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Abstract

Somatosensory cortical activity is altered in individuals with cerebral palsy (CP). However, previous studies have focused on
the lower extremities in children with CP and have given less attention to structural changes that may contribute to these
alterations. We used a multimodal neuroimaging approach to investigate the relationship between somatosensory cortical
activity and cortical thickness in 17 adults with CP (age = 32.8 ± 9.3 years) and 18 healthy adult controls
(age = 30.7 ± 9.8 years). Participants performed a median nerve paired-pulse stimulation paradigm while undergoing
magnetoencephalography (MEG) to investigate somatosensory cortical activity and sensory gating. Participants also
underwent magnetic resonance imaging to evaluate cortical thickness within the area of the somatosensory cortex that
generated the MEG response. We found that the somatosensory responses were attenuated in the adults with CP (P = 0.004).
The adults with CP also hypergated the second stimulation (P = 0.030) and had decreased cortical thickness in the
somatosensory cortex (P = 0.015). Finally, the strength of the somatosensory response was significantly correlated with the
cortical thickness (P = 0.023). These findings demonstrate that the aberrant somatosensory cortical activity in adults with
CP extends to the upper extremities and appears to be related to cortical thickness.
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Introduction

Cerebral palsy (CP) is the most prevalent and costly pediatric
movement disorder in the United States of America, and it
is often accompanied by disturbances in hand motor actions
(Strauss et al. 2008; Kirby et al. 2011; Christensen et al. 2014).
These disturbances impact the ability of individuals with CP to
perform a wide range of activities of daily living (i.e., buttoning
shirt, grasping objects, writing, using utensils, etc.) (Burgess
et al. 2020). Although these motor disturbances have tradition-
ally been characterized as a deficiency in the musculoskele-
tal machinery, numerous clinical studies have illustrated that

individuals with CP have notable deficits in tactile registration/
discrimination, proprioception, and stereognosis (Clayton et al.
2003; Wingert et al. 2008; Goble et al. 2009; Auld et al. 2012;
Langan et al. 2014). Furthermore, the severity of such sensory
deficits appears to be tightly related to the altered hand motor
performance reported in the clinical literature (Auld et al. 2012).
These clinical observations have sparked a series of studies
that have been directed at uncovering the neurophysiological
mechanisms that play a role in the altered hand motor actions
and uncharacteristic somatosensory processing (Papadelis et al.
2014; Pihko et al. 2014; Kurz, Heinrichs-Graham, et al. 2015b; Kurz
et al. 2020).
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There are several neuroanatomical changes that occur
throughout the lifespan that may contribute to the altered
somatosensory processing seen in these individuals. The
cortical gray matter thickness tends to increase during early
childhood but then decreases in frontal and parietal lobes in
adolescence and adulthood (Giedd et al. 1999; Sowell et al. 2002;
Sowell et al. 2003; Lenroot and Giedd 2006; Wilke et al. 2007).
Furthermore, synaptic density within gray matter tends to peak
between 4 and 8 years of age and then declines thereafter,
leveling off in the early 20s in many brain regions (Huttenlocher
1979; Goldman-Rakic 1987; Wilke et al. 2007; Pang 2011). The
perinatal brain injuries incurred by children with CP might
interrupt or accelerate the course of the regional changes in
cortical gray matter density, which in turn might influence the
strength of the somatosensory cortical activity seen in adults
with CP. This premise is partly supported by several structural
imaging studies, which have shown that early on youth with
CP may have altered gray matter thickness across a number
of cortical regions including sensory, motor, occipital, temporal,
parietal, and insula areas (Scheck et al. 2014; Pagnozzi et al. 2016;
Liu et al. 2019). Furthermore, it has been demonstrated that a
reduction in the cortical volume of the primary somatosensory
cortices is strongly associated with more impaired hand motor
performance (Pagnozzi et al. 2016). However, a potential connec-
tion between reduced somatosensory cortical thickness and the
weaker neural activity seen in individuals with CP has yet to be
shown, despite the numerous magnetoencephalography (MEG)
and electroencephalography studies that have illustrated that
the somatosensory cortical activity is reduced in magnitude and
latent in youth with CP in comparison with their age-matched
peers (Kurz and Wilson 2011; Teflioudi et al. 2011; Maitre et al.
2012; Kurz et al. 2014; Papadelis et al. 2014; Kurz, Becker, et al.
2015a; Kurz, Heinrichs-Graham, et al. 2015b). Additionally, our
recent experimental results have shown that the abnormal
somatosensory responses seen in youth with CP become even
more aberrant when they transition into adulthood (Trevarrow
et al. 2020).

