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Abstract

This study examined the feasibility of using event-related potentials (ERPS) to measure changes in
cortical processing following an established rehabilitative intervention (constraint-induced
movement therapy, CIMT) for children with cerebral palsy (CP). Sixteen participants with a
diagnosis of hemiparetic CP, with a median age of 6 years, were assessed pre and immediately
post CIMT and at 6-month follow-up, using a picture—word match/mismatch discrimination task
and standard neurobehavioral measures. Intervention effects were evident in improved
performance on behavioral tests of sensory and motor function and the increased mean ERP
amplitude of the N400 match/mismatch response on the side ipsilateral to the lesion. These effects
were maintained 6 months after the intervention. No such changes were observed on the side
contralateral to the lesion. This research suggests that ERPs can measure rehabilitation-induced
changes in neural function in children with CP.
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The study of changes in neural connectivity after pediatric rehabilitation is essential to the
understanding and design of evidence-based approaches to new designs. However,
functional neuroimaging can be difficult when dealing with young children, especially those
with disabilities. Transcranial magnetic stimulation (TMS; Berweck et al., 2006; Hamzei,
Liepert, Dettmers, Weiller, & Rijntjes, 2006; Staudt et al., 2002), paired with
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magnetoencephalography and functional magnetic resonance imaging (fMRI), provides
valuable mechanistic information (Juenger et al., 2007; VVan de Winckel et al., 2013);
however, this methodology requires lengthy protocols, is only effective with highly
cooperative patients, and is not portable. While neuroimaging and neurobehavioral measures
are essential to study the effects and mechanisms of pediatric rehabilitation, it may prove
useful to develop a complementary approach to study changes in patterns of neural
activation after therapy.

Event-related potentials (ERPs) are a portion of the ongoing electroencephalogram (EEG)
time-locked to specific stimuli. They provide detailed information on the topographic
distribution, speed, and amplitude of responses and can be acquired using noninvasive,
nonconstraining, and portable technology. Researchers have used ERPs to study cortical and
thalamocortical activation (Key, Dove, & Maguire, 2005), predict neurodevelopmental
outcomes (Maitre, Aschner, Slaughter, & Key, 2013; Molfese et al., 2008), and document
effects of behavioral treatments in persons with disabilities (Marchand, D’Arcy, &
Connolly, 2002; Molfese, Molfese, Garrod, & Molfese, 2012; Pulvermiller, Hauk, Zohsel,
Neininger, & Mohr, 2005).

Cerebral palsy (CP) is the most common pediatric disorder of movement. CP results from
sensory and motor impairments due to perinatal brain injury (O’Shea, 2008; Rosenbaum,
Paneth, Leviton, Goldstein, & Bax, 2007; Yekutiel, Jariwala, & Stretch, 1994), with lifetime
consequences that range from poor adaptive and social function to communication and
emotional disturbances (Rosenbaum & Stewart, 2004). Due to abnormalities in
thalamocortical and corticocortical pathways, children with CP do not receive accurate
sensory feedback from their movements (Auld, Boyd, Moseley, Ware, & Johnston, 2012;
Eliasson, Gordon, & Forssberg, 1992), leading to neglect of an affected extremity and
difficulty in learning new movements (Houwink, Geerdink, Steenbergen, Geurts, & Aarts,
2013; Taub, Ramey, DelLuca, & Echols, 2004). Lesions to corticospinal and corticothalamic
pathways also impair execution of new and complex movements (Hoon et al., 2009).

