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ABSTRACT 

The purpose of this dissertation was to examine the influence of motor control 

impairments and aberrant prefrontal cortex (PFC) activity on upper limb dysfunction in 

children with cerebral palsy (CP) during goal-directed actions. A multimodal framework 

combined  robotic assessments with mobile functional neuroimaging using functional near-

infrared spectroscopy (fNIRS) to investigate brain–behavior relationships during 

naturalistic, time-constrained reaching and interception tasks. The first aim was to 

determine whether children with CP displayed impaired motor performance and planning 

during stationary target reaching and moving target interception, and to assess if deficits 

varied across time constraints. Children with CP exhibited task- and limb-specific 

impairments in reaching accuracy, trajectory planning, and response preparedness, with 

deficits more pronounced in the non-preferred arm and under stricter time restrictions. The 

second aim was to assess relationships between robotic metrics and established clinical 

measures of manual ability. Results indicated robotic metrics recorded under high time 

pressure were directly and moderately related to manual ability in children with CP. The 



third aim was to determine PFC activity during time-constrained reaching and assess its 

relationship to reaching accuracy. An atypical pattern of suppressed PFC activity was 

observed in CP, with increased PFC recruitment moderate-strongly related to improved 

motor accuracy, with relationships more pronounced across temporal constraints for the 

ipsilateral PFC. The fourth aim was to determine PFC activity patterns during time-

constrained interception, and to assess their relationship to robotic metrics of interception 

planning and performance. Children with CP exhibited atypical patterns of suppressed 

contralateral PFC activity and ipsilateral PFC dominance with the non-preferred arm, with 

greater contralateral activity and higher ipsilateral dominance both related to faster 

responses in this group. 

These findings provide compelling evidence that children with CP exhibit 

persistent, limb-specific, and context-dependent impairments in motor planning and 

execution, that are influenced by altered cortical activation patterns. Robotic metrics 

sensitively reflect functional capacity, while PFC activity offers a potential biomarker for 

adaptive versus maladaptive compensatory strategies. These results lay the empirical 

groundwork for the development of individualized interventions that are informed by 

personalized profiles of motor behavior and brain function. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1. Background 

Cerebral palsy (CP) is an umbrella term that describes a group of neurodevelopmental 

disorders of posture and movement arising from non-progressive damage to the developing brain 

(1, 2). As the commonest cause of childhood-onset movement disability, CP affects 1 in 323 

children in the United States. The economic impact of CP-related morbidity is significant, with 

estimated lifetime expenditure of $921,000 per individual with CP (3) contributing to the estimated 

lifetime costs of more than $10 billion associated with CP (4). Up to 60% of children with CP show 

impaired arm and hand use (5) which hampers the independent performance of daily tasks (6) and 

limits participation in functional peer-play, leisure activities and sports (7). The rapid and continual 

multi-system integration required to perform goal-directed arm movements is especially 

challenging for children with CP, who show marked central deficits in motor planning (8) 

visuospatial attention (9) and visuomotor coordination (10), in addition to their sensorimotor 

impairments. Clinical assessments of upper limb function in CP demonstrate low objectivity, 

questionable reliability and inconsistent responsiveness to meaningful clinical change following 

interventions (11). Additionally, these timed, behavioral evaluations provide unidimensional 

information of arm and hand use that does not account for the complex, multifactorial nature of 

upper limb dysfunction in CP.  

Recent advancements in robotic technologies have provided a reliable (12) and objective 

means to interrogate sensorimotor (13-20), visuoperceptual (21) and cognitive deficits (22, 23) in 

children with CP, with recent reports extending its feasibility to adults with CP (24, 25). Key 
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advantages of robotic technologies over conventional clinical evaluations include (a) greater 

objectivity via reduced assessor bias, (b) enhanced precision and sensitivity of quantitative metrics 

compared to ordinal or dichotomous scales, and (c) improved user engagement and compliance 

through novel and interactive game-based assessment approaches. Building on previous research 

using motion capture during reaching movements (6, 26), robotic analyses revealed that children 

with arterial stroke-induced CP display global impairments during reaching tasks, which are linked 

to established clinical measures of manual ability (14). Importantly, standardized robotic tasks can 

be combined with neurophysiological assessments to provide insights into brain-behavior 

relationships following early brain injury. For example, sensory deficits identified through robotic 

reaching assessments were linked to aberrant sensory tract development in children with perinatal 

stroke (15), highlighting how multimodal integration of robotic tools and neuroimaging can 

enhance understanding of motor impairments in CP.  

Moving-target interception represents a complex motor challenge that is integral to 

functional independence, requiring individuals to continuously process multisensory inputs, 

allocate attention, and generate coordinated and timely motor responses towards a predicted target 

position (27-29). The dynamic interplay of anticipatory (feedforward) motor planning and real-

time feedback adjustments required for successful interception (30) renders it suitable to probe 

goal-directed actions in individuals with neurological damage (31). In CP, disruptions in sensory 

feedback processes delay response execution (32), forcing greater reliance on predictive 

mechanisms to compensate for slower online corrections (30). These deficits, coupled with 

impairments in spatial attention (9) and motion perception (33), significantly reduce the accuracy 

of movement adjustments during dynamic tasks. Moreover, central deficits in action planning are 

persistent across development (34) and further limit motor function (35, 36). However, interception 

tasks provide continuous visual input and externally imposed timing constraints which may 

scaffold movement planning and sensorimotor coordination in CP through recruitment of more 

automatic visuomotor pathways and sensory-perceptual networks. In contrast, stationary reaching 
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is reliant on internally generated timing and movement planning, which may expose or amplify 

anticipatory control deficits in this group. These differences suggest that time-constrained reaching 

to stationary targets may evoke greater performance deficits than corresponding tasks involving 

moving target interception, though direct empirical comparisons across these contexts remain 

limited. Additionally, despite the real-world significance of these impairments, the cortical 

mechanisms underlying interception in CP remain largely unexamined, underscoring the need for 

targeted research utilizing robotic assessments combined with functional neuroimaging.  

While robotic technologies have seen rapid technical advances, the translation of robot-

derived metrics into actionable insights that can inform therapeutic strategies requires a deeper 

understanding of neurophysiological mechanisms at play in CP. Conventional neuroimaging 

modalities such as functional magnetic resonance imaging and magnetoencephalography are 

unable to capture real-time neural activity during dynamic, goal-directed movements in natural 

environments, and are particularly challenging for children with CP who commonly struggle with 

attentional demands and movement restrictions. Conversely, electroencephalography offers free 

mobility, but lacks the spatial resolution to adequately localize brain activity (37). Functional near-

infrared spectroscopy (fNIRS) is a non-invasive, motion-tolerant, and portable optical 

neuroimaging tool (38) that can silently capture cortical activity during real-world tasks (39), 

making it particularly well-suited for children with CP (40). Most fNIRS studies in CP has 

investigated cortical activity and functional connectivity within the sensorimotor cortices during 

simple single joint/limb movements (41-49), revealing exaggerated cortical activity linked to 

impaired selective motor control (42) and widespread muscle activation (45, 47, 48). In contrast, 

surprisingly few studies have explored the role and impact of prefrontal cortex (PFC) during 

movement, reflecting the lack of neurophysiological insight into aberrant cognitive-motor 

interactions following neural insults (50). 

The PFC is a critical node in the frontoparietal network for goal-directed reaching, where 

it plays a key role in action planning (51), prediction (52), and priming the sensorimotor cortices 
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for expected sensory input (53). It is also a cortical hub for visuospatial attention and spatial 

localization (54), functions that are essential for accurate, targeted reaching. While PFC activity 

has been examined in neurotypical adults during reaching (55), its role in CP has primarily been 

studied in the context of motor planning (56) and cognitive-motor dual-tasks (57-59). Interestingly, 

children with CP exhibit heightened PFC activity during these tasks, potentially reflecting neural 

resource reallocation to compensate for postural and balance deficits. Additionally, PFC activity 

has been shown to normalize following intensive intervention (59), suggesting it may serve as a 

marker for neuroplasticity. However, despite these initial findings, no study has yet determined 

PFC activity during goal-directed reaching in children with CP. 

 

1.2. Dissertation Aims and Hypotheses 

Below are the dissertation aims and associated hypotheses:  

 

Specific aim 1: To map and critically appraise the literature on the feasibility and current use of 

functional near-infrared spectroscopy (fNIRS) to assess cortical activity, functional connectivity, 

and neuroplasticity in individuals with cerebral palsy (CP). 

 

Specific aim 2: To determine if children with CP exhibit deficits in motor performance and 

planning during stationary target reaching and moving target interception, and if the expected 

performance deficits vary across imposed time constraints.  

Hypothesis 2.1: Children with CP will exhibit lower motor performance (i.e., lower accuracy, 

larger spatial errors, slower peak velocities) and motor planning deficits (i.e., slower reaction time, 

lower initial movement angles) than matched controls during both tasks. 

Hypothesis 2.2: Performance deficits will be greater during stationary target reaching and under 

high time constraints. 

Hypothesis 2.3: Planning deficits will be similar across both tasks and all time constraints. 
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Specific aim 3: To determine the relationship between robotic metrics and clinical assessments of 

manual ability in children with CP. 

Hypothesis 3.1: Better robotic metrics of motor performance and planning will be related to higher 

clinical assessment scores in children with CP. 

 

Specific aim 4: To determine PFC activity during time-constrained reaching of stationary targets 

in children with CP, and to determine the relationship between PFC activity and reaching accuracy. 

Hypothesis 4.1: Children with CP will display greater PFC activity and worse reaching 

performance during time-constrained reaching than matched controls.  

Hypothesis 4.2: Greater PFC activity will be related to higher reaching accuracy in children with 

CP. 

 

Specific aim 5: To determine prefrontal cortex activity during time-constrained interception of 

moving targets in children with CP, and to determine the relationship between PFC activity and 

interception performance and planning metrics.  

Hypothesis 5.1: Children with CP will display lower and more lateralized PFC activity, and worse 

motor performance and planning during time-constrained interception than matched controls. 

Hypothesis 5.2: Greater PFC activity will be related to better interception performance and 

planning metrics in children with CP. 

 

1.3 Innovation and Significance 

This dissertation pioneers the concurrent use of mobile functional neuroimaging with 

robotic assessments to investigate brain-behavior relationships underlying upper limb dysfunction 

in children with CP. By leveraging the sensitivity and precision of robotic kinematics with the high 

spatiotemporal resolution and motion tolerance of fNIRS, this work simultaneously captures motor 
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performance and neurophysiological dynamics during naturalistic behaviors such as goal-directed 

reaching and moving target interception. This multimodal approach enables real-time assessment 

of how PFC engagement influences motor planning, execution, and adaptability across varying task 

constraints—an area previously underexplored in pediatric neurorehabilitation research.  

Importantly, this integrative framework differs from conventional assessment approaches 

that evaluate neural and behavioral components in isolation. Instead, it grounds motor dysfunction 

in cognitive-motor theories by characterizing PFC involvement in movement prediction, planning, 

and resource allocation during upper limb actions. This work systematically investigates these 

dynamics across task types, time constraints, and arm dominance, with an aim to delineate both 

compensatory and maladaptive neural strategies used by children with CP.  

By linking highly granular robotic metrics with standardized clinical assessments, and 

uncovering cortical markers of motor impairment, this dissertation lays the empirical groundwork 

for developing neurophysiology-informed therapies to support the individual rehabilitation needs 

of children with CP. As fNIRS technologies continue to evolve with scalable, high-density optode 

arrays alongside improved spatial resolution and enhanced motion tolerance, the findings from this 

dissertation may help promote more targeted neurorehabilitation strategies based on personalized 

brain-behavior dynamics in individuals with early brain injury. 

 

1.4. Literature review: Cerebral palsy (CP) 

1.4.1. Definition, etiology, and epidemiology of CP 

Cerebral palsy is an umbrella term (1) that describes a group of neurodevelopmental 

permanent disorders of movement and posture that cause activity limitations and arise from non-

progressive damage of the developing brain (60). First described in the 1827 medical thesis of 

French neurologist Jean-Baptiste Cazauvieilh (61), the terminology used to describe this condition 

has undergone several revisions (62, 63), and continues to be a topic of active debate (64-67). 

Underlying this complexity of terminology is the multifactorial and diverse etiology of CP (68). 
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Preterm birth is the strongest risk factor for CP (69, 70), with additional pre-, peri-, and early post-

natal risk factors including maternal infections, inflammation, intrauterine growth retardation and 

birth asphyxia (71) potentially having an additive effect for CP risk (72). The strong links between 

low socioeconomic status, low birth weight and risk of preterm births may also underlie the 

disproportionately greater prevalence of CP reported in Black individuals in the United States (73), 

and may also contribute to the greater prevalence rates reported in low- and middle-income 

developing countries (74, 75). The most recent estimates report CP prevalence in high-income 

countries at 1.5-1.6 per 1000 live births (75), cementing its status as the most common cause of 

childhood-onset motor disability. This high prevalence is compounded by lifetime healthcare costs 

exceeding a million USD per individual with CP (3), with the total CP-related burden on the US 

economy exceeding 10 billion USD per year (4). 

The etiological complexity of CP is also reflected in the heterogeneous pathophysiological 

mechanisms. These include early brain injury and/or maldevelopment due to one or more of the 

abovementioned causes, with genetic susceptibility in the form of single-gene mutations and copy 

number variations being increasing recognized as important predisposing risk factors (71, 76). The 

pathologies seen in CP vary by time of injury: Periventricular leukomalacia (PVL) is most 

frequently observed in preterm infants (77), hypoxic-ischemic encephalopathy is more common at 

or immediately following labor (78), while neonatal and perinatal strokes occur between 20 weeks 

of gestation to 28 days after birth (79, 80).  

The extent and location of brain damage determine the clinical manifestations, severity of 

motor impairments, and associated comorbidities. Primarily white matter lesions like PVL are 

characterized by damage to the metabolically active sensorimotor tracts encasing the third ventricle, 

and are driven by disrupted autoregulation of the developmentally immature cerebral vasculature 

in the preterm infant (81). The bilateral topological arrangement of descending motor fibers 

(corticospinal tract, CST) predisposes both lower extremities to greater injury, most often resulting 

in a spastic diplegic presentation with greater lower limb involvement, though upper limb dystonia 
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is frequently observed (82) and is linked to functional disability in this group (83). Similar PVL 

damage also accounts for nearly half (45%) of children with unilateral CP (84). Conversely, 

perinatal strokes are more commonly observed in term infants and have distinct pathophysiologic 

mechanisms (85), appearing as focal injuries within the first week of life (86) that underlie up to 

30% of cases of spastic hemiplegic CP (84). While 5 distinct perinatal stroke syndromes have been 

described (87) that show distinct functional outcomes (88), neonatal arterial lesions of the major 

cerebral vessels, most commonly the left middle cerebral artery (89), appear to underlie the 

disproportionately greater upper extremity involvement observed in hemiplegic CP. However, up 

to 15% of infants with CP display no neuroradiological abnormality (90-92), and heightened 

neuroplasticity in early life (i.e., the Kennard principle (93, 94)) can help compensate for loss of 

neuronal function (95-98), which cautions against deriving simplistic structure-function 

relationships in this clinically heterogenous group. 