Sensory gating is a phenomenon that occurs when 2 identical
stimuli are presented in short succession (e.g., a paired pulse),
and the cortical response to the second stimulus is reduced in
comparison with the first. Gating has been extensively studied
within the somatosensory cortex of healthy individuals (Hut-
tunen et al. 2008; Lenz et al. 2012; Stevenson et al. 2012; Spooner
et al. 2018; Spooner, Wiesman, et al. 2020b; Wiesman and Wilson
2020; Casagrande et al. 2021; McCusker et al. 2021), and it is
thought that the attenuation of the response to the second
stimulus represents the filtering of redundant and/or irrele-
vant information to preserve resources for more task-relevant
information (Cromwell et al. 2008; Hsiao et al. 2013). GABAergic
inhibitory interneurons are thought to regulate this process of
preattentive inhibitory control to limit sensory and perceptual
overload (Croft et al. 2001), and these inhibitory interneurons
are likely aberrant in youth with CP (Adler et al. 1982; Freedman
et al. 1987; Jessen et al. 2001; Cromwell et al. 2008). Our prior
research largely aligns with this premise, as we have shown that
children with CP hypergate redundant somatosensory informa-
tion in response to paired-pulse electrical stimulation of the
foot (Kurz et al. 2018). In other words, children with CP appear
to more completely filter the second stimulation relative to
their age-matched peers. Whether similar hypergating is seen
when paired stimulations are applied to the hand is unknown.
Furthermore, it is unknown if such altered gating is connected
with the reduced gray matter thickness (see prior paragraph) in

the somatosensory cortices of individuals with CP. Addressing
these gaps would provide key insight on the neurophysiologi-
cal mechanisms responsible for the altered sensory processing
reported in individuals with CP.

In the current multimodal neuroimaging study, we evaluate
whether somatosensory gating is altered when somatosensa-
tions are applied to the hands of adults with CP and deter-
mine whether the strength of somatosensory cortical activity
is linked with the local cortical structure. To this end, we used
MEG brain imaging and a paired-pulse electrical stimulation
paradigm to quantify somatosensory cortical activity and sen-
sory gating. Secondarily, we used structural magnetic resonance
imaging (MRI) and a surface-based morphometry protocol to
quantify potential differences in cortical thickness within the
somatosensory region generating the MEG responses. Overall,
the results of our experimental work show that the somatosen-
sory cortical activity is reduced in adults with CP, and these
individuals also tended to hypergate the paired stimulations.
Additionally, the altered somatosensory cortical responses were
directly associated with the thickness of the cortical tissue gen-
erating the response. Hence, this illustrates that the functional
somatosensory alterations seen in adults with CP may be at least
partially attributable to structural changes in the somatosensory
cortex that are sequelae of the early brain insult.

Methods
Participants

Seventeen adults with a diagnosis of spastic CP, gross motor
function classification system levels between I and IV, and
manual ability classification system levels between I and
III completed this study (mean ± SD; age = 32.8 ± 9.3 years,
females = 10). An additional cohort of 18 healthy adults
(age = 30.7 ± 9.8 years, females = 9) served as a healthy control
(HC) group. The groups did not significantly differ by age
or sex (Ps > 0.5). The Institutional Review Board at the Uni-
versity of Nebraska Medical Center reviewed and approved
this investigation. Informed consent was acquired from all
participants.

MEG Acquisition and Experimental Paradigm

Throughout the somatosensory experiment, the participants
were seated in a custom-made nonmagnetic chair with their
head positioned within the MEG helmet-shaped sensor array
and their eyes closed. Electrical stimulation was applied to
the right median nerve using external cutaneous stimulators
connected to a constant-current stimulator system (Digitimer
Limited, Letchworth Garden City, UK). For each participant, we
collected at least 80 paired-pulse trials with an interstimulation
interval of 500 ms and an inter-pair interval that randomly var-
ied between 4500 and 4800 ms (Spooner, Eastman, et al. 2020a).
Each pulse generated a 0.2 ms constant-current square wave
that was set to the motor threshold required to elicit a subtle
twitch of the thumb.

