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Abstract

Objective: To compare the prefrontal cortex (PFC) activation and task performance during 

single- and dual-task conditions between typically developing (TD) children and children with 

hemiplegic cerebral palsy (HCP).

Design: A prospective, comparative design.

Setting: Research laboratory.

Participants: Participants (N=21) included 12 TD children (age, 6.0±1.1y) and 9 children with 

HCP (age, 7.2±3.1).

Interventions: Not applicable.

Main Outcome Measures: PFC activation was assessed by measuring the concentration of 

oxygenated hemoglobin while the children performed a shape-matching task with their more 

affected arm while sitting on a stable (single task) vs dynamic surface (dual task). The task 

performance was assessed with the total number of shapes matched, dual-task cost, and reaction 

time (RT).

Results: For both conditions, the children with HCP exhibited greater PFC activation, matched a 

fewer shapes, and had slower RT than the TD children. These differences were accentuated during 
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the dual-task condition and the dual-task cost was greater. An increase in the PFC activation 

during the dual-task condition was tightly correlated with a higher dual-task cost in children with 

HCP (r=0.77, P=.01).

Conclusions: Children with HCP appear to have a heightened amount of PFC activity while 

performing a dual task. The greater cortical activity may be a result of the finite attentional 

resources that are shared between both the motor as well as cognitive demands of the task. The 

cognitive-motor interference is likely exacerbated in children with HCP because of the structural 

and functional brain changes as a result of an insult to the developing brain.
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Numerous activities of daily living are dual task in nature. Dual task is defined as concurrent 

performance of 2 tasks, usually a cognitive and motor task, that can be performed 

independently and have distinct and separate goals.1 The performance of 1 or both tasks 

deteriorates while performing the 2 tasks concurrently, which is termed dual-task 

interference.2–4 Because attention needs to be divided between both the cognitive and motor 

tasks, there is limited central processing capacity5 or competing cognitive-motor resources 

that result in a dual-task interference.6 In rehabilitation, dual-task interference has an 

important consideration because it affects functional task performance.

Several studies have demonstrated dual-task interference in healthy and clinical populations.
4,7 Because of deficits in motor or cognitive processing, dual-task interference is heightened 

in neurologic populations and has been widely acknowledged in individuals with neurologic 

disorders such as stroke,8 Parkinson disease,9 and multiple sclerosis.10 However, very few 

studies have investigated dual-task paradigms in children with cerebral palsy (CP). The 

experimental paradigms used in these few investigations have primarily focused on the 

effects of dual tasks on walking and standing postural stability of children with CP.11–15 The 

findings from these studies demonstrated that dual task reduces walking performance and 

interferes with postural control. None of the prior studies to date have assessed upper limb 

dual-task paradigms in children with CP. Investigation of upper limb dual-task paradigms is 

important specifically in children with hemiplegic cerebral palsy (HCP) because the loss of 

upper extremity motor control affects activities of daily living and restricts the child’s 

participation in various educational, social, and vocational roles.

Because of various sensorimotor dysfunctions, motor actions such as reaching, grasping, 

releasing, object manipulations, and bimanual coordination are impaired in children with 

HCP.16 However, compelling evidence indicates that the difficulty in performing a motor 

task is not only because of deficits in the sensorimotor system but also arises from central 

deficits in cognitive processing17,18 and visuomotor dysfunctions.19–22 Our prior 

experimental work showed that the reduced motor task performance in children with HCP is 

partially related to a greater cognitive load imposed for controlling motor actions with the 

affected arm.17,23 Clearly, motor control of the affected upper extremity likely requires 

greater attentional or cognitive resources. Such competing cognitive-motor resources for 
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controlling the affected upper extremity may potentially contribute to the reduced task 

performance.

