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Abstract

Numerous clinical investigations have reported that children with cerebral palsy (CP) have tactile
discrimination deficits that likely limit their ability to plan and manipulate objects. Despite this
clinical awareness, we still have a substantial knowledge gap in our understanding of the
neurological basis for these tactile discrimination deficits. Previously, we have shown that
children with CP have aberrant alpha-theta (4-14 Hz) oscillations in the somatosensory cortices
following tactile stimulation of the foot. In this investigation, we evaluated if these aberrant alpha-
theta oscillations also extend to the hand. Magnetoencephalography was used to evaluate event-
related changes in the alpha-theta and beta (18-34 Hz) somatosensory cortical oscillations in
groups of children with CP and typically developing (TD) children following tactile stimulation of
their hands. Our results showed that the somatosensory alpha-theta oscillations were relatively
intact in the children with CP, which is in contrast to our previous results for foot tactile
stimulations. We suspect that these inter-study differences may be related to the higher probability
that the neural tracts serving the lower extremities are damaged in children with CP, compared to
those serving the upper extremities. This inference is plausible since the participating children
with CP had Manual Ability Classification System (MACS) levels between I-11. In contrast to the
alpha-theta results, the children with CP did exhibit a sharp increase in beta activity during the
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same time period, which was not observed in TD children. This suggests that the children with CP
still have deficits in the computational aspect of somatosensory processing.
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1. Introduction

Cerebral palsy (CP) is one of the most prevalent and costly pediatric neurologic impairments
diagnosed in the United States (Christensen et al., 2014). Historically, CP has been largely
recognized as a motor impairment that results from damage to the developing brain.
However, the reclassification of CP now includes other characteristics such as sensation, and
perception deficits that may arise from the primary insult or secondarily from restricted
perception-action experiences (Rosenbaum et al., 2007). The inclusion of sensory deficits in
the updated classification of CP has been supported by numerous clinical reports of
proprioception, stereognosis and tactile discrimination deficits in these children (Cooper et
al., 1995; Clayton et al., 2003; Sanger and Kukke, 2007; Wingert et al., 2007; Auld et al.,
2012; Robert et al., 2013).

The acknowledgement of the presence of sensory deficits has sparked considerable interest
in identifying how the perinatal brain insult may affect the structural organization of the
somatosensory cortices, and how this structural damage may be related to the degree of
sensory impairments noted in children with CP. Several studies have shown that ipsilateral
motor cortices will often assume the roles of the damaged contralateral homologue in
children with CP that have extensive cortical damage (Carr et al., 1993; Staudt et al., 2002;
Holmstrom et al., 2010). However, this has not been shown to be the case for the
somatosensory cortices. Several investigations have shown that the thalamocortical
somatosensory tracts often terminate in adjacent non-damaged neural tissues, which allows
for the somatosensory processing to remain within the lesioned hemisphere (Staudt et al.,
2006; Guzzetta et al., 2007; Wilke et al., 2009). Despite these neural adaptations, diffusion
tensor imaging (DTI) shows that the redirected tracts are not as dense and often still have
significant injury (Rose et al., 2007; Trivedi et al., 2008; Hoon et al., 2009; Trivedi et al.,
2010; Papadelis et al., 2014). The current working hypothesis is that the poor integrity of
these tracts disrupts the fidelity of the sensory information that is transmitted along these
pathways.

Several magnetoencephalography (MEG) and electroencephalography (EEG) studies have
further explored how the noted structural damage may impact the activation of the
somatosensory cortices. These studies have identified that the somatosensory evoked-
potentials/fields for the hand are diminished, and in some cases latent in children with CP
(Kulak et al., 2005; Kulack et al., 2006; Riquelme and Montoya, 2010; Teflioudi et al.,
2011; Maitre et al., 2012; Pihko et al., 2014; Papadelis et al., 2014). We have previously
reported similar results for the foot (Kurz and Wilson, 2011; Kurz et al., 2012). Far fewer
studies have explored how the perinatal brain injury may also affect the oscillatory
somatosensory activity that occurs after peripheral somatosensations are applied to the hand.
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A preliminary study conducted by Pihko and colleagues (2014) suggested that the alpha and
beta oscillatory activity within the hand region of somatosensory cortices might be
diminished in the damaged hemisphere of children with CP that have a hemiplegic
presentation. While these exploratory results are enlightening, the electric median nerve
stimulation paradigm employed in this initial investigation causes a broad stimulation of the
somatosensory receptors, which does not allow for quantifying how the stimulation of
specific sensory receptors found in the hand (i.e., mechanoreceptors, vibrotactile, etc.)
promote event-related changes in the alpha and beta cortical oscillations.

