort had functional limitations, correlations
were largely with the non-dominant hand. While this might be a function of range truncation
due to less impairment in the dominant hand, it may also be related to specific patterns

of brain development or organization in the face of bilateral injury that are not yet well
understood.
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4.1 Limitations

Adequate sample sizes for these types of analyses have not been well-established, and given
that EEG data are noisy, a large number of trials as well as subjects are needed to increase
the ability to detect group differences as well as differences in other factors such as hand

or condition. However, while our sample size here was fairly modest, a large number of
significant EEG differences as well as correlations were uncovered. These were found even
though we performed a general linear model including all data within each cluster, which by
design increased the p-value to account for multiple comparisons.

Another possible limitation is the inclusion of data across the entire transport task, rather
than evaluating separate events such as grasp and release, both of which have been shown
to be difficult for children with CP who have upper limb impairments. Given that we were
examining multiple factors already, we decided not to isolate these events here, although we
plan to examine each of those components more closely in the future.

We were additionally limited by not applying individualized mu and beta frequency ranges,
given that prior studies have shown interindividual variation of mu and beta frequency
activity due to age and cognitive deficits (Cuevas et al., 2014; George et al., 2021; Klimesch,
1999). Although subject-specific frequency ranges were not applied to this dataset, we did
include lower frequency values (6 and 7 Hz) not normally associated with traditional mu (8
— 12 Hz) to account for younger subjects and those with CP who may exhibit lower peak mu
frequencies (Cuevas et al., 2014; George et al., 2021)

5.0 Conclusions

This is one of if not the first EEG study examining brain activation during an upper limb
task exclusively in children with bilateral CP. It provided novel insights distinguishing
the patterns and their functional correlates from those seen previously in unilateral CP,
suggesting that brain development and organization may differ substantially when both
hemispheres are injured. A dominant versus non-dominant hand and hemisphere still
emerges, but the interplay between these warrants closer examination in this population.

The ultimate goal of these investigations is to inform existing and future therapeutic
interventions in this population. One obvious conclusion is that upper limb deficits warrant
far greater clinical attention in this population. It is also possible that EEG characteristics
such as increased beta ERD magnitudes may ultimately be used as biomarkers to diagnose
CP if these are similarly evident earlier in development. However, the confounding data
across studies on the level of brain activation in specific brain regions and whether it
relates to better or poorer skill also warrants rigorous longitudinal studies ideally during
motor skill acquisition in those with and without brain injuries. As in unilateral CP, we
anticipate that individualized patterns of brain activation may also be uncovered in bilateral
CP. If this is the case, we recommend that baseline EEG evaluations be performed prior to
prescribing motor training paradigms in this cohort as well. Finally, we anticipate that there
will be greater use of EEG as an outcome measure of efficacy as a result of therapeutic
intervention, with specific attention as to whether positive behavioral change is related to
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increased or reduced brain activation magnitude and extent, i.e., plasticity in specific regions
post-training.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. First EEG study evaluating brain mechanisms during upper limb tasks in
bilateral CP
2. Children with bilateral CP demonstrate overreliance on their dominant motor

region when using their more affected hand

3. Greater movement-related EEG power changes in CP are associated with
greater task difficulty and poorer motor performance
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Figure 1:
Experimental task overview. For each trial, children started with the designated hand in the

center circle and once instructed to move, grasped a block starting with the one closest to
them, transported the block across midline, and released it in the corresponding square on
the opposite side of the table. This was repeated for the other hand.

Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hinchberger et al. Page 20

Cluster Scalp 'l'opographics # of Subjects (ICs)  Subjects Represented (%)

™D cp ™™ cp
Dominant Motor 11 (18) 11 (14) 91.7 78.6

l
Non-dominant 9(11) 12(14) 75.0 85.7
Motor
J

Premotor

Posterior Parictal 10(15) 9(11) 83.3 64.2

@@@O

@ 9(11) 1221) 750 85.7

Figure 2:
Overview of electroencephalography (EEG) sensorimotor clusters identified during block

transport task with the number of independent components (1Cs) and percent (%) of
participants in each group who demonstrated significant activation in that cluster for the
group with typical development (TD) and the group with cerebral palsy (CP).
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Figure 3:

Event-related spectral perturbations (ERSP) within sensorimotor brain regions for each

condition, separated by group. ERSP power bar limits (in decibels [dB]) were standardized

across all clusters. Vertical bars on ERSPs indicate the grasp and release events, with all
plots time-warped to the median transport time value in milliseconds (ms).
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Figure 4:
Minimum event-related desynchronization (ERD) magnitudes (in decibels [dB]) by group,

hand and condition for the posterior parietal cluster for the mu (Figure 4A) and beta (Figure
4B) frequency bands, with significant post hoc differences for the within group comparisons
of those with typical development (TD) and those with cerebral palsy (CP) indicated.
Conditions are: S = sponge, P = paper, MS = mixed sponge, and MP = mixed paper with the
two mixed conditions shaded.
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Table 1:
Participant demographics.
Participant | Age (years) | Handedness Sex MACS Level | Gestational Age (weeks) Etiology
CPO1 14.4 R M 1 38 Dyskinetic CP of unknown etiology
CP02 16.0 L F | 31 (twin) PVL
CP03 17.2 R F | 28 PVL
CP04 14.3 L M | 29 (twin) PVL suspected (no MRI)
CPO6 6.5 R M | 37 Spastic CP (abnormal MRI; unknown
cause)

CPO7 14.4 L F | 29 (twin) IVH

CP08 14.4 F 1l 39-40 Dystonic CP w/ R hand congenital
deformity

CP09 12.7 R F 1l 29 PVL

CP10 9.8 R F 11 28 PVL

CP11 14.0 L M | 39 Spastic CP (normal MRI)

CP13 14.6 R F 11 25 (twin) PVL

CP14 9.3 R M | 30 PVL

CP15 133 L F 1l 34-35 PVL

CP16 13.0 R M 1l 31 PVL

CP (n=14) 13.5+2.7 9R/5L 6M/8F 715117311
TDO1 15.5 R F - - -

TDO02 13.4 R F - - -
TDO03 16.0 R M - - -
TDO05 15.0 R M - - -
TD06 18.2 R M - - -
TDO7 15.5 L M - - -
TDO08 10.5 R F - - -
TD11 15.5 R F - - -
TD12 12.4 L F - - -
TD13 12.4 R M - - -
TD14 14.1 R M - - -
TD16 9.7 R M - - -

TD (n=12) 14.0+£2.5 10R/2L 7TM/5F

HokA

CP = cerebral palsy, TD = typically developing, R = right-hand dominant, L = left-hand dominant, M = male, F = female, MACS level
= Manual Ability Classification System [Levels | — I11]. PVL = periventricular leukomalacia, MRI = magnetic resonance imaging, IVH =
Intraventricular hemorrhage.
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Mean + standard deviation for transport oath time in seconds (s) and length in meters (m) by group, hand, and

Table 2:

condition and the Box and Blocks Test by group and hand.

Test Hand Condition TD CP
Path Time (s) Dominant Paper 0.54+0.10 | 0.76 £0.21
Sponge 0.53+0.11 | 0.75+0.20
Mixed: Paper 0.57+0.09 | 0.81+£0.25
Mixed: Sponge | 0.59+0.09 | 0.80+0.21
Non-dominant | Paper 0.57+0.16 | 0.98 £0.40
Sponge 0.54+0.12 | 0.98+0.48
Mixed: Paper 0.57+0.10 | 1.05+£0.45
Mixed: Sponge | 0.57 +£0.10 | 1.03 +0.43
Path Length (m) Dominant Paper 0.45+0.03 | 0.46 £0.04
Sponge 0.45+0.04 | 0.47+0.04
Mixed: Paper 0.46+0.03 | 0.47+£0.04
Mixed: Sponge | 0.46 +0.03 | 0.47 +£0.04
Non-dominant | Paper 0.46+0.04 | 0.48+0.06
Sponge 0.46 £0.05 | 0.49+0.09
Mixed: Paper 0.46+0.03 | 0.49+0.07
Mixed: Sponge | 0.46 +0.04 | 0.49 +0.07
Box and Blocks Dominant 57.9+89 41.0+13.0
Non-dominant 57775 34.6£14.8

Aok

TD = typically developing, CP = cerebral palsy.
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Resting power in the mu (6 — 12 Hz) and beta (15 — 30 Hz) frequency bands for (dominant and non-dominant
sensorimotor clusters across groups with the only significant difference noted in bold. Resting power is in

decibels (dB) and calculated as the mean power within each frequency band.