Neuroimaging studies reveal the effect of the cognitive-motor interference associated with 

performing a dual task on the activation of the prefrontal cortex (PFC).24–26 These studies 

indicate that the PFC activation increases in a dual-task condition in healthy young and older 

adults as well as in individuals with neurologic injuries.3,27–31 It is currently unknown if 

these findings extend to children with HCP. It is plausible that the accentuated activity seen 

in the PFC of children with HCP might become further hyperactivated during a dual task 

because of the additional attentional resources required for performing the cognitive and 

motor components concurrently.23 Moreover, these additional challenges of dual task might 

affect the performance of goal-directed motor task with the affected upper extremity in 

children with HCP. Although this conjecture is plausible, this scientific premise has yet to be 

tested.

The purposes of this investigation were (1) to assess differences in PFC activation while 

performing a goal-directed, shape-matching task with the more affected upper limb during 

single- (sitting on a stable surface) vs dual-task (sitting on dynamic surface) conditions 

between typically developing (TD) children and children with HCP and (2) to compare the 

differences in shape-matching task performance, dual-task cost, and reaction times (RT) 

during single- vs dual-task conditions between TD children and children with HCP. We 

hypothesized that because of the greater cognitive-motor interference in children with HCP, 

the PFC activation would markedly increase, the task performance would deteriorate, and 

information processing would be delayed in the dual-task condition compared with the 

single-task condition.

Methods

Study design

The study was a prospective, comparative design. The Institutional Review Board of the 

University of Nebraska Medical Center approved the study, and we obtained parental 

consent and child assent to participate in this investigation.

Participants

The sample size for this study was based on our previous experimental work that assessed 

PFC activation between TD and children with HCP while performing a shape-matching task 

with the more affected arm.23 With the effect size (2.33) for the difference in the oxygenated 

hemoglobin (HbO) between the TD children and children with CP seen in this prior study, a 

sample size of 12 (6 in each group) would provide >86% power to detect a similar difference 

at a 0.01 α level. A total of 9 children with HCP (age, 7.2±3.1y; male=5; Manual Ability 

Classification System Levels I-III) and 12 TD children (age, 6.0±1.1y; male=7) were 

recruited to participate in this investigation. The children with HCP were recruited from the 

physical therapy clinic at the University of Nebraska Medical Center, and the TD children 

were recruited through word of mouth and targeted e-mails to University employees. The 

physical therapists, who had access to the children’s health records, prescreened the children 
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based on the inclusion and exclusion criteria to qualify for the study. The inclusion criteria 

were (1) children with hemiplegia diagnosed by a pediatric neurologist, (2) children who 

were able to reach and grasp the objects, and (3) children who were able to comprehend and 

follow instructions. Age-equivalent TD children were also included. The exclusion criteria 

were (1) the presence of frontal cortical lesions; (2) children with HCP with cognitive 

impairments (lack of age-appropriate intelligence, verbal comprehension, visuospatial 

orientation, and working memory indices based on Wechsler Preschool and Primary Scale of 

Intelligence-Fourth Edition)32; (3) visual deficits; (4) musculoskeletal deformity of the hand 

and arm such as any fixed contractures of hand or wrist, which would limit the ability to 

grasp and manipulate objects; (5) Manual Ability Classification System levels IV (handles a 

limited selection of easily managed objects in adapted situations) and V (does not handle 

objects and has severely limited ability to perform simple actions)33; and (6) arm weakness 

due to neurologic impairments such as brachial plexus injuries. Table 1 presents the 

characteristics of the participants that were recruited for this investigation. There were no 

differences in the age (P=.653) and sex (P=.071) between TD children and children with 

HCP.

Experimental paradigm

The experimental task consisted of a shape-matching task, which was tested as a valid 

cognitive-motor task and has previously been shown to elicit changes in HbO concentration 

within the PFC (fig 1A).23 The children were asked to match the shapes by selecting an 

appropriate shape and placing it accurately on a template. The children with HCP performed 

the task with their more affected hand, while the TD children performed the task with their 

nondominant hand.

