
Neural activation within the
prefrontal cortices during the goal-
directed motor actions of children
with hemiplegic cerebral palsy

Swati M. Surkar
Rashelle M. Hoffman
Regina Harbourne
Max J. Kurz

Swati M. Surkar, Rashelle M. Hoffman, Regina Harbourne, Max J. Kurz, “Neural activation within the
prefrontal cortices during the goal-directed motor actions of children with hemiplegic cerebral
palsy,” Neurophoton. 5(1), 011021 (2018), doi: 10.1117/1.NPh.5.1.011021.



Neural activation within the prefrontal cortices during
the goal-directed motor actions of children with
hemiplegic cerebral palsy

Swati M. Surkar,a Rashelle M. Hoffman,a Regina Harbourne,b and Max J. Kurza,*
aUniversity of Nebraska Medical Center, Munroe Meyer Institute of Genetics and Rehabilitation, Department of Physical Therapy, Omaha,
Nebraska, United States
bDuquesne University, Department of Physical Therapy, Pittsburgh, Pennsylvania, United States

Abstract. The primary aim of the study was to explore the prefrontal cortical (PFC) activation while performing
a shape-matching motor task in children with hemiplegic cerebral palsy (HCP) as compared with typically
developing (TD) children. Fifteen TD children (age ¼ 5.9� 1.1 years) and 12 children with HCP (age ¼
6.8� 2.9 years) were included. We assessed the PFC activation while performing an ecologically valid
upper extremity shape-matching task of different complexities by measuring the concentration of oxygenated
hemoglobin (HbO) using functional near-infrared spectroscopy. The motor task performance was assessed by
quantifying the average number of shapes matched, reaction time (RT), task errors, nine-hole peg test (NHPT),
and the box and block test (BBT). Overall, there was a systematic increase in the HbO in the PFC across the
shape-matching complexity conditions. Our results also revealed that the children with HCP had an increased
amount of PFC activation while performing all of the shape-matching tasks. The increased PFC activation paral-
leled the differences in the number of shapes matched, RT, task errors, NHPT, and BBT. The atypical motor
actions seen in children with HCP may be partially related to the greater cognitive demands placed on
the PFC. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.5.1.011021]
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1 Introduction
The unilateral sensorimotor dysfunction in children with hemi-
plegic cerebral palsy (HCP) can result in the loss of upper
extremity motor control, which affects activities of daily living
and restricts the child’s participation in educational, leisure, and
vocational roles.1 Until recently, action execution problems
residing in the musculoskeletal machinery were considered as
primarily responsible for activity limitations in children with
HCP.2 However, emerging evidence suggests that the activity
limitations and action performance problems seen in these chil-
dren are not solely an action execution disorder but might also
be due to deficits in planning of the goal-directed actions.3,4

Action planning is the ability to predict the future state of
the motor system and is integral for the control of skilled
movements.3,5 According to the planning-control model, action
planning has two main components: (a) premovement planning
and (b) online monitoring and correction of the movement to
achieve the goal state.6 Premovement planning involves proc-
esses, such as goal determination, target identification, selection,
analysis of object affordances, timing, and computation of the
target size, shape, orientation, and position relative to the body.7

Online control involves visual and proprioceptive feedback to
monitor movement and minimize spatial errors.7 Behavioral
studies reveal that children with HCP have a deficit at the action
planning level.8–12 This notion is based on the observation that
children with HCP have task failures,8 uncomfortable grip selec-
tion, loss of the end-state-comfort effect,8,9 and difficulty in

anticipating grip forces.10 They also take a longer time to
plan sequential movements11 and lack fluid movements.12

Consequently, the presence of an action-planning deficit likely
limits the ability to successfully execute movements. Although
these behavioral observations may be accurate, these observa-
tions alone cannot determine whether the source of aberrant
movements stems from impaired musculoskeletal machinery
(i.e., spasticity, muscle weakness or lack of selective control,
joint torsions, and contractures), faulty cognitive processes
(i.e., attention, memory, and information processing), or a com-
bination of both.

