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Abstract: Background: Mismatch negativity (MMN), an event-related potential (ERP) component
occurring at specific recording sites and latency, is associated with an automatic change detection
response, generally elicited using oddball paradigms wherein infrequent stimuli are embedded in re-
peated, frequent stimuli. To verify the presence of mismatch-related ERP responses to somatosensory
stimulation in individuals with cerebral palsy (CP), we conducted a preliminary study involving
healthy participants and patients with CP. Methods: Both groups underwent ‘frequent” and “infre-
quent’ stimulation applied to the ring finger and thumb of their left hand, respectively. ERPs were
recorded at frontal, central, and parietal scalp locations using electroencephalography. A healthy
cohort tested the experimental protocol and showed evidence that mismatch-related ERP responses
were observable. Subsequent analysis focused on the patient group. Results: Statistically signifi-
cant differences between the two types of stimuli were observed on the frontocentral and parietal
channels between 150 and 250 ms after the stimulus onset in the patient group. Furthermore, a late
discriminative response was observed in the frontal and parietal channels. Conclusion: The results
demonstrate the presence of mismatch-related ERP responses in individuals with CP.
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1. Introduction

Event-related potential (ERP) is a measured brain response to a specific sensory,
cognitive, or motor event. ERPs are measured by means of electroencephalography (EEG),
which is a noninvasive electrophysiological method of monitoring the brain’s electrical
activities. Mismatch negativity (MMN) is a component of an ERP observable at specific
recording sites (e.g., frontal) and latency (~120-200 ms) relative to the moment of stimulus
presentation, as detected in the EEG signal. MMN occurs when a sequence of repetitive
standard stimuli is interrupted by an odd or deviant stimulus, i.e., when the brain detects a
change in a background of homogeneous events [1]. For example, if one hears a series of
identical tones (i.e., standard stimuli), and then a slightly different tone (i.e., odd stimulus)
is introduced, MMN reflects the brain’s automatic response to this deviation. The odd
stimulus must differ from the standard stimulus in at least one stimulus attribute, in
frequency, duration, or intensity. MMN is associated with automatic, subconscious memory
processes [1], through its role in detecting and registering deviations from expected stimuli.
A sequence of frequent stimuli causes a track or a regular pattern of stimuli in the sensory
memory, and any new incoming stimulus is then compared with that created memory
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track. When a stimulus breaks that regular pattern, MMN is elicited, indicating that
the brain has detected a mismatch. This process is thought to be related to preattentive,
automatic memory mechanisms. MMN reflects the brain’s ability to compare incoming
sensory information with stored memory representations, contributing to the early stages
of memory formation and updating [2].

MMN has been originally discovered and studied intensively by auditory stimuli [3],
but there is evidence of MMN in the visual [4,5] and somatosensory [6-8] modalities also.
In the visual domain, it involves changes in visual stimuli, such as color, shape, orientation,
and emotional expression [9,10]. In the somatosensory domain, it has been assessed most
commonly using vibrotactile stimuli and is known as somatosensory MMN (sMMN). For
example, different durations, different frequencies of stimulation, or stimulation of different
body parts is used for standard and odd stimuli [11,12].

The better a subject can distinguish the deviant from the standard stimuli, the larger
the MMN [13]. Especially in the auditory domain, MMN has been widely employed to
study speech and language development. This research includes both typical cases, such
as infants exposed to one or two languages with normal development [14], and atypical
cases, like children having problems with a specific language impairment [15]. Visual
MMN in the context of cognitive impairment and aging can provide information about
age-related changes in sensory processing and cognitive function [16,17]. Furthermore,
visual MMN seems to be sensitive enough to disclose gender differences [18,19]. In the
tactile domain, few studies reported the existence of somatosensory MMN in healthy indi-
viduals [6,11,20,21]. However, to our knowledge, contrary to MMN studies in the auditory
and visual modalities, much less is known about the effects of mismatch in the sSsMMN
modalities, and related developmental studies are very sparse. The reported somatosensory
ERPs showed different results depending on the stimulus properties, such as duration,
spatial location, and vibrotactile frequencies. For example, Kekoni et al. [11] used a vi-
bratory mismatch paradigm and observed sMMN as a negative deflection at 100-200 ms,
while Shinozaki et al. [22] found sMMN as a positive deflection at 100-200 ms, using a
topographical mismatch paradigm. Tamura et al. adopted a two-point discrimination
paradigm and obtained a negative potential at ~140 ms (N140) and two positive compo-
nents at around 300 and 500 ms [23]. On the other hand, using a temporal discrimination
task, Akatsuka et al. found a negative component peaking at approximately 60 ms (N60)
and a large positive peak at around 100-200 ms (P150) [7]. In most cases, SsSMMN appeared
over the frontocentral regions [6,11].