The shape-matching task was performed in a block paradigm, which consisted of a 30-

second rest period where the child sat still and a 30-second active period where the child 

matched the shapes. For a single-task condition, the children performed the shape-matching 

task while sitting on a stable surface (chair) (fig 1B), whereas for a dual-task condition, the 

children performed the task while sitting on a dynamic surface (therapy ball) (fig 1C). The 

single-task and dual-task conditions were performed in random order. The assessor 

presented the template and shapes at time 0, and the children were instructed to match as 

many shapes as they could within the 30-second 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 seconds of the active 

period was over. The children performed a total of 4 blocks of the shape-matching task 

during the entire session with an alternating pattern of the 30-second active and rest periods. 

The total duration of the data collection for each condition was 4 minutes.

Functional near-infrared spectroscopy data acquisition and data analysis

A continuous wave functional near-infrared spectroscopy (fNIRS) systema that used 2 

different wavelengths (730 and 850nm) was used to measure the concentration of HbO and 

deoxygenated hemoglobin in the PFC. The fNIRS system was composed of a flexible head 

piece that contained a series of 2 infrared-emitting optodes and 2 detector optodes. These 
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optodes comprised the 4 measurement channels that were used in this investigation. 

According to 10–20 electroencephalography system, the optodes were positioned lateral to 

the Fpz on the left and the right side of the forehead. The sensors had 2 Hz sampling rate 

and measured the hemodynamic change in approximately 5–10 mm of the outermost cortical 

tissue.34–36 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 

(fNIRSoft software v 3.1a) for data acquisition and visualization.

The fNIRSoft software was used to calculate the optical density of the raw light intensity 

signals and was used to implement a modified Beer-Lambert Law to determine the changes 

in the HbO concentration (H. Ayaz, unpublished data, 2010). 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 the HbO time series with 0.1- and 

10-Hz cutoffs, respectively. These filter settings were applied to reduce the potential effects 

of the physiological noise (eg, equipment noise, respiration, cardiac cycle effects) that often 

accompanies the measured cortical hemodynamics.37–39 The epochs of each trial were 60 

seconds in duration (−30 to +30s), with the presentation of the shape-matching task defined 

as 0.0 seconds. The HbO hemodynamic waveforms for each channel were corrected based 

on the average HbO seen in the baseline period (−10 to 0s), and the 4 trials performed in 

each condition were averaged to create the time course of the concentration of the HbO for 

the right and left PFC, respectively. The average of the HbO concentration in the right and 

left PFC was calculated because it has been previously shown that there are no hemispheric 

differences in the activation of the PFC for the shape-matching task that was used in this 

investigation.23 We used the average HbO as a marker for regional brain activation because 

previous study findings have shown that HbO is more sensitive to neural changes than 

deoxygenated hemoglobin.40

Behavioral data analysis

The video-recorded behavioral data for the shape-matching task was used for the analysis of 

the behavioral performance. The total number of shapes matched across 4 shape-matching 

trials and dual-task cost (percentage of change in shape matching task from single- to dual-

task condition) were outcomes for task performance.41 In addition, we assessed RT, which 

was determined as time to initiate the hand movement after the shape-matching board was 

presented. The exploratory sequential data analysis software (Datavyub) was used to 

calculate the RT, and the average RT across all 4 trials was considered for the final analysis. 

A trained coder calculated the RT with an intrarater reliability of 0.98.

Statistical analysis

All the data were normally distributed. Therefore, parametric tests were used to determine 

the group and condition differences. Separate mixed-model analysis of variance (ANOVA) 

(group-×task conditions) with group (TD and HCP) as the between-subject and task 

conditions (single- vs dual-task) as the within-subject factor were used to determine if there 

were significant differences in HbO, total number of shapes matched, and RT. The data 

conformed to the assumptions of normality, homogeneity, and sphericity. Significant 

interaction effects were followed up with a Bonferroni post hoc analysis. An independent t 
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test was also used to determine between-group differences in dual-task cost. Lastly, a 

Pearson correlation was performed to assess the relationship between PFC activation and 

dual-task cost. All statistical analysis was performed using SPSSc and P values equal to or 

less than the corrected 0.01 α levels were considered significant. Results in the text and 

graphs are presented as a mean ± SD of the mean.