Constraint-induced movement therapy (CIMT) is routinely used for rehabilitation of adult
and pediatric patients with CP (Hoare, Wasiak, Imms, & Carey, 2007; Huang, Fetters, Hale,
& McBride, 2009; Sakzewski, Ziviani, & Boyd, 2009). The principle of CIMT is that
restraint of the less affected limb, combined with repetition and shaping of movements,
improves the function of a paretic arm (Trauner, 2003; Van de Winckel et al., 2013). While
structural brain reorganization after rehabilitation in children with hemiparetic CP is
insufficiently studied, evidence exists in adults of significant increases in the grey matter of
bilateral primary sensory areas and hippocampi after CIMT. In children, increases in
sensorimotor and hippocampal grey matter volume (Sterling et al., 2013) have been noted.
Functional reorganization is potentially mediated through enhancement of existing neural
activity (Hamzei et al., 2006; Staudt, 2010), especially in the cortical and thalamic pathways
of the hemisphere ipsilateral to the lesion, or contralateral to the more affected extremity
(Inguaggiato, Sgandurra, Perazza, Guzzetta, & Cioni, 2013).

Existing neuroimaging studies have established strong connections between motor and
language functions (Boulenger et al., 2006; Dubois et al., 2009; Marino, Gough, Gallese,
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Riggio, & Buccino, 2013; Pulvermdller, 2005). In particular, language comprehension
makes use of functional corticothalamic pathways that are impacted by CIMT (Alitto &
Usrey, 2003; Llano, 2013; Wahl et al., 2008). An ERP paradigm based on a passive
language comprehension task has been previously used to assess comprehension in a case of
a child with CP (Byrne, Dywan, & Connolly, 1995). This paradigm makes of use of the
N400 effect, a surface-negative ERP response that, much like a mismatch negativity
response to speech sounds, discriminates between expected and unexpected word—picture
pairs. The N400 response is of particular interest to the study of CIMT effects because its
generators are estimated to be located in bilateral frontal and temporal lobes, the limbic
system (Frishkoff, Tucker, Davey, & Scherg, 2004), and the thalamus (Kuperberg et al.,
2000). Additionally, the N40O response is well characterized and reflects the influence of
lateralized corticothalamic and thalamocortical connections, which are potentially altered
after CIMT.

Therefore, we designed a proof-of-concept observational study testing the feasibility of
using the Byrne ERP paradigm as an initial approach to the study of neural changes after an
intensive camp-based course of CIMT, a rehabilitative model used for children with CP at
our institution. Our goal in this pilot study was to determine whether we could document
broad changes in patterns of neural activation (ipsilateral and contralateral to the lesion)
after CIMT intervention, by using an established ERP paradigm that does not require an
overt behavioral response from the participant. We hypothesized that if CIMT had a
measurable clinical effect, ERPs would reflect changes in cortical neural processing as well.

Study design

Participants

This was a prospective observational study of children cared for at Monroe Carrell Jr.
Children’s Hospital at Vanderbilt Medical Center who were already participating in a CIMT
camp. All behavioral and ERP assessments were performed at three time-points: baseline
immediately prior to the intervention (Time 0), immediately post intervention (Time 1), and
6 months post intervention (Time 2). The CIMT model was repeated for two consecutive
years.

The Vanderbilt Institutional Review Board (IRB) approved the study protocol. All parents
consented, and all children assented to the study using IRB-approved protocols and forms.

A total of 16 participants were enrolled in the study: 10 in 2010 and 6 in 2011. Inclusion
criteria were participation in the CIMT camp, a medical diagnosis of CP, a greater deficit of
tone and movement of one upper extremity in comparison to the other as determined by a
pediatric neurologist, age 5-12 years, toilet training, and a score of at least 60 on the
nonmotor domains of the 60-month Ages and Stages Questionnaire (ASQ), including
language (Klamer, Lando, Pinborg, & Greisen, 2005; Yu et al., 2007). Patients with
uncontrolled seizure disorder or botulism toxin injection in the affected upper extremity
within 6 months of Time 0 were excluded from the study.
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The median age of participants was 6 years (range 5-12 years). Girls made up 25% of the
study population. The paretic side was the left one in 55% of the children. CP was scored as
1 (80%) and 2 (20%) on the Gross Motor Classification Scale (Palisano, Rosenbaum,
Bartlett, & Livingston, 2008). Zancolli wrist classification (Zancolli & Zancolli, 1981) was
1 (60%) and 2A (40%). Etiology of lesions on neuroimaging was verified from the clinical
and radio-graphic records and was related to clinical history as follows: prematurity
(periventricular leukomalacia/intraventricular hemorrhage) in 70% of participants, neonatal
stroke or hemorrhage in 20%, and neonatal mass lesions/lesion removal in 10%. Two
families declined to participate in ERP testing. One patient was not a native English speaker
and lived in a home where the primary spoken language was Spanish; her 60-month ASQ
language scores met inclusion criteria.