Over the past decade, the neuroimaging of movement-related
brain activity has substantially advanced our understanding of
how adults and children plan and produce goal-directed
movements.13–21 These studies have shown that the production
of goal-directed movements involves the activation of a distrib-
uted network that includes the primary sensorimotor cortices,
secondary somatosensory area, parietal cortices, supplementary
motor area, basal ganglia, thalamus, and cerebellum. In addition,
such studies have also highlighted that the prefrontal cortex
(PFC) also plays a critical role in planning and monitoring of
the evolving actions.5,22 The PFC has extensive connections
with the premotor and sensorimotor cortex.23 Although it is
well recognized that these brain areas are involved in the control
of movement, the neurophysiology literature on children with
HCP has predominantly focused on identifying the structural
aberrations within the white matter volume and the fiber tracks
that are related to aberrant actions.24–30 Specifically, these
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studies have used transcranial magnetic stimulation and diffu-
sion tensor imaging to assess corticospinal tract integrity and
focused on the relationship between the cortical organization
and the hand function.24–28 The absence of response on the
hemiplegic arm after stimulating contralateral hemisphere and
disruption of corticospinal tract was found to be associated with
poor motor hand function.29,30 A few studies that have evaluated
the cortical activity of children with HCP have shown that the
sensorimotor cortices can be hyperactivated and may involve
compensatory networks when planning and executing goal-
directed actions.31–34 However, these insights have been gained
from the evaluation of simple motor actions (i.e., knee and hand
movements) that do not involve higher order cognitive decisions
and maintenance of goal relevant information. Potentially,
the evaluation of more ecologically valid motor tasks may
improve our understanding of how the central processing def-
icits impact the goal-directed motor actions seen in children
with HCP.

In this exploratory investigation, we used functional near-
infrared spectroscopy (fNIRS) to measure the PFC activation
as typically developing (TD) children and children with HCP
performed a shape-matching motor task with their upper extrem-
ities. The shape-matching task encompasses (a) premovement
planning, which involves various cognitive processes to make
a decision of an appropriate shape match and to manipulate
the different shapes and (b) online control of movement, which
involves action of reaching, grasping, and orientating the shapes
accurately. Our primary hypothesis was that, compared with
the TD children, the children with HCP would show an
increased amount of neural activity in the PFC due to greater
utilization of cognitive resources that are required for planning
and control of their actions. Our secondary hypothesis was
that the deficits in action planning might impair the motor
performance.

2 Methods

2.1 Participants

The Institutional Review Board of the University of Nebraska
Medical Center (UNMC) approved the study, and we obtained
parental consent and child assent to participate in this investi-
gation. The participating children with HCP were recruited
from the physical therapy clinic at UNMC and TD children
were recruited through word of mouth. The physical therapists,
who had access to the children’s health records, prescreened the
children based on the inclusion and exclusion criteria to qualify
for the study. The exclusion criteria were the presence of frontal
cortical lesions, cognitive impairments, visual deficits, muscu-
loskeletal deformity of the hand and arm, such as any fixed con-
tractures of hand or wrist, which limited the ability to grasp and
manipulate objects, manual ability classification level (MACS)
level I (handles objects easily and successfully) and V (does not
handle objects and has severely limited ability to perform simple
actions), and arm weakness due to neurological impairments
such as brachial plexus injuries. Twelve children with HCP
(age ¼ 6.8� 2.9 years; males ¼ 7) and 15 TD children
(age ¼ 5.8� 1.1 years; males ¼ 8) fit the inclusion criteria
and participated in this investigation. All children with HCP had
a previously defined diagnosis of hemiplegia by a pediatric
neurologist. Further details of the participating children are
shown in Table 1.

2.2 Clinical Assessments

As an initial screening, we assessed manual ability of children
with HCP using manual ability classification system (MACS).35

A certified assisting hand assessment (AHA) assessor also per-
formed the AHA in children with HCP using a standardized,
semistructured, 10 to 15-min play session with toys requiring
bimanual use of the arm.36,37 The session was video-recorded
and later scored to determine bimanual coordination and assist-
ing hand function of children with HCP.37 Lastly, we had the
children performing the nine-hole peg test (NHPT) and the
box and blocks test (BBT) to assess manual dexterity and
speed.38,39 Moreover, the handedness for all children was deter-
mined using Edinburgh handedness inventory.40

2.3 Functional Near-Infrared Spectroscopy
Experimental Paradigm

The task consisted of a sequential shape-matching task, which
was developed for this study. This task consisted of three-com-
plexity levels, such as easy, moderate, and difficult. The easy
condition had the same shape types, the moderate condition
had two different shape types, and the difficult condition had
multiple shape types that were different from each other
(Fig. 1). The three-complexity levels of the task were based
on the intricacy of the shape identification, accurate selection,
manipulation, and the type of grasp required based on the type,
size, shape, and orientation of the shape. The children were
asked to match the shapes with the corresponding template
by selecting an appropriate shape and placing it accurately
on a given template. The likelihood that the different complexity
levels of the shape-matching task would elicit changes in the
HbO concentration within the PFC was initially determined
with a pilot study that we conducted with five TD children.
The results of this preliminary analysis are shown in Table 2.