 

1.4.2. Clinical features of CP 

Clinical manifestations of CP are diverse, and include impairments in neuromotor, sensory-

perceptual, cognitive, and communicative functions. Neuromotor impairments are most prominent, 

with disordered posture and movement forming a key diagnostic criterion for CP. These are 

conventionally grouped into positive and negative clinical signs (99). Positive clinical features 

represent unintentional, excessive motor activation or movement patterns, and are characterized by 

hypertonia, hyperreflexia, or tremors (99). The most prominent of these is hypertonia, with its 

commonest form being spasticity (70-80% of CP cases), defined as the velocity-dependence 

increase in responsiveness to the tonic-stretch reflex (100, 101). Despite the visual prominence of 

spasticity which made it a primary therapeutic target in early rehabilitative efforts, spasticity 

remains poorly defined (102) and explains a significantly smaller variance in functional abilities in 

CP than muscle weakness (103). Other forms of hypertonia include dystonia, which refers to 

involuntary sustained or intermittent contractions causing repetitive or twisting movements alone, 
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or in conjunction with, abnormal postures (104). In conjunction with the infrequent choreoathetoid 

forms that involve involuntary writhing movements, these symptoms typically arise from damage 

to the basal nuclei and together constitute dyskinetic CP (105) (10-15% of CP cases). Negative 

signs describe inadequate activation or control of muscles, and include clinical features such as 

muscle weakness, poor selective motor control, and dyscoordination (106) that are harder to 

clinically observe and quantify, but significantly contribute to functional disabilities in CP (103, 

107-110). Ataxic CP, the rarest subtype comprising 5% of CP cases, typically manifests as postural 

instability, vestibular dysfunction, and balance disorders following damage to the pontine-

cerebellar regions (76). 

Beyond motor manifestations, individuals with CP commonly report sensory-perceptual 

deficits (25), with impairments in proprioceptive (18), tactile-discriminative (111), visuomotor 

(10), and visuoperceptual (112) functions acting as barriers to function independence and 

participation (113). Notably, sensory deficits may directly impact motor function in CP; Hoon et 

al. (114) reported damage to ascending sensory pathways (thalamo-cortical tracts) following PVL 

in individuals with spastic diplegia significantly impacted sensory functions, strength, and 

ambulatory capacity (114), highlighting the contribution of sensory systems to motor production in 

this group. Visuoperceptual deficits such as impaired spatial attention and poor motion perception 

(33) further disrupt sensorimotor coordination. Additionally, over half of individuals with CP 

display some form of cognitive impairment (115), with action planning deficits hindering effective 

motor learning (35) and contributing to maladaptive compensatory strategies such as over-reliance 

on vision for movement execution (10). This combination of motor, sensory, perceptual and 

cognitive impairments significantly influences the functional independence and quality of life of 

individuals with CP. 
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1.5. Literature review: Upper limb dysfunction in CP 

1.5.1. Clinical manifestations of upper limb dysfunction in CP 

Upper extremity dysfunction is a significant concern for individuals with CP, affecting 

daily activities (116), functional independence in self-care (117, 118), and participation in social 

and recreational activities (119). Arm and hand use difficulties are highly prevalent in CP, with 

more than minor difficulties with hand use reported by up to 60% of individuals in a population-

based CP study (5) and 83% of children with CP attending a non-hand CP clinic (120). These 

deficits arise from the complex interaction of motor, sensory, and cognitive impairments, resulting 

in difficulties with goal-directed reaching (121), grasping, and object manipulation during self-care 

tasks like eating, dressing, and writing (11). Diminished dexterity hinders academic performance, 

affecting writing, drawing, and keyboard use (122), which can lead to reduced independence and 

self-efficacy. This adversely impacts the child’s ability to engage in and persist with challenging 

tasks (123), which negatively influences therapeutic outcomes in the long-term (124, 125). 

Tasks requiring bimanual control (e.g., buttoning, handling cutlery, tying shoelaces) are 

especially challenging for individuals with poor selective motor control (126) and bimanual 

dyscoordination (127, 128). The latter arises from asymmetrical CST connectivity (detailed in 

section below) and interrupted inter-hemispheric communication pathways (129, 130); this is 

especially problematic in unilateral CP, where CST damage prevents the establishment of 

contralateral cortical control of the affected limb (131) and results in persistent weakness and 

underuse (“learned non-use” (132)) of the paretic hand. This developmental disregard further 

exacerbates functional limitations, as children preferentially rely on their less impaired hand for 

daily despite evidence of preserved capacity in the more affected arm (133), ostensibly to minimize 

the cognitive-attentional demands associated with movements in the latter. Support for this aberrant 

cognitive-motor interaction comes from functional neuroimaging studies (58, 134) revealing that 

children with unilateral CP exhibit increased cognitive load (134) and greater activation of the 
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prefrontal cortex (PFC) during upper limb dual-tasks (58), likely reflecting compensatory 

recruitment of cognitive resources to support motor execution (57, 135). 

 

1.5.2. Neural bases of upper limb dysfunction in CP 

The extent and nature of upper limb dysfunction depends on the severity, location, and 

extent of brain injury (136). As upper limb impairments are most commonly observed in unilateral 

spastic CP (120), and due to their constrained unilateral brain lesions (98), most research on 

pathophysiological mechanisms has been limited to this group (137). Of specific importance to 

manual ability is the corticospinal tract (CST), which mediates fine control and dexterous function 

in humans as well as other mammals . During typical early development (~20th week of gestation), 

CST projections arising from the motor cortices form synaptic connections with target alpha motor 

neurons at the spinal segmental level that supply both ipsilateral and contralateral upper extremity 

musculature (138). Ipsilateral CST projections are gradually weakened (“withdrawn” (139)) by 

competitive inhibition that is driven mainly by primary motor cortex activity during development, 

resulting in the predominant contralateral CST control seen in neurotypical adults (140). These 

CST projections form direct connections with motor neurons innervating hand musculature, 

making the CST essential for selective finger control and individuation abilities that underlie 

dexterity and fine motor skills (141).  

Brain damage during the perinatal period can adversely alter these delicate developmental 

processes (131). Three major patterns of CST rewiring have been described (142), with CST 

development dependent on the timing, extent, and type of injury (142). Specifically, injuries or 

malformation during early development (conception-24 weeks) generally produces less severe 

hand dysfunction compared to PVL (24-34 weeks) or perinatal stroke during the late 3rd trimester 

(140), though this is debated (84). Unilateral injury can partly or completely terminate contralateral 

CST connections, with the resultant attenuation of synaptic competition allowing ipsilateral CST 

fibers to be preserved and/or strengthened. Small-moderate lesions may allow some contralateral 
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CST projections to be spared, with the added potential for compensatory activation of ipsilateral 

supplementary motor areas, allowing for better hand function (143). Perinatal strokes and lesions 

in the late third trimester (34-38 weeks) commonly impact cortical-subcortical grey matter and 

parasagittal tissues and rarely extend medially to affect periventricular white matter, with at least 

partial sparing of contralateral fibers allowing for bilateral CST control. Conversely, larger 

periventricular lesions (144) and those occurring before 34 weeks of gestation may fully abolish 

contralateral CST projections, with the ipsilateral CST strengthening over time (139) to take over 

sole or major control of motor function in the affected upper extremity (145).  

Notably, sensory pathways do not appear to follow this reorganization pattern (145), with 

afferent thalamo-cortical fibers commonly ‘bypassing’ even large lesion sites to connect to the 

affected contralateral cortex (146, 147). This may occur due to prominent developmental 

differences in thalamo-cortical growth in preterm compared to at-term newborns (148). Afferent 

projections in the preterm are still growing and tend to ‘wait’ at subcortical layers till late in the 

third trimester, with increased vulnerability from rapid axonal growth in periventricular regions 

countered by high synaptogenesis and neuroplastic potential in the event of injury (e.g., PVL 

(114)). Conversely, at-term newborns experience significant intra-cortical organization of afferent 

projections with sensory experiences in early life, and are thus more vulnerable to sensory loss 

from cortical injuries (148), a claim backed by empirical evidence (149). 

The severity of upper extremity clinical manifestations is also dependent on the type and 

location of brain injury. In children with unilateral CP, greater deficits in manual ability and hand 

function were observed with cortical-subcortical grey matter lesions compared to white matter 

lesions like PVL (150), though large individual variability in functional outcomes were observed 

within each group (151). Lesion size also impacts function in this group, with larger grey matter 

lesions explaining greater variance (65-75%) in manual ability than white matter damage extent 

and location (12-24%) (150). Damage to deep grey matter structures like the basal nuclei and 

thalamus are consistently linked to poor upper limb function (151-154). Preserved sensorimotor 
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thalamic connections is reported to have a greater impact on paretic hand function than CST fibers 

in children with PVL-induced hemiplegic CP (155), with microstructural abnormalities of these 

important thalamocortical fibers also related to both sensory and motor deficits (156). Despite this 

growing body of evidence, significant variability in sensorimotor neurophysiology exists across 

individuals with CP (157), rendering efforts to delineate straight-forward structure-function 

relationships ineffectual. 

The remarkable neuroplastic potential of the developing brain underlies the wide 

heterogeneity observed in motor outcomes following perinatal stroke (158). Unlike adult stroke, 

where focal lesions often produce predictable deficits, even large early-life lesions may result in 

unexpectedly mild motor impairments due to adaptive reorganization of cortical and subcortical 

systems (159). This developmental plasticity is supported by age-dependent mechanisms such as 

axonal sprouting, synaptogenesis, and recruitment of alternative motor pathways (e.g., ipsilateral 

CST projections, bilateral supplementary motor area involvement) that are largely absent or limited 

in maturity in the adult brain (97). Evidence from neuroimaging and neurophysiological studies 

suggests that such reorganization can preserve motor function, particularly when injury occurs 

during windows of heightened developmental plasticity (98, 131). However, the nature and extent 

of this reorganization vary across individuals (160), shaped by lesion timing, location, and genetic 

and environmental influences that contribute to the clinical heterogeneity (143) and differential 

responses to intervention that characterizes children with CP (161) 

 

1.6. Functional neuroimaging in CP 

1.6.1. Conventional neuroimaging modalities used in CP 

Functional neuroimaging provides important insights into neurophysiological dynamics 

during task performance in CP that promotes deeper understanding of brain function, connectivity, 

and neuroplasticity (162, 163). Among these modalities, functional magnetic resonance imaging 

(fMRI) remains the most widely used technique, leveraging blood oxygen level-dependent (BOLD) 
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contrasts to map task-evoked neural activity (163, 164) and assess functional connectivity at rest 

(165). Technical advances have seen fMRI used for investigating adaptive (interventional) 

neuroplasticity following rehabilitation (166) and characterizing functional connectivity patterns 

(167). Despite its high spatial resolution, fMRI's reliance on hemodynamic responses limits its 

temporal resolution and introduces susceptibility to motion artifacts (but see (168)), posing 

challenges in pediatric CP populations (169, 170). 

To overcome these limitations, imaging techniques that can directly assess neuronal 

activity with high temporal resolution, such as electroencephalography (EEG) and 

magnetoencephalography (MEG), have been increasing used in CP. By capturing neuronal 

oscillations in real-time, EEG studies in CP have reported attenuated mu-band activity (171) in the 

ipsilesional sensorimotor cortex during upper limb tasks (157, 172, 173) and bilateral sensorimotor 

activation during treadmill walking (174). Studies using MEG have identified altered visual (175-

177), somatosensory (178), and sensorimotor cortical dynamics (179), highlighting deficits in 

action planning (180). These techniques also demonstrate sensitivity to neuroplasticity-driven 

changes, with MEG metrics showing altered oscillatory activity following rehabilitation (181, 182).  

Despite their utility, practical limitations and methodological constraints have impeded the 

use of these modalities in individuals with CP. Scanner-based modalities like MEG and fMRI have 

stringent motion control requirements, provoke scanner-induced anxiety, and exert high operational 

costs that restrict application in children who experience involuntary movements (e.g., dyskinetic 

CP (183)) and difficulty sustaining task engagement (184). Although adaptations such as child-

friendly protocols and motion correction strategies have improved data quality and compliance 

rates (185, 186), issues related to movement artifacts, data loss, and selection bias persist, ultimately 

limiting the generalizability of findings (187). For example, even children with mild manual 

impairments struggle to comply with simple hand movement paradigms during fMRI tasks (157), 

leading to significant challenges in studying motor function across different CP subtypes. These 

barriers underscore an urgent need for child-friendly, non-invasive, and motion-tolerant functional 
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neuroimaging approaches that can be seamlessly integrated with ecologically valid, real-world 

tasks. The development of portable neuroimaging solutions holds great promise for advancing CP 

research, as it allows for naturalistic motor assessments without the constraints of traditional 

scanner-based systems.  

 

1.6.2. Functional near-infrared spectroscopy (fNIRS) in CP 

Functional near-infrared spectroscopy (fNIRS) has gained traction as a non-invasive and 

cost-effective alternative to conventional neuroimaging modalities, offering high motion tolerance, 

portability, and methodological versatility for ecologically valid real-world neuroimaging in 

neurodevelopmental disorders. The growing adoption of fNIRS in neurodivergent populations, 

including individuals with CP (188), autism spectrum disorder (189-191), pediatric TBI (192),  

Down’s syndrome (193), and attention-deficit/hyperactivity disorder (194), underscores its utility 

in populations where conventional scanner-based imaging is challenging (193). Like fMRI, this 

technique relies on neurovascular coupling (195, 196), where increased metabolic demands of 

active neuronal populations provoke localized vasodilation (197). The increased blood flow results 

in a rise in oxyhemoglobin (HbO) and a concurrent decrease in deoxyhemoglobin (HbR) 

concentrations. Near-infrared light (650-900 nm optical window range (198)) emitted through 

fNIRS optodes placed on the scalp penetrates the underlying tissue and is attenuated via absorption, 

scattering, and reflection by cortical and extra-cortical tissue, before being detected by detectors on 

re-emerging at the scalp. The loss of light intensity can be mathematically modelled using the 

modified Beer-Lambert Law (199), which accounts for tissue concentrations, scattering, absorption 

and refraction to obtain estimates of relative changes in HbO and HbR concentrations. Together, 

these changes (i.e., HbO increases, HbR decreases) reflect localized cortical activation. 

With spatiotemporal resolution parameters falling between EEG and fMRI, fNIRS can 

provide millisecond-scale hemodynamic tracking with sub-centimeter spatial specificity (200), 

allowing researchers to both, accurately localize, and temporally map hemodynamic responses. 
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Wireless fNIRS devices further expand research capabilities by allowing neuroimaging during 

naturalistic movements (201) and engaging interactive tasks (202), which are particularly beneficial 

for individuals with attention impairments and motor control deficits (9). Neuroimaging 

possibilities with fNIRS include hyperscanning protocols that enable simultaneous measurement 

of brain activity across multiple individuals engaged in social interactions. This approach is 

particularly relevant for studying parent-child interactions in CP (203), and holds promise for 

promoting family-centered care by enhancing parent-child bonding during neurorehabilitation 

(204). An emerging application of fNIRS is its integration into brain-computer interface systems 

(205), opening new possibilities for communication and motor control in individuals with severe 

CP-related impairments (206). Additionally, fNIRS’ flexible optode arrangements enhance 

customization for specific research applications (207) and improve signal quality (208). In 

combination with its low maintenance costs, portability and affordability, these factors make fNIRS 

uniquely suited for use in low-resource environments with high CP prevalence (75, 209). 

Despite its various strengths, technical challenges to fNIRS use in CP remain. Limited 

penetration depth of near-infrared light (~10 mm) restricts imaging to superficial cortical structures, 

preventing analyses of subcortical structures such as the thalami, cerebellum, and basal nuclei that 

are commonly implicated in sensorimotor deficits in CP. Physiological confounders such as 

fluctuations in autonomic activity (210) and systemic hemodynamics (211) introduce signal 

contamination, necessitating sophisticated artifact correction methods (212). Another consideration 

is interindividual variability in light absorption, where scalp thickness, hair type, and melanin levels 

can influence optical signal quality (213, 214), potentially introducing biases in fNIRS data (215). 