Rehabilitative intervention

After Time 0 assessments, a therapist casted the less affected extremity with a nonremovable
rigid cast from the proximal humerus to the distal phalanx of the fingers, maintaining the
wrist in a neutral position and the hand open (modified from (Deluca, Echols, Law, &
Ramey, 2006). At Time 1 (immediately after treatment period), the cast was removed, and
suggestions for continued use of the extremity were given to parents. Total cast-wearing
time was approximately 120 hours (or 5 full days) per child with 22—25 hours of shaping of
movements and repetition by occupational and physical therapists. The daily program
consisted of gross motor/bilateral activities focused on balance and proprioception, fine
motor activities, and unilateral self-care activities (e.g., food preparation, self-feeding, and
washing), together comprising 60% of the therapy. These interventions were considered
mixed (motor and sensory) in nature. For the other 40% of therapy time, children
participated in reward-driven sensory-based activities focused on temperature, texture, light
and deep pressure, and vibration. Examples included searching for “gold-coin treasures” in a
container of cold glass beads, mixing and molding clay to make a keepsake, or combing and
petting therapy dogs.

Upper limb assessment measures

The Quality of Upper Extremity Skills Test (QUEST) was administered by therapists and
measured changes on 36 items in the four domains of dissociative movement, grasp, weight
bearing, and protective extension. Choice of this assessment rather than the Assisting Hand
Assessment was based on high concurrent validity with the Peabody Developmental Motor
Scales (fine motor subscale: 0.84), the items being related to quality of movement, not
chronological age (DeMatteo, 1992; Thorley, Lannin, Cusick, Novak, & Boyd, 2012), and
the training of the therapists at our institution. Administration required approximately 30-45
minutes, depending on the severity of the child’s paresis. Outcomes measures for the
QUEST included four individual domain scores, ranging from 0 to 100. These were
analyzed as continuous variables.

The Pediatric Motor Activity Log (PMAL) is a parent-reported measure used to evaluate
how well and how often the child used his or her more affected extremity in 22 functional
tasks and how much of this use was spontaneous versus prompted by a caregiver. For
consistency, the same parent completed the PMAL at all time-points. The revised scale of
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the PMAL, or PMAL-R (Uswatte et al., 2012), was used, in which the “How Often” and
“How Well” scales ranged from 0 to 5 in increments of 0.5. These were analyzed as
continuous variables.

ERP assessments

The choice of the Byrne picture—word matching task was motivated by prior studies in
toddlers and children, one with CP, as well as the characteristics of the cortical processing
involved in this paradigm (Byrne et al., 1995, 1999, 2001; Friedrich & Friederici, 2004).
Byrne and colleagues developed a receptive language-based task that does not require active
participation: Children are presented with picture—word pairs that are either congruent or
incongruent, resulting in different endogenous ERP responses for matched and mismatched
pairs. In typical children, the negative peak around 400 ms (N400) is larger for a
mismatching than for a matching picture—word pair. The N400 component is sensitive to
semantic mismatch regardless of stimulus modality and can be observed in both
hemispheres (Key et al., 2005). This paradigm does not require overt movements, thus
minimizing any motor-related artifacts. Because our interest was in the overall changes in
cortical function following treatment, we chose to focus on activity over the hemispheres
ipsi- and contralateral to the lesion, rather than the right-left differences more commonly
used in the previous studies of this paradigm.