Results

fNIRS PFC activation

There was a significant condition main effect (P=.001) indicating overall greater PFC 

activation in the dual-task condition (0.41±0.11μmol) than the single-task condition 

(0.19±0.06μmol) for all the participating children (ie, TD children as well as children with 

HCP). There was also a significant group main effect (P=.001) indicating that overall the 

children with HCP (0.51±0.14μmol) had greater PFC activation than the TD children 

(0.10±0.03μmol). In addition, there was a significant group-by-condition interaction 

(P=.001). Post hoc analyses revealed greater PFC activation in children with HCP during the 

dual-task condition (P=.001) as well as the single-task condition (P=.019) when compared 

with the TD children (fig 2A). Furthermore, there was greater PFC activation in the dual-

task condition (P=.001) than the single-task condition (P=.013) for both groups (see fig 2A). 

Altogether these results reveal that the dual-task condition resulted in greater PFC activation 

and that the children with HCP had greater PFC activation during the dual-task and single-

task conditions than the TD children.

Number of shapes matched

There was a significant condition main effect (P=.001) indicating that overall fewer shapes 

were matched in dual-task condition (17±8 shapes) than with the single-task condition 

(27±10 shapes) for all the participating children. There also was a significant group main 

effect for the number of shapes matched (P=.001) indicating that the children with HCP 

(13±6 shapes) matched fewer shapes overall than the TD children (30±7 shapes). Moreover, 

there was a significant group-by-condition interaction (P=.036). Post hoc analyses revealed 

the children with HCP matched fewer shapes in the single-task (P=.011) and dual-task 

conditions (P=.001) than the TD children (fig 2B). Similarly, fewer shapes were matched 

during the dual-task condition (P=.001) than the single-task condition (P=.001) for both 

groups (see fig 2B). Overall these results imply that fewer shapes were matched during the 

dual-task condition, and the children with HCP matched fewer shapes during the dual-task 

condition because of a greater dual task-cost for both the single- and dual-task conditions.

Reaction time

For reaction time, there was a significant condition main effect (P=.001) indicating that 

overall the RT was slower for the dual-task condition (1558±663 msec) compared to single-

task condition (941±448ms) for all the participating children. In addition, we found a 

significant group main effect for RT (P=.001) indicating that the children with HCP 

(1819±484ms) had a slower RT than TD children (822±282ms). Finally, there also was a 

significant group-by-condition interaction (P=.01). Post hoc analyses revealed that the RT 

for the single-task condition as well the dual-task condition was slower for the children with 
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HCP than TD children (fig 2C). Similarly, the RT was also slower for the dual-task condition 

than the single-task condition for both groups (see fig 2C). Altogether these results imply 

that the children with HCP required a longer time to process the information and plan their 

motor actions during the dual-task as well as the single-task condition than TD children.

Dual-task cost

The children with HCP had greater dual-task cost on the number of shapes matched than TD 

children (P=.011) (fig 3A). There was a strong positive correlation between the HbO 

concentration and dual-task cost in children with HCP (r=0.773, P=.007) (fig 3B) and a 

moderate positive but nonsignificant correlation in TD children (r=0.39, P=.104). Altogether 

these results suggest that a greater burden on PFC increases the cost of task performance in 

dual-task condition.

Discussion

This study evaluated the neural substrate of the cognitive-motor interference that occurs 

during an upper extremity dual task as performed by children with HCP with their more 

affected hand. Our results support our core hypothesis that the dual task would have greater 

cognitive-motor interference in children with HCP and that this interference would be 

reflected by hyperactivation of the PFC. Overall our results had 3 key findings: (1) the PFC 

activation was higher in children with HCP during the single and dual tasks than TD 

children (2) the dual-task cognitive-motor interference resulted in slower RT and diminished 

ability to match the shapes for the children with HCP compared with the TD children, and 

(3) the dual-task noticeably increased dual-task cost and was associated with greater PFC 

activation in children with HCP compared with TD children. The implications of these 

findings are further discussed in the following sections.