The mechanoreceptors found in the palmar surface of the hand provide unique information
about the physical properties of an object and the precision of the hand contact forces
(Johansson & Flanagan, 2009). It is now well appreciated that many children with CP lack
the ability to properly register and discriminate different tactile stimuli that are provided to
the hand mechanoreceptors (Cooper et al., 1995; Clayton et al., 2003; Sanger and Kukke,
2007; Wingert et al., 2007; Auld et al., 2012; Robert et al., 2013). Furthermore, it has been
shown that theses tactile discrimination deficits likely impact the child’s ability to properly
plan and control their grip forces (Gordon and Duff, 1999; Auld et al., 2012). Despite this
clinical awareness, we still have a substantial knowledge gap in our understanding of the
neural basis of the tactile discrimination deficits seen in children with CP. In our previous
studies, we used high-density MEG and advanced beamforming methodology to show that
children with CP have aberrant alpha-theta (4—-14 Hz) oscillations in the somatosensory
cortices following tactile stimulation of the foot (Kurz et al., 2014; 2015). In this
investigation, we used the same experimental design to evaluate if similar oscillatory
changes occur after a mechanoreceptor-specific tactile stimulation was applied to the hands
of a group of children with CP and a cohort of typically developing (TD) children.

2. Experimental Procedures

2.1 Participants

Eight children (Age = 14.5 £ 0.7 yrs.) with a diagnosis of CP and motor ability classification
system (MACS) levels between I-11 participated in this investigation. MACS levels between
I-11 indicates that the children were able to manipulate objects with their hands, but the
quality and speed of their hand dexterity was somewhat reduced (Eiliasson et al., 2006).
None of the participating children had large white or grey matter lesions that would have
affected the integrity of the cortical surface. Further description of the children with CP is
provided in Table 1. An additional eight TD children (Age = 14.1 £ 0.7 yrs.) served as a
control group. The Institutional Review Board at the University of Nebraska Medical Center
reviewed and approved this investigation. Informed consent was acquired from the parents
and the children assented to participate in the experiment.

2.2 MEG Acquisition & Experimental Paradigm

Throughout the somatosensory experiment, the children were seated in a custom-made

nonmagnetic chair with their head positioned within the MEG helmet-shaped sensor array
and their eyes closed. A unilateral tactile stimulation was applied using a small airbladder
that was affixed to the distal portion of palmar surface of the index finger of the hand. The
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airbladder consisted of a thin elastic membrane that was surrounded by a plastic outer shell
that was taped to the finger. The pressure of the compressed air was 172.4 kPa and was held
constant for all subjects. For each child, more than 135 trials were collected using an inter-
stimulus interval that varied randomly between 2900 and 3300 ms. The more affected side
was stimulated for the children with CP, while the non-dominant hand was stimulated for
the TD children. The dominant hand of the TD children was determined by examining
which hand they used to sign the assent form.

All recordings were conducted in a one-layer magnetically-shielded room with active
shielding engaged for advanced environmental noise compensation. During data acquisition,
participants were monitored via real-time audio-video feeds from inside the shielded room.
With an acquisition bandwidth of 0.1 — 330 Hz, neuromagnetic responses were sampled
continuously at 1 kHz using an Elekta MEG system (Helsinki, Finland) with 306 sensors,
including 204 planar gradiometers and 102 magnetometers. Each MEG data set was
individually corrected for head motion during task performance and subjected to noise
reduction using the signal space separation method with a temporal extension (Taulu et al.
2005; Taulu and Simola, 2006).

2.3 MEG Coregistration & Structural MRI Processing

Four coils were affixed to the head of the subject and were used for continuous head
localization during the experiment. Prior to the experiment, the location of these coils, three
fiducial points and the scalp surface were digitized to determine their three-dimensional
position (Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once the
child was positioned for MEG recording, an electric current with a unique frequency label
(e.g., 322 Hz) was fed to each of the four coils. This induced a measurable magnetic field
and allowed each coil to be localized in reference to the sensors throughout the recording
session. Since coil locations were also known in head coordinates, all MEG measurements
could be transformed into a common coordinate system. With this coordinate system
(including the scalp surface points), each participant’s MEG data was coregistered with
structural T1-weighted MRI data prior to source reconstruction. Structural MRI data were
aligned parallel to the anterior and posterior commissures and transformed into a
standardized space (Talairach and Tournoux 1988) using BrainVVoyager QX version 2.2
(Brain Innovations, The Netherlands).

