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A B S T R A C T

Background: The brain-derived neurotrophic factor (BDNF) protein plays a prominent role in the capacity for
neuroplastic change. However, a single nucleotide polymorphism at codon 66 of the BDNF gene results in sig-
nificant reductions in neuroplastic change. Potentially, this polymorphism also contributes to the weaker so-
matosensory cortical activity that has been extensively reported in the neuroimaging literature on cerebral palsy
(CP).
Aims: The primary objective of this study was to use magnetoencephalography (MEG) to probe if BDNF genotype
affects the strength of the somatosensory-evoked cortical activity seen within individuals with CP.
Methods and procedures: and Procedures: Twenty individuals with CP and eighteen neurotypical controls partic-
ipated. Standardized low resolution brain electromagnetic tomography (sLORETA) was used to image the so-
matosensory cortical activity evoked by stimulation of the tibial nerve. BDNF genotypes were determined from
saliva samples.
Outcomes and results: The somatosensory cortical activity was weaker in individuals with CP compared to healthy
controls (P ¼ 0.04). The individuals with a Val66Met or Met66Met BDNF polymorphism also showed a reduced
response compared to the individuals without the polymorphism (P ¼ 0.03), had higher GMFCS levels (P ¼ 0.04),
and decreased walking velocity (P ¼ 0.05).
Conclusions and implications: These results convey that BDNF genotype influences the strength of the somato-
sensory activity and mobility in individuals with CP.
What this paper adds: Previous literature has extensively documented altered sensorimotor cortical activity in
individuals with CP, which ultimately contributes to the clinical deficits in sensorimotor processing documented
in this population. While some individuals with CP see vast improvements in their sensorimotor functioning
following therapeutic intervention, others are clear non-responders. The underlying basis for this discrepancy is
not well understood. Our study is the first to identify that a polymorphism at the gene that codes for brain derived
neurotrophic factor (BDNF), a protein well-known to be involved in the capacity for neuroplastic change, may
influence the altered sensorimotor cortical activity within this population. Potentially, individuals with CP that
have a polymorphism at the BDNF gene may reflect those that have difficulties in achieving beneficial outcomes
following intervention. Thus, these individuals may require different therapeutic approaches in order to stimulate
neuroplastic change and get similar benefits from therapy as their neurotypical peers.
1. Introduction

Cerebral palsy (CP) results from an insult to the developing brain [1],
and it is one of the most costly neurological disorders in the United States,
with a prevalence of approximately 3 out of every 1,000 children receiving
a diagnosis [2, 3]. CP is marked with mobility issues stemming from
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increased muscle tone, hyperexcitable reflexes, spasticity, and joint con-
tractures – with others experiencing hypotonia, dyskinesia, and ataxia as
well [4]. Sensorimotor clinical deficits inmotor planning and execution [5,
6, 7, 8, 9, 10, 11], as well as deficits in proprioception, stereognosis and
tactile discrimination [5, 12, 13, 14, 15, 16, 17], have been consistently
documented in this patient population. Currently, the results of treatment
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paradigms for individuals with CP are highly variable, with some in-
dividuals exhibiting extensive sensorimotor improvements following
therapy, while others are clear non-responders [18]. Yet, the physiological
factors responsible for this response variability remain unknown.

A major barrier to advancing our understanding of the variable
treatment outcomes is the ideology that the response variability pri-
marily resides in the musculoskeletal system, with less attention paid to
the neurological factors that influence the potential for neuroplastic
change [19]. Several studies have examined whether this response
variability may be attributed to factors such as the corticospinal projec-
tion pattern, but the outcomes from these studies have been inconclusive
[20, 21, 22, 23]. Recently, there has been a growing interest in identi-
fying whether there are genetic factors that regulate the extent of the
therapeutically driven neuroplasticity [24]. In particular, BDNF and
variations at the BDNF gene have been suggested to play a role in neu-
roplasticity and motor performance. For example, animal models have
shown that an up-regulation of BDNF occurs within the sensorimotor
cortices after learning a new motor skill, and this is accompanied by
reorganization of the sensorimotor cortical areas [25, 26]. Similarly, an
inhibition of BDNF in the motor cortex hinders motor performance and
results in decreased cortical reorganization [27]. These results reflect the
critical role that BDNF plays in neuroplastic reorganization within the
sensorimotor cortices that occurs while learning a new motor skill.