Practical concerns include the prolonged setup time of fNIRS caps, combined with sensory 

hypersensitivity in some individuals with CP that may hinder compliance with fNIRS protocols, 

particularly in children with sensory processing difficulties. This may be compounded by the need 

for longer and more frequent trials to enhance reliability of fNIRS measurements due to a lower 

signal-to-noise ratio compared to fMRI (40). Physiological challenges in CP include the potential 
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for altered neurovascular coupling, the fundamental mechanism underlying fNIRS measurements. 

Brain injuries commonly associated with CP (e.g., PVL, perinatal stroke) can impair vascular 

autoregulation (216) and cerebrovascular integrity (217), complicating interpretation of 

hemodynamic responses (218). However, ongoing improvements in hardware, signal processing, 

and multimodal integration are expected to enhance sensitivity, reliability and applicability of 

fNIRS in both research and clinical settings. 

Despite the widespread and growing use of fNIRS in neurodevelopmental disabilities, there 

is a lack of a summative review that comprehensively maps the feasibility, potential, utilization, 

and limitations related to the use of fNIRS in CP, which could impede adoption of this modality. 

In Chapter 2, I use a scoping review methodology to critically appraise the literature on the 

feasibility and current use of fNIRS to assess cortical activity, functional connectivity, and 

neuroplasticity in individuals with CP. 

 

1.7. Literature review: Clinical and robotic assessments of upper limb function in CP 

1.7.1. Clinical assessments of upper limb function in CP 

Clinical assessments of upper limb function in CP have traditionally relied 

on observational, performance-based measures. The commonest categorization scheme for upper 

limb assessment in CP is derived from the International Classification of Functioning, Disability 

and Health (ICF) Biopsychosocial Model of Disability (World Health Organization) (219). The 

ICF classifies assessments into 3 major categories: (1) Body structure and function (impairment-

based evaluations; e.g., range of motion, grip strength, sensory function, muscle tone), (2) Activity 

(what task(s) a child does (performance) or can do (capacity); e.g. tests of manual ability and 

dexterity), and (3) Participation (how a child functions in society and life situations; e.g. semi-

structured interviews). As no upper limb outcome tool adequately captures each of the three ICF 

domains (219), current best-practice recommendations suggest a combined used of multiple tools 

to guide clinical decision-making. Since activity-based assessments are most commonly used (46% 
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of all assessments) (219) and considered the most important for pediatric upper limb function by 

expert professionals across rehabilitation disciplines (220), these will be the focus of the subsequent 

discussion. Importantly, the most widely used classification system for the upper limb (Manual 

Ability Classification System, MACS) (221) is often misrepresented as an outcome measure; 

however, this scale were developed for clinicians and parents to easily discriminate their child’s 

ability to uses both their hands during daily manual tasks (222), was not intended to measure and 

is not sensitive to, changes in manual abilities (223).  

Multiple assessment tools have been developed to evaluate the myriad and diverse 

prehensile, grasping, object manipulation and transport functional capabilities of the human hand 

(224). Gross manual ability is commonly evaluated with the Box and Block Test (BBT) (225), 

which is a timed, norm-referenced test that requires seated individuals to reach for and grasp 1-inch 

cubes from one side of a box and move them across a dividing barrier to the opposite side of the 

box. Gross manual ability is assessed as the total number of blocks transported in 1 minute, with 

population norms available above the age of 3 years (226). Test-retest reliability of the BBT ranges 

from good-excellent (227, 228), with weak long-term reliability and responsiveness (227) and a 

minimal clinically significant improvement of 7 blocks indicated for children with CP (228). Fine 

manual ability is most commonly assessed with the Purdue Pegboard Test (PPT) (229), which is 

also a timed, norm-referenced test that requires seated individuals to reach for, grasp and insert 

standard metal pins into predetermined slots on the pegboard. The number of pins inserted in 30 

seconds provides a measure of fine unimanual ability, with bimanual components (synchronous, 

asynchronous) also assessed sequentially. The PPT has been validated for use in children (230), 

with asynchronous bimanual components placing heightened cognitive demands (231, 232) and 

providing a more detailed insight into fine motor abilities. However, the reliability, responsiveness 

and sensitivity to change of the PPT in CP is unknown, though it has been used as a criterion 

reference in the development of modified pegboard assessments in CP (233). Finally, complex 

dexterity and in-hand manipulation are assessed by the Functional Dexterity Test (FDT) (234), a 
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timed, norm-referenced test that requires seated individuals to reach for and lift wooden cylindrical 

pegs from slots on a wooden board, flip them upside down and reinsert them. Sixteen pegs are 

turned over in a predetermined pattern, with instructions to discourage forearm supination and 

avoid external support. While the FDT demonstrates excellent test-retest reliability in typically 

developing children (235), data confirming reliability, responsiveness and sensitivity to change in 

CP are currently lacking. 

While clinical assessments play a critical role in characterizing impairments and tracking 

rehabilitation outcomes (236), their subjectivity, poor sensitivity, unidimensional focus renders 

them ineffectual at quantifying subtle deficits in motor control and coordination and capturing 

maladaptive compensatory behaviors. Observational assessments are prone to being influenced by 

individual, group, and interpersonal dynamics (237), with heightened fatigue (238, 239), low levels 

of engagement, and the use of compensatory movement strategies (240, 241) in individuals with 

CP reducing measurement accuracy and repeatability (224). Timed tests such as those detailed 

above prioritize speed over movement quality and coordination, providing little actionable insights 

into underlying neuromuscular deficits that can inform targeted therapies. Poor responsiveness is 

another major drawback of clinical assessments, with low sensitivity and high ceiling effects (242) 

of ordinal scaled tests preventing detection of both, minor deficits, and/or incremental but clinically 

meaningful functional improvements. Additionally, these evaluations provide unidimensional 

information of arm and hand use that does not account for the complex, multifactorial nature of 

upper limb dysfunction seen in CP. Abnormal cortical activation patterns observed in children with 

CP during the performance of simple upper limb tasks like grasping and simulated pouring point 

to central motor control deficits that may contribute to impaired arm use in CP (45). Novel 

assessments are required that can simultaneously evaluate the more pernicious issues of impaired 

motor planning, abnormal cortical activation patterns and disordered postural control that underlie 

poor manual abilities in children with CP (8, 45, 243).  
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1.7.2. Robotic assessments of upper limb function in CP 

1.7.2.1 Overview of robotic assessments 

Given these limitations, instrumented motion analysis and robotic assessments have 

emerged as promising tools to provide objective, high-resolution (≤ 0.1 mm) metrics of upper limb 

performance in CP. Scott and Dukelow (244) described two major categories of robots. 

Exoskeletons robots have joints that are aligned with body joint axes, allowing for joint motion to 

be tracked and quantified alongside hand movement during behavioral tasks, with added 

capabilities for limb weight support to minimize fatigue and overcome weakness. Conversely, end-

point robots provide a cheaper and easy-to-use option, with a handle attachment for grasping and 

moving to assess hand kinematics but not joint-specific motion. Alongside movement 

quantification, these tools can provide semi- or fully automated control of limb movements, with 

options for applying directional and timed forces during free movement. This flexibility opens 

avenues for ecologically valid robotic assessments of force production, modulation, and 

coordination alongside detailed kinematics during tasks simulating real-world behaviors such as 

catching or hitting moving balls. Task difficulty can be modulated by varying target characteristics 

(e.g., speed, movement trajectories) or changing the applied force magnitude (e.g., higher forces 

for larger targets) or timing (e.g., during ongoing movement to evaluate motor adaptation). Robotic 

tools are commonly paired with monitors and audiovisual input/outputs for custom feedback 

options, with modern synchronization interfaces allowing integration with additional technologies 

such as eye-tracking systems, virtual or augmented reality, biomechanical tools (e.g., 3-

dimensional motion capture, force plates), and mobile functional neuroimaging (e.g., EEG, fNIRS). 

High sampling rates coupled with near-instantaneous feedback and customizable task protocols 

opens further possibilities for novel multidimensional robotic assessments across functional 

domains. Robots have previously been used to assess motor capabilities (e.g., goal-directed 

reaching, bimanual coordination), sensory-perceptual abilities (e.g., proprioception, visuospatial 

attention) and cognitive proficiency (motor learning, attention, working memory, decision-
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making), underscoring the vast potential of these novel tools to provide reliable, accurate, and 

sensitive insight into functional abilities of both neurotypical and neurodivergent populations.   

A key advantage of robotic technologies is the wealth of richly detailed multidimensional 

information obtained from upper limb assessments such as reaching that, while behaviorally quite 

simplistic, require intricate coordination of vast neuronal architecture for movement planning 

(245), decision-making (246), coordination (247), execution (248), and learning (249). For 

example, Coderre et al. (250) described 10 key robot-derived metrics related to motor planning and 

preparedness, arm postural control, feedforward control, reactive feedback control, and overall 

motor performance during goal-directed reaching in individuals post-stroke. Robotic metrics 

demonstrated good reliability (r ≥ 0.7 for 9/12 metrics), with differing patterns of impairments 

noted across topography of affection and subtle deficits detected in individuals with stroke whose 

overall performance and clinical assessment scores were comparable to neurotypical controls (250). 

This deep insight from the richness of robot-derived data holds potential for identifying individual 

impairment “fingerprints” that may inform targeted and personalized interventional approaches 

following neurological damage (244).  

An interesting use of robotic outcomes was demonstrated by Bosecker et al. (251), who 

attempted to predict clinical assessment scores (e.g., Fugl-Myer Assessment, Manual muscle 

strength testing) in individuals with chronic stroke using combinations of robot-based kinetic and 

kinematic metrics obtained from 3 different robotic assessments. This novel strategy used principal 

component analyses and least squares multiple regression to reveal significant content redundancy 

between commonly used clinical assessments, while also providing interesting insights into the 

specific contributions of distinct kinematic factors to residual functional abilities in this group. 

More specific and reliable assessments reduce measurement variability and improve effect size 

estimates, with improved statistical power lowering sample size requirements for planned clinical 

trials (252), thus hastening translation of novel research paradigms and robotic tools.  
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Drawbacks to robotic use also require recognition. The most common concerns relate to 

high equipment, training and maintenance costs of robotic devices, restricting accessibility to well-

resourced institutions in developed countries. Additional drawbacks include high dataset 

complexity, with even well-studied and standardized robotic assessments (253) providing a large 

number of movement-related metrics that may show redundancy and overlap, complicating 

interpretation and translation of outcomes for intervention planning (254). Data reduction methods 

such as principal component analyses performed alone (254) or in conjunction with confirmation 

factor analyses (255) can help alleviate these concerns, with reductions of up to 79% of behavioral 

data reported across robotic platforms (253). Limited evidence of translation of robot-identified 

deficits to real-world limitations in activity and participation is another concern, though a counter-

argument may be that most clinical assessments for the latter are reliant on observer reports  

 

1.7.2.2 Use of robotic assessments in CP 

While robotic assessments have been widely applied in adult stroke rehabilitation, their 

uptake in CP has been relatively slow. Collectively, recent studies (13-25, 167, 256, 257) have 

demonstrated that robotic platforms offers high-resolution, objective, and ecologically valid 

assessments across a wide spectrum of sensory, motor, cognitive, and visuospatial functions in CP, 

with nearly all studies focused on those with unilateral impairments due to perinatal stroke or 

unilateral cerebral palsy. This preliminary work was followed by a collection of studies from the 

same research group that used the Kinematic Assessment of Normal and Altered Reaching 

Movements (KINARM) exoskeleton and end-point robotic devices to evaluate proprioception 

(both static joint position sense (13, 15, 167) and kinesthesia (15, 18)), visually-guided reaching 

(14, 16, 17, 21), bimanual coordination (20), visuospatial attention (21), and rapid motor decision-

making (22). A separate study (19) integrated robotics and serious games to quantify motor function 

in children with CP, while more recent work extends the use of robotic assessments to adults with 

CP (24, 25).  
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Early studies by Kuczynski et al. (13, 15, 18) reported that proprioceptive impairments in 

static position sense and kinesthesia are more common and severe in those with arterial ischemic 

stroke (i.e., cortical lesions) compared to those with periventricular venous infarcts. Robotic 

outcomes outperformed clinical measures at detecting impairments, which were directly related to 

poor clinical outcomes for bimanual function (ρ = −0.64, p < .01) and dexterity (ρ = −0.51, p < 

.01), underscoring both the sensitivity and clinical utility of robotic assessments. Notably, 

proprioceptive deficits persisted with visual feedback (13, 18) in both types of perinatal stroke, and 

were often independent from reaching impairments (17), suggesting separate neural underpinnings. 

This contention was supported by evidence that robotic metrics of impaired proprioception were 

associated with lower sensory tract integrity of the lesioned hemisphere seen on diffusion weighted 

MRI in both perinatal stroke groups (15). These sensory tract alterations (e.g., lower fiber counts, 

worse diffusion metrics) were worse in those with arterial lesions and directly related to robotic 

metrics of proprioceptive deficits, but were not related to clinical assessments of proprioception, 

confirming the superiority of robots at detecting subtle deficits.  

A possible limitation to the robotic tasks used in these studies was the use of the less 

affected arm movements to mirror those of the more affected arm that was moved passively by the 

robot. As the less affected upper limb in children with unilateral CP commonly shows some degree 

of motor impairment (258), this raised concerns that even minor motor involvement of the less 

affected upper limb could introduce error and bias. However, overall deficits and pattern of results 

did not change after removing subjects with motor involvement in the less affected limb (18), 

strengthening confidence in the study results. Zbytniewska et al. (259) attempted to overcome this 

potential drawback by using a single-joint end-effector robot to assess active and passive distal 

joint position sense at the metacarpophalangeal joint of the index finger. This novel assessment 

exhibited good test-retest reliability (ICC > 0.79) and sensitively distinguished children with 

unilateral CP from age-matched typically developing peers, supporting its utility in this group. 
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Early robotic assessment of motor functions in CP was reported by Masia et al. (23), who 

used a reaching protocol with an adaptive external force field to demonstrate inefficient motor 

control and poor motor adaptability in children with unilateral affection. The protocol revealed 

higher and more varied directional errors during the learning phase and poor error-based learning 

of compensatory behaviors in those with CP, with impaired motor learning compounded by their 

inability to scale arm acceleration and reaching speed in response to increased task demands posed 

by the external force field. Other researchers attempted to integrate serious games within robotic 

platforms, aiming to simultaneously assess and train motor function. Dehem et al. (19) validated a 

protocol that dynamically adjusted game difficulty based on the child’s real-time performance 

metrics (e.g., velocity, movement straightness). This approach can both individualize task demands 

to maintain optimal challenge for improved motor learning, whilst concurrently improving therapy 

responsiveness and client motivation. 

Robots have also proven useful in challenging traditional unilateral models of impairment 

following localized early brain injury. Kuczynski et al. (14) demonstrated that both upper limbs in 

children with unilateral perinatal stroke show significant deficits during visually guided reaching, 

including prolonged reaction time, inefficient movement paths, and slower hand speeds. Bilateral 

motor deficits were  more prevalent and severe in those with arterial lesions than those with venous 

injuries, and robotic reaching deficits were also related to poor clinical test scores in the former 

group. Neural underpinnings of reaching deficits were explored in a subsequent study (16). 