In addition to MMN, a later negative mismatch-related ERP component is often
observed in both auditory [24-26] and somatosensory [21] oddball paradigms and is
referred to as late discriminative negativity (LDN). Generally, LDN is observed at around
400 ms, following MMN [27]. Although less is known about LDN, its amplitude is typically
higher in infants and children, but it has also been observed in adults [24,28].

Irrespective of the modalities of mismatch-related ERP components, they are widely
used for monitoring treatment adequacy in cognitive-impairment-related diseases like
schizophrenia, Alzheimer’s, and vascular dementia [23,29,30]. While the potential uses of
mismatch responses are noteworthy, studies involving patients with cerebral palsy (CP)
are generally lacking to date, and to our knowledge. CP leads to a movement disorder
caused by nonprogressive damage in the developing brain during early childhood. The
movement disorder associated with CP is classified into three types: spasticity, dyskinesia,
and ataxic CP. Depending on the extent of the brain damage, patients with CP may also
exhibit additional symptoms such as cognitive, communicative, and/or behavioral deficits.
CP is mainly characterized by motor abnormalities. Any correctly initiated movement
requires an intact sensory motor system. Therefore, it is evident and supported by research
also that somatosensory dysfunction plays a crucial role in movement control in the case
of CP. Furthermore, children with CP often have difficulties processing somatosensory
information, which can also lead to difficulties in learning and movement execution. For
example, in the case of hemiplegia, the hand on the less affected side may process touch
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differently than the one on the more affected side. This difference in sensory information
processing is frequently manifested in more pronounced disparities in movement execution
and strength between the two sides of the body [31-33].

Mismatch-related ERP responses have the potential to serve as a valuable tool for
probing the neural mechanisms underlying somatosensory processing in patients with CP.
By studying those, researchers and clinicians can gain insights into the nature of sensory
abnormalities. Knowledge of the sensory process can help to develop different therapies
tailored to the problem. For instance, Restuccia et al. [34] demonstrated that the cerebellum
plays a role in the automatic detection of changes in somatosensory input. Their study not
only validated the reliability of somatosensory mismatch negativity (sMMN) recordings
but also suggested that individuals with cerebellar damage might experience difficulties in
processing incoming somatosensory information in the cortex.

Conducting ERP experiments would be particularly suitable for patients with CP,
including young adults, considering potential challenges in concentration and attention
span during tasks [35,36]. Mismatch-related ERP responses, in particular, provide an
opportunity to look at cognitive processing even when a patient faces concentration deficit,
as the patient does not need to focus on the task. The appearance of mismatch-related
responses in the EEG allows one to detect changes related to sensory or cognitive processes
in the brain. In this study, we chose an adult population of patients with CP who were able
to read and had sufficient concentration. Our goal was to assess the tolerability of the EEG
cap preparation. Additionally, we aimed to know whether it was feasible to derive any
mismatch-related ERP responses at all in the case of CP with our experimental protocol (i.e.,
can the participants perform the tasks?). Furthermore, the study is based on the assumption
that sSMMN is elicited between 150 and 250 ms, and LDN is elicited at around 400 ms after
the stimulus onset, as either a negative or positive component [6,11,12,24,27,28]. These
assumptions are based on the literature, where most of the studies involve healthy children
and adults. The further goal of the present study was to verify the assumption in the
case of CP. The study first recorded the EEG responses in four healthy adults and then
in seven patients diagnosed with CP. All participants experienced mechanical vibrations
on their middle finger (‘standard’ stimulus) interrupted by frequent vibrations on the
thumb (‘deviant’ stimulus) while reading a text. With the healthy cohort, the experimental
protocol and the EEG cap were initially tested; further, mismatch-related ERP responses
were confirmed. Subsequent analysis focused on the patient group.

2. Methods
2.1. Participants

EEG was collected from 4 healthy volunteers and 7 patients with CP. Healthy volun-
teers were aged between 29 and 55 years and recruited among personnel working at the
hospital. Patients were aged between 23 and 53 years and recruited from a special center
for people diagnosed with CP. The diagnosis of CP was confirmed by a senior orthopedic
specialist before the start of the study. Additionally, the inclusion criteria of the selected
patients included the ability to read and maintain adequate concentration during reading.
Table 1 shows the patients’ information in addition to their diagnosis. The degree of the
patient’s mobility was expressed according to the Gross Motor Function Classification
System (GMFCS) [37]. This system defines five different levels of mobility from a GMFCS
of I, when the person can walk freely without the need of a walking aid, to a GMFCS level of
V, when a person has substantial motor limitations and requires a wheelchair permanently,
not being able to move by himself or herself. The GMFCS levels of the participants of this
study varied from a GMFCS of I to IV (Table 1). The Manual Ability Classification System
(MACS) describes how patients use their hands to handle objects in daily activities. MACS
ranges from 0 to 5, with a higher MACS level indicating a higher level of spasticity [38].