ERP data acquisition

Data were acquired using a soft 128-channel geodesic sensor net (EGI, Inc., Eugene, OR),
with sampling every 4 ms and filters set at 0.1-100 Hz. A subset of prespecified scalp
locations was used in the analysis (Figures 1A and B). The electrode clusters were selected
to correspond to the typical electrode locations placed according to the 10-20 system (Key
et al., 2005). Since our 128-channel array provided higher density of scalp coverage,
selecting a cluster of electrodes and averaging their values instead of a single channel was
deemed more representative of the observed scalp activity and more reliable. The ERP
paradigm was adapted as follows: A total of 46 color drawings of objects from the Peabody
Picture Vocabulary Test-1V (PPVT-IV; D. M. Dunn & L. M. Dunn, 2007; L. M. Dunn,
1981) constituted the primes, and 46 spoken words (recorded by a female native English
speaker with a region-neutral accent) were the targets.

On each trial, following a 500-ms fixation point, a drawing was presented centrally on a
monitor for 1700 ms, followed by a spoken word 700 ms after the picture onset. Intertrial
intervals varied randomly between 1400 and 2400 ms to prevent habituation to stimulus
onset. Words were presented at 75 dB SPL (A) from two speakers positioned in front of the
participant. On 50% of the trials, the words matched the object in the drawing; for the
remaining 50% of the trials, the words did not match. Participants were instructed to view
the pictures, listen to the words, and decide whether “the computer named the picture
correctly.” One half of the stimulus words were chosen to be within the child’s vocabulary
based on age norms; more complex words comprised the other 50%, due to a wide variation
in academic achievement levels. The task had a total of 92 trials and lasted approximately 8
min.
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Duration of the ERP procedure was as follows: Placement of the net, adjustments for
electrode contacts and proper positioning of the child in front of the screen took
approximately 5-7 min, the ERP paradigm added 8 min, and the removal of the net and
towel-drying of the child’s hair took another 5 min, for a total procedure time of 20 min.

Data analysis

Individual ERPs were obtained by segmenting the ongoing EEG on word onset to include a
100-ms prestimulus baseline and a 900-ms poststimulus interval. Trials contaminated by
ocular or movement artifacts were rejected from further analysis using an automated
screening algorithm in Net Station EEG software v. 4.3 (EGI, Inc., Eugene, OR), followed
by a manual review of the automated results. The automated screening criteria were set as
follows: For the eye channels, voltage in excess of 140 uV was interpreted as an eye blink,
and voltage above 55 pV was considered to reflect eye movements. Any electrode with
voltage exceeding 200 pV was considered bad. Individual electrodes with poor signal
quality were replaced by reconstructing their data using spherical spline interpolation
procedures. If more than 15% of the electrodes within a trial were deemed bad, the entire
trial was discarded. For a trial to be included in the remaining analyses, no more than 15
electrodes (12% of the array) could be interpolated. For a participant’s data set to be
included in the overall analysis, averages for each stimulus had to be based on a minimum of
10 trials. There were no statistically significant differences between rejection rates across all
three time points as well as across conditions, with the final averages based on 24.7 + 5.3
trials in the match and 25.2 £ 4.5 in the mismatch condition (Supplementary Table 1). The
data were then averaged across trials, referenced to an average reference, and baseline-
corrected by subtracting the average microvolt value across the 100-ms prestimulus interval
from each time point in the poststimulus period. Mean amplitudes were calculated for a
preselected subset of the electrodes corresponding to frontal locations in the left and right
hemispheres (Figure 1A).

Although N400 response is sometimes described to have a centroparietal maximum
(Friedrich & Friederici, 2004), such scalp locations were less optimal for our population due
to the large space-occupying lesions underlying these regions, as visualized on
neuroimaging in 90% of children (see Supplementary Figure 1). This has been observed in
other studies of the N400, in which lesions to temporoparietal areas were linked to a reduced
N400 (Friederici, Hahne, & von Cramon, 1998).

The N400 response has been reported at frontal scalp locations in several prior studies
(Frishkoff et al., 2004; Key et al., 2005), and selecting them for the present study allowed
for more uniform assessment across the study sample. Mean amplitudes were obtained
within a 350-450-ms window after stimulus onset, corresponding to the N400 peak
previously described.