2.4 MEG Pre-Processing

Acrtifact rejection was based on a fixed threshold method, supplemented with visual
inspection. The data analysis epochs were a total duration of 1.2 s (-0.5 s to +0.7 s), with the
onset of the mechanical stimulation defined as time 0.0 s, and the baseline defined as -0.5 s
to 0.0 s. Artifact-free epochs for each sensor were transformed into the time-frequency
domain using complex demodulation (resolution: 2.0 Hz, 25 ms) and averaged over the
respective trials. The power of each time-frequency bin was normalized by dividing it by the
amount of power present in the respective frequency’s baseline period. This normalization
procedure allowed event-related oscillatory responses to be easily discernible in sensor
space, and visual inspection of the sensor-level spectrograms from the fronto-parietal region
revealed clear alpha-theta (4-14 Hz) and beta (18-34 Hz) oscillations during the 25-225 ms
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time window (see Figure 1). This alpha-theta response was consistent in time and frequency
with that observed in our previous studies of foot tactile somatosensation (Kurz et al., 2014;
2015), and thus we focused on this response and the slightly faster beta response in the
beamforming analyses of the current study.

2.5 MEG Source Image Reconstruction

A minimum variance vector beamforming algorithm was employed to calculate the source
power across the entire brain volume (Gross et al., 2001; van Veen et al., 1997). The single
images were derived from the cross spectral densities of all combinations of MEG sensors
within the time-frequency ranges of interest, and the solution of the forward problem for
each location on a grid specified by input voxel space. Following convention, the source
power in these images was normalized per subject using a separately averaged pre-stimulus
noise period of equal duration and bandwidth (van Veen et al., 1997; Hillebrand et al.,
2005). Thus, the normalized power per voxel was computed separately for alpha-theta and
beta band over the entire brain volume per participant at 4.0 x 4.0 x 4.0 mm resolution. Each
subject’s functional images were then transformed into standardized space using the
transform previously applied to the structural MRI volume, and the entire volume was then
spatially resampled. Since the tactile stimulation was not applied to the same hand for all
subjects, we extracted the peak voxel amplitude for each time-frequency component of
interest (i.e., 4-14 Hz from 25-225 ms; 18-34 Hz from 25-225 ms) from the hand-specific
group mean beamformer images per group. The centroid for each oscillatory response
(alpha-theta/beta), hand (left/right), and group (CP/TD) from these images is shown in
Figure 2. The amplitude values of the peak alpha-theta and beta voxels per participant were
subsequently used to evaluate differences in the somatosensory cortical oscillations between
the children with CP and the TD children. The magnitude and sign of the peak voxel were
used to describe the strength of the event-related synchronization (ERS) or event-related
desychronization (ERD) of activity in the neuronal groups that represent the hand in the
somatosensory cortices. A negative sign indicated a suppression of the power at the
particular frequency relative to the baseline period (i.e., ERD). Conversely, a positive sign
indicated an amplification of the power at the particular frequency relative to the baseline
(i.e., ERS; Pfurtscheller, 2001; Neuper and Pfurtscheller, 2001; Klimesch et al., 2007). MEG
pre-processing and imaging were performed with the BESA software (BESA version 6.0).

2.6 Statistical Analysis

Prior to any statistical analysis, the amplitudes extracted from the peak voxel of the group-
level images were log transformed to insure that they were normally distributed.
Subsequently, separate independent t-tests were performed to determine if the alpha-theta
and beta peak amplitudes were significantly different between the groups within the
respective time periods. We further interrogated the data by performing Pearson product
moment correlations between the alpha-theta and beta peak amplitudes during the respective
time windows to evaluate if the neural oscillations at the respective frequencies were related.
These correlations were performed for the entire group of participants, as well as the TD
children and children with CP separately. All statistical calculations were performed at the
0.05 alpha level. The data in the text and figures are not log transformed, and are presented
as the mean + standard error of the mean.
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Figure 3 shows alpha-theta band activity during the 25-225 ms time window for a TD child
and a child with CP that were representative of the group results. As can be seen in the
figure, both the TD child and child with CP demonstrated an alpha-theta ERS after the
tactile stimulus was applied to the hand. The magnitude of the peak voxel extracted from the
group-level images at the alpha-theta frequency during this time window confirmed that
both groups of children generated an alpha-theta ERS (CP = 3.3 £ 2.0 pseudo-t; TD =5.5 +
2.2 pseudo-t; P=0.25). However, the magnitude of the ERS was not significantly different
between the children with CP and the TD children.