The ability to read is independent of the severity of the disability. This is also the
reason why the selected group was very inhomogeneous concerning GMFCS. In principle,
the participants did not need to focus on the vibratory stimulus while reading because
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mismatch-related ERP signals occur when participants are not focused on the task. One
should not be able to detect mismatch-related responses if the participants are focused on
the task, or the observed EEG signals occurring in an atypical time course, unrelated to the
mismatch-related signal.

Table 1. Demographic characteristics of enrolled participants and diagnosis classifications of their
mobility according to GMFCS and according to their hand’s performance in daily life, i.e., MACS level.

Participant Gender Age GMFCS MACS MACS Diagnosis
Year L R
P01 Female 23 1 4 1 Unilateral CP
P02 Male 45 III 1 1 Bilateral CP
P03 Male 39 I 3 3 Bilateral CP
P04 Male 36 IV 4 4 Bilateral CP
P05 Female 53 IV 2 2 Ataxic CP
P06 Female 47 1I 2 4 Unilateral spastic CP
P07 Male 25 I 2 2 Bilateral spastic CP

2.2. Experimental Procedure and Data Analysis
2.2.1. Stimuli and Procedure

Mechanical vibrations were delivered via vibration motors placed on the fingers.
‘Frequent’ (or ‘standard’) and ‘infrequent’ (or ‘deviant’) stimulations were delivered to the
ring finger and thumb of the left hand, respectively. Frequent and infrequent stimulation
occurred at a ratio of 90% and 10%, respectively, with pseudo-randomized occurrence.
Figure 1a shows a schematic diagram of the protocol for stimulus delivery. Three successive
runs of 500 stimuli were delivered with 1 s of interstimulus interval. During the experiment,
the participants sat comfortably in a chair in a quiet room and were asked to read a
text displayed on a screen while stimuli were delivered to their fingers. The vibration
motors were attached to the nail side of the finger (Figure 1a) because of the more direct
transmission of vibration. A microcontroller provided an interface between the vibration
motors and a computer. A Viewablewritten software controlled the delivery of vibrations,
i.e., the sequence of stimulation. All subjects received the same vibration amplitude and
frequency (1 G at 200 Hz).

All participants could easily perceive the intensity of the vibration and did not report
any pain or discomfort resulting from the stimulation. The participants were advised not
to pay attention to their hands during the session but to relax with the text reading on
the screen.

2.2.2. EEG Acquisition

Electroencephalogram was recorded with an Enobio wireless EEG system [39] at
8 scalp locations (Figure 1b). Electrodes drained with saline solution were placed on the
electrode cap (Enobio 8 EEG cap) at the F3, Fz, F4, C3, Cz, C4, P3, and P4 positions according
to the international 10-20 system, referenced to an electrode placed on the left mastoid. The
ground electrode was placed in the middle of the forehead. The signal was stored on a
hard disk at a sampling rate of 500 Hz. At first, the experimental protocol was tested on
healthy participants, and then the same procedure was followed for the patients.

2.2.3. Data Processing

Data preprocessing was performed using the EEGlab v2023.0 toolbox running on Mat-
lab R2020a. Data were first band-pass-filtered between 1 and 30 Hz and then re-referenced
to the common average. After re-referencing, the three sets of 500 trials were concatenated
together. The data were examined for possible bad channels using Kurtosis statistics with a
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threshold value of 2. Since no channels were found bad, data from all the channels were
used for the analysis. The continuous merged data were then decomposed by independent
component analysis (ICA) using the ‘runica’ function of the EEGlab toolbox. The decom-
posed data were manually inspected individually, and the non-neuronal originated artifacts
such as components related to muscle activity and eye blinks were identified on the basis
of their scalp topography and component activity power spectrum, and removed from
the data set. Artifact-corrected data were then used to study event-related EEG responses.
The data epochs time-locked to standard and deviant events were extracted from —200 to
800 ms relative to stimulus onset from the resulting continuous data signals. A baseline
correction of 200 ms was applied. Event segments with amplitudes larger than £120 uVolt
were removed for further analysis. On average, 1315 epochs per subject were accepted for
further analyses.