Impaired reaching behaviors were linked to poor integrity of lesioned hemisphere CST motor fibers 

on diffusion tensor imaging, with altered CST microstructure in those with arterial lesions strongly 

related to multiple spatiotemporal parameters of impaired reaching (7 of 10 parameters; e.g., 

slowed reaction time, increased initial direction error, increased movement time). Extending this 

line of inquiry, Hawe et al. (21) used an ecologically valid, bimanual object hitting task in children 

with unilateral CP to detect motor deficits in both arms alongside subtle visuospatial asymmetries, 

with deficits similarly exaggerated in children with arterial perinatal strokes. Notably, they reported 
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motor output (hand speed, movement area) was relatively preserved in the CP cohort, with 

performance deficits driven primarily by visuospatial inattention, illustrating novel aspects of 

visuomotor integration previously unexplored in CP. In a further extension, Hawe et al. (22) then 

incorporated cognitive challenge into motor assessment through a robotic object hit-and-avoid task 

that used rapid motor decision-making ability to probe cognitive-motor interactions. Children with 

unilateral CP exhibited significant difficulty in inhibiting responses to distractors, striking more 

distractor non-targets than controls, suggestive of impaired inhibitory control and cognitive 

inflexibility. These deficits, exacerbated by task complexity, suggest that impaired executive 

function limits not only academic success but also motor execution in daily activities.  

In summary, robotic assessments in CP have primarily focused on children with unilateral 

affection primarily arising from perinatal stroke of arterial or venous origin. Most studies support 

greater deficits in sensory, motor, visuospatial, and cognitive function in those with arterial lesions, 

with neurophysiological evidence linking sensorimotor deficits to microstructural alterations in 

sensory (Dorsal column medial lemniscus) and motor (CST) pathways. Compared to standard 

clinical assessments, robotic metrics displayed stronger and more consistent associations with 

neurophysiological abnormalities, highlighting the potential for combined neuroimaging-robotics 

evaluations to illustrate structure-function relationships. These studies support the use of robotic 

assessments as highly sensitive, valid, and reliable tools to detect subtle impairments and identify 

novel prognostic and therapeutic biomarkers for personalized intervention planning in CP. 

However,  no studies have integrated mobile functional neuroimaging tools with robotics to 

concurrently assess neurophysiological dynamics and motor behavior during goal-directed tasks in 

CP. Integrating fNIRS with robotics can provide insights into how brain-behavior links impact 

dysfunctional motor behaviors and aberrant cognitive-motor interactions. 
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1.8. Literature review: Moving target interception in CP 

1.8.1 Interception as a model of motor control 

The ability to intercept a moving target is a highly evolved motor behavior supported by 

vast neural architecture that regulates complex interactions and real-time coordination between the 

sensory, perceptual, visual, and motor systems. Catching or hitting a moving ball requires 

judgement of the ball’s spatiotemporal properties (location, speed, direction of movement) and 

precise timing, coordination and coupling of eye-hand movements to reach the ball’s predicted 

future location. Eye movements that visually track and predict target location are integral to 

successful interception, with their role and impact increasing as target motion becomes increasingly 

unpredictable (260). Object properties are concurrently processed via the dual visual processing 

streams (261), with the dorsal “vision-for-action” stream directing the control of goal-directed 

interactions with the object, while the ventral “vision-for-perception” stream incorporates sensory 

information to form a perceptual understanding of the target object (262). Both streams avail the 

same visual inputs, but differ in the manner and purpose of subsequent transformation of visual 

information into coordinating purposeful motor actions (dorsal stream) or developing a perceptual 

understanding of object-environment properties and relationships (ventral stream) (263). Notably, 

these streams display multiple interconnections and both influence and interact with each other 

during real-world movements (264), with visual cues influencing eye movements (265) as well as 

decision-making (266) during interception.  

The types and utility of visual cues in reaching was explored by van Hof et al. (267), who 

examined developmental changes in interceptive behaviors towards approaching toys in typically 

developing infants aged 3-9 months. Two distinct modes of visual cue usage were identified: 

younger infants lacking perceptual accuracy tended to employ a distance strategy to initiate reaches 

when the toy was a fixed distance away, while older infants with more refined perceptual judgement 

used an adaptive time strategy to begin reaching when toys were a constant duration away. The 

authors proposed the time strategy was more generalizable across tasks and environmental contexts 



27 

 

than the distance strategy, with the latter more commonly observed in infants with worse catching 

ability (268). These reports underscore the strong perception-action coupling that underlies visual 

control of goal-directed actions such as interception demonstrates high complexity even early in 

infancy.  

In contrast, kinematic reaching strategies to intercept a moving object appear simple but 

provide deep insights into sensorimotor integration and visuomotor coordination during goal-

directed behaviors. Reaching toward the target’s current (instantaneous) position would result in a 

continually lagging hand trajectory due to visuomotor processing delays of 100-200 ms (269), 

while directing hand movement ahead of the target’s current position would require using visual 

cues of target speed and trajectory to continuously update the target’s predicted position (270). 

Alternative strategies that reduce computational complexity involve aiming straight towards some 

fixed interception point (271), or adaptively maintaining a constant bearing angle between the 

individual’s trajectory and target position by adjusting arm movement speed and/or direction (272). 

The latter has been touted as a promising interceptive strategy commonly used by both typically 

developing children and neurotypical adults when target trajectories follow specified patterns (273, 

274); however, it poorly generalizes to unpredictable conditions, such as when targets suddenly 

change position (275), accelerate and decelerate (276), when obstacles are present, or when vision 

is occluded (277).  

This complexity is further reflected in the multiple attempts made to model interceptive 

behaviors. Zago et al. (278) posited that interception use internal models of the environment to 

predict the trajectory of moving targets, combining multisensory information with prior knowledge 

to guide action. These internal models are inherently approximate and reliant on educated guesses 

that optimize performance despite sensory noise and motor delays. Using evidence of poor visual 

dependency in unpredictable visual environments (e.g., visual occlusion), Zhao and Warren (279) 

modeled interceptive behaviors in as a combination of strong, vision-dependent ‘online’ models 

with weak, heuristic ‘offline’ strategies which use prior experience of how environment and tasks 
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are interlinked to provide compensatory spatial maps in the absence of predictable visual inputs. 

Fiehler et al. (271) argued that interceptive behaviors represent an output of continual predictive 

processes that govern both eye movements (e.g., predicting gaze location following a saccade) and 

interceptive arm movements (e.g., anticipating future hand position or expected sensory feedback 

to correct ongoing movement or improve future predictions). Conversely, Savelsbergh et al. (30) 

argue that most computational approaches to model interceptive actions offer poor clinical 

translation. They propose an alternative perception-action coupling approach (280) suggesting 

interceptive behaviors arise as self-organized motor solutions from complex interactions of 

individual characteristics (e.g., motivation, strength, spasticity), social-environmental context (e.g., 

visual cues, target spatiotemporal properties, distractors), and task constraints (e.g., time 

constraints) (281).  

Beyond these theoretical considerations, common aspects of interceptive behaviors, 

including anticipatory control, sensorimotor integration, and adaptability to dynamic contexts, 

make them ideal for investigating motor control impairments in CP. Performance on interception 

tasks can illuminate specific deficits in anticipatory motor control, sensory integration, and action 

planning, contributing to our understanding of how early brain injury impacts predictive strategies 

in this group. 

 

1.8.2 Use of moving target interception to investigate motor function in CP 

Most studies using interception-based task protocols have been conducted in children with 

unilateral spastic CP using both locomotor interception and manual interception paradigms. Ricken 

et al. (282) reported beneficial impacts of external time constraints (i.e., intercepting a moving ball) 

on impaired arm kinematics during a walk-and-intercept task. Faster decelerations and wrist 

velocities reported alongside increased elbow excursion under time constraints compared to 

intercepting a stationary target suggests imposing time restrictions can trigger latent adaptive motor 

behaviors with the more affected arm. Children with CP also adapted their gait kinematics by 
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slowing down when walking to intercept instead of prolonging their reach duration, contrasting 

with previous work (283) that reported exaggerated trunk movements to compensate for slower and 

more segmented movements of the more impaired arm when intercepting from a standing position. 

Extending this line of work, Ricken et al. (284) modulated external time constraints duration (i.e., 

target speed) during the same walk-and-intercept task, reporting lower interception success and 

greater trunk compensation with faster target velocities. However, a notable increase in walking 

velocity above pre-trial peak values, coupled with improved shoulder and elbow excursions in the 

more impaired arm, highlights the preserved ability to adapt motor behaviors to higher task 

demands in this group. 

The use and impact of visual cues on interception performance in CP was investigated 

across a trio of studies (285-287) by the same research group. Similar to typically developing 

children (274) and neurotypical adults (273), children with unilateral CP also used a constant 

bearing angle visual strategy (272) during a walk-and-intercept task (285), with greater variability 

in bearing angles occurring alongside notable adaptations to sustain motor performance with the 

more impaired arm. To compensate for slower movements, children with CP increased walking 

speed at gait initiation before slowing down at the late approach phase to allow more time (‘safety 

margin’) to execute accurate interceptive movements with the more affected arm. Van Kampen et 

al. (286) extended this line of inquiry to interrogate the impact of side of brain injury (i.e., left vs 

right hemisphere lesion) on visual interceptive strategy (i.e., time vs distance strategy of van Hof 

et al. (267)). Children with right hemispheric lesions followed typically developing children in 

using the developmentally mature time strategy. Conversely, most children with left hemisphere 

lesions (5 of 9) used the developmentally immature distance strategy observed in young infants 

with poor perceptual judgement. Given the less refined distance strategy is related to poor catching 

skills (268) and more simplistic predictive planning, early developmental damage to the left 

hemisphere may damage the left hemisphere-lateralized neural networks mediating action planning 

and tool use (288) resulting in impaired visuomotor planning and prediction. This contention gained 
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support from a follow-up study (287) assessing gaze behaviors during the walk-and-intercept task 

in the same group. Altered gaze behaviors were observed during the initial approach phase in 

children with left-sided lesions compared to those with right-sided lesions, though interception 

accuracy did not differ across the two groups, underscoring the need for more detailed 

neurophysiological assessments to better characterize these structure-function relationships. 

Distinct from the locomotor interception studies described above, van Thiel et al. (289) 

examined how children with unilateral CP perform fast unimanual movements to hit stationary 

targets or intercept moving targets under external time constraints from varying target velocities. 

Compared to stationary reaching, moving targets provoked faster reaction and movement times, 

with similar performance outcomes (i.e., accuracy rate and end-point errors) and peak velocities in 

both groups, further supporting the positive impact of external time constraints on kinematic 

outcomes. Interestingly, reaction time did not vary across increasing target velocity in those with 

CP, suggesting preserved prospective motor control despite their unilateral motor impairment. 

However, the presence of subtle bilateral motor deficits within this cohort highlights the complexity 

of motor system involvement even in individuals with unilateral affection. Importantly, integrating 

such kinematic paradigms with mobile functional neuroimaging could offer critical insights into 

the underlying cognitive planning and inhibitory control mechanisms. Given the variability in 

motor performance despite preserved reaction timing, concurrently investigating prefrontal cortex 

activation during sensitive robotics assessment of upper limb function may yield critical insights 

into compensatory versus maladaptive neural strategies, with implications for targeted therapeutic 

interventions. 

 

1.9. Literature review: Prefrontal cortex function in CP: Theoretical frameworks  

The prefrontal cortex (PFC) represents the most evolutionarily advanced cortical structure 

found only in primates (290) and attempts to define and categorize its diverse functions have 

spurred debate and discourse spanning several decades (291). While some experts describe the 
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principal role of the PFC as “the representation and execution of new forms of organized goal-

directed action” (292), others view the PFC’s principal role as selecting task-relevant sensory cues 

and specifying the goal of motor behaviors (291). The latter functions are posited to occur via 

attentional enhancement, with the PFC selectively enhancing activity in task-specific sensory and 

premotor association areas via intracortical connections.  

The PFC’s ability to modulate output across sensorimotor networks underlies its role in 

executive functions such as executive attention, working memory, cognitive flexibility, and 

inhibitory control (293). Given the close interlinkage of cognition and motor functions during 

development (280) and the PFC’s posited position atop sensory-motor and action neural hierarchies 

(294), some authors have attempted to reframe the PFC’s myriad functions in light of motor 

behaviors and consequences (295, 296). Fuster (53) contextualized the role of the PFC within the 

perception-action cyclical framework, where it serves predictive and preadaptive functions to 

temporally organize goal-directed actions. Specifically, the PFC plays a central role in action 

planning, pulling in perceptual information and prior knowledge from the environment and memory 

via neural networks (‘cognits’ (297)) in the posterior association cortices, and using this 

information to plan motor actions whilst concurrently predicting and preparing (i.e., preadapting) 

the sensorimotor systems for the expected consequences of the intended action (52). By planning 

and predicting actions and anticipated feedback, the PFC can coordinate sensorimotor integration, 

track behavioral outcomes, and drive behavioral corrections to achieve action goals.  

Distinct from Fuster and others contention that vast, distributed neural networks (cognits) 

mediate the PFC’s diverse functions, neuroeconomic theorists have positioned the PFC as a master 

central executive responsible for regulating the allocation of the brain’s limited neurometabolic 

resources among multiple competing systems (298). This theory assumes a fixed availability of 

neural resources (e.g., glucose, oxygen) and models resource demands across brain regions as a 

function of task complexity. Areas mediating computationally complex behaviors present a greater 

need for resources, with performance deficits associated with increased deficits between resource 
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supply and demand. Once a system depletes its resources, the PFC’s role as central executive is to 

‘decide’ how to allocate resources across competing neural systems to ensure optimal behavioral 

outcomes and task goals are met (299). While speculative, this proposition has obvious parallels 

with Fuster et al. (292) and Passingham et al.’s (291) contention that the PFC employs directed 

attentional shifts (i.e., attentional or task ‘sets’ (300)) to mediate top-down, bidirectional control of 

sensorimotor system during goal-direction actions.  

Other researchers have attempted to probe the role of the PFC in motor function during 

both acute (301) and exhaustive exercise (302). Based on similar principles of constrained resource 

availability and competitive allocation, Dietrich’s transient hypofrontality hypothesis (303) 

proposes brain activity is proportionally decreased in areas not directly engaged in motor execution 

or control (e.g., PFC). This reduction in PFC activity is posited to maintain optimal motor 

performance during acute exercise or intense bouts of physical activity, with at least some negative 

impact on PFC-associated executive functions reported across studies (304).  

Together, these theoretical frameworks underscore the PFC’s integral role in dynamically 

coordinating cognitive and motor demands, particularly under conditions of limited neural 

resources or heightened task complexity. Yet, despite these insights, little is known about how PFC-

mediated control of sensorimotor systems may be altered following early brain injuries. Chapter 

2 provides a detailed review of fNIRS studies that have examined PFC activity during functional 

tasks performance in individuals with CP. Building on this foundation, emerging approaches that 

integrate robotic assessments with mobile functional neuroimaging (e.g., (305, 306)) offer a 

promising avenue to investigate how PFC activity patterns contribute to upper limb motor 

impairments in this population. 
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CHAPTER 2 

ASSESSMENT OF CORTICAL ACTIVITY, FUNCTIONAL CONNECTIVITY, AND 

NEUROPLASTICITY IN CEREBRAL PALSY USING FUNCTIONAL NEAR-INFRARED 

SPECTROSCOPY: A SCOPING REVIEW 
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Abstract 

 

Aim: To map and critically appraise the literature on the feasibility and current use of functional 

near-infrared spectroscopy (fNIRS) to assess cortical activity, functional connectivity, and 

neuroplasticity in individuals with cerebral palsy (CP). 