The shape-matching task was performed in a block para-
digm, which consisted of a 30-s rest period where the child
sat still and a 30-s active period where the child matched the
shapes. The children did not have a chance to visualize the
shapes during the rest period. To avoid time for prior planning
of the task, the assessor presented the template and shapes at
time 0. We allowed children to match as many shapes as
they could within the 30-s active period. Typically, the children
could not match all 12 shapes in this time frame. However, in the
rare instance, if the child matched all 12 shapes, the assessor
removed the shapes from the template and the child continued
matching the shapes on the same template until the 30 s of
the active period was over. To avoid anticipation of the respec-
tive complexity levels, the conditions were randomized and
each task condition was repeated four times. The children per-
formed a total of 12 blocks of the shape-matching task
(three shape complexity conditions × four repetitions of each
condition) during the entire session with an alternating pattern
of the 30 s active and rest periods. The total duration of the data
collection was 12 min. Children with HCP performed the task
with the affected and the less affected arm, and TD children per-
formed the task with the dominant and the nondominant hand.
We chose to evaluate both arms to explore the global nature of
cognitive processes required for the movement planning and
control and to avoid the arm bias of the hemiplegic hand due
to physical restrictions in performing the task in view of impair-
ments in the affected arm.
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2.4 Functional Near-Infrared Spectroscopy Data
Acquisition

fNIRS is a neuroimaging technique that utilizes specific wave-
lengths of infrared light to approximate the absorption character-
istics of oxygenated (HbO) and deoxygenated (HbR)
hemoglobin within the underlying tissues.41 Although the infra-
red light is partially absorbed by nonneural tissue, the relative
change in the HbO or HbR is linked with the change in the
underlying neural dynamics of the cortices. The fNIRS device
consists of a series of photon emitters and detectors. The detec-
tors measure the refracted light, which is used to quantify the
amount of HbO and HbR changes in local neural tissues. A
greater concentration of HbO corresponds to a heightened
amount of activity in the underlying neural tissues.41 fNIRS
is a noninvasive, safe, and portable method for assessing cortical
activity. It is robust with respect to body movements and is
not performed in a constrained environment like what is seen
in a functional magnetic resonance imaging (fMRI) bore.
Additionally, fNIRS is quiet (no operating sound) and can be
used to assess the ecologically valid motor tasks. Because of
all these advantages, fNIRS was used to address the research
questions put forth in this investigation.

For this experiment, we used a continuous wave fNIRS sys-
tem (fNIR Devices LLC, Potomac, Maryland) that utilized two
different wavelengths (730 and 850 nm) to measure the concen-
tration of HbO and HbR based on the modified Beer–Lambert
law.42 The fNIRS system (Fig. 2) was composed of three

Fig. 1 Experimental shape-matching conditions. The shapes template
was presented to the child just before beginning the task. (a) Easy: the
easy condition had the same shape types, (b) moderate: the moderate
condition had two different shape types, and (c) difficult: the difficult
condition had multiple shape types that were different from each
other. The children were asked to match the maximum number of
shapes with the corresponding template for 30 s. The conditions
were randomized and each task condition was repeated four times.

Table 1 Demographic details of the participating TD and children with HCP.

HCP TD

Gender Age (years) Side of hemiplegia MACS level AHA Score Diagnosis Gender Age (years)