All recordings were conducted in a 1-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 contin-
uously at 1 kHz using an Elekta MEG system (Helsinki, Finland)
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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 and Simola 2006).

MEG Coregistration and Structural MRI Processing

Four coils were affixed to the head of the participant for continu-
ous head localization during the experiment. Prior to the exper-
iment, the location of these coils, 3 fiducial points, and the scalp
surface were digitized to determine their 3-dimensional position
(Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT).
Once the participant was positioned for the MEG recording, an
electric current with a unique frequency label (e.g., 322 Hz) was
fed to each of the 4 coils. This induced a measurable magnetic
field and allowed each coil to be localized in reference to the sen-
sors throughout the recording session. Since the 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 were coregistered with structural T1-
weighted MRI data prior to source reconstruction. Structural MRI
data were aligned parallel to the anterior and posterior commis-
sures and transformed into standardized space. Structural MRI
data were acquired using a Siemens Skyra 3T scanner. High-
resolution T1-weighted sagittal images were obtained with a
32-channel head coil using a 3D fast field echo sequence with
the following parameters: time repetition: 2400 ms; time echo:
1.94 ms; flip angle = 8 deg; field of view: 256 mm; slice thickness:
1 mm slice with no gap; in-plane resolution: 1.0 mm3.

MEG Preprocessing

Cardiac artifacts were removed from the data using signal-space
projection, which was accounted for during source reconstruc-
tion (Uusitalo and Ilmoniemi 1997). The continuous magnetic
time series was divided into epochs of 3700 ms duration, from
−800 to 2900 ms with the baseline being defined as −700 to
−300 ms and 0.0 ms being the first stimulation onset. Epochs
containing artifacts (e.g., eye blinks, muscle artifacts, etc.) were
rejected based on a fixed-threshold method using individual
amplitude and gradient thresholds, supplemented with visual
inspection. An independent samples t-test revealed that the
number of trials accepted between groups was not significantly
different (CP = 74.65 ± 2.32, HC = 75.78 ± 4.92, P = 0.375).

Sensor-Level Analysis

The artifact-free epochs were next averaged across trials to
generate a mean time series per sensor, and the specific time
windows used for subsequent source analysis were determined
by statistical analysis of the sensor-level time series across both
groups. Each data point in the time series was initially evaluated
using a mass univariate approach based on the general linear
model. To reduce the risk of false-positive results while main-
taining reasonable sensitivity, a 2-stage procedure was followed
to control for Type 1 error. In the first stage, paired-sample t-tests
were conducted to test for differences from baseline at each data
point and the output time series of t-values was threshold at
P < 0.05 to define time bins containing potentially significant
responses across all participants. In stage 2, the time points that

survived the threshold were clustered with temporally neigh-
boring bins that were also above the threshold (P < 0.05), and a
cluster value was derived by summing all of the t-values of all
data points in the cluster. Nonparametric permutation testing
was then used to derive a distribution of cluster values, and
the significance level of the observed clusters (from stage one)
was tested directly using this distribution (Maris and Oostenveld
2007). For each comparison, 1000 permutations were computed
to build a distribution of cluster values. Based on these analy-
ses, the time windows that contained significant neural events
across all participants were used to guide subsequent time
domain source level analysis.

Source Imaging (sLORETA)

Time domain source images were computed using standardized
low resolution brain electromagnetic tomography (sLORETA)
(Pascual-Marqui 2002). The resulting whole-brain maps were
4-dimensional estimates 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. These maps
were then averaged temporally over the time windows identified
in the sensor-level analysis (see above). The resulting 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. The neural time course
was then extracted from this peak voxel; note that this time
course was extracted per participant, once the coordinates of
interest were known from the grand-averaged image. The peak
amplitude within each of the windows identified at the sensor
level was then determined for each participant. The gating
ratio was subsequently calculated as the maximum response
to the second pulse divided by the maximum response to the
first pulse. All imaging procedures were done with the Brain
Electrical Source Analysis (BESA) software (BESA v7.0; Grafelfing,
Germany).