 

Method: A scoping review methodology was prospectively registered and reported following 

Preferred Reporting Items for Systematic review and Meta-Analysis Extension for Scoping 

Reviews (PRISMA-ScR) guidelines. A systematic search was conducted in four databases. 

Empirical studies using fNIRS to assess neural activity, functional connectivity, or neuroplasticity 

in individuals with CP aged 3 years or older were included. 

 

Results: Sixteen studies met the inclusion criteria. Individuals with CP (age range = 3–43 years; 

70% unilateral CP) underwent fNIRS-based assessment for task-evoked activity (studies [n] = 15) 

and/or resting-state functional connectivity (n = 3). Preliminary observations suggest greater 

magnitude, extent, and ipsilateral hemispheric lateralization of sensorimotor cortex activity in CP, 

while magnitude and patterns of prefrontal cortex activity in CP appear dependent on task demands. 

Normalization of fNIRS-based activity metrics observed postintervention (n = 3) paralleled 

improvements in functional outcomes, highlighting their potential as promising biomarkers for 

functional gains in CP. 

 

Interpretation: This review details the use of fNIRS in CP, highlights research gaps and technical 

limitations, and offers recommendations to support fNIRS implementation for ecologically valid 

functional neuroimaging in individuals with CP.  
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2.1. Introduction 

A majority of children with cerebral palsy (CP) present abnormal findings on 

neuroradiological examinations (307), with lesions identified through structural magnetic 

resonance imaging (MRI) often corresponding to patterns and distribution of sensorimotor 

impairments. For example, focal vascular lesions are commonly observed as perinatal stroke in 

unilateral CP (91), while diffuse bilateral white matter injury (e.g., periventricular leukomalacia) 

is most frequent in bilateral CP, and grey matter lesions are often associated with dyskinetic CP 

(308). However, at least 10-15% of children with CP have normal MRI scans (90, 91), and 

abnormal findings do not consistently relate to clinical outcomes in CP (151, 309) due to the 

complex interactions between lesion type, timing, location, and extent (150, 310-312). The 

exaggerated potential for neuroplasticity in the early years of life (Kennard principle) (94, 313), 

individual genetic constitutions (314) and epigenetic variance (315), and lived experiences further 

contribute to the heterogeneity in brain structure-function relationships in CP (161, 316, 317). 

Functional neuroimaging can provide greater insights into neurophysiological dynamics 

during functional tasks (162, 163). The most commonly used functional neuroimaging modality in 

CP is functional MRI (318), which measures changes in blood oxygenation levels (BOLD 

response) to capture brain activity during tasks (task-evoked activation, e.g., (319)), and identify 

functionally connected brain regions at rest (resting-state functional connectivity, e.g., (320)). 

Functional MRI has been used in CP to investigate adaptive plasticity following intervention (166, 

321), and resting-state functional connectivity in the sensorimotor (322, 323) and language neural 

networks (324) and their association with clinical outcomes (167). Alternative modalities, such as 

electroencephalography (EEG) and magnetoencephalography (MEG), offer superior temporal 

resolutions compared to MRI and directly capture electrical activity in neuronal populations. 

Studies using EEG in CP reported reduced activity at specific frequencies (mu-band (171)) in the 

ipsilesional sensorimotor cortex during upper limb tasks (reach-to-grasp (172), isometric wrist 

extension (173), hand squeezing (157)) and heightened bilateral activity during treadmill walking 
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(174). Altered dynamics of the somatosensory (178), visual (175-177), and sensorimotor cortices 

(179) identified through MEG studies in CP shed light on impaired motor planning (180) and 

execution, with MEG outcomes potentially sensitive to change following intervention (181, 182).  

Despite these promising observations, practical concerns (e.g., scanner constraints, signal 

noise and high costs) limit the use of these modalities in children (169, 170). While efforts to 

improve scanner-based experiences have increased acceptance and completion rates (185, 186), 

concerns persists about the effectiveness of in-scanner strategies to reduce movement artifacts 

(325), and of motion correction strategies during data processing (326). These issues are magnified 

in individuals with CP, who exhibit cognitive, visuospatial and sensorimotor impairments (9, 327) 

that renders them unable or unwilling to remain still, sustain attention, or comply with task 

instructions during repetitive experimental assessments (184). For example, children with even 

mild manual impairments struggle to comply with simple hand squeezing tasks during functional 

MRI (157). Additionally, individuals with ataxic or dyskinetic CP who experience involuntary 

movements, are underrepresented in neuroimaging studies (183), resulting in selection bias and 

limited generalizability of neuroimaging findings (187). These observations highlight the need for 

child-friendly, non-invasive functional neuroimaging tools that can incorporate engaging and 

ecologically valid methods. 

Functional near-infrared spectroscopy (fNIRS) is a relatively inexpensive, portable, and 

non-invasive functional neuroimaging tool with great potential for assessing brain activity in CP. 

Like functional MRI, fNIRS relies on neurovascular coupling, or increased blood flow (reactive 

hyperemia) to active neural areas in response to metabolic demand (197), to provide an indirect 

measure of neural activity (195, 196). Near-infrared light of specific wavelengths (optical window, 

650-900 nm (198)) is emitted through optodes placed in contact with the scalp, typically via a 

flexible cap (Figure 2.1). This light penetrates 1-2 cm into the underlying tissue, being reflected, 

scattered, and absorbed by oxyhemoglobin and deoxyhemoglobin in the outer 5-10 mm rim of 

cerebral cortex (328). Emergent light is captured by detectors, and attenuation of light intensity is 
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used to quantify relative changes in hemoglobin concentrations through the modified Beer-Lambert 

Law (199). Cortical activity is indirectly reflected by an increase in oxyhemoglobin and a 

concurrent, smaller decrease in deoxyhemoglobin concentration, with a net increase in total 

hemoglobin concentration (38). 

 

 
Figure 2.1. Schematic illustration of the principles of fNIRS  measurement (A). Near-infrared light 

passes through scalp connective tissues, undergoing scattering, reflection and absorption along its 

probabilistic banana-shaped path through cortical tissue, before being reflected out to be captured by 

detectors placed at the scalp. (B) Decreased light intensity is mathematically modelled (Modified Beer-

Lambert Law) using estimates of tissue concentrations (C) and light scattering (G), absorption (ε) and 

refraction (DPF, differential pathlength factor) to obtain estimates of relative changes in oxyhemoglobin 

(HbO) and deoxyhemoglobin (HbR) concentration. These changes are surrogate markers of cortical activity, 

with modern software providing real-time feedback of cortical activity and functional connectivity at rest or 

during functional task performance. 

 

Features of fNIRS that make it particularly suited for use in children and adults with 

neurodevelopmental disorders such as CP are detailed in Table 2.1. Briefly, fNIRS provides higher 

spatial resolution than EEG and better temporal resolution than functional MRI, allowing for 
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accurate localization and temporal characterization of cortical activity (200). Wireless fNIRS 

devices enable mobile neuroimaging in natural settings (201), facilitating ecologically valid tasks 

that optimize engagement (202), an especially important consideration in individuals with CP 

exhibiting cognitive and attention deficits (9). Notably, functional task contexts provoke improved 

postural control (329) and altered cortical activation patterns in those with CP compared to 

conventional experimental tasks such as finger tapping (330). Additionally, fNIRS offer greater 

methodological flexibility, customizable optode template arrangements (207), low cost, and 

minimal maintenance, making it an ideal neuroimaging tool in low-resource settings of low- and 

middle-income countries that show greater prevalence of CP (75). 

 

Table 2.1: Non-invasive functional neuroimaging modalities 

BOLD, blood oxygen level dependent; EEG, electroencephalography; fMRI, functional magnetic resonance imaging; fNIRS, functional 

near-infrared spectroscopy; ∂HbO, change in oxyhemoglobin concentration; ∂HbR, change in deoxyhemoglobin concentration; MEG, 

magnetoencephalography. *Not theoretical limits, but dependent on acquisition and processing protocols; ^System-dependent; aNew 

strategies in development to improve tolerance to movement (e.g. real-time head motion feedback in CP (168)). 

 

A major drawback of fNIRS is its limited penetration depth, which prevents the assessment 

of neural activity below the outer 5-10 mm cortical grey matter. This precludes neuroimaging of 

Modality 
*Typical resolution 

(Spatial; Temporal) 

Movement 

tolerance; 

Safety; Cost 

Setting Additional comments 

fMRI 3-12 mm (high); 

2-4 s (low) 

aLow;  

High;  

High 

Scanner-based; 

Loud scans with 

limited limb motion 

Indirect measure of neural activity (BOLD 

response with ∂HbR only);  

Whole-brain and white matter tractography; 

Can detect subcortical neural activity 

MEG 3-5 mm (high); 

<1 ms (very high) 

Low; 

High; 

Very high 

Scanner-based via 

helmet with helium-

encased sensors; 
Silent scan 

Direct measure of neural activity (ultra-

minute magnetic fields, 10-15 T); 

No reference electrode; 
Whole-brain and subcortical neural activity 

detection  

EEG ≥1 cm (low); 

≤1 ms (very high) 

Low-moderate; 

High; 

Low 

Semi-mobile via 

cap-based using gel 

adhesive; Silent 

scan 

Direct measure of neural activity;  

Reference electrode needed; Cap and gel-

induced discomfort;  

Whole-head with high-density templates; 

Sensitive to contraction & motion artifact 

fNIRS 0.5 - 2 cm (moderate); 
10 ms – 1 s (moderate) 

Moderate-high; 
Very high; 

Low 

 

Freely mobile if via 
wireless cap-based 

optodes; Silent scan 

Indirect measure of neural activity 
(neurovascular coupling: ∂HbO and ∂HbR); 

Whole-head with high-density templates; 

Low optical penetration limits detection of 

activity to cerebral cortex; 
^Discomfort from cap & optode 
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deep grey matter structures (e.g., basal nuclei, thalami) or deeper temporal lobe structures (e.g., 

hippocampi) that are involved in more extensive lesions in CP (105). Another shortcoming is the 

susceptibility of fNIRS signal to contamination from task-induced and/or spontaneous changes in 

systemic physiology such as  fluctuations in heart rate, respiration, blood pressure, or autonomic 

activity (331). A significant portion of near-infrared light is absorbed by superficial, extracerebral 

tissues that are sensitive to non-neuronal physiology (211), necessitating additional signal 

processing to account for this contamination. Technical challenges arise with fNIRS data collection 

in individuals with thick or curly hair that can hinder scalp-optode contact. Additionally, 

individuals with darker skin experience reduced penetration depth of near-infrared light (213, 214), 

potentially introducing systemic biases in fNIRS results (215). The fNIRS community is aware of 

these limitations (332), with efforts to address technical shortcoming (333, 334), improve 

accessibility and tackle equity challenges in fNIRS research spurring initiatives such as the 

BRIGHT project, that uses fNIRS to assess neurodevelopment in infants in The Gambia (209). 

Previous reviews of neuroimaging findings in CP have primarily focused on structural 

brain lesions (335, 336) or connectivity (183), with task-based functional neuroimaging reviews 

generally limited to conventional scanner-based modalities such as functional MRI (159, 163). 

While several reviews have detailed the use of fNIRS in typically developing children (40) and 

those with other neurodevelopmental disorders (337, 338), a comprehensive review specifically 

addressing the potential, limitations, and applications of fNIRS in CP is lacking, which may 

discourage adoption of this modality in research and clinical settings (332). To this end, this scoping 

review aims to map and critically appraise the literature on the feasibility and current use of fNIRS 

to assess cortical activity, functional connectivity, and neuroplasticity in individuals with CP. 

 

2.2. Methods 

A scoping review was conducted to synthesize existing knowledge on the use of fNIRS 

neuroimaging in CP (1, 339), map current practices and highlight research gaps (340). In 
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accordance with evidence-based principles (341), five key steps were included: research question 

identification, literature identification, study selection, data extraction, and evidence synthesis. 

Results were reported following PRISMA-ScR guidelines (342). The study protocol was registered 

on the Open Science Framework (osf.io/f3u8b). 

2.2.1. Research Question(s): 

How has fNIRS been used to assess cortical activity, functional connectivity or 

neuroplasticity in children and adults with CP? What are the methodological characteristics (sample 

characteristics, experimental protocols, processing pipelines and analyses algorithms) of studies 

that have used fNIRS in CP? What is the feasibility, potential, and limitations related to the use of 

fNIRS in CP? 

2.2.2. Identification of Relevant Studies 

A systematic search was conducted in PubMed, Web of Science, CINAHL (via 

EBSCOHost), and PsycINFO (via EBSCOHost) following the Joanna Briggs Institute format (343) 

(Table 2.2). Key terms were piloted on PubMed for sensitivity in detecting relevant studies, with 

the search strategy (Table 2.S1) finalized in consultation with an academic librarian and translated 

across databases. Hand searching strategies included reviews of reference lists and citation tracking 

using Google Scholar and Lens (344). No date or language restrictions were applied, and searches 

were updated on July 18, 2024. In line with previous scoping reviews (345-347), grey literature 

(Table 2.S2), abstracts, conference proceedings, and opinion pieces were not included, to focus on 

empirical, peer-reviewed literature and prevent “double-counting” of studies. 

 

Table 2.2: Systematic search components 

Component Search criteria 

Population All children and adults diagnosed with cerebral palsy (CP) of any etiological origin; includes pre-, peri- or post-

natal stroke; All topographical and phenomenological distributions included (unilateral-bilateral; hemi-/diplegia; 

no restriction on spastic-ataxic-dyskinetic-hypotonic-mixed tone presence) 

Concept Any aspect of brain function, dysfunction, connectivity or plasticity captured specifically using optical functional 

neuroimaging via functional near-infrared spectroscopy (fNIRS) 

Context All geographical locations; All genders and races/ethnicities included; Clinical, academic and/or research settings 

accepted; No language restrictions implemented. 

/Volumes/HubShare/NMSKH%20Lab/Graduate%20Researchers/Khan,%20Owais/Manuscripts%20+%20Presentation%20+%20Posters/fNIRSscopingRev_2023/osf.io/f3u8b
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2.2.3. Study Selection 

Eligible reports were imported into EndNote (v.20; Clarivate, Philadelphia, PA) and 

Rayyan (348). Duplicates were manually removed, and titles and abstracts were independently 

screened by 3 reviewers (OK, SR, KB). Criteria for study inclusion were: (a) Empirical human stud 

using fNIRS to assess brain activity, functional connectivity or neuroplasticity; (b) Studies where 

>50% of the sample comprised children (aged ≥ 3 years, after complete myelination in infancy 

(349)) or adults with CP. No demographic or geographic restrictions were imposed. Studies not 

reporting task-evoked or resting-state fNIRS outcomes, or those focusing on neurodevelopmental 

disorders other than CP were excluded. Full-texts were reviewed independently by two reviewers 

(OK, SR), with disagreements through discussion, or through consultation with a third reviewer 

(KB). 

2.2.4. Data Extraction 

A data extraction table was designed prior to study selection and iteratively refined during 

full-text review to ensure completeness of extracted information (345). Two reviewers (OK, SR) 

performed data charting with pseudorandom assignment ensuring studies from the same group were 

reviewed by one reviewer for consistency (346). One reviewer (OK) validated accuracy of data 

extraction for all studies. 

2.2.5. Evidence synthesis 

Data were tabulated and categorized by study background, sample characteristics, 

experimental procedures, fNIRS parameters, and primary findings. Research trends and clinical 

implications were highlighted, with recommendations proposed for future fNIRS research in CP. 