HCP 1 M 4.5 L IV 07 Perinatal stroke TD 1 M 6.7

HCP 2 M 4.6 R II 85 Perinatal stroke TD 2 F 6.6

HCP 3 M 5.3 R IV 12 Perinatal stroke TD 3 F 4.1

HCP 4 F 6.1 L III 59 Perinatal stroke TD 4 M 6.6

HCP 5 F 6.1 L II 87 PVL TD 5 F 4.6

HCP 6 M 11.0 L III 52 Neonatal stroke TD 6 F 4.1

HCP 7 M 12.0 R III 70 Neonatal stroke TD 7 M 6.5

HCP 8 F 11.0 L III 72 Neonatal stroke TD 8 F 7.5

HCP 9 M 5.0 L III 64 Schizencephaly TD 9 F 6.8

HCP 10 F 4.1 L III 58 Perinatal stroke TD 10 M 7.0

HCP 11 F 4.8 R III 58 Perinatal stroke TD 11 M 5.11

HCP 12 M 7.6 L III 62 Neonatal stroke TD 12 M 4.6

TD 13 F 6.11

TD 14 F 5.11

TD 15 F 6.0

Note: PVL, periventricular leukomalacia; MACS, manual ability classification system; AHA, assisting hand assessment; M, male; F, female; L, left;
and R, right.
Note: All TD children were right hand dominant.
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components: a flexible head piece, which secures the emitters
and detectors in a fixed position to allow for fast placement
of the sensor pad on the forehead; a control box for hardware;
and a computer that runs the data acquisition. The positioning of
two light sources and two detectors on the sensor pad yielded a
total of four measurement channels. According to 10 to 20 EEG
system, the optodes were positioned lateral to the Fpz on the left
and right sides of the forehead. The sensors had 2-Hz sampling
rate and measured the hemodynamic change in ∼5 to 10 mm of
the outermost cortical tissue.43–45 All optodes were connected to
fiber optic cables that allowed the transmission of infrared light
to the fNIRS system. We used cognitive optical brain imaging
studio software for data acquisition and visualization (fNIR
Devices LLC, Potomac, Maryland).

2.5 Functional Near-Infrared Spectroscopy Data
Processing and Analysis

We used the fNIRSoft software (v 3.1; fNIR Devices LLC,
Potomac, Maryland) to calculate the optical density of the
raw light intensity signals, and the implementation of a modified
Beer–Lambert law to determine the changes in the HbO
concentration.46 Waveforms that were saturated or had motion
artifacts were visually identified and excluded from the analysis.
A fourth-order digital filter was applied to low- and high-pass

filter of the HbO time series with 0.1 and 10 Hz cutoffs, respec-
tively. These filter settings were applied to reduce the potential
effects of the physiological noise (e.g., equipment noise, respi-
ration, and cardiac cycle effects) that often accompanies the
measured cortical hemodynamics.47–49 The epochs of each
trial were 60 s in duration (−30 to þ30 s), with the presentation
of the shape-matching task defined as 0.0 s. The HbO hemo-
dynamic waveforms for each channel were corrected based
on the average HbO seen in the baseline period (−10 to 0 s),
and the four trials performed in each condition were averaged
to create the time course of the concentration of the HbO for the
right and left PFCs, respectively. Subsequently, average HbO
across the active period was calculated as a proxy measure of
the neural activity in the PFC. We used the average HbO as
a marker for regional brain activation since previous study find-
ings have shown that HbO is more sensitive to neural changes
than HbR.50

2.6 Behavioral Data Analysis

The video-recorded behavioral data for the shape-matching task
were used for the analysis of the motor task performance. The
number of accurately matched shapes was quantified across
each trial, and the average performance across the four trials
for each condition was used as an outcome variable. We also
assessed an average number of errors in matching the shapes
across all trials. Awrong match of the shape on the correspond-
ing template, use of the arm other than the testing arm, and inac-
curate orientation of the shapes were considered as errors. In
addition, we assessed reaction time (RT), which was determined
as time to initiate the hand movement after the shape-matching
task was presented. RT for the first shape in each trial was
assessed, and average RT across all trials was considered for
the final analysis. Performance of NHPT and BBT was also
video-recorded and scores were calculated by quantifying the
time required to complete the NHPTand number of blocks com-
pleted during the BBT.

3 Statistical Analysis
Separate mixed model analysis of variance (ANOVA) (group ×
side × arm × task-conditions) with group (TD and HCP) as the

Table 2 Pilot data that were performed with a cohort of TD children (N ¼ 5; age ¼ 5.56� 0.63 years; males ¼ 4) that were right hand dominant.
The children completed the shape-matching task that was used in this investigation. The maximum HbO concentration (μmol) seen during the
active period was calculated as a preliminary measure of the neural activity in the prefrontal cortices. Trends in the data suggested that the maxi-
mum HbO was highest for difficult condition followed by moderate and easy conditions. R ¼ right arm and L ¼ left arm.

HbO (nondominant) HbO (dominant)