Structural MRI Acquisition and Processing

The structural MRI data were processed using a standard
pipeline in the CAT12 toolbox (http://dbm.neuro.uni-jena.de/
cat/, version 12.6) at a resolution of 1 mm3 within SPM12
(Wellcome Trust Center for Neuroimaging, http://www.fil.io
n.ucl.ac.uk/spm/) using MATLAB (2017b) software (MathWorks,
Natick, MA). The surface-based morphometry pipeline in CAT12
is fully automated and utilizes a projection-based thickness
(PBT) approach to estimate cortical thickness and reconstruct
the central surface in one step (Dahnke et al. 2013). Essentially,
following tissue segmentation (Ashburner and Friston 2005),
the white matter (WM) distance is estimated, and the local
maxima (which is equal to the cortical thickness) are projected
onto other gray matter voxels using a neighboring relationship
described by the WM distance. PBT accounts for partial volume
correction, sulcal blurring, and sulcal asymmetries without
sulcus reconstruction. To rectify topological defects, a correction
based on spherical harmonics was employed (Yotter et al.
2011), and the cortical surface mesh was reparameterized into
a common coordinate system via an algorithm that reduces
area distortion. Finally, the resulting maps were resampled and
smoothed using a 15 mm FWHM Gaussian kernel.

For quality assurance, a 2-step process was adopted. First,
prior to segmentation, data were visually inspected for artifacts.

http://dbm.neuro.uni-jena.de/cat/
http://dbm.neuro.uni-jena.de/cat/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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Second, the quality control measures incorporated in the CAT12
processing pipeline were utilized to identify the most deviant
data following segmentation. These data were inspected further
for the presence of newly introduced artifacts.

Region of Interest Analysis

Utilizing the peak voxel coordinates identified in the grand-
averaged sLORETA images, a mask was constructed for the
cortical surface mesh. Specifically, a 4 mm cortically constrained
sphere centered on the peak voxel coordinates was generated
using the WFU Pickatlas (version 3.0) (Maldjian et al. 2003; Mald-
jian et al. 2004). A 4 mm sphere was selected since it aligned with
the 4 mm native resolution of the sLORETA source images. This
mask was spatially resampled to 1 mm isotropic voxels to align
with the processed structural MRI and MEG data.

Finally, the normalized volume mask was transformed into
the surface template space using the transform provided in
CAT12. Cortical thickness values were then extracted per partic-
ipant utilizing this ROI mask. Thus, the attained values reflect
the average cortical thickness within the estimated group-wise
peak voxel of the somatosensory responses. Of note, the same
procedure was applied to derive the average cortical thickness
across spheres of varying sizes (4, 8, and 12 mm) to ensure the
robustness of any statistically significant findings seen at the
4 mm ROI (Proskovec et al. 2020).

Statistical Analysis

The data were tested for normality using the Shapiro–Wilk
test, and any data that failed the test were log transformed for
statistical analysis. A mixed model ANOVA (group × stimulation)
was used to test if there were differences in the somatosensory
cortical responses. The gating ratios and cortical thickness at the
extracted ROI for the respective groups were compared using
separate independent samples t-tests. Lastly, Pearson correla-
tion coefficients were calculated between the extracted cortical
thickness values and the magnitude of the somatosensory cor-
tical responses and gating ratios to identify potential structure–
function relationships. Neuroimaging results are presented as
the mean ± standard error of the mean. Statistical analyses were
conducted with JASP (Version 12.2.0) using a 0.05 alpha level.

Results
MEG Imaging

Permutation testing of the sensor-level data revealed that the
somatosensory cortical response was significantly different
from baseline during the 32–136 ms time window for the first
stimulus and 532—636 ms for the second stimulus (P’s < 0.001,
Fig. 1A); thus, source activity estimates were averaged across
these time windows and then across all participants to derive
the peak voxel. The peak voxel was the same for both the
first stimulation and second stimulation. Not surprisingly,
the resulting grand-averaged sLORETA data revealed that the
peak neural response emanated from the hand region of the
contralateral (left) somatosensory cortices (Fig. 1B).