A single nucleotide polymorphism that produces a valine-to-
methionine amino acid substitution at codon 66, at either one or both
alleles in the human BDNF gene (Val66Met or Met66Met), has been
shown to disrupt the protein's activity-dependent release, which in turn
adversely impacts the capacity for neuroplastic change [28]. Approxi-
mately 30% of the general population has the Val66Met or Met66Met
genetic polymorphism [29]. Prior fMRI studies have identified that in-
dividuals with the polymorphism tend to have a smaller volume of
sensorimotor cortical activation [28]. This reduction is presumed to be
related to the polymorphism's influence on the prevalence of BDNF. Prior
transcranial magnetic stimulation (TMS) studies have also shown that
healthy adults with the BDNF polymorphism exhibit less change in their
motor-evoked potentials and cortical reorganization after practicing a
motor skill [28, 30], as well as decreased ability to undergo motor im-
provements behaviorally after practicing a motor task [31]. Altogether
these results clearly suggest that the BDNF polymorphism is a marker of
reduced potential for neuroplasticity.

While these findings support the notion that neuroplasticity is
adversely affected by the BDNF polymorphism, there is a paucity of studies
investigating how the BDNF genotype may impact sensorimotor cortical
activity in individuals with CP. Our laboratory and others have demon-
strated that youth with CP have reduced somatosensory cortical activity in
response to both electrical and tactile stimulation of the hand and foot
mechanoreceptors [32, 33, 34, 35, 36, 37]. We posit that the weaker so-
matosensory cortical activity seen across these investigations may be partly
driven by an individual's BDNF genotype. In other words, we hypothesize
that those with the BDNF Val66Met or Met66Met genotype will have
weaker somatosensory-evoked neural responses compared to those with
the Val66Val genotype. To address this hypothesis, we used magneto-
encephalographic (MEG) brain imaging to determine if the
somatosensory-evoked cortical activity is different in individuals with CP
that have the BDNF Val66Val genotype in comparison with the individuals
that have the Val66Met or Met66Met genotypes. In addition, we examined
a group of healthy controls to aid in the interpretation of our findings.

2. Materials and methods

2.1. Participants

The Institutional Review Board reviewed and approved this investi-
gation. Informed consent was acquired from the adult participants and
parents of the children's participants, and the children assented to
participate in the experiment. Thirty-eight individuals participated in
2

this neurogenetics investigation. Twenty of the participants had a diag-
nosis of spastic diplegic CP and eighteen were neurotypical (NT) controls
(CP¼ 15.37� 5.52 years, Females¼ 10, GMFCS¼ I–IV; Healthy controls
¼ 14.21� 2.51 years, Females¼ 5). The two groups did not significantly
differ by age (P ¼ 0.290). Participants were excluded according to MEG/
MRI exclusionary criteria such metal implants, dental braces or perma-
nent retainers, or other metallic or otherwise magnetic non-removable
devices. The participants with CP also did not have orthopedic surgery
or undergo Botulinum toxin injections within the last 6 months.
Furthermore, none of the participants with CP had a dorsal rhizotomy or
significant volume loss on their MRI. The participants with GMFCS levels
of I and II typically ambulate independently, although with slowed gait
speed and abnormal gait patterns [38]. Individuals with GMFCS level of
III often require assistive devices to ambulate, such as crutches,
ankle-foot orthoses, or wheelchairs. Individuals with GMFCS levels IV
and V often require powered mobility devices.

2.2. BDNF genotyping

Saliva samples were collected from the participants with CP using the
Oragene kit (DNA Genotek, Ottawa, Ontario, Canada). Genomic DNA
was isolated according to standard laboratory procedures using a manual
DNA extraction protocol and was quantified using the NanoDrop ND-
1000® spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Polymerase chain reaction (PCR) amplification of the 274-bp
fragment containing codon 66 of the BDNF gene (RefSeq
NM_170735.5) was performed according to standard procedures (Sen
et al., 2003). The PCR products were analyzed by direct sequence anal-
ysis in both the forward and reverse directions utilizing automated
fluorescence dideoxy sequencing methods to determine the amino acid
status at codon 66. Participants with the BDNF polymorphism included
those with either the Val66Met or Met66Met genotype, while partici-
pants without the polymorphism had the Val66Val genotype.