—200 ms +800 ms Time (in seconds) —200 ms +800 ms

(@) (b)

Figure 1. (a) Schematic illustration of the stimulus sequence of the standard and deviant stimulus
used for the ERP experiment. A sequence of vibrations was delivered with 1 s intervals mostly to
the ring finger denoted as standard stimulus (gray filled block); 10% of them were delivered to the
thumb finger, denoted as deviant stimulus (black filled block). The difference in waveforms between
the ERP responses to deviant stimuli and standard stimuli is mismatch-related ERP response. The
processed signals were separated from —200 to +800 ms by the deviant and standard stimulus. (b) An
EEG montage with 8 electrodes (frontal, central, and parietal) was used in the experiment.

In line with our primary objectives, the key analysis strategy involved determining our
ability to extract somatosensory mismatch-related ERP responses. Additionally, we aimed
to verify the following assumption in the case of adult patients with CP: the presence of
sMMN, elicited at about 150-250 ms after the stimulus onset over the frontocentral regions,
as either a negative or positive component [6,11,12], followed by LDN, a second component
in the difference signal, at an approximate latency of 350 ms [25,40]. This assumption
finds support in studies mostly involving healthy young and elderly adults. Therefore,
a further statistical test was performed exclusively on the data obtained from patients.
Wilcoxon signed-rank tests were performed on standard and deviant responses for each
channel within two predefined time ranges, averaged across patients. The selected time
ranges were between 150-250 ms for sMMN [12,41] and 350-450 ms for LDN [24] based on
literature where mismatch-related activities are expected. The nonparametric test statistics
determined the sum of the ranks of positive differences between the observations in the
samples, in this case, the differences between the two traces obtained for frequent and
infrequent stimuli.

3. Results

Figure 2 presents the stimulus onset-locked segments, separated from —200 to +800 ms
taking the median, across the healthy participants. Each block in the top and middle
panels represents the results from individual channels, showcasing ERPs for the standard
('STD’) and deviant ('DEV’) events along with their differences (‘DIFF’). The lower panel
displays the scalp topographies of differences (deviant minus standard ERPs) in different
time windows. The figure illustrates noticeable differences between the two ERP traces,
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confirming our experimental protocol qualitatively in the healthy cohort. This supports
our further tests for the patients.

Equivalent to Figure 2, Figure 3 shows the median across patient stimulus onset-locked
segments. The figure illustrates that there exist obvious differences between the two ERP
traces. Although not shown in the figure, analysis of subject-specific ERPs reveals that irre-
spective of the age and gender of the participants in this study, the amplitude due to deviant
stimulus response was higher than the amplitude due to standard stimulus response.

Healthy group
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Figure 2. Top and middle panels: median traces of event-related potentials and their differences
across the healthy participants for different channels. Traces for standard stimuli are represented with
a gray line, for deviant stimuli with a blue line, and for differences with a black line. STD—standard;
DEV—deviant; DIFF—difference. Lower panel: spatial topography of activation patterns (difference:
deviant minus standard) for different time frames.

The distributions of the detected significant channels over the resulting time windows
are visualized with the box plots presented in Figure 4 along with the scalp topographic
maps. The left panel of Figure 4a shows the median trace for 'STD” and 'DEV’ events
and their differences for the channel Fz (p = 0.046) and the box plot for them over a time
window of 150-250 ms. The right panel shows the same but for the channel P4 (p = 0.031).
The distributions of the boxes and the separation of the medians of the boxes specified
for ‘STD’ and ‘DEV ’events indicate the differences between the events. The middle panel
illustrates the scalp topographic maps for the standard and deviant stimuli along with
their differences over a time range of 150-250 ms. The upper rows of the middle panel
show the median of the topography map for standard and deviant stimuli, while the lower
row shows the difference between them. A difference in distributions for the standard
and the deviant stimulus, especially larger variation due to deviant stimulus, supports
the existence of SMMN within this time window. Additionally, the topographic map for
the difference trace also supports that finding. Figure 4b shows the same but for the
time window 350-450 ms for the statistically significant channels, i.e., F4 (p = 0.031) and
P4 (p = 0.046).
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Figure 3. Top and middle panels: median traces of event-related potentials and their differences
across the patients for different channels. Traces for standard stimuli are represented with a gray
line, for deviant stimuli with a blue line, and for differences with a black line. STD—standard;
DEV—deviant; DIFF—difference. Lower panel: spatial topography of activation patterns (difference:
deviant minus standard) on different time windows.
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Figure 4. (a) The left and right panels show the distributions for the statistically significant channels,
e.g., Fz and P4, along with their box plots for the time window 150-250 ms. The middle panel shows
the scalp topographic maps for this time window. STD—standard; DEV—deviant; DIFF—deviant
minus standard. (b) The same but for the statistically significant channels, e.g., Fz and P4, for the
time window 350-450 ms.