Our mixed model ANOVA revealed that there were main
effects for stimulation (P = 0.001) and group (P = 0.004). Hence,
this indicates that the second stimulation was reduced for both
groups (Stim 1 = 1100.85 ± 91.68 AU; Stim 2 = 886.62 ± 71.23 AU;
P = 0.001) and that the primary somatosensory cortical responses
were weaker in the adults with CP in comparison with the

HCs (CP = 796.73 ± 92.01 AU; HC = 1206.979 ± 121.43 AU; P = 0.004;
Fig. 2A). These effects are clearly discernable from the neural
time course data shown in Figure 1A. Furthermore, the gating
ratio was significantly smaller in the adults with CP in compar-
ison with the controls (CP = 0.79 ± 0.04 AU; HC = 0.91 ± 0.04 AU;
P = 0.030; Fig. 2B), indicating that the adults with CP hypergated
the second stimulation.

Cortical Thickness Is Associated with Somatosensory
Cortical Responses

The coordinates from the peak voxel of the somatosensory
responses were subsequently used to generate a cortically con-
strained sphere (Fig. 1C). Our results indicated that the cortical
thickness within this ROI was reduced in the adults with CP rel-
ative to the controls within the 4 mm ROI (CP = 2.471 ± 0.023 mm,
HC = 2.554 ± 0.22 mm, P = 0.015, Fig. 3A), as well as the 8 mm
ROI (CP = 2.217 ± 0.031 mm, HC = 2.419 ± 0.040 mm, P < 0.001) and
the 12 mm ROI (CP = 2.206 ± 0.030 mm, HC = 2.389 ± 0.035 mm,
P < 0.001). Thus, this indicates that the size of the sphere did
not have a major impact on the results.

Interestingly, Pearson correlation showed that the strength
of the somatosensory response to the first stimulation was pos-
itively correlated with the cortical thickness seen in the 4 mm
ROI (r = 0.41, P = 0.023, Fig. 3B), the 8 mm ROI (r = 0.46, P = 0.013),
and 12 mm ROI (r = 0.49, P = 0.006). Similarly, the strength of the
somatosensory response to the second stimulation was posi-
tively correlated with the cortical thickness seen in the 4 mm
ROI (r = 0.36, P = 0.04), the 8 mm ROI (r = 0.44, P = 0.014), and 12 mm
ROI (r = 0.47, P = 0.008). Overall, these correlations indicate that
stronger somatosensory cortical responses are associated with
greater cortical thickness. In contrast, cortical thickness was not
significantly associated with the gating ratio.

We performed a follow-up analysis on the significant rela-
tionships found between cortical thickness and somatosensory
cortical activity to ensure that this relationship was not a result
of differences in the respective variables for the groups. This
follow-up consisted of performing Fisher’s Z transformations to
determine whether this relationship differed when calculated
separately for the adults with CP and the controls. We found that
the relationship between the somatosensory responses and cor-
tical thickness for the 4 mm (Z = 0.08, P = 0.936), 8 mm (Z = −0.15,
P = 0.881), and 12 mm (Z = −0.18, P = 0.857) regions of interest were
each similar between the groups. Thus, this follow-up analysis
confirmed that the group differences in cortical thickness and
somatosensory responses cannot solely explain the association
between these variables.

Discussion
Our results build upon the framework that adults with CP have
decreased somatosensory responses and tend to hypergate
repeated somatosensations of the hand. We also determined
that the hand region of the somatosensory cortices is thinner
in adults with CP. Finally, our results show that the strength
of somatosensory cortical responses is linked with the local
cortical thickness. This connection implies that the functional
alterations seen in the somatosensory cortices of adults with
CP could be partially attributable to structural changes, which
could be a downstream effect of the early brain insult. Further
implications of these novel experimental results are discussed
below.
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Figure 1. (A) Neural time course of somatosensory cortical responses during the paired-pulse stimulation paradigm. As depicted, the individuals with CP had

weaker responses overall and hypergated the response to the second stimulation relative to the healthy adult controls. (B) Group-averaged sLORETA images of
the somatosensory-evoked cortical activity emanating from the contralateral (left) somatosensory cortex for the first (32–136 ms, left) and the second stimulation
(532–636 ms, right). As shown, the strength of the response was significantly weaker following the second stimulation, indicating a gating effect (P = 0.001). (C) The
coordinates of the peak voxel from the grand-averaged sLORETA image were used to generate a mask around the somatosensory hand area from which the cortical

thickness estimates were generated.