Figure 4 depicts beta band activity during the 25-225 ms time window for a TD child and a
child with CP that were representative of the group-level images. As can be seen in the
figure, the TD child generated a beta ERD, while the child with CP generated a beta ERS
after the tactile stimulus was applied to the hand. The magnitude of the peak voxel extracted
from the group-level images at the beta frequency confirmed these observations, and our
statistical analysis revealed that the beta oscillations were quite different for the TD children
and the children with CP (CP= 2.8 £ 2.2 pseudo-t; TD= -1.7 + 1.2 pseudo-t; P=0.04).

Based on the data from all of the participating children, the magnitude of the peak voxel at
the alpha-theta frequency was positively correlated with the magnitude of the peak voxel at
the beta frequency (r= 0.51; P=0.04). This suggested that stronger alpha-theta oscillations
within the somatosensory cortices were associated with stronger beta oscillations. However,
inspection of the scatterplots suggested a more complicated story, therefore these data were
split by group and the correlations were re-computed. Based on the data from the TD
children alone, the magnitude of the peak voxel at the alpha-theta frequency was positively
correlated with magnitude of the peak voxel at the beta frequency (r=0.81; P=0.01). This
relationship suggests that the TD children that had strongest alpha-theta oscillations also had
the weakest beta oscillations (i.e., smallest ERD — closer to 0). In the children with CP, the
magnitude of the peak voxel at the alpha-theta and beta frequencies were not significantly
correlated (r=0.21; P=0.36). This lack of a correlation suggests that alpha-theta and beta
oscillations may not be well linked in children with CP.

4. Discussion

The primary goal of this investigation was to provide further insight on the neural basis for
the hand tactile sensory deficits often reported in the clinic for children with CP (Cooper et
al., 1995; Clayton et al., 2003; Sanger and Kukke, 2007; Wingert et al., 2007; Auld et al.,
2012; Robert et al., 2013). To this end, we used high-density MEG to identify the alpha-
theta and beta oscillatory differences between children with CP and TD children in the
somatosensory cortices following tactile stimulation of the hand. Our results indicate that the
somatosensory cortical oscillations in the beta frequency range were abnormal in the
children with CP, while alpha-theta responses seemed relatively intact. Similar exploratory
results for the beta frequency were recently reported for a cohort of children with hemiplegic
CP that underwent a median nerve stimulation paradigm (Pihko et al., 2014). Together these
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results imply that aberrations in somatosensory beta oscillatory activity may play a role in
the tactile discrimination deficiencies often seen in children with CP.

The alpha-theta oscillatory responses were relatively normal in the participating children
with CP, as both groups exhibited a strong ERS slightly after stimulus onset. Conversely, in
our previous studies we have noted that children with CP exhibited a strong alpha-theta
ERD within the medial postcentral gyrus/paracentral lobule immediately following tactile
stimulation of the foot, while TD children had a strong alpha-theta ERS within the same
location (Kurz et al., 2014; 2015). We were expecting to see similar activation deficiencies
for the hand at the alpha-theta frequency for the children with CP, and suspect that the
discrepancies between the two studies may be related to differences in the integrity of the
fiber tracts serving the foot and hand. This interpretation is based on recent preliminary
work that suggests that the magnitudes of the tactile evoked hand somatosensory related
potentials for children with CP might be related to the quantity and quality of the
thalamocortical projections to the post-central gyrus (Papadelis et al., 2014). This suggests
that the alpha-theta oscillations might be normal in the participating children with CP
because the thalamocortical projections that terminate at the hand cortical area were
adequately intact. This interpretation is additionally supported by prior results that indicate
that children with CP are more likely to have damage to the neural fiber tracts that serve the
lower extremities than the hands (Aicardi & Bax, 1992). All of the children participating in
this investigation had noticeable impairments of the lower extremity that limited their
mobility; yet, they all had MACS levels between I-11, which indicates that they had fairly
adequate hand dexterity. This clinical observation fuels our speculation that the participating
children may not have had sufficient damage to the fiber tracts serving the hand to perturb
the alpha-theta oscillations. However, we recognize that these statements are speculative and
should be challenged by future studies that use a multi-modal imaging approach of diffusion
tensor imaging and MEG to evaluate the integrity of the somatosensory processing networks
seen across the respective MACS levels.