2.3. MEG acquisition, preprocessing and source imaging

Note that the methods used in this study was similar to the analysis
pipeline used in other studies that have evaluated somatosensory cortical
activity using MEG [39, 40, 41, 42]. Neuromagnetic responses were
sampled continuously at 1 kHz using an Elekta/MEGIN MEG system
(Helsinki, Finland). A single pulse, unilateral electrical stimulation was
applied using electrodes that were placed over the right tibial nerve, and
the stimulation intensity was set to the individual's motor threshold. The
stimulation was elicited once every 2 s for 4 min (e.g., 120 trials). The
continuous magnetic time series was divided into epochs of 1100 m s
duration, from -500 to 600 ms with the baseline being defined as -400 to
-100 m s and 0.0 m s being stimulation onset. Epochs containing artifacts
were rejected based on a visual inspection and a fixed-threshold method
using individual amplitude and gradient thresholds. An independent
samples t-test revealed that the number of trials accepted between groups
was not significantly different (NT¼ 102.5� 2.92, CP ¼ 106.4� 2.16, P
¼ 0.28). The artifact-free epochs were averaged across trials to generate a
mean time series per sensor. The specific time windows used for the
source analysis were determined by statistical analysis of the sensor-level
time series across both groups and the entire array of gradiometers [45].
Based on the sensor level statistical analysis, the time windows that
contained significant events across all participants were used to guide
time-domain source level analysis.

Structural MRI data were acquired using a Siemens Skyra 3T scanner
and a 32-channel head coil (TR: 2400 m s; TE: 1.94 m s; flip angle ¼ 8
deg; FOV: 256 mm; slice thickness: 1 mm slice with no gap; in-plane
resolution: 1.0 mm3). Subsequently, each participant's MEG data was
coregistered with structural T1-weighted MRI data prior to source
reconstruction. The time domain source images were computed using
standardized low resolution brain electromagnetic tomography (sLOR-
ETA) [46]. The resulting whole-brainmaps were 4-dimensional estimates
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of current density per voxel, per time sample across the experimental
epoch. These data were normalized to the sum of the noise covariance
and theoretical signal covariance, and thus the units are arbitrary. Using
the time windows identified in the sensor-level analysis, these maps were
averaged over time following the somatosensory stimulation. These maps
were then grand-averaged across the participants to determine the
location of the peak voxel of the time-domain neural response to the
stimuli across participants. From this peak voxel, the sLORETA units were
extracted to derive estimates of the time-domain response amplitude for
each participant. All imaging procedures were done with the Brain
Electrical Source Analysis (BESA) software (BESA v7.0; Grafelfing, Ger-
many). For additional methodological detail, please see our recent paper
[41].
2.4. Mobility analysis

All participants were instructed to walk across a 5.75-m digital mat
(GAITRite, Sparta, NJ) at their fast-as-possible walking speeds. The fast-
as-possible walking speed was used since it provides a metric of the gait
adaptability and provides a greater challenge to the participant's
mobility. Each participant performed two trials and the fastest walking
speed was used as the primary outcome measure. The mat digitized the
locations of the feet, which were used to quantify the participant's
spatiotemporal kinematics (velocity, step length, cadence).
2.5. Statistical analysis

Independent samples t-tests were used to evaluate whether the
strength of the somatosensory-evoked activity and gait variables were
different between the controls and participants with CP. Secondarily,
one-way ANOVAs were used to determine whether there were significant
differences in the strength of the somatosensory-evoked cortical activity
and gait variables between the individuals with CP that had a poly-
morphism at the BDNF gene, individuals with CP that did not have a
polymorphism at the BDNF gene, and the control group. Post hoc ana-
lyses used independent samples t-tests to determine group differences.
All statistical tests were performed at the 0.05 alpha level.
Figure 1. Somatosensory Cortical Activity. (A.) The somatosensory-evoked cortic
gyrus across all individuals. (B.) Source level neural time course depicting somato
occurred at time zero, and the gray boxes indicate the time windows used for analy
cluster-based permutation testing. The blue line represents the healthy controls, the r
gene, and the yellow line represents the individuals with CP who had a polymorphi
somatosensory-evoked cortical activity between the healthy controls, individuals with
a polymorphism at the BDNF gene during the second time window (164–252 m s
significantly reduced somatosensory cortical response to tibial nerve stimulation in co
healthy controls (P < 0.01). Additionally, the healthy controls had a significantly gr
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3. Results