Figure 2. (A) Somatosensory cortical activity across both stimulations was

sharply reduced in the adults with CP compared to the healthy adult controls
(P = 0.004). (B) The gating ratio was significantly smaller in the adults with CP,
indicating stronger gating (i.e., hypergating) and abnormal inhibition within
the somatosensory cortices of those with CP (P = 0.03). Results are presented as

mean ± SEM. Note: ∗ indicates significance at P < 0.05.

Our results corroborate numerous studies that have shown
that somatosensory cortical activity is reduced in individuals
with CP compared with neurotypical controls (Teflioudi et al.
2011; Maitre et al. 2012; Papadelis et al. 2014; Kurz, Becker,
et al. 2015a; Trevarrow et al. 2020). However, this literature on
the somatosensory processing deficits has predominately been
focused on youth with CP. Our experimental work has begun
to address this critical knowledge gap by initially showing
that the somatosensory cortical activity is aberrant when a
stimulation is applied to the tibial nerve of adults with CP

(Trevarrow et al. 2020). The results shown here add to these
findings by showing that the somatosensory cortical responses
for the hand are also uncharacteristic for adults with CP.
Altogether these results imply that the perinatal brain insults
have widespread and long-term effects on the somatosensory
cortical processing of individuals with CP. We propose that
such alterations in the somatosensory cortical responses are
likely contributing to the progressively declining motor actions
reported in adults with CP (Hanna et al. 2009).

Our results also showed that adults with CP hypergate
repeated somatosensations applied to the hand, which is
remarkable since the somatosensory cortical responses were
already reduced across both stimulations. It is likely that
the hypergating of subsequent somatosensations may even
further diminish the processing of important peripheral
information. These results are also aligned with our prior
study that showed youth with CP hypergate repeated and
similar somatosensations that are applied to the feet (Kurz
et al. 2018). Thus, the ability to properly discriminate salient
incoming information seems to be impaired for both the
lower and upper extremities in individuals with CP, which
may lead to difficulties in sensorimotor integration and in
turn contribute to the impairments of both the lower and
upper extremities. Sensory gating is reflective of preattentive
inhibition and has been used as a marker to assess inhibitory
functioning within the somatosensory cortices (Thoma et al.
2007; Huttunen et al. 2008; Lenz et al. 2012; Stevenson et al.
2012). Thus, the hypergating effect seen in the respective
studies is likely indicative of heightened activity within cortical
GABAergic inhibitory interneurons. Previous Hoffmann reflex
studies have demonstrated hyperexcitability in the spinal cord
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Figure 3. (A) Cortical thickness in the hand region of the somatosensory cortex. Cortical thickness was significantly decreased in the adults with CP in comparison with
the healthy adult controls (P = 0.015). (B) Scatterplot depicting the relationship between cortical thickness and somatosensory cortical activity in response to the first
stimulus. Individuals with increased cortical thickness in the hand region also tended to have greater somatosensory cortical activity (P = 0.023). Results are presented

as mean ± SEM. Note that the y-axes do not start at zero. Note: ∗ indicates significance at P < 0.05.

of individuals with CP (Hodapp, Klisch, Berger, et al. 2007a;
Hodapp, Klisch, Mall, et al. 2007b). This hyperexcitability may
result in an overall increase in afferent information, albeit noise,
that ascends from the spinal cord through the thalamocortical
tracts, heightening the activity of GABAergic interneurons in
the cortex meant to filter the incoming information. Damage to
the structural integrity of the thalamocortical tracts seen in CP
(Rose et al. 2007; Trivedi et al. 2008, 2010; Hoon et al. 2009) may
result in an even further increase in noise within the pathways
transmitting somatosensory information to the cortex, resulting
in added increases in GABAergic inhibitory activity. Altogether,
this increase in signals ascending from the spinal cord and
thalamocortical tracts may create difficulty for adults with CP
in deciphering the salience of incoming information, resulting
in the second stimulus being interpreted as noise and thus being
hypergated.