2.2.6. Critical appraisal of included studies 

In line with previous fNIRS work (345), study quality was appraised by three reviewers 

(OK, SR, KB) using the adapted 15-item Down’s and Black assessment tool for non-randomized 

studies (350) (Table 2.S3), with consensus achieved through discussion. Quality was rated as low 

(<60%), moderate (60-74%) or high (≥75%), based on proportion of criteria met. 
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2.3. Results 

From 112 studies identified through searches, 42 duplicates and 41 irrelevant studies were 

removed. Full text review of 29 studies resulted in the inclusion of 16 studies for analyses. Figure 

2.2 illustrates the study selection process. 

 

 
 

Figure 2.2: PRISMA-ScR flow diagram. 

 

2.3.1. Study quality and background 

Using the modified Downs & Black checklist (Table 2.S4), study quality scores ranged 

from 53% to 100%, with an average score of 84%. Three studies (42, 43, 351) scored 60-74% 

(moderate quality), one study (352) scored < 60% (poor quality), and the other twelve studies 

scored ≥75% (high quality). The lowest scoring item assessed external validity (“Were subjects 

representative of the population”, 44%), with similarly low scores for questions assessing 

confounding (“Were subjects recruited from the same population?”, 56%) and internal validity 

(“Were subjects recruited over the same period?”, 50%).  

2.3.2. Study background and sample characteristics 

Study settings (Table 2.S5) indicate most studies (n=13) were conducted in the United 

States, with two studies in China (351, 353) and one in Italy (56). All studies were published during 
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the past 15 years (2010-2024), and were in English. Most studies (n=13) were observational, with 

three interventional studies including pre-post assessments (59), one including a mid-intervention 

assessment (56) and another with a 6-month follow-up (43). A priori power analyses was reported 

in only one study (58), while two studies (43, 44) used post-hoc analyses to assess fNIRS’s 

sensitivity at detecting group differences. Attrition rates (10-33%) were reported in six studies. One 

study excluded 20% of data (2 out of 10 subjects) post-hoc due to large lesions observed in the 

cortical regions of interest on structural MRI (45). 

Participant characteristics are also detailed in Table 2.S5. Across 16 studies, 158 

individuals with CP were assessed using fNIRS (sample size = 2-24), with 70% displaying 

unilateral affection (i.e., UCP). Participant age ranged from 3-43 y, with twelve studies recruiting 

only children, three studies including both children and adults (45, 47, 48), and one pilot study 

assessing two adults with CP (352). Structural brain imaging confirmed brain injury in seven 

studies, or was inferred through inclusion/exclusion criteria (46, 57-59). Nine studies described 

brain pathology, with six studies specifying injury type (e.g., perinatal stroke, periventricular 

leukomalacia) and three studies reported lesion location (e.g., subcortical or cortical lesion) (41, 

43, 44). Functional classification varied by type of experimental task. Seven of the 11 studies 

incorporating an upper limb task documented Manual Ability Classification System (MACS) 

levels. Most participants displayed mild impairment (MACS levels I-II: n=46, 63%) or moderate 

impairment (MACS levels III-IV: n=26, 36%), and one study included a subject with severe 

impairment (MACS level V) (59). Gross Motor Function Classification System (GMFCS) levels 

were consistently reported across studies using a lower limb or whole-body task (46-48, 56, 135, 

353), with most participants displaying mild-to-moderate impairments (GMFCS levels I-III: n=71, 

87%) and severe impairments less frequent (GMFCS level IV: n=10; GMFCS level V: n=1) (56, 

353). Muscle tone abnormality (primarily spasticity) was reported eight studies, with two studies 

reported limb dystonia (45, 48). Mirror movements were documented in four studies (41, 42, 47, 

48), with one study focusing on this phenomenon (42). 
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2.3.3. Experimental procedures 

Experimental procedures are summarized in Table 2.S6. Most studies employed motor 

tasks, except for three studies that used cognitive-motor dual-tasks involving varying cognitive 

demands (57, 59) or concurrent postural challenge (58). Upper limb tasks included unimanual 

protocols such as finger tapping (41-44), ball grasp-and-drop (352) and shape-matching (57-59)), 

as well as bimanual protocols such as ball grasp-and-squeeze and simulated pouring (45) and 

machine-assisted arm cycling (351). One study combined unimanual and bimanual tasks (47). 

Lower limb tasks included functional mobility (treadmill walking (46), robot-assisted gait training 

(56), functional strength (progressive lateral step-up) test (135)), and seated protocols such as 

passive cycling (353), active cycling (48) and single-joint movements (47, 48). Only one study 

combined upper and lower limb tasks (47). 

2.3.4. Major study findings 

Major research questions and primary findings of each study are presented in Table 2.S7.  

2.3.4.1. Task-evoked sensorimotor cortex activity in CP 

Early fNIRS studies highlighted altered patterns of local hemodynamic activity in children 

with unilateral CP (UCP) with lower time-to-peak activity (41) and time-to-peak activity/total 

activation duration ratios (44) consistently observed at 2 months and sensitive at distinguishing 

UCP from age-matched typically developing children (41, 44). The same research group identified 

contributions of mirror movements to bilateral sensorimotor cortex (SMC) activity in UCP during 

unimanual tasks (42), with methods proposed to isolate these signal contaminants. Age-related 

variability in SMC hemispheric laterality was greater in children with UCP, who displayed bilateral 

SMC activation, unlike contralateral SMC activity displayed by typically developing children older 

than 7 years (41). Following intensive constraint-induced movement therapy (CIMT), acute 

changes in local hemodynamics in children with UCP were sustained at 6-month follow-up, while 

acute change in SMC laterality (increased  contralateral SMC activity) was not maintained, and 
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was related to better unimanual, but worse bimanual function (43). Heightened SMC activity was 

also observed in adolescents and young adults with UCP during bimanual tasks (45), with 

asymmetric tasks evoking more exaggerated and lateralized SMC activity that were linked to 

increased muscle co-activation and better daily function on the PEDI-CAT, respectively. 

Few fNIRS studies assessed SMC activity in individuals with BCP displaying bilateral 

affection. One exploratory study (46) reported greater SMC and superior parietal lobule activity in 

BCP (n=4) than controls during treadmill walking. Increased activity in the combined groups was 

related to greater variability in temporal gait parameters, suggesting heightened neural demands to 

maintain ongoing gait trajectories. Another study reported greater SMC activity in older adults with 

BCP during lower limb tasks (48), with activity scaling with higher GMFCS levels and greater 

muscle activation. Increased SMC activity during non-dominant ankle dorsiflexion was also related 

to worse selective motor control, and lower walking ability and mobility scores on the ABILOCO 

and PEDI-CAT, respectively. The only study comparing SMC activity in UCP and BCP (47) 

reported excessive activity in both groups compared to controls, with activity scaling with 

increasing functional impairment (higher MACS, GMFCS levels). Differences between CP groups 

were task-dependent. During non-dominant hand squeeze, SMC activity was greatest in individuals 

with UCP and those with more impaired manual abilities (MACS level III), with a positive 

relationship observed between SMC activity and MACS level. During non-dominant ankle 

dorsiflexion, SMC activity was greatest in individuals with BCP and those with more impaired 

gross motor function (GMFCS level III), with a similar positive association observed between SMC 

activity and GMFCS level. 

2.3.4.2. Task-evoked prefrontal cortex activity in CP 

The earliest fNIRS investigation of prefrontal cortex (PFC) activity in CP reported similar 

temporal patterns of hemodynamic activity in 2 adults with BCP as neurotypical individuals during 

a ball-grasp and drop task (352). However, PFC laterality differed between the groups, with both 

individuals with BCP exhibiting ipsilateral PFC dominance, in contrast to the bilateral-to-
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contralateral PFC dominance observed in the neurotypical group. In children with UCP, no 

hemispheric difference in PFC activity was noted during a shape-matching task (57), although 

overall PFC activity was greater than controls. Group differences were more pronounced with the 

more affected arm, increasing task difficulty (57), and during dual-task conditions with a dynamic 

postural challenge of ball-sitting (58). Greater PFC activity during the dual-task was also linked to 

greater dual-task cost in children with UCP. Following intensive CIMT (59), reduced PFC activity 

in children with UCP was comparable to baseline levels in controls, but links between PFC activity 

and functional improvements were not reported. 

Recent fNIRS studies assessing PFC activity during whole-body tasks such as robot-

assisted gait training (56) and functional strength (progressive lateral step-up) test (135) revealed 

task-dependent patterns. Perpetuini et al. (56) reported contrasting changes in PFC activity across 

hemispheres, but no significant changes in SMC activity following robot-assisted gait training in 

children with BCP. Cortical activity changes were evident only at the end of the 4-week 

intervention, suggesting a dose-dependent neuroplastic response in children with more severe gross 

motor impairment. Licea et. al. (135) observed suppressed PFC activity in children with CP 

compared to matched controls across all levels of a progressive lateral step-up test, even after 

controlling for task performance differences. However, no significant association between PFC 

activity and step-up task performance was observed in the CP group. 

2.3.4.3. Resting-state functional connectivity in CP 

Three fNIRS studies assessed resting-state functional connectivity in CP (43, 351, 353). 

Cao et al. (43) noted lower frequency of functional connections in the pre-, supplementary and 

primary motor cortices in children with UCP following intensive CIMT, which was linked to 

improved functional outcomes. However, changes were observed only in those with mild-moderate 

manual ability impairment  (MACS level II, no change in those at MACS level I) and were not 

sustained at 6 months. More recent studies (351, 353) reported similar reductions in intra- and inter-

hemispheric functional connectivity in the PFC and SMC of children with CP at rest, during 
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assisted arm-cycling (351) and passive leg bicycling (353). Decreased inter-hemispheric SMC 

connectivity in UCP was also strongly related to worse gross motor ability (higher GMFCS level). 

Zhang et al. (351) reported greater resting-state activity in the dominant SMC which remained 

unchanged during passive-assisted arm cycling, unlike the increased activity observed in controls. 

More advanced network analyses by Xie et al (353) also revealed decreased global and local neural 

network efficiency in individuals with CP both at rest and during passive bicycling, alongside 

decreased strength of motor-prefrontal connections from the non-dominant motor cortex. 

 

2.4. Discussion 

2.4.1. Settings and sample characteristics  

Most studies included in this review arose from research conducted over the past 15 years, 

with nearly all originating from North America. No studies from low- or middle-income countries 

were identified, despite these regions accounting for up to 98% of the global caseload of CP in 

children under 5 years (354) with significantly higher CP-related morbidity (74). These constrained 

study settings reflect equity challenges in fNIRS research (332), which also presents researchers 

with opportunities to explore collaborations with not-for-profit organizations (e.g., Bill and 

Melinda Gates Foundation’s Brain Imaging for Global Health (BRIGHT) Project (355, 356)) and 

communities in more diverse settings (209). The low-cost and portability of fNIRS make it a 

particularly promising neuroimaging modality for use in these underserved regions. 

Despite small sample sizes (range = 2-24; median = 8), individuals with CP across a wide 

age range (3-42 y), different topographies (UCP, BCP) and varying levels of functional impairment 

(GMFCS, MACS levels) were assessed, broadly supporting the feasibility of fNIRS use in CP. 

Spastic CP was most frequently reported sub-type across studies, with dystonia reported in two 

studies (45, 48). Notably, no study included subjects with the less common dyskinetic or ataxic 

sub-types of CP, despite their distinct clinical phenotype (76) and evidence of altered neural 

connectivity (357, 358). None of the studies were pre-registered (359), and only one study reported 
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a priori power analyses for sample size estimation (58), possibly reflecting the incipient nature of 

the field. Adequate powering of neuroimaging-focused studies to detect interventional 

neuroplasticity in CP is an important issue, with specific sample size recommendations proposed 

for some MRI-based outcomes (360). While similar guidelines for fNIRS studies are currently 

lacking (but see (359) for general discussion), future fNIRS research should consider adopting 

standardized experimental protocols (361), consistent preprocessing pipelines (362), and engaging 

in collaborative initiatives such as the ManyBabies 3 NIRS project (363) to facilitate data pooling 

across studies. 

Additionally, only 10 individuals with significant gross motor impairment (GMFCS levels 

IV, V; ~6% of total participants with CP) were assessed across two studies (56, 353), despite this 

group comprising close to 30% of all individuals with CP (364). This underrepresentation 

highlights ongoing equity challenges in neuroimaging research in CP, restricting generalizability 

of findings and marginalizing individuals already less likely to access and benefit from evidence-

based interventions (365). A similar issue was observed for upper limb assessments in individuals 

with UCP, with only four individuals classified at MACS level IV or V included across two studies 

(57, 59), while MACS levels were not reported in three of 11 studies using upper limb tasks (44, 

351, 352). As fNIRS outcomes can vary across functional abilities on both the GMFCS and MACS 

(47), future fNIRS studies in individuals with CP should include these descriptors to improve 

generalizability of findings and facilitate aggregation of results.  

2.4.2 Experimental protocols 

Most studies incorporated tasks that were either functional (e.g., shape-matching, seated 

cycling, walking) or resembled real-world behavior (e.g., simulated pouring). Only 3 studies 

incorporated whole-body tasks (46, 56, 135), and upper limb tasks were performed in seated or 

reclined positions that may not reflect real-world behavior. Two studies employed experimental 

protocols with movements that were either fully passive (353) or active-assisted (351). Functional 

MRI work in UCP demonstrated that passive movements evoke lower cortical activation than self-
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generated active movements (366), and passive modalities do not reflect the task-focused, child-

driven and activity-based principles of evidence-based best practices for CP neurorehabilitation 

(367). While the great potential of fNIRS to assess neurophysiology during real-world tasks in 

unconstrained environments remains largely untapped (201), recent efforts to integrate more 

functional assessment protocols such as robot-assisted walking (56) and a progressive lateral step-

up test (135) are promising, and may guide future fNIRS research in CP. 

2.4.3. Sensorimotor cortex activity: (A) Unilateral cerebral palsy 

Most fNIRS studies in UCP reported exaggerated SMC activity, with potential contributors 

including mirror movements (42), lower functional abilities (higher MACS levels) (47), greater 

task complexity (asymmetric versus symmetric bimanual or unimanual tasks) (47), and deficits in 

upper limb selective voluntary motor control (45). Functional MRI studies in UCP reported similar 

heightened SMC activity during impaired hand movement (164, 366), including increased bilateral 

(366) and ipsilateral (contralesional) SMC activity (164), with the latter related to residual hand 

function and strength of mirror movements (164). Mirror movements may reflect altered 

neurophysiology due to early developmental injury in UCP (368), and may have potential clinical 

implications such as reduced bimanual function (369, 370). Despite early fNIRS work suggesting 

mirror movements contribute to increased SMC activation in UCP (42), their presence and impact 

was inconsistently reported. Future studies should report clinically observable mirror movements, 

with quantitative tools available for more detailed analyses (371). 

Studies assessing hemispheric lateralization of SMC activity in UCP reported age-related 

variability (41), bilateral activation (43) or trends of ipsilesional SMC dominance during unimanual 

(47) and bimanual tasks (45). The functional relevance of SMC lateralization in UCP was less 

studied, although contralesional SMC dominance during asymmetric bimanual squeezing was 

related to better daily function (45), while SMC activity during non-dominant hand squeezing and 

ankle dorsiflexion was not related to functional outcomes (47). Variability in activation patterns 

reflects methodological differences across studies and aligns with functional MRI literature in UCP 
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that describes three main lateralization patterns (163): bilateral dominance in motor functions, 

ipsilesional dominance in somatosensory functions, and contralesional dominance in language 

functions. Ipsilesional SMC activation involves the recruitment of preserved perilesional tissue, 

and generally correlates with better clinical outcomes in UCP (160) and stroke (372).  