3.1. Genotyping outcomes

Of the individuals with CP, 70% were Val66Val genotype (N ¼ 14;
Age¼ 14.30� 4.90 years, Females¼ 6, GMFCS¼ I–IV), while 30% of the
individuals with CP had at least one Met allele at codon 66 of BDNF (N ¼
6; Age ¼ 17.86 � 6.54 years, Females ¼ 4, GMFCS ¼ I–IV). These two
groups did not significantly differ by age (P ¼ 0.19).
3.2. MEG source imaging results

The permutation testing at the sensor level revealed two time periods
of evoked activity that were significantly different from the baseline. The
first began around 36 m s post stimulation and lasted until about 100 m s,
and the second time period began around 164 m s and lasted until 252 m
s. These timewindowswere used to focus the subsequent source imaging.
The sLORETA images generated from the combined data from both
groups revealed that the evoked-activity emanated from the leg region of
the somatosensory cortices (Figure 1A). We subsequently determined the
peak voxel of activity from the average image across all participants and
extracted the neural time course for each individual. Consistent with past
studies, qualitative inspection of the somatosensory neural time courses
suggested that the individuals with CP exhibited weaker responses
compared to controls (Figure 1B). Our statistical analysis revealed that
the strength of the somatosensory response did not differ between the
control group and all individuals with CP (Controls¼ 292.20� 38.06, CP
¼ 248.85� 38.10, P¼ 0.428) during the first timewindow (36–100m s).
However, during the second time window (164–252 m s), the
somatosensory-evoked cortical activity for the entire group of partici-
pants with CP was weaker than the controls (Controls ¼ 273.73 � 21.80,
CP ¼ 202.98 � 24.23, P ¼ 0.04).

Next, we wanted to further examine whether the somatosensory-
evoked cortical activity during the second time window (164–252 m s)
was weaker for the individuals with CP who had the BDNF polymorphism
compared with those that had the Val66Val genotype. Our statistical
analysis indicated that there was a significant group main effect for the
al activity emanated from the leg region of the contralateral (left) postcentral
sensory-evoked cortical activity across the epoch. The tibial nerve stimulation
sis (36–100 m s and 164–252 m s), which were derived from the sensor level
ed line represents the individuals with CP without a polymorphism at the BDNF
sm at the BDNF gene. (C.) Bar graphs depicting the difference in magnitude of
CP who had a polymorphism at the BDNF gene, and individuals with CP without
). The individuals with CP who had a polymorphism at the BDNF gene had a
mparison to the individuals with CP without a polymorphism (P ¼ 0.03) and the
eater cortical response than the individuals with CP altogether (P ¼ 0.04).
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magnitude of the somatosensory cortical response (P ¼ 0.03). The post-
hoc analyses revealed that the somatosensory-evoked cortical activity in
the individuals with CP who had the BDNF polymorphism was signifi-
cantly weaker than the activity in those who did not have the poly-
morphism (Val66Val ¼ 227.05 � 32.53, Val66Met and Met66Met ¼
146.83� 10.76, P ¼ 0.03), and the controls (Controls ¼ 273.73� 21.80,
Val66Met and Met66Met¼ 146.83 � 10.76, P < 0.01). Interestingly, the
individuals with CP who did not have the polymorphism exhibited so-
matosensory cortical activity that did not statistically differ from the
controls (Controls ¼ 273.73 � 21.80, Val66Val ¼ 227.05 � 32.53, P ¼
0.23; Figure 1C).

3.3. Clinical outcomes

The individuals that had the BDNF polymorphism tended to have
higher GMFCS level scores (GMFCS ¼ 2.83 � 0.40) compared to those
without the polymorphism (GMFCS¼ 1.79 � 0.26; P ¼ 0.04; Figure 2A).