Easy Moderate Difficult Easy Moderate Difficult

R L R L R L R L R L R L

TD1 0.02 0.02 0.07 0.04 0.25 0.17 0.016 0.03 0.13 0.12 0.05 0.13

TD2 0.05 0.09 0.12 0.09 0.12 0.14 0.01 0.04 0.08 0.13 0.39 0.21

TD3 0.2 0.06 0.13 0.14 0.26 0.22 0.12 0.2 0.16 0.1 0.21 0.16

TD4 0.03 0.08 0.12 0.16 0.16 0.2 0.02 0.05 0.17 0.17 0.12 0.19

TD5 0.003 0.005 0.03 0.12 0.23 0.25 0.06 0.011 0.05 0.03 0.14 0.17

Average 0.0606 0.051 0.094 0.11 0.204 0.196 0.0464 0.0662 0.118 0.11 0.182 0.172

Fig. 2 Depiction of the placement of the fNIRS system on an exem-
plary child. The system consists of a flexible sensor pad that is posi-
tioned on the forehead based on the 10 to 20 EEG system. The
flexible sensor pad contains the emitters and photo-detectors. This
arrangement results in two measurement channels per hemisphere.
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between-subject factor, and side (right and left PFC), arm (dom-
inant/less affected, nondominant/affected), and task conditions
(easy, moderate, and difficult) as the within-subject factors were
used to determine if there were significant differences in HbO,
task performance, RT, and task errors. Separate 2 × 2 mixed
ANOVAs with group (TD and HCP) as the between-subject fac-
tor, and arm (dominant/less affected and nondominant/affected)
as the within-subject factors were used to determine if there were
significant differences in the NHPT and BBT. Significant inter-
action effects were followed up with a least squared difference
posthoc analysis. Cohen’s d was additionally calculated to
determine the effect sizes of the results. The calculated effect
sizes are interpreted as: 0.2—small, 0.5—medium, and >0.8 as
large.51 Lastly, Pearson product moment correlations were con-
ducted between the HbOs seen for the respective task complex-
ity levels and the respective behavioral outcome variables
collected from the entire cohort of children. All statistical analy-
sis was performed using SPSS (Version 22.0; IBM Corporation,
Armonk, New York) and P values equal to or less than the cor-
rected 0.01 alpha levels were considered to be significant. Results
in the text and graphs are presented as amean� standard error of
the mean.

4 Results

4.1 Prefrontal Cortical Activation

The arm-specific average HbO concentrations for children with
HCP and TD children during the respective conditions are
shown in Fig. 3. The overall impression is that the average HbO
concentration in the PFC is greater for the children with HCP
across the respective conditions. The primary statistical results
that are presented in the following sections are shown in Table 3.

There was a significant condition main effect (P ¼ 0.001;
d ¼ 1.31). Posthoc analyses revealed significant difference in the
HbO (P ¼ 0.01; d ¼ 2.46) between easy (0.07� 0.01 μmol)
and difficult (0.15� 0.01 μmol) conditions. Similarly, there
was also a significant difference (P ¼ 0.01; d ¼ 2.41) between

moderate (0.10� 0.01 μmol) and difficult (0.15� 0.01 μmol)
conditions. Altogether, these results indicate that the complexity
of the shape-matching task promoted the expected changes in
the HbO within the PFC.

We found a significant group main effect (P ¼ 0.001;
d ¼ 3.12) indicating that the children with HCP (0.17�
0.01 μmol) had greater HbO than the TD children (0.06�
0.006 μmol) overall when completing the respective shape-
matching task conditions. There also was a significant group
by condition interaction (P ¼ 0.025; d ¼ 0.76). Posthoc analy-
ses revealed a significant difference in HbO between the TD
children and children with HCP during the easy (P ¼ 0.022;
d ¼ 2.86), moderate (P ¼ 0.006; d ¼ 3.92), and difficult
(P ¼ 0.001; d ¼ 5.69) task conditions (Fig. 4). Hence, indicat-
ing that the children with HCP had a larger concentration of
HbO while performing the respective task conditions when
the data from the respective arms were combined. Despite
this finding, the group × arm × condition interaction term was
not significant (P ¼ 0.11).

There was also a significant arm main effect (P ¼ 0.001;
d ¼ 1.32) with the greater HbO when children performed the
task with the nondominant/affected arm (0.13� 0.01 μmol)
than the dominant/less affected arm (0.08� 0.008 μmol). There
was a significant group by arm interaction (P ¼ 0.001; d ¼
1.44). Posthoc analyses revealed a significant difference (P ¼
0.001; d ¼ 2.56) in HbO when the task was performed with
the affected arm (0.22� 0.03 μmol) of children with HCP and
the nondominant arm of TD children (0.05� 0.008 μmol).
Similarly, there was a significant (P ¼ 0.001; d ¼ 0.67)

Fig. 3 Comparison of arm-specific concentration of oxygenated
hemoglobin (HbO) between TD children and children with HCP
while performing the easy, moderate, and difficult shape-matching
conditions. The data represent the combined activity across the
right and left hemispheres of the prefrontal cortices. The concentration
of HbO appeared to be highest for the difficult condition followed by
moderate and easy condition. Furthermore, it is apparent that the con-
centration of HbO in the prefrontal cortices was highest for the chil-
dren with HCP for all of the respective conditions. Error bars are
standard error of mean.