The mismatch and match responses of a representative participant at Times 0, 1, and 2 in
hemispheres ipsilateral and contralateral to the lesion are presented in Figure 2. The
calculated difference between mean amplitudes in the match and mismatch responses in the
selected time window is referred to as the “mismatch-minus-match” (MMM) response. The
MMM response was analyzed as a continuous variable.
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To ensure that there were no potential differences in ERPs for more advanced versus known
words (as demonstrated by Byrne et al., 1999), we performed repeated measures analysis of
variance (ANOVA) with stimulus type as a within-subject factor and demonstrated no
significant effects.

Statistical analysis

RESULTS

Continuous variables were summarized using the mean and standard deviation. Categorical
variables were summarized using percentages. To evaluate changes within subjects over
time, we fit separate linear mixed-effects regression models for each of the PMAL, QUEST,
and MMM outcomes. While these models differed in the outcome being studied, they all
included two covariates to indicate the timing of the measurement (Time 0, 1, or 2). Because
we were interested in within-subject changes in defined outcomes, for which each subject
served as his or her own control, no additional adjustment for confounders was considered.
Repeated measurements on the same subject over time are likely to be positively correlated;
therefore, a random intercept was included in each model to account for this correlation. We
determined whether there was an overall change in each outcome due to time using an F-test
(two degrees of freedom). Comparisons between Time 0 and Time 1 were made using a
Wald test.

Because the ERP paradigm included English words, data from the bilingual (Spanish-
speaking) patient were excluded in the final analysis. Data from one patient with a hearing
aid were also excluded, as he had not worn his assistive device at Time 1 and Time 2. The
final sample in the analysis of ERP data includes 12 patients. To maintain high standards of
reproducible research, all analyses were conducted using R statistics software (Version
2.15.1).

Effect of CIMT

All individual measures of the PMAL increased significantly between Time 0 and Time 1,
with changes still present at Time 2 (Table 1). The summary PMAL score reflected this
trend with an increase from 4.7 (SD = 1.4) at baseline to 7.5 (SD = 1.5) immediately after
CIMT and maintenance at 6.6 (SD = 1.5) at 6 months post CIMT, with p <.001 for the
trend, as well as the change from Time 0 to Time 1.

Total QUEST, dissociated movement, and protective extension domain scores also showed
significant increases immediately after the intervention and at 6 months. The overall
increase between all three time points was also significant. Total QUEST increased from 71
(SD = 13) at baseline to 80 (SD = 12) at Time 1 and stayed at 80 (SD =12) at Time 2 (p<.
001), indicating an effective trend in effect of CIMT.

Changes in neural activation relative to lesion side

Participants showed differences in ERP responses to matched versus mismatched picture—
word pairs at baseline, similar to the results described in previous studies using this ERP
paradigm (Byrne et al., 1995, 1999, 2001; Friedrich & Friederici, 2004). This can be
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visualized in Figure 2, in the outlined window between 350 and 450 ms surrounding the
N400 peak. On the side contralateral to the lesion, the amplitude of the mismatch response
appeared larger (more negative) than that of a match and was similar at all three time points.
On the side of the brain ipsilateral to the lesion, the difference between match and mismatch
appeared less defined at Time 0 but increased by Time 1 and was maintained at Time 2.
Averaged tracings for all patients also reflected these changes but had an appearance less
typical of ERPs due to heterogeneity of the lesions (see Supplementary Figure 2). These
changes were observable not only on ERP tracings but also upon analysis of the quantitative
data.

The MMM difference was calculated for each patient in both hemispheres and at all three
time-points (Table 2). The MMM value on the side ipsilateral to the lesion increased
immediately after the intervention, whereas no such change was noted on the side
contralateral to the lesion. Analysis of changes in mean amplitudes between time-points
revealed significant increases in the MMM response on the ipsilateral side from -1.2 to —4.2
to —6.3 uV (p = .03). No such trend was observed on the side contralateral to the lesion.