Our biomechanical analysis of the spatiotemporal gait kinematics
revealed that the individuals with CP overall had slower walking velocity
in comparison to the controls (CP ¼ 1.39 � 0.11 m/s; controls ¼ 1.91 �
0.05 m/s; P < 0.01). Furthermore, our ANOVA revealed that there was a
main effect of group for walking velocity (P < 0.01). Post hoc analysis
revealed that the individuals with the BDNF polymorphism tended to
have slower maximum walking velocity in comparison to the individuals
without the polymorphism (Val66Val ¼ 1.54 � 0.10 m/s; Val66Met and
Met66Met¼ 1.07� 0.24 m/s; P¼ 0.05), as well as the controls (controls
¼ 1.91 � 0.05 m/s; P ¼ 0.02; Figure 2B). Additionally, the controls had
faster walking velocity in comparison to the group without the poly-
morphism (Val66Val ¼ 1.54 � 0.10 m/s; P < 0.01).

The step length was also longer for the controls in comparison to the
individuals with CP (CP ¼ 0.62 � 0.04 m; controls ¼ 0.83 � 0.03 m; P <

0.01). Our ANOVA revealed a significant main effect of group for step
length (P < 0.01). The post hoc analysis showed that the controls (con-
trols ¼ 0.83 � 0.03 m) had longer step lengths than the group with the
polymorphism (Val66Met andMet66Met¼ 0.54� 0.10 m; P¼ 0.04) and
without the polymorphism (Val/Val ¼ 0.66 � 0.04 m; P < 0.01), but the
group of individuals with CP that had the polymorphism were not
different from the group without the polymorphism (P ¼ 0.16). Finally,
cadence was not different between the controls compared with the in-
dividuals with CP (CP ¼ 134.09 � 7.64 steps/min, controls ¼ 137.18 �
3.91 steps/min, P ¼ 0.71). There was also no significant main effect of
group within the ANOVA for cadence (P ¼ 0.128). Hence, the cadence
was similar across the respective groups.

4. Discussion

Overall our experimental results are aligned with the numerous
studies that have shown decreased somatosensory-evoked cortical ac-
tivity in those with CP relative to neurotypical controls [5, 12, 16, 35, 36,
39, 47, 48, 49, 50], as well as the studies that have shown reduced
oscillatory activity following somatosensory stimulation in those with CP
[32, 33, 51]. Hence, there is mounting evidence that altered
4

somatosensory cortical activity likely contributes to the sensory deficits
that are largely reported in the clinical literature for this patient popu-
lation [5, 13, 14, 15, 16]. Interestingly, the response was only weaker in
the persons with CP during the latter portion. This is likely a result of the
response being reduced in duration in the persons with CP, which can be
seen qualitatively within the timeseries. Prior DTI studies have suggested
that damage to the thalamocortical tracts is related to the somatosensory
impairments seen in children with CP [37, 52, 53], and thus the
abnormal activity within somatosensory cortices reported here may have
been instigated by perinatal damage to the thalamocortical tracts.
Potentially, this damage may alter the signal-to-noise ratio in such a way
that the threshold for activation of the somatosensory cortices becomes
aberrant and perhaps less responsive to important peripheral feedback. It
is also conceivable that the decreased mobility in individuals with CP
restricts interaction with the environment throughout development,
which may result in altered development of the somatosensory system
and, ultimately, the aberrant processing seen within the sensorimotor
cortices. In support of this notion, prior studies have noted that the
clinical motor and mobility impairments are highly related to the extent
of the somatosensory deficits [5, 33, 34].

Our results show that approximately 30% of our sample had the BDNF
Val66Met or Met66Met polymorphism, which is representative of what is
seen in the general population [29]. Remarkably, the participants with
the polymorphism had a more attenuated somatosensory-evoked cortical
response in comparison to their peers with CPwho did not have the BDNF
polymorphism. Again, the group differences in somatosensory activity
were found during the later time window. Qualitative analysis of the time
series data suggests that the response duration was shortened in the
group of individuals with the polymorphism. BDNF is a neurotrophic
factor that supports a number of cellular functions, including neuronal
resilience and survival. BDNF is transported to synapses, where it can
modify neurotransmitter release, receptor sensitivity, and synaptic
morphology [54, 55]. BDNF also improves neuroplasticity by stimulating
synaptophysin and synaptobrevin synthesis to enhance synaptic trans-
mission [54, 56] and plays a critical role in motor learning [25, 26]. The
Val66Met and Met66Met nucleotide polymorphisms result in reduced
activity-dependent release of the BDNF protein and consequently
reduced capacity for these neuroplastic changes [28, 30]. Thus, we sus-
pect that the individuals that had the BDNF polymorphism likely have a
decreased capacity for neuroplastic change, resulting in further detri-
ment to the development of the somatosensory system and ultimately a
weaker somatosensory cortical response that is not sustained.