Table 3 Main and interaction effects for all outcomes. Only significant
results are shown.

Outcomes F P value Effect size

HbO Group 62.03 0.001 3.12

Arm 11.24 0.001 1.32

Group × arm 13.28 0.001 1.44

Condition 10.97 0.001 1.31

Group × condition 3.72 0.025 0.76

Task performance Group 70.95 0.001 11.1

Task condition 26.51 0.001 5.3

Arm 12.12 0.001 3.6

Group × arm 8.65 0.004 9.5

RT Group 33.58 0.001 6.5

Task errors Group 47.93 0.001 8.4

Arm 7.20 0.01 2.6

NHPT Group 29.82 0.001 6.4

Arm 8.03 0.007 2.5

Group × arm 6.81 0.01 6.2

BBT Group 21.36 0.001 5.9
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difference in HbO concentration when the task was performed
with the less affected arm (0.12� 0.01 μmol) of children with
HCP and the dominant arm (0.06� 0.009 μmol) of TD chil-
dren. There was also a significant difference (P ¼ 0.001;
d ¼ 1.62) in HbO between the affected (0.22� 0.03 μmol)
and the less affected (0.12� 0.01 μmol) arm of children
with HCP.

There was no significant main effect for the respective sides
of the fNIRS probe (P ¼ 0.91). Hence, indicating that the activ-
ity in the respective hemispheres was equivocal.

4.2 Task Performance

There was a significant group main effect (P ¼ 0.001;
d ¼ 11.1) for the number of shapes matched, with TD children
matching more shapes (8.02� 0.2 shapes) than the children
with HCP (5.2� 0.3 shapes). There was a significant condition
main effect (P ¼ 0.001; d ¼ 5.3). Posthoc analyses indicated
that children matched a greater number of shapes in easy
(8.13� 0.3 shapes) than moderate (6.53� 0.3 shapes;
P ¼ 0.001; d ¼ 5.3) and difficult (5.10� 0.3 shapes;
P ¼ 0.001; d ¼ 10) conditions. There was a significant arm
main effect (P ¼ 0.001; d ¼ 3.6), indicating that the number
of shapes matched by the dominant/less affected arm
(7.28� 0.3 shapes) was greater than what was completed by
the nondominant/affected arm (6.21� 0.3 shapes). There also
was a significant group by arm interaction (P ¼ 0.004).
Posthoc analyses revealed significant difference (P ¼ 0.001;
d ¼ 9.5) in the number of shapes matched by the affected
arm of children with HCP (4.1� 0.4 shapes) was less than
what was matched by the nondominant arm of TD children
(7.9� 0.4 shapes). Similarly, the number of shapes matched
with the less affected arm of children with HCP (6.3� 0.4

shapes) was significantly less (P ¼ 0.004; d ¼ 4.5) than the
number completed by the dominant arm of TD children
(8.1� 0.4 shapes). Lastly, for the children with HCP the number
of shapes matched by the affected arm (4.1� 0.4 shapes) was
significantly (P ¼ 0.001; d ¼ 5.5) less than the number of

shapes completed for the less affected arm (6.3� 0.4 shapes).
None of the other interaction terms were significant (P > 0.05).

4.3 Reaction Time

There was a significant group main effect for RT (P ¼ 0.001;
d ¼ 6.5), indicating that overall the TD (0.9� 0.05 s) had a
faster RT than the children with HCP (2.31� 0.3 s). None of
the other main effects or interaction terms were signifi-
cant (P > 0.05).

4.4 Task Errors

There was a significant group main effect (P ¼ 0.001; d ¼ 8.4),
indicating that the TD children (1.4� 0.2 errors) had fewer
errors during the shape-matching tasks than children with
HCP (4.6� 0.5 errors). There also was a significant arm
main effect (P ¼ 0.01; d ¼ 2.6), signifying that there were
fewer task errors for the dominant/less affected (2.26� 0.39
errors) and the nondominant/affected arms (3.44� 0.52 errors).
None of the other main effects or interaction terms were signifi-
cant (P > 0.05).