Despite the normal alpha-theta response, the tactile stimulation resulted in a beta ERS for
the children with CP and a beta ERD for the TD children. These stark differences suggest
that the somatosensory processing networks at the beta frequency were aberrant in the
children with CP, and may better capture the uncharacteristic hand tactile stimulation
deficits of children with CP that have a MACS level between I-11. The current scientific
trends suggest that the neural processing of sensory information likely involves the dynamic
interaction between groups of neurons that are oscillating at different frequencies (Palva &
Palva, 2007). Based on this perspective, we suspect that the aberrant beta oscillations seen in
the children with CP may be partially linked with the alpha-theta oscillations that were
occurring during the same time frame. This notion is based on our finding that there was a
correlation between the magnitudes of the beta and alpha-theta oscillations for the TD
children, but not for the children with CP. The lack of a relationship for the children with CP
implies that there may be uncharacteristic interactions between the neuronal groups of the
somatosensory cortices that are oscillating at the alpha-theta and beta frequencies. A more
thorough investigation of the potential interactions of the neuronal groups within the
somatosensory cortices that are oscillating at the alpha-theta and beta frequencies may
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provide unique information about the neural basis for the tactile discrimination deficits seen
in children with CP with a wide range of MACS levels.

5. Conclusions

To summarize, our results showed that following tactile stimulation of the hand, event-
related somatosensory cortical oscillations in the alpha-theta frequency range during the 25—
225 ms time frame were not different between the children with CP and the TD children.
This result is different from our prior investigations that have shown that TD children and
children with CP have different somatosensory cortical oscillations at the alpha-theta
frequency after a tactile stimulus is applied to the foot (Kurz et al., 2014; 2015). Despite the
lack of differences at alpha-theta frequency, there were blunt differences at the beta
frequency range between the TD children and the children with CP. These aberrant beta
oscillations might be linked with the alpha-theta oscillations that occur during at the same
time frame since our results show that the magnitude of the beta oscillations were related
with the magnitude of the alpha-theta oscillations for the TD children, but were not for the
children with CP. This implies that synergy between the neural oscillations at the respective
frequencies may be important for processing somatosensory information. Altogether these
results have identified new vistas for quantifying the neurophysiological underpinnings for
the tactile discrimination deficits often reported for children with CP.
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Figure 1.
Time-frequency spectrograms for a representative typically developing child (A) and a child

with cerebral palsy (B). Frequency (Hz) is shown on the y-axis and time (ms) is denoted on
the x-axis (with 0 ms defined as stimulation onset). The event-related spectral changes
during the hand stimulation task are expressed as percent difference from baseline (=500 to
0 ms). In each case, the MEG sensor with the greatest response amplitude that was located
near the sensorimotor cortices, contralateral to the hand stimulated, was chosen. As shown,
the TD child had a strong increase in 4-14 Hz alpha-theta band but also a decrease in 18-34
Hz beta band during the same time period. The child with cerebral palsy exhibited an
increase in 4-14 Hz alpha-theta band and an increase in the 18-34 Hz beta band during the
25-225 ms time window. The color scale bar for both plots is shown to the far right.
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Figure 2.
Centroids of the group-mean beamformer images for each frequency bin (alpha-theta/beta),

stimulated hand (left/right), and group (cerebral palsy/typically-developing). The amplitude
of the peak voxel was extracted from each centroid of the alpha-theta and beta responses for
the typically developing (TD) children and children with cerebral palsy (CP) for the
respective hand that was stimulated. All statistics were conducted using these peak voxel
amplitude values. For this experiment, the side of the body with the greatest impairment was
stimulated for the children with CP, while the non-dominate hand was stimulated for the TD
children.
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Figure 3.
Noise-normalized beamformer output image of the alpha-theta (4-14 Hz) response from 25

to 225 ms post-stimulation for a representative typically-developing (TD) child (left) and a
child with cerebral palsy (CP; right). Both maps show voxels with pseudo-z values > 4.0. As
can be discerned, both the children with CP and the TD children exhibited activity clustered
in the central sulcus and postcentral gyrus of the hemisphere contralateral to stimulation. In
both cases, this activity was maximal just posterior to the motor hand-knob feature of the
precentral gyrus. As shown, both children had a strongly synchronized response (orange) to
the external tactile stimulus. The images are displayed following the radiological convention
(R=L).
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Figure 4.
Noise-normalized beamformer out image of the beta (18—-34 Hz) response from 25 to 225

ms post-stimulation for a representative typically-developing (TD) child (left) and a child
with cerebral palsy (CP; right). The map on the left shows voxels with pseudo-z values <
-4.0, whereas as that on the right shows pseudo-z values > 4.0. As can be discerned, both
the children with CP and the TD children exhibited activity clustered around the central
sulcus and the postcentral gyrus, near the motor hand-knob feature in the hemisphere
contralateral to stimulation. As shown, the TD children had a desynchronized response
(blue) to the external tactile stimulation, while the children with CP had a synchronized
response (orange). The images are displayed following the radiological convention (R=L).
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