Individuals who had the BDNF polymorphism also tended to have
higher GMFCS level scores and slower walking velocities than those
without the polymorphism. This suggests that individuals with CP who
have a more severe classification may be more likely to have the BDNF
polymorphism. Based on the characteristics described in the previous
paragraph, it is possible that the reduced BDNF in patients with the
polymorphism may impact the ability to develop beneficial compensa-
tory neural pathways after the initial perinatal neurological insult.
Hence, there might be greater stability of the current brain networks and
less susceptibility to change, which unfortunately would result in more
Figure 2. Walking Velocity and GMFCS Levels. Bar graphs
representing the difference in GMFCS score (A) and walking
velocity (B) between the individuals with CP who had the
polymorphism at the BDNF gene, those who did not have the
polymorphism, and the controls. Walking velocity was slower
in those with the polymorphism (P ¼ 0.05) and GMFCS scores
were higher (P ¼ 0.04) depicting decreased gross mobility in
individuals with CP who have a polymorphism at the BDNF
gene. The walking velocity was also higher in controls than
both groups with CP (Ps < 0.05).
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severe presentations and resistance to therapeutic gains that are thought
to be implemented through adaptive plastic changes across the lifespan.

The ability of the brain to undergo neuroplastic change is essential to
acquiring and refining new sensorimotor skills. Currently, there is a
substantial portion of individuals with CP that do not respond well to
therapeutic interventions, creating an urgency for steering treatment
toward a more individualized approach. Potentially, this subpopulation
of non-responders is made up of individuals that have the BDNF poly-
morphism. A reduction in capacity for neuroplastic change implies that
these individuals may need increased therapy intensity or longer therapy
sessions in order to stimulate the same neuroplastic change seen in those
that do respond well to therapy. Alternatively, there has been recent
interest in utilizing non-invasive brain stimulation to alter the resting
state excitability of the neuronal populations within the sensorimotor
cortices. This effectively primes the system and increases the capacity for
neuroplastic change, which has been shown to be an effective strategy
during neurorehabilitation [57]. Potentially, motor priming could be a
means for increasing beneficial therapeutic outcomes in individuals with
the polymorphism at the BDNF gene.

Before closing, it is worth noting some limitations of this study. As
CP is inherently a heterogeneous disorder, it is possible that differ-
ences in the type of insult and resultant structural damage contributed
to differences within the somatosensory cortical responses between
groups. While prior work has illustrated that some individuals with CP
might not display abnormal MRI findings [58, 59]. However, there is
now a considerable literature showing that there are alterations in
cortical volumes and morphometry (which are likely secondary in
nature) in children with CP including in those where the predominant
pathology appears to be in the white matter [60]. Thus, future work
should further evaluate whether the type of insult incurred by persons
with CP contributes to differences in somatosensory cortical activity.
Furthermore, the BDNF literature is vast and spans other domains
outside of the sensorimotor system. In particular, there is literature
identifying that BDNF plays a role in aging, neurodegeneration,
mental disorders, and other domains [61, 62, 63]. Therefore, it is
possible that BDNF also affects the aging population in CP or in-
fluences the well-known cognitive impairments [64, 65]. These are
prominent areas for future work to explore. Finally, our methodo-
logical approach of identifying responses at the sensor level to be
analyzed at the source level allowed us to analyze the most robust
responses (i.e., those detectable at the sensor level) but also poten-
tially limited the sensitivity to subtler responses (i.e., the secondary
somatosensory cortex). This is also an area for future work to explore
by utilizing analytical approaches more suitable to identifying subtler
responses.

5. Conclusions

In conclusion, somatosensory-evoked cortical activity demonstrated
a stepwise pattern of aberrant activity, in which the individuals with CP
showed weaker activity than the controls, and this aberrant activity was
more pronounced in those with CP who had the BDNF polymorphism.
The BDNF polymorphism decreases the capacity for neuroplastic
change, which likely has downstream effects on the organization and
development of the somatosensory cortices. Ultimately, these findings
point toward a new understanding of the potential neuronal barriers
that limit the ability of some individuals with CP to demonstrate clin-
ically relevant improvements in their motor actions and somatosensory
perception.
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