Associations between ERP measures and functional measures

Change in ipsilateral MMM over the 6-month period (Table 2) showed a trend in correlation
with changes in PMAL total score (p =.08), but this relationship appeared driven entirely by
the associations between MMM change and PMAL How Well score (p = .02). As the quality
of use of the affected extremity improved, MMM became more significantly more negative
on the side ipsilateral to the lesion (R= .4, p=.02). For the QUEST, the correlations were
moderately large, but with so few subjects, we had inadequate precision to detect a
significant association in the data.

DISCUSSION

This pilot study demonstrates the feasibility of using ERP methodology to document
functional cortical changes in children with CP who undergo rehabilitative interventions
such as CIMT.

Using a brief paradigm and portable set-up, it is possible to rapidly test vulnerable children
without requiring active participation, verbalization, or restraint. ERPs were acquired in an
off-site facility using standard therapy rooms and offices, underscoring the adaptability of

the methodology.

The goal of our study was to test whether ERP could measure neural changes after a
routinely used rehabilitative intervention such as CIMT. Therefore we relied on
neurobehavioral assessments already used in our clinical setting to document the effect of
the intervention, even though they may not be the most precise research tools to measure
hand and arm function. For example, the validity of the PMAL and even the PMAL-R has
been challenged and narrowed (Chen et al., 2013; Wallen & Ziviani, 2013). However, it
remains a valuable tool for documenting the use of the affected extremity in daily activities,
especially when combined with other measures of bimanual activities and therapist-
administered skills assessments, such as the QUEST. Other measures of upper extremity
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function, including the Assisting Hand Assessment or Melbourne Assessment of Unilateral
Upper Limb Function, could also be used in future research studies (Gordon et al., 2011;
Holmefur et al., 2013; Holmefur, Krumlinde-Sundholm, Bergstrom, & Eliasson, 2010;
Klingels et al., 2008; Thorley, Lannin, Cusick, Novak, & Boyd, 2011; Thorley et al., 2012).

Combining these assessments with direct neuroimaging can provide more quantitative and
direct measures of neural function. The design of the INCITE trial, for example, focuses on
using fMRI and TMS to evaluate mechanisms of response to CIMT (Boyd et al., 2010).
These methodologies can provide crucial information about rewiring of the brain after
CIMT. However, they are difficult to use in young children and toddlers, due to the length
(45 min or longer), discomfort, and associated anxiety, as well as requirements for active
participation in some cases. Thus, even with the best child-friendly training tools (Hallowell,
Stewart, de Amorim E Silva, & Ditchfield, 2008; Slifer, Koontz, & Cataldo, 2002), studies
using TMS and fMRI usually involve children aged 7 years or older. Such studies of
connectivity and neurostructural changes are essential to understanding the mechanistic
bases for neurorehabilitation. Our focus in this pilot was on developing a complementary
tool that would allow the study of temporal characteristics of neural activation and
processing rather than structure—function relationships and that could be used in younger
children.

Our results suggest that ERPs are a useful methodology appropriate for measurements of
cortical function in young children, allowing earlier evaluation of intervention effects,
during a period of maximal brain plasticity. ERP methodology does not require active
participation, is brief (less than 10 min of testing for a paradigm with over 90 trials), and
reflects cortical function data with millisecond-level precision (Key et al., 2005).
Additionally, ERP equipment is highly portable, allowing it to be adapted to a variety of
clinical, educational, and even residential settings, such as a CIMT camp or participants’
homes. The soft sensor nets are well tolerated and not aversive, and the technology
preserves both a full visual field and a child’s ability to move. While ERP analysis precludes
any definite conclusions regarding specific neural sources of observed activity, it has the
potential to be combined with other neuroimaging modalities that can attribute cortical
structure relationships (Hari, Parkkonen, & Nangini, 2010).