The diverse SMC lateralization patterns reflect the nuanced dynamics of cortical activation 

in UCP, a complexity further highlighted by intervention studies. The sole fNIRS study reporting 

SMC changes post-intervention found increased contralesional SMC dominance in UCP 

immediately after CIMT (43) that declined at 6 months and was related to worse bimanual function 

(43). A review of interventional neuroplasticity reported increased ipsilesional SMC activity as the 

most common change observed post-intervention in UCP (321).  Conversely, a recent functional 

MRI study reported increased ipsilesional and decreased contralesional SMC activity after hand-

arm bimanual intensive therapy including lower extremities (HABIT-ILE) intervention, with better 

clinical outcomes related to reduced brain activity (373). Lateralization of SMC activity in UCP 

reflects adaptive developmental processes after early developmental injury (see (96) and (137) for 

detailed review) that vary by lesion size (144) and timing (140). Large lesions may prevent 

ipsilesional SMC control, rendering contralesional activity the sole contributor to motor function 

(159). Laterality also varies by side tested and fatigue (374). A multimodal neuroimaging study 

highlighted unique neurophysiological patterns across individuals with UCP (157), emphasizing 

significant individual variability and highlighting the challenge of defining clear neural structure-

function relationships in this population.  

2.4.3. Sensorimotor cortex activity: (B) Bilateral cerebral palsy 

While limited, fNIRS studies in BCP offer valuable insights into this group’s distinct 

neurophysiology. Increased SMC and superior parietal lobule activity during treadmill walking in 

an exploratory study in children with BCP (46) mirrors the excessive motor and parietal cortex 

activation observed in a larger EEG gait study in UCP (174). Similar to fNIRS reports in UCP (47), 

greater SMC activation in BCP was related to lower functional abilities (higher GMFCS levels) 
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(47), worse selective motor control, and lower PEDI-CAT mobility scores (48). However, unlike 

UCP, where greater SMC activation is seen during non-dominant hand squeezing than ankle 

dorsiflexion, the BCP cohort demonstrated similar SMC activity across these tasks (47), potentially 

indicating more severe upper extremity involvement in this group (120). This is supported by EEG 

evidence of exaggerated dominant SMC activation in BCP during reaching (375, 376) that was also 

associated with slower, less efficient movements and poor dexterity, suggesting SMC over-

recruitment may reflect excessive cortical resource use during arm movements in BCP (375).  

Hemispheric lateralization of SMC activity in BCP was task-dependent, with ipsilateral 

SMC dominance during non-dominant ankle dorsiflexion (48) and contralateral dominance during 

non-dominant hip movements, cycling (48) and hand squeezing (47). This pattern contrasts with 

the bilateral activation commonly noted in UCP, where underlying brain lesions are often focal, 

well-defined, and distinctly impacted by the timing and location of insult, such as in perinatal stroke 

(97). The more widespread bilateral brain injury in BCP results in more severe motor impairments 

and higher incidences of comorbidities such as intellectual and visual impairments (377), that 

further complicates task performance during neuroimaging studies. Reorganization following 

bilateral lesions likely follows different developmental patterns than those seen after unilateral 

injuries, due to the absence of a relatively intact hemisphere that can act as a scaffold to support 

adaptive plasticity (377). A recent functional MRI study in mildly impaired children with BCP 

(378) reported contralateral SMC dominance during non-dominant ankle dorsiflexion, although a 

shift to greater ipsilateral dominance and lower activation volume post-intervention were 

independently associated with motor skill gains. These observations highlight the potential for 

targeted interventions to influence cortical reorganization and improve motor outcomes in BCP. 

However, the scarcity of functional neuroimaging studies in BCP is a significant barrier to 

understanding the complexity and variability of neural structure-function relationships in this 

group. Mobile neuroimaging tools such as fNIRS, with their methodological flexibility and 

resilience to motion artifacts, are well-suited to addressing this research gap. 
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2.4.4. Prefrontal cortex activity 

Greater PFC activity in UCP during a shape-matching task scaled with increased task 

difficulty, non-dominant arm use (57), and concurrent postural challenge (58). After CIMT 

intervention, PFC activity in CP attenuated to levels comparable to controls (59), but no link to 

improved functional outcomes was reported, generating doubt on whether attenuated PFC activity 

reflected “normalization” of cortical activity or was the byproduct of generalized motor skill 

acquisition. The PFC is a prime target for interrogation by fNIRS due to its accessible location 

underneath the hairless forehead region, allowing for optimal signal acquisition (379). Although 

the PFC is not involved in motor execution, it mediates executive functions such as working 

memory, sustained attention and action planning that support and enable motor planning and 

prediction (52, 53). Exaggerated PFC activity during motor tasks may represent a resources 

allocation strategy (298) for enhanced motor planning in UCP (380). In contrast, children with BCP 

with greater motor involvement displayed more variable PFC activity patterns after robot-assisted 

gait training (56), although the small, heterogenous sample and absence of a control group limits 

definitive conclusions on the functional impact of these changes.  

The variability in PFC activity changes following different motor interventions highlights 

a need for further investigation into the neural correlates of cognitive deficits and their impact on 

motor outcomes in CP. Half of all children with CP are estimated to display concurrent intellectual 

disability (115), with a recent meta-analysis identifying moderate-large deficits across all executive 

function domains in individuals with CP, regardless of gross motor or manual ability (GFMCS and 

MACS levels, respectively) (381). Given the intimate linkage of cognitive and motor development 

(382) and their combined relation to the PFC (383), cognitive deficits in CP significantly impacts 

their ability to navigate real-world tasks that involve dual-tasking (384, 385). A recent MEG study 

in adults with CP (386) reported weaker PFC oscillatory activity during the encoding phase of 

working memory was related to worse cognitive outcomes and lower gross motor function (higher 
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GMFCS levels). Despite the potential for fNIRS to assess PFC activity during ecologically valid 

tasks in real-world settings, fNIRS studies assessing PFC activity during cognitive tasks or during 

physical activity are lacking (387). Notably, the sole fNIRS study to incorporate a physically 

demanding task reported suppressed PFC activity in children with CP during a progressive lateral 

step-up test (135) which was maintained after controlling for their lower performance. However, 

the lack of significant associations between FPC activity and step-up performance in CP suggests 

factors such as lower exercise tolerance or psychological factors such as impaired attention and 

emotional dysregulation may contribute to the suppressed PFC activity patterns observed in this 

group. These novel observations emphasize the need for future fNIRS research to explore how PFC 

activity impacts cognitive-motor interactions in CP. 

2.4.5 Functional connectivity and cortical networks 

Early fNIRS-based functional connectivity research (43) revealed greater frequency of 

connections between the supplementary motor, premotor, and primary motor cortices in children 

with UCP, with most connections observed from the supplementary motor area, although 

connection strength was not quantified. Conversely, recent fNIRS studies (351, 353) reported lower 

intra- and inter-hemispheric resting-state functional connectivity in the PFC and SMC of children 

with UCP, with attenuated connectivity maintained during assisted arm (351) and passive leg 

cycling (353), and related to lower gross motor function. Reduced functional connectivity across 

the sensory and motor areas was also widely reported in the functional MRI literature in UCP (183), 

although intra-hemispheric connectivity in these regions may vary by pattern of corticospinal tract 

wiring (388). Lower efficiency of both global and local cortical networks in UCP reported in a 

recent fNIRS study (353) mirrored observations from studies using structural MRI (389) and 

diffuse tensor imaging (390) reporting similar lowered global efficiency in children with BCP.  

Notably, fNIRS functional connectivity research did not include studies in individuals with 

BCP, in whom functional MRI revealed widely varying patterns of functional connectivity across 

cortical regions. Significantly widened and increased connections reported with functional MRI in 
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BCP between the somatosensory cortices (391),  SMC and supplementary motor areas (392), 

contrasts against decreased connectivity in the bilateral SMC and parietal cortices. (130, 358). 

Functional connectivity analyses has also been used to examine neural networks mediating non-

motor functions, with evidence of altered networks in CP extending to domains of language (324), 

visuomotor function (393) and cognition (323). These domains represent rich avenues for future 

research, with recent development of wearable, high-density fNIRS devices (394) setting the stage 

for fNIRS investigation of these unexplored topics in CP.   

2.4.6. fNIRS methodologies 

While fNIRS is a promising tool for real-world neuroimaging, its outcomes are susceptible 

to subjective researcher decisions (395) on issues of signal quality assessment (379, 396, 397), data 

processing pipelines (398, 399), and statistical analyses methods (400). Concerns about potential 

data misreporting have spurred a movement toward greater transparency in decision-making and 

reporting within the fNIRS community, with calls for pre-registration of study protocols and 

analyses decision-making algorithms (359) to mitigate publication bias and false positive results 

(211, 401). While assessing methodological rigor and modality-specific challenges of fNIRS 

exceeds the scope of this review (see (402) for comprehensive recommendations), we provide a 

detailed summary and critical appraisal of fNIRS methods in Table 2.S8. Further, as fNIRS shares 

neurovascular underpinnings (BOLD response) with functional MRI, readers are referred to Reid 

et al.’s excellent review (166) for a detailed examination of challenges in interpreting activation 

changes in functional neuroimaging. 

 

2.5. Limitations 

This review aimed to inform future research by synthesizing peer-reviewed empirical 

literature on the application of fNIRS in CP and excluded grey literature and non-scientific articles. 

While this approach is consistent with other scoping reviews (347, 403, 404), it may have resulted 

in the omission of additional experimental settings and observations. However, we provide readers 
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with a list of relevant doctoral dissertations and theses obtained through a systematic search (Table 

2.S2). The inclusion of studies with small sample sizes and methodological limitations (e.g., 

Chaudhary et al.’s pilot study on 2 adults with CP (352)) was necessitated by the nature of scoping 

reviews. Quality appraisal analyses were performed to address concerns about potential bias, 

though we acknowledge that caution is warranted when interpreting the study results. Finally, the 

diversity of fNIRS outcomes across studies prevented aggregation and quantification via meta-

analyses, underscoring the need for standardized experimental protocols for easier data pooling and 

comparisons across studies (183). Despite these limitations, this review provides a comprehensive 

overview on the use of fNIRS in CP that can inform future investigations in this field. 

 

2.6. Challenges with fNIRS use in CP 

Despite its advantages as a user-friendly, motion-resistant and cost-effective functional 

neuroimaging modality, fNIRS remains underutilized in CP neuroimaging research, with only 16 

studies identified in this review. Alongside aforementioned limitations such as poor imaging depth, 

inability to image deeper brain structures, systemic contamination, and data collection challenges 

with darker skin tones or thick hair, other potential barriers also require recognition. A lack of 

research confirming fNIRS reliability in CP undermines confidence in its ability to track 

intervention effects on cortical function. Recruitment and compliance issues are frequent, with 

early studies that used wired systems reporting high attrition rates (10-33%) and exclusion of data 

(20% in one study (45)) due to cortical lesions in brain regions of interest. Practical challenges 

include prolonged setup times, resistance to fNIRS caps from sensory hypersensitivity, and 

participant discomfort, compounded by the lower signal-to-noise ratio of fNIRS than functional 

MRI, necessitating longer and more frequent trials (40). The physiological underpinnings of fNIRS 

also present challenges in CP. Neurovascular coupling, the basis of fNIRS measurements, may be 

altered in CP due to brain injuries such as periventricular leukomalacia or perinatal stroke (405), 

which impair vascular autoregulation (216) and integrity (217). This disrupts hemodynamic signals 
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and complicates interpretation of cortical activity(218). Additionally, historical reliance on 

conventional neuroimaging modalities such as functional MRI and EEG, coupled with limited 

awareness of recent advances in fNIRS technology, has slowed the adoption of fNIRS in CP 

research.  

However, rapid improvements in fNIRS hardware and software offers solutions to many 

of these challenges (406). Recent innovations such as infant-friendly dual-tip optodes (407), 

scalable modules for high-density whole-head imaging in infants (408) and customizable optode 

attachments have significantly improve feasibility. Implementing standardized fNIRS 

methodologies (49), analyses pipelines (362, 409), and reporting guidelines (402) can further 

enhance reliability and reproducibility. Targeted efforts to establish fNIRS reliability in CP and 

adapt this technology for neurodiverse populations could significantly expand its utility in 

understanding neurophysiology and intervention effects in CP.  

 

2.7. Future directions 

The exponential rise in fNIRS studies in neurodevelopmental disorders and neurodivergent 

populations (189, 192-194, 410, 411) reflects the growing recognition of fNIRS as a valuable tool 

for investigating brain function in neurodivergent populations for whom conventional 

neuroimaging is challenging (412). Rapid technical, methodological and technological 

developments in fNIRS have propelled the field beyond initial feasibility assessments (413-415) 

towards the identification of diagnostic and prognostic biomarkers (“fNIRS signatures” (190)) of 

significant translational value to clinicians and researchers. Future research avenues for exploration 

include the integration of fNIRS with other neuroimaging modalities such as functional MRI (416), 

EEG (417), MEG (418, 419), and transcranial magnetic stimulation (420, 421), to provide real-

time feedback of functional performance and progress during rehabilitation (422). This multimodal 

approach may also uncover underlying pathophysiology (157, 165, 166) and enhance confidence 

in reported results by reducing bias, and minimizing signal noise (332). Hyperscanning protocols 
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that enable synchronous assessment of multiple individuals in naturalistic settings are particularly 

well-suited for fNIRS, and hold promise for studying parent-child interactions (423). This 

innovative approach may shed light on the neurophysiological underpinnings of impaired inter-

personal social interactions in CP (203), and promote family-centered care by facilitating parental 

involvement in therapy (204). Additionally, the integration of fNIRS into brain-computer interface 

applications (205), either alone or in conjunction with other modalities such as EEG (417, 424), 

may offer tangible benefits to individuals with CP who experience severe motor, language, or 

cognitive impairments (206).  

The overarching goal of translational fNIRS research is to integrate fNIRS into clinical 

settings for individualized assessment, prognosis and monitoring of treatment fidelity and 

effectiveness in clinical populations of all ages and functional profiles. Achieving these goals in 

the context of CP requires (1) continuous advances in fNIRS hardware and software, (2) transparent 

and comprehensive reporting of experimental methods and results, (3 collaboration between 

funding agencies, industry, researchers and community partners, and most importantly, (4) 

sustained involvement of individuals with lived experience and their families, who stand to benefit 

most from this research. This review comprehensively summarizes the current state of fNIRS 

research in CP and represents a critical first step towards realizing these ambitious objectives. 