Cluster TD Mu Resting CP Mu Resting TD Beta Resting | CP Beta Resting | TD Gamma CP Gamma
Power (dB) Power (dB) Power (dB) Power (dB) Resting Power Resting Power
(dB) (dB)
Dominant 21.2+0.8 21.2+24 124+26 123+20 59+28 71+32
Non- 21.7+1.0 194+1.0 121+22 123+21 55+33 59+42
Dominant

HokAh

TD = typically developing, CP = cerebral palsy.
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Table 4:

Summary of significant (p < 0.05) main and interaction effects for the minimum event-related
desynchronization or ERD values in the mu and beta frequency bands and maximum event-related
synchronization or ERS values in the low gamma frequency band for each cluster, hand, condition and group.

Cluster Frequency | Group | Hand | Hand * | Condition | Condition * Group
Group

Premotor Mu - - - - -
Beta 0.03 - - - -
Gamma - - - -

Dominant Motor Mu - 0.03 0.04 - -
Beta 0.02 0.03 - <0.001 -
Gamma - 0.03 - 0.03

Non — Dominant Motor | Mu - - - - -
Beta - - - - -
Gamma - - - 0.007 -

Posterior Parietal Mu - - - 0.01 0.01
Beta - - - <0.001 0.01
Gamma - - - 0.01 -

HokAh

Groups: typically developing (TD), cerebral palsy (CP), hands: dominant, non-dominant, conditions: sponge, paper, mixed: sponge, mixed:
paper.
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Table 5:

Pearson correlation coefficients (r) for all significant results (p < 0.05) between electroencephalography (EEG)
and behavioral outcomes (Box and Blocks Test (BBT), transport path length in meters [m] and time in
milliseconds [ms]) for individuals with cerebral palsy (CP)EEG outcomes were the minimum event-related
desynchronization (ERD) in decibels (dB) for each hand, condition, and mu and beta frequency bands, and the
maximum event-related synchronization (ERS) in the low gamma frequency band (30-50 Hz) around the time
of the grasp, within clusters. Correlations were only computed between behavioral and EEG outcome
measures from the same hand and/or condition. Lower values on transport path length and time indicated
better performance. Values (noted with *) between 0.50 and 0.70 are considered moderately correlated (lighter
shading) and those above 0.70 are considered highly correlated (darker shading).

Cluster Frequency | Hand | Condition Path Time | Path Length | Box and Blocks
Non-dominant Mu ND Mixed: Paper -0.48 -0.39 0.61*
ND Mixed: Sponge | —0.54 -0.67* 0.58
Beta ND Paper -0.46 -0.31 0.71*
ND Mixed: Paper -0.67* 0.68*
ND Mixed: Sponge | —0.72** 0.68*
Gamma ND Mixed: Sponge | 0.48 0.63* -0.22
Dominant Mu ND Mixed: Paper -0.37 -0.60* 0.36
Beta ND Paper -0.68* —-0.64* 0.59
ND Mixed: Paper 0.74*
ND Mixed: Sponge 0.68*
Gamma ND Mixed: Sponge | 0.56 0.66* -0.43
Posterior Parietal | Beta D Mixed: Sponge | —0.61 -0.67* -0.56
ND Paper -0.65 -0.76* 0.59
ND Mixed: Paper -0.75* 0.69
ND Mixed: Sponge | —0.68* 0.62
Gamma D Sponge 0.32 0.67 -0.25
Premotor Mu ND Paper =0.71** -0.51 0.58*
ND Mixed: Paper 0.57
ND Mixed: Sponge 0.57
Beta D Paper 0.16
D Sponge 0.66*
ND Paper 0.60*
ND Mixed: Paper 0.68*
ND Mixed: Sponge 0.56
Gamma D Paper 0.34

Ak
D = Dominant hand, ND = Non-dominant hand.
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