4. Discussion

Somatosensory evoked event-related potentials were recorded in healthy individuals
and patients with cerebral palsy to verify the presence of mismatch-related ERP components
especially in patients with CP. The central findings of the study are as follows:

¢ The mismatch-related somatosensory responses can be observed in patients with
cerebral palsy.

* Inline with our assumption, the observed mismatch-related ERP components from
frontal and parietal channels were statistically significant at two predefined latency
ranges: Fz and P4 channels at 150-250 ms and F4 and P4 channels at 350450 ms
after the stimulus onset. The observed response in the time range of 150-250 ms is
considered as SsMMN, and the response in the time range of 350-450 ms is considered
as LDN. In terms of time window and channel location, these findings are qualitatively
in good agreement with the studies involving healthy adults [21,25].

In an early study on auditory MMN, Giar et al. [42] proposed that MMN rises at
around 100-150 ms after stimulus onset and peaks at around 200-250 ms over the fron-
tocentral areas of the scalp. Later on, further studies confirmed that auditory MMN is
generated in the temporal and frontal areas [34]. In most somatosensory studies, MMN
has been confirmed over the frontocentral regions as either a negative or positive compo-
nent at about 100-250 ms of latency [7,11,12]. Some other studies found mismatch-related
ERP responses at two separate latencies. For example, Strommer et al. [6] found sMMN
centroparietally at 180-220 ms and frontocentrally at 250-290 ms after the stimulus onset
in adults (22-36 years). Spackman et al. [12] reported a frontocentral negative peak at
100-200 ms, followed by a centroparietal positive shift at 150-250 ms to vibrotactile pre-
sented changes in duration and frequency. On the other hand, Akatsuka et al. [7,43] found
a significantly enhanced sMMN in early negativity (30-70 ms) and later a positive peak at
100-200 ms after stimulus. Similarly, Butler et al. [41] reported an sSMMN response over
the frontal midline scalp with two phases of MMN waveform: an earlier negative peak
at ~145 ms, followed by a positive peak at ~235 ms. Our present sSMMN peak between
150 and 250 ms agrees with the findings of Strommer et al. [6], and the appeared peak
between 350 and 450 ms is likely representing LDN [25,44].
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The results indicate the presence and observability of mismatch-related components
in the case of patients with CP. Nevertheless, this study has certain limitations that should
be explored and addressed in subsequent research.

A central limitation is the relatively small and inhomogeneous patient cohort. While
this limitation does not affect the main finding of this study, the data provide insufficient
power for more in-depth investigations. A larger patient cohort would, for instance, enable
the examination of relationships between clinical parameters, such as somatosensory im-
pairments, and the expression of mismatch-related ERP responses, providing an important
basis for the establishment of mismatch-related ERP responses as diagnostic or monitoring
biomarkers in CP. Another limitation relates to the fixed interstimulus interval (ISI) rather
than a randomized ISI, which is typically favored in the design of ERP studies. While a
definite confirmation of whether this has an effect on the observed mismatch-related ERP
responses requires further research, we expect, if at all, a randomized ISI to lead to a rather
larger effect size relative to a fixed ISI due to the habituation effect. Therefore, we expect
the findings to be equivalent, if not more pronounced in case of a randomized ISL

Despite the limitations, our study provides evidence for the reliable measurement of
sMMN in patients with CP. With this simplistic experimental setup, our results indicate
the feasibility of successfully measuring sMMN in patients with CP, who typically have
limited attention span. The paradigm may also be suitable for children with CP, which,
however, requires further thorough investigation. Due to the ongoing development of a
child’s brain, it is reasonable to assume that brain waves are distributed differently than
in adults, and therefore, the response to stimulation is likely to be different. Therefore,
experiments should be conducted separately across different age groups, and in general, a
larger number of patients are needed. While the current study does not establish a basis for
predicting the extent of somatosensory impairments through sMMN, our results still offer
a valuable starting point for the advancement of diagnostic or therapeutic tools. Mismatch
responses may be used to probe for somatosensory impairments in CP patients, or monitor
changes in somatosensory perception as a result of sensorimotor rehabilitation, which has
been performed in healthy subjects [45,46].
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