4.5 Nine-Hole Peg Test

There was a significant group main effect (P ¼ 0.001; d ¼ 6.4),
showing that the TD children (41.03� 1.9 s) were faster
at completing the NHPT than the children with HCP
(96.1� 12.0 s). There also was a significant arm main effect
(P ¼ 0.007; d ¼ 2.5) indicating that the NHPT was completed
faster with the dominant/less affected arm (53.46� 5.28 s) than
the nondominant/affected arm (78.44� 11.64 s). There was a
significant group × arm interaction (P ¼ 0.01). Posthoc analy-
ses revealed children with HCP were significantly (P ¼ 0.001;
d ¼ 6.2) slower at the NHPT when they used affected arm
(130.5� 19.8 s) compared with when the TD children used
their nondominant arm (42.6� 2.6 s). Similarly, the children
with HCP were significantly slower (P ¼ 0.004; d ¼ 4.3) when
they used less affected arm (68.8� 9.2 s) compared with when
the TD children used their dominant arm (39.5� 2.9 s). In addi-
tion, the children with HCP performed the NHPT significantly
(P ¼ 0.03; d ¼ 4.0) slower with their affected arm compared
with their less affected arm.

4.6 Box and Block Test

There was significant group main effect (P ¼ 0.001; d ¼ 5.9)
indicating that overall the TD children (33.03� 1.3 blocks)
moved more blocks than and children with HCP (20.5� 2.7
blocks). There was no significant arm main effect (P ¼ 0.11)
or interaction (P ¼ 0.06).

4.7 Correlation Analyses

There was a positive correlation between the concentration of
HbO and the RT for the easy (r ¼ 0.25, P ¼ 0.06), moderate
(r ¼ 0.43, P ¼ 0.04), and difficult (r ¼ 0.72, P ¼ 0.01) com-
plexity levels. Overall, these relationships implied that a greater
concentration of HbO in the PFC during the sequential shape-
matching task was associated with a slower RT.

There was a positive correlation between the concentration
of HbO easy (r ¼ 0.34, P ¼ 0.014), moderate (r ¼ 0.39,
P ¼ 0.023), and difficult (r ¼ 0.43, P ¼ 0.012) complexity lev-
els and the performance on the NHPT. Hence, the children that

Fig. 4 Comparison of concentration of the average oxygenated
hemoglobin (HbO) between TD children and children with HCP
while performing the easy, moderate, and difficult shape-matching
conditions. These results are from the combined data from the respec-
tive arms and right/left hemispheres of the prefrontal cortices. The
concentration of HbO was highest for the difficult condition followed
by moderate and easy condition. Furthermore, it is apparent that the
concentration of HbO in the prefrontal cortices was highest for the chil-
dren with HCP for all of the respective conditions. Error bars are stan-
dard error of mean. * denotes P ≤ 0.05.
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performed slower on the NHPT also tended to have a greater
concentration of HbO in the PFC during the sequential
shape-matching tasks.

Lastly, there was a moderate negative correlation between the
concentration of HbO during the easy (r ¼ −0.35, P ¼ 0.010),
moderate (r ¼ −0.38; P ¼ 0.005), and difficult (r ¼ −0.45,
P ¼ 0.001; Fig. 5) complexity levels and performance on the
BBT. This result suggests that children that moved fewer blocks
tended to have greater concentration of HbO in the PFC during
the sequential shape-matching tasks.

5 Discussion
This study showed that an increase in the complexity of the
shape-matching task resulted parallel increases in the PFC acti-
vation. More importantly, our results identified that children
with HCP have higher PFC activation while performing a
shape-matching motor task with their affected upper extremities
across the various shape-matching complexity levels.
Interestingly, the greater PFC activation was also seen when
the children with HCP performed the shape-matching motor
task with the less affected hand. The heightened activity seen
within the PFC was related to a slower RT and poorer perfor-
mance on the NHPTand BBT. Taken together, these results sug-
gest that the atypical motor actions seen in children with HCP
may be partially related to the greater demands placed on the
PFC when planning and executing a goal-directed movement
with the upper extremities.

The increased activation seen in the PFC while performing
the shape-matching task with the affected as well as less affected
arm may indicate that children with HCP have difficulty in
simultaneously processing the cognitive and motor demands
of the task. For example, the children had to simultaneously per-
form a series of motor actions with the affected arm while select-
ing an object and identify where it belonged on the template.
Hence, it is possible that heightened PFC activation may parti-
ally reflect competition between the motor and cognitive resour-
ces that were necessary for completing the task demands. This
notion corroborates with a prior investigation that has suggested
that children with HCP have deficits in cognitive processing.52

This may indicate that the brain insults seen in children with

HCP are not limited to sensorimotor areas only, but rather
they have a cascading effect on the other cortical areas.