The children with HCP had greater PFC activation during the single-task condition, which 

corroborates our prior results showing similar changes in the cortical activation while 

performing a similar shape-matching task.23 Experimental results presented elsewhere 

indicated that performing a motor task with the affected arm requires greater attentional 

resources for children with HCP.23,42,43 Combined with the results presented here, the 

heightened PFC activation seen in the children with HCP during the single-task condition 

might reflect the additional attentional resources that are required to plan a motor action 

with the affected arm.

The additional motor challenges imposed by the dynamic surface during the dual-task 

condition exacerbated the hyperactivation seen in the PFC for the children with HCP. 

Maintaining dynamic postural control requires attentional resources44 and is associated with 

increased activation within the PFC.45,46 Therefore, during the dual-task condition the 

competing streams of cognitive and motor demands were likely increased during the dual 

task for the children with HCP. This perspective is consistent with other neuroimaging 

studies that have also shown an increased activation within the PFC as individuals post 

stroke perform a dual task.29,47,48
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For both the TD children and children with HCP, fewer shapes were matched during the 

dual-task condition. Furthermore, the dual-task cost increased and was associated with 

greater PFC activation, indicating prominent interference between the cognitive and motor 

demands of the task. These behavioral and associated changes in cortical activation support 

the idea that the dual-task condition required more attentional resources than the single-task 

condition. Furthermore, they substantiate the notion that the heighted PFC activity reflects 

the cortical demands associated with performing the concurrent cognitive and motor 

demands of the dual task. Therefore, based on the capacity-sharing theory of a dual task 

there was likely a capacity overload.5 We suspect that a “posture first” strategy was implied, 

which allows prioritization of motor over the cognitive task.49 Hence, it is plausible that the 

degraded shape-matching performance is partially related to the children primarily focusing 

on maintaining and stabilizing their dynamic posture as opposed to matching the shapes. 

However, we do not have any postural control measures, which limits our ability to infer that 

the attentional resources were allocated for a “posture first” strategy.

Another indicator of dual-task interference was the slower RT during the dual-task condition 

compared with the single-task condition. When 2 tasks that share common domains are 

performed concurrently, this can create a bottleneck that slows down the processing of the 

respective tasks because of limited processing capacity.6,50–52 There was likely a bottleneck 

for the dual task because maintaining postural control on the dynamic surface and executing 

the shape-matching task both require sufficient attentional or cognitive resources. Such a 

bottleneck might have resulted in a delay in information processing associated with 

performing the shape-matching task, which was exhibited by a slower RT.

From clinical and rehabilitation perspective, it is important to understand that impaired 

performance of goal-directed movements with the affected upper extremity does not only 

result from weakness or paresis of the affected arm but potentially because of amalgamation 

of motor weakness, impaired sensorimotor processing, and greater cognitive-motor 

interferences. Our study results specifically indicate that the greater cognitive-motor 

interference resulted from motor weakness combined with limited attentional resources, 

which further reduced the motor task performance. Therefore, while assessing performance 

of the affected extremity, it would be crucial to assess the cognitive demands of the task 

because greater cognitive demands would likely interfere with the motor outcome or goal-

directed task performance. Similarly, while designing the rehabilitation strategies, practicing 

the motor tasks combined with slowly progressing or appropriately challenging cognitive 

demands in variable environments and incorporated with various postural challenges would 

enhance the rehabilitation outcomes.

Study limitations

We recognize several limitations of this study. First, only the activation of the PFC was 

assessed. It is highly likely that other areas associated with dual-task activation such as 

parietal cortex, insula, and cerebellum3,53 were likely active, and their assessment would 

further enhance our understanding about the neural underpinnings of the cognitive-motor 

interference seen in children with HCP. Second, we did not record any kinesiological data 

such as center of pressure measures or electromyography, which limited our ability to fully 
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evaluate the movements seen in the participating children. Having this data would have 

helped us in partitioning whether children used a “motor/posture first” or a “cognition first” 

strategy. Third, our findings are limited to children with HCP who had mild to moderate 

impairments. Therefore, we do not know the degree of burden on the PFC in children with 

severe impairments. It would also be an interesting next step to assess whether these results 

extend to children with other types of CP such as diplegia and quadriplegia.