The increase in ipsilateral cortical activity after CIMT observed in ERP measures in our
study concurs with fMRI results from other groups (Juenger et al., 2007), with lasting results
at 6 months post CIMT. The reasons for the observed increase in ipsilateral brain activity on
fMRI have been attributed to possible remnant activity or integrity of corticospinal tracts
(Juenger et al., 2007). However, our ERP paradigm, due to its use of semantic processing
and working memory, reflected complex cortical functions beyond basic auditory and visual
processing. The N40QO is likely to arise from multiple generators that are segregated both
functionally (Nobre & McCarthy, 1994) and spatially (Halgren et al., 1994; McCarthy,
Nobre, Bentin, & Spencer, 1995). Friederici et al. (1998) observed that lesions to
temporoparietal areas may be linked to a reduced N400, and Guillem, N’kaoua, Rougier,
and Claverie (1995) recorded intracranial N40Os in prefrontal as well as temporal and
parietal regions. Results of intracortical recordings also point to the parahippocampal
anterior fusiform gyrus (McCarthy et al., 1995; Nobre, Allison, & McCarthy, 1994), medial
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temporal structures near the hippocampus and amygdala (Halgren et al., 1994; Nobre &
MccCarthy, 1995; Smith, Stapleton, & Halgren, 1986), and locations in the lateral temporal
region (Simos, Basile, & Papanicolaou, 1997). Neuroimaging studies of language have
identified significant regions of activation to semantic violations in left inferior frontal
cortex (Kiehl, Laurens, & Liddle, 2002; Newman, Twieg, & Carpenter, 2001). Beyond scalp
locations, studies of the N400 generators by Frishkoff et al. (2004) have implicated more
complex models incorporating association areas, corticothalamic networks involved in
attentional engagement, and even corticolimbic regulation of memory access. While we did
not attempt source localization in the current pilot study, the enhancement of the N400 in the
lesioned hemisphere suggests “top-down” effects of CIMT on cortical reorganization,
beyond “bottom-up” sensory pathway changes noted in imaging studies. This “top-down”
process would be consistent with regulation of attention to information by the prefrontal
cortex to association areas. Increased use of a neglected extremity may enhance attention to
sensory stimuli and the ability to evaluate the relevance of sensory inputs versus noise.
While this has not been studied in the case of language, asynchrony of tactile processing in
sensory-motor cortices contributes to motor performance errors in children with CP (Kurz,
Heinrichs-Graham, Arpin, Becker, & Wilson, 2014).

Our study has the limitation of using a higher order language processing measure of cortical
activity to assess neural changes due to treatment, thus examining endogenous instead of
exogenous responses and purely sensory or perceptual processes (Key et al., 2005).
Nevertheless, it provides quantitative evidence for lateralized treatment-related changes in
neural activation. Additionally, our small sample size limited in-depth statistical analyses
and our ability to derive any mechanistic conclusions, narrowing our focus on the feasibility
of ERP.

ERP methodology may prove to be a valuable tool for evidence-based design of pediatric
CIMT and other neurorehabilitative therapies. Our future ERP research will test the effects
of CIMT directly on cortical sensory processing through the use of somatosensory evoked
potentials recorded in a novel paradigm based on light touch, recently developed in our lab,
instead of electrical stimulation (Maitre, Barnett, & Key, 2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Baseline
Post CIMT
Supplementary Figure: fMRI of 7-year-old participant
in response to air puff stimulation of the affected
— hand.
post IMT Subject was scanned on a Philips Achieva 1.5T MRI

scanner. Note the large space occupying lesion,
consequent to a left-sided periventricular hemorrhagic
infarction that occurred at 27 weeks gestational age.

Event-related potential (ERP) acquisition in children with hemiparetic cerebral palsy. (A)
Electrode distribution in frontal clusters. (B) Child undergoing ERP. F3 indicates frontal
left; F4 indicates frontal right.
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Figure 2.
Differences in picture—word match and mismatch responses in frontal locations in a

representative subject. Response to match is traced in grey, mismatch in black. Panels are
vertically arranged by Time 0 (baseline), Time 1 (immediately post CIMT), and Time 2 (6
months post CIMT). Panels are arranged horizontally by hemiscalp locations. Time post
stimulus in ms is on the x-axis of each panel, mean amplitude in uV on the y-axis. Rectangle
in each panel indicates N400 response window.
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