The children with HCP had higher PFC activation in both
hemispheres. As opposed to motor cortex, the activation in
the PFC was not laterality specific since there was no differential
activation within the right and left PFCs while performing the
task with the affected or the less affected arm. Greater bilateral
activation within the PFC could be due to the recruitment of
homologous resources across both PFC due to greater demands
imposed while planning and executing the complex shape-
matching task. Or alternatively, activation in both hemispheres
may be caused by the concomitant activity of various separable
cognitive processes that differentially involve both the left and
right PFCs while planning the complex task.53,54 These study
results corroborate with the other neuroimaging studies that
demonstrated bilateral PFC and dorsolateral PFC activation
while planning and executing a motor task.55–62

The children with HCP matched a fewer number of shapes,
had longer RT, and more shape matching errors compared with
the TD children. Altogether these behavioral results indicate that
the shape-matching task was more difficult for the children with
HCP. It could be argued that the ability to match a fewer number
of shapes potentially originate from faults in the musculoskeletal
machinery (i.e., spasticity, weakness, and joint contractures).
Although plausible, this argument is questionable because there
was a correlation between the motor performance on the shape-
matching task and the activity within the PFC, and the deficits
remained even when the children performed the task with their
less affected arm. These correlations imply that the musculo-
skeletal impairments are not solely responsible for reduced
motor performance; rather, deficient cognitive processing may
also underlie the uncharacteristic motor performance.

The motor impairments seen in the children with HCP while
performing the shape matching tasks were further confirmed by
the outcomes of the BBT and NHPT. Children with HCP com-
pleted fewer blocks during the BBT and took longer time to
complete the NHPT. Thus, the children with HCP had reduced
manual speed and dexterity bilaterally, which corresponds to the
finding that the children with HCP matched fewer numbers of
shapes and had increased shape-matching errors. The results
from the correlation analysis implied that the reduced motor per-
formance on these clinical tests might also be linked with the
greater PFC activation. These correlations provide further
fuel for the notion that a higher PFC activation might indicate
a heightened demand on the available cortical resources avail-
able for children with HCP.

One of the major limitations of the present study is that a
limited number of optodes were used, and our analysis was
restricted to the PFC. Moreover, the other areas associated
with action planning such as the fronto-parietal cortical areas,
basal ganglia, and cerebellum were not evaluated simultane-
ously. Potentially, deficits in these cortical and subcortical
areas may have a larger influence on the action-planning deficits
seen in children with HCP. Secondly, we did not have electro-
myographic or kinesiological data to measure the motor impair-
ments that may reside in musculoskeletal system. Therefore, our
study results are inadequate in partitioning whether the unchar-
acteristic motor performance seen in children with HCP is due to
impaired musculoskeletal machinery and/or aberrant cortical
processes. Lastly, the data processing techniques employed
in this investigation assumed that the physiological noise
embedded within the measured cortical hemodynamic response

Fig. 5 Scatter plot of the PFC activation while performing the difficult
shape-matching condition and BBT. Abscissa represents number of
blocks that children completed and the ordinate represents average
oxygenated hemoglobin (HbO) concentration. There was a moderate
negative correlation (r ¼ −0.45, P ¼ 0.001), which suggests that chil-
dren that moved fewer blocks tended to have greater concentration of
HbO in the PFC during the difficult shape-matching condition.
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was sufficiently removed. Our analysis may have not accounted
for the overlapping frequency bands between the blood pressure,
respirator signal, and the cerebral hemodynamic response.
Several postprocessing methods and concurrent external meas-
urement techniques (i.e., respiration, blood pressure) have been
proposed to better extract the cortical hemodynamic response,
but currently there is not a clear standard that has emerged
for eliminating the physiological noise that is often seen in
fNIRS.63,64 Overall, these noted limitations should be taken
into consideration in future studies that are directed at under-
standing the action-planning deficits in children with HCP.

6 Conclusion
Our results show that children with HCP have increased activa-
tion in the PFC while performing a shape-matching motor task
with their affected and less affected upper extremities. This sug-
gests that the children with HCP may utilize greater cognitive
and attentional resources to plan and execute their goal-directed
actions. In addition, our results indicate that the children with
HCP have slower RTs and generate more errors during their
goal-directed actions, even in the less affected extremity.
These parallel results imply that the motor performance prob-
lems seen in children with HCP could be due to an underlying
cognitive processing and/or action-planning deficits associated
with the PFC. Therefore, therapeutic approaches that improve
the motor actions of children with HCP might also result in cor-
ollary changes in their cognitive processing. This unique per-
spective should be challenged by future studies because it
may identify unforeseen connections between the motor impair-
ments seen in children with HCP and their cognitive abilities.
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