Conclusions

Our results indicate that children with HCP have greater activation in the PFC while 

performing dual as well as single task with their more affected arm. This burden on the PFC 

may result from finite attentional resources that need to be shared between both the motor as 

well as cognitive demands of the task. Moreover, the reduced task performance in the 

children with HCP might partially stem from exacerbated cognitive-motor interference due 

to structural and functional changes that result from the initial insult to the developing brain. 

Therefore, it is imperative to understand that the reduced performance of the goal-oriented 

task with the affected arm in children with HCP may not be only because of motor 

impairments but also cognitive-motor interferences resulting from developmental brain 

damage. These results clearly point to the notion that the perinatal brain insults seen in 

children with HCP are not purely sensorimotor but rather can have cascading effects that 

affect other cortical networks that involve in cognitive processing. Clinical assessments and 

therapeutic interventions should consider the interaction between cognitive and motor 

components of children with HCP to improve rehabilitation outcomes.
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Fig 1. 
(A) Experimental task and protocol. The shapes template was presented to the child just 

before beginning the task. Children were asked to match maximum number of shapes with 

the corresponding template for 30 s. The task was repeated 4 times. (B) Performance of the 

shape-matching task in single-task condition. In a single-task condition, children performed 

the shape-matching task while sitting on a stable surface (chair). (C) Performance of the 

shape-matching task in dual-task condition. In dual-task condition, children performed the 

shape-matching task while sitting on a dynamic surface (therapy ball).
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Fig 2. 
(A) PFC activation: comparison of the average HbO between TD children (n=12) and 

children with HCP (n=9) while performing the shape-matching task during single- vs dual-

task conditions. Mixed-model ANOVA and Bonferroni post hoc analysis shows that the 

concentration of HbO was highest during dual-task condition followed by single-task 

condition in children with HCP compared with dual- and single-task conditions in TD 

children. (B) Total number of shapes matched: comparison of the task performance between 

TD children (n=12) and children with HCP (n=9) while performing the shape-matching task 
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during single- vs dual-task conditions. Mixed-model ANOVA and Bonferroni post hoc 

analysis shows maximum deterioration of the task performance was observed in dual-task 

condition followed by single-task condition in children with HCP compared with dual- and 

single-task conditions in TD children. (C) Reaction time: comparison of RT between TD 

children (n=12) and children with HCP (n=9) during single- vs. dual-task conditions. Mixed-

model ANOVA and Bonferroni post hoc analysis shows that the RT was most delayed 

during dual-task condition followed by single-task condition in children with HCP compared 

with dual- and single-task conditions in TD children. NOTE. The error bars are standard 

error of mean. *P≤.01.
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Fig 3. 
(A) Dual-task cost: dual-task cost=(single-task–dual-task)/single-task×100. Dual-task cost 

was measured with the total number of shapes matched. Independent t test results show 

higher dual-task cost indicates greater cognitive-motor interference. Children with HCP 

(n=9) had higher dual-task cost than TD children (n=12). (B) Correlations between PFC 

activation and dual-task cost: scatter plot of the PFC activation while performing dual-task 

condition and dual-task cost in children with HCP (n=9). Abscissa represents average HbO 

concentration and the ordinate represents percentage of dual-task cost. Pearson correlation 

analysis shows a strong positive correlation (r= 0.77, P=.01) in children with HCP, which 

suggests that children who had greater PFC activation tended to have greater cost of 

performing a dual task.
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Table 1

Participant characteristics

Variables Children With HCP (n = 9) TD Children (n = 12) P Value

Age (y), mean ± SD 6.0±1.1 7.2±3.1 .653

Sex (n), M/F 5/4 7/5 .071

Side of hemiplegia (n), L/R 6/3

Manual Ability Classification level I = 1

II = 1

III = 7

Abbreviations: F, female; L, left; M, male; R, right.
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