Our structural imaging results showed that the cortical
thickness in the somatosensory hand region was significantly
decreased in the adults with CP. These results are aligned with
several studies that have shown that youth with CP may have
altered gray matter thickness in the somatosensory cortical
area (Scheck et al. 2014; Pagnozzi et al. 2016; Liu et al. 2019).
Healthy aging studies have shown that there is age-dependent
cortical thinning in this region (Peters 2006), and these changes
have been largely attributed to both neuronal cell death and a
reduction in synaptic density and dendritic arborization. Thus,
there are likely fewer neuronal cell bodies and synapses within
the somatosensory cortex of the adults with CP compared
to their youth counterparts, and this could contribute to the
aberrant processing of incoming sensory information that
appears to extend from youth through adulthood. That being
said, it still remains unknown if the cortical thinning seen in the
older population with CP reflects what is seen in the healthy
aging population or if it represents an accelerated/altered
trajectory.

Our results are the first to show that the strength of
somatosensory-evoked cortical activity is associated with the
thickness of the somatosensory cortices in those with CP.
This relationship suggests that the individuals with more gray
matter tend to have greater somatosensory cortical activity. MEG
primarily detects cortical activity generated by the underlying
postsynaptic potentials of pyramidal neuronal populations.
Thus, if there are fewer cell bodies and/or a reduction in
dendritic arborization within a given neuronal population, then
there will be fewer synapses contributing to the underlying
electrical activity generating the neural response. This would
in turn be reflected by a reduction in magnitude of neural
activity in response to a given stimulus, which aligns with
the relationship between structure and function that we have
identified in the somatosensory cortex. While this was a
moderate correlation, the strength of the relationship may
become more prominent with a larger sample size. Alternatively,
the variability of individual responses in CP may affect the
strength of this relationship. Future studies should explore this
relationship further to determine if it is potentially stronger
with a larger sample size. Contrary to our expectation, the
somatosensory gating was not related to the cortical thickness.
This implies that the gating ratio may provide a normalized
metric that more accurately quantifies the extent of the cortical
activation because it is not dependent on the number of neurons
that are activated in the cortical region of interest.

The source of this reduction in the somatosensory cortical
gray matter and altered somatosensory activity seen in adults
with CP could be a result of a lack of enriched somatosensory
experiences. We suspect that the greater sedentary behavior
and reduced social/environmental experiences often reported
for individuals with CP would inherently lead to fewer
somatosensory experiences (Carlon et al. 2013). With a lack of
input to the somatosensory system, there is less capacity for
neuroplastic change within the somatosensory cortices, which
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would result in alterations in the synaptic connections that
are involved in processing incoming information. The emerging
clinical question is how the somatosensory cortical processing
deficits reported here and across several other studies can
be overcome and if a lack of enriched experiences play a
central role in the altered somatosensory processing we have
seen in those with CP. A few studies have shown that clinical
assessments of proprioception and tactile acuity can improve
after undergoing a sensory-based training protocol or hand-arm
bimanual intensive therapy (Langan et al. 2014; Rich et al. 2017;
Kuo et al. 2018). Albeit for the lower extremity, a preliminary
study we conducted also suggested that the somatosensory
cortical activity might be enhanced after youth with CP undergo
an intensive gait training protocol (Kurz et al. 2012). Further
testing of these therapeutic concepts would be laudable and may
have the potential to alter the treatment strategies currently
being used to improve the motor actions of individuals with CP.

In conclusion, we have demonstrated that the altered
somatosensory cortical activity and gating seen in children with
CP persists into adulthood. Potentially, increased noise from a
hyperexcitable spinal cord and damaged thalamocortical tracts
results in overactivity of GABAergic inhibitory interneurons that
are meant to suppress incoming redundant information. We
have expanded on these findings by showing that the cortical
thickness within the area of the cortex generating this response
is reduced in adults with CP and is directly associated with the
strength of the somatosensory cortical activity. This indicates
that adults with CP likely have decreased cell number and
synaptic density within their somatosensory cortices, likely
stemming from abnormal development of the somatosensory
system or perhaps an accelerated aging effect, which ultimately
contributes to their clinical sensorimotor impairments.
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