 

2.8. Conclusion 

This review analyzed 16 studies that confirmed the feasibility and utility of fNIRS for 

evaluating cortical activity, functional connectivity, and neuroplasticity in individuals with CP, 

with exaggerated sensorimotor cortex activity observed across motor tasks alongside task-

dependent PFC activity patterns. While fNIRS demonstrated utility in capturing neuroplastic 

changes post-intervention, the lack of reliability data undermines confidence in its application in 

interventional research. While most studies demonstrated moderate-strong methodological quality, 

specific challenges to fNIRS use were identified, with recommendations for enhanced rigor and 
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transparency outlined. Leveraging recent technical advancements may help address these 

challenges and transition fNIRS research beyond feasibility toward integration into clinical 

practice. By enabling individualized assessments and real-time monitoring, and facilitating family-

centered care through improved neurophysiological understanding of parent-child interactions, 

fNIRS offers transformative potential for CP research and rehabilitation that remains largely 

untapped. 
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Table 2.S1: Systematic search strategy used for the PubMed database 

Search 

Number 
Search query 

*Records 

retrieved 

1 "cerebral palsy"[MeSH] OR "stroke/congenital"[MeSH] 24561 

2 

"cerebral pals*"[Title/Abstract] OR "perinatal stroke"[Title/Abstract:~2] OR 

"neonatal stroke"[Title/Abstract:~2] OR "Little disease"[Title/Abstract] OR 

"spastic dipleg*"[Title/Abstract] OR "spastic hemipleg*"[Title/Abstract] 

30784 

3 #1 OR #2 34982 

4 "spectroscopy, near-infrared"[MeSH] 16714 

5 

NIR [Title/Abstract] OR NIRS [Title/Abstract] OR fNIR*[Title/Abstract] 

OR "functional near-infrared spectroscop*"[Title/Abstract] OR "near-

infrared spectroscopy"[Title/Abstract] OR "near infrared 

spectroscopy"[Title/Abstract] OR "optical imag*"[Title/Abstract] 

60332 

6 #4 OR #5 63796 

7 
"magnetic resonance imaging"[MeSH] OR "magnetic resonance 

spectroscopy" [MeSH] 
765568 

8 #6 NOT #7 61280 

9 

Brain[Title/Abstract] OR Cerebral[Title/Abstract] OR 

Cortical[Title/Abstract] OR Neural[Title/Abstract] OR 

Neuron*[Title/Abstract] OR Hemodynamic*[Title/Abstract] OR 

haemodynamic*[Title/Abstract] OR Prefrontal[Title/Abstract] OR 

Sensor*[Title/Abstract] OR Motor*[Title/Abstract] OR 

Cortex[Title/Abstract] OR Cortices[Title/Abstract] OR area*[Title/Abstract] 

OR region*[Title/Abstract] 

6209604 

10 

Correlate*[Title/Abstract] OR activ*[Title/Abstract] OR 

response*[Title/Abstract] OR function*[Title/Abstract] OR 

plasticity[Title/Abstract] OR organization[Title/Abstract] OR 

reorganization[Title/Abstract] OR neuroplastic*[Title/Abstract] OR 

connectiv*[Title/Abstract] OR network*[Title/Abstract] 

12418564 

11 #9 AND #10 3071107 

12 #3 AND #8 AND #11 31 

*As of July 18, 2024; Bolded items indicate nested search ‘sets’  
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Table 2.S2: Relevant grey literature from ProQuest database search and hand-searching 

Author  

(Year) 
Title of Dissertation / Thesis Reference 

Asanani, N 

(2008) 

Study of NIRS based motor cortex activation patterns in cerebral 

palsy affected kids using image based metrics 
(425) 

Parlapalli, R. 

(2008) 

Comparison of hemodynamic response non-linearity using 

simultaneous near infrared spectroscopy and magnetic resonance 

imaging modalities 

(426) 

Dhamne, S. 

(2009) 

Diffuse optical imaging of brain function under repetitive 

transcranial magnetic stimulation and in children with cerebral palsy 
(427) 

Khan, B. 

(2009) 

Functional near infrared spectroscopy for the assessment of motor 

cortex plasticity in pediatric subjects affected by cerebral palsy 
(428) 

MacGregor, R. 

(2009) 

Effects of specifically sequenced massage on spastic muscle 

properties and motor skills in adolescents with cerebral palsy 
(429) 

Chaudhary, U 

(2013) 

Functional near infrared spectroscopy study of language, joint 

attention and motor skills 
(430) 

Hervey, N. 

(2014) 

A GLM/ICA analysis using motion tracking and electromyography 

differentiates between brain activation due to intended and 

unintended motions in fNIRS images acquired during a finger 

tapping task performed by children with cerebral palsy 

(431) 

Surkar, S. 

(2016) 

Identification and intervention for action planning deficits in 

children with hemiparetic cerebral palsy 
(432) 

Cao, J. 

(2017) 

Revealing Hemodynamic Response and Dynamic Changes in 

Functional Cortical Networks Using Functional Near-Infrared 

Spectroscopy (FNIRS) 

(433) 

Licea, J. 

(2023) 

Interrelationships among brain, muscle and physical activity in 

children with cerebral palsy 
(434) 
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Table 2.S3: Modified Downs and Black checklist for methodological quality assessment 

ITEMS Yes 
Unable to 

determine 
No 

Validity    

1. Is the hypothesis/aim/objective of the study clearly described? ☐  ☐ 

2. Are the main outcomes to be measured clearly described in the 

Introduction or Methods section? 
☐  ☐ 

3. Are the characteristics of the subjects included in the study 

clearly described? 
☐  ☐ 

5. Are the distributions of principle confounders in each group of 

subjects to be compared clearly described? 
☐ 

 

☐ 
partially 

☐ 

6. Are the main findings of the study clearly described? ☐  ☐ 

7. Does the study provide estimates of the random variability in 

the data for the main outcomes? ☐  ☐ 

10. Have actual probability values been reported (e.g. 0.035 

rather than <0.05) for the main outcomes except where the 

probability value is less than 0.001? 
☐  ☐ 

External validity    

11. Were the subjects asked to participate in the study 

representative of the entire population from which they were 

recruited? 
☐ ☐ ☐ 

12. Were those subjects who were prepared to participate 

representative of the entire population from which they were 

recruited? 
☐ ☐ ☐ 

Internal validity (selection bias) 
   

16. If any of the results were based on data dredging, was this 

made clear? 
☐ ☐ ☐ 

18. Were the statistical tests used to assess the main outcomes 

appropriate? ☐ ☐ ☐ 

20. Were the main outcome measures used accurate (valid and 

reliable)? 
☐ ☐ ☐ 

Internal validity (confounding)    

21. Were study subjects recruited from the same population? ☐ ☐ ☐ 

22. Were study subjects recruited over the same period of time? ☐ ☐ ☐ 

25. Was there adequate adjustment for confounding in the 

analyses from which the main findings were drawn? 
☐ ☐ ☐ 
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Table 2.S4: Methodological quality scores based on the modified Downs and Black checklist 

Author (Year)Ref Reporting 
External 

Validity 

Internal Validity  

(Selection bias) 

Internal Validity 

(Confounding) 

Total 

     (/15) 
Score % 

Checklist Question 1 2 3 5* 6 7 10 11 12 16 18 20 21 22 25   

Khan (2010) (44) 1 1 1 0.5 1 1 1 0 0 1 1 1 0 1 1 11.5 76.7 

Tian (2010)(41) 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 13 86.7 

Hervey (2014)(42) 1 1 1 1 1 0 0 0 0 1 1 1 0 0 1 9 60.0 

Cao (2015)(43) 1 1 1 1 1 1 1 0 0 1 1 1 0 0 1 11 73.3 

Chaudhary 

(2014)(352) 
1 1 0 1 1 0 0 0 0 1 1 1 0 0 1 8 53.3 

Kurz (2014)(46) 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 13 86.7 

Sukal-Moulton 

(2018)(48) 
1 1 1 1 1 1 1 1# 0 1 1 1 1# 1# 1 14 93.3 

de Campos 

(2020)(45) 
1 1 1 1 1 1 1 1# 0 1 1 1 1# 1# 1 14 93.3 

Sukal-Moulton 

(2020)(47) 
1 1 1 1 1 1 1 1# 0 1 1 1 1# 1# 1 14 93.3 

Surkar (2018)(57) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 100.0 

Surkar (2018)(59) 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 14 93.3 

Surkar (2021)(58) 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 14 93.3 

Perpetuini (2022)(56) 1 1 1 1# 1 1 1 1 1 1 1 1 0 1 0 13 86.7 

Zhang & Xu 

(2023)(351) 
1 1 1 1 1 1 1 0 0 1 1 1 0 0 1 11 73.3 

Xie (2024)(353) 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 13 86.7 

Licea & Khan 

(2024)(135) 
1 1 1 1 1 1 1 1# 1# 1 1 1 1# 1# 1 15 100 

Item Total 16 16 15 15.5 16 14 13 11 7 16 16 16 9 8 14  
Mean % 

Score 

Item Percentage  100% 100% 94% 97% 100% 88% 81% 69% 44% 100% 100% 100% 56% 50% 88%  84.4 

*Partial score permitted; #Information provided on request from study authors 
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Table 2.S5: Study background and sample characteristics 

First 

Author 

(Year)Ref 

Setting Design Sample characteristics and functional classification 

Structural brain scan and 

brain pathology 

(number of subjects) 

Power 

analyses 

Khan 

(2010) (44) 

Texas, 

USA 

Observational case-

control; dual-

timepoint (8weeks 

apart for fNIRS 

repeatability) 

4 UCP 

(2 Male; 5 recruited, 1 lost to follow-up, 20% drop-out; MACS classification NR; 

Mirror movement: NR) 

4 TD (3 Male; 5 recruited, 1 lost to follow-up) 

 

sMRI confirmed single 

unilateral subcortical lesion  

Post-hoc 

sensitivity 

[power (1-ß)]  

 

Tian 

(2010)(41) 

Texas, 

USA 

Observational case-

control; dual-

timepoint (days-

2weeks apart for 

fNIRS repeatability) 
 

10 UCP  

(4 Male; 15 recruited, 5 lost to poor signal (4 dark hair,1 body motion), 33% data 

loss; MACS classification I-II*; Mirror movement: Assessed as mild in tested hand) 
^7 TD (3 Male) ^16y TD analyzed separately; *Specific inclusion criterion, subject-wise NR 

 

sMRI confirmed single 

unilateral subcortical lesion 

NR 

Hervey 

(2014)(42) 

Texas, 

USA 

Observational cross-

sectional; single-

timepoint 

4 UCP  

(Male NR; 8 recruited, 3 excluded (no mirror movements), 1 poor compliance and 

motion, 13% drop-out; MACS classification: 1 level I, 3 level II; Mirror 

movement: Specific focus of study, assessed as present/absent in each hand) 
8 TD (5 Male) 

 

sMRI available but pathology 

NR$ 
$
One subject with right peri-insular 

hemispherectomy and right-sided 

midline shift 

 

NR 

Cao 

(2015)(43) 

Texas, 

USA 

Interventional case-

control; Longitudinal 

assessment - 
baseline, post-

intervention (2wk), 

follow-up (6mo) 

 

6 UCP  

(4 Male; drop-out NR; MACS classification: 2 level I, 4 level II; Mirror movement: 

NR) 
5 TD (3 Male) 

 

sMRI confirmed single 

unilateral cortical/subcortical 

lesion affecting motor area 
 

Post-hoc 

sensitivity 

[power (1-ß)] 
 

Chaudhar

y 

(2014)(352) 

Florida, 

USA 

Observational cross-

sectional pilot; single 

timepoint 

 

2 spastic BCP 

(2 Males; drop-out NR; MACS classification NR, GMFCS classification NR 

(wheelchair-users); Mirror movement: NR) 

7 TD (Males: NR) 

 

NR NR 

Kurz 

(2014)(46) 

Nebraska, 

USA 

Observational cross-

sectional; single 

timepoint 

4 spastic BCP  

(2 Male; drop-out NR; GMFCS classification: 3 level II, 1 level III; Mirror 

movement: NR) 

8 TD (1 Male) 

 

sMRI implied*, all with 

periventricular leukomalacia  
*
Exclusion if large space-occupying 

lesion and/or cortical volume loss 

 

NR 

Sukal-

Moulton 

(2018)(48) 

NIH 

Maryland, 

USA 

Observational cross-

sectional; single-

timepoint 

14 spastic BCP (dystonia in 10/14)  

(5 Male; drop-out NR; GMFCS classification: 4 level I, 7 level II, 3 level III; 

Mirror movement: Quantified with sEMG cross-correlation during task) 

14 TD (9 Male) 

sMRI confirmed 

periventricular leukomalacia 

(12), corpus callosum 

agenesis (1), encephalitis with 

typical MRI (1) 
 

NR 

de 

Campos 

(2020)(45) 

NIH 

Maryland, 

USA 

Observational case-

control; single 

timepoint 

8 spastic UCP (dystonia in all)  

(2 Male; 10 recruited, 2 removed post-hoc due to large cortical lesions in region of 

interest on MRI, 20% drop-out; MACS classification: 2 level I, 6 level II; GMFCS 

classification: 3 level I, 5 level II; Mirror movement: NR) 
9 TD (2 Male) 

 

sMRI confirmed prenatal 

stroke (4), peri/neonatal 

stroke (2), post-infancy stroke 

(2) 

NR 
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Sukal-

Moulton 
(2020)(47) 

NIH 

Maryland, 
USA 

Observational cross-

sectional; single-
timepoint 

10 spastic UCP (2 Male) 

14 BCP (5 Male) 
(Drop-out NR; MACS classification: 8 level I (all BCP), 14 level II, 3 level III (all 

UCP); GMFCS classification: 8 level I, 12 level II, 4 level III; Mirror movement: 

Assessed visually (video) in each limb as mild (present < 50%) or strong (>50%) 

16 TD (9 Male) 

 

sMRI available but pathology 

NR 

NR 

Surkar 

(2018)(57) 

Nebraska, 

USA 

Observational cross-

sectional; single 

timepoint 

12 UCP  

(7 Male; drop-out NR; MACS classification: 2 level II, 8 level III, 2 level IV; 

Mirror movement: NR) 

15 TD (8 Male) 

sMRI implied* with perinatal 

stroke (6), neonatal stroke (4), 

periventricular leukomalacia 

(1), schizencephaly (1) 
*
Exclusion if frontal cortical lesions 

 

NR 

Surkar 

(2018)(59) 

Nebraska, 

USA 

Non-randomized 

intervention, dual-

timepoint (baseline, 

post-intervention 
(2week)) 

 

9 UCP  

(4 Male; 9 recruited, 1 1 did not complete post-intervention fNIRS, 10% drop-out; 

MACS classification: 2 level II, 8 level III, 1 level IV, 1 level V; Mirror 

movement: NR) 
15 TD (8 Male) 

 

sMRI implied* with perinatal 

stroke (7), periventricular 

leukomalacia (1), 

schizencephaly (1) 
*
Exclusion if frontal cortical lesions 

 

NR 

Surkar 

(2021)(58) 

Nebraska, 

USA 

Observational cross-

sectional; single-

timepoint 

9 UCP  

(5 Male; drop-out NR; MACS classification: 1 level I, 1 level II, 7 level III; Mirror 

movement: NR) 
12 TD (7 Male) 

 

sMRI implied* but pathology 

NR 
*
Exclusion if frontal cortical lesions 

Performed 

a priori 

Perpetuini 

(2022)(56) 

Foggia, 

Italy 

Non-randomized 

single group 

intervention; Three 
timepoint assessment 

(baseline, mid- 

(2wk), and post-

intervention (4wk)) 

7 spastic BCP  

1 spastic UCP 

(Males 5#; 10 recruited, 2 lost due to COVID-19, 20% drop-out; GMFCS 
classification: 1 level I, 1 level III, 5 level IV, 1 level V; Mirror movement: NR) 

No TD included  
#Sex of CP on request from authors 

 

sMRI NR; #hypoxic-ischemic 

encephalopathy (7), 

hemorrhagic encephalopathy 
(1) 
#Provided on request from study 

authors  

NR 

Zhang & 
Xu 

(2023)(351) 

Beijing, 
China 

Observational cross-
sectional; single-

timepoint 

❖15 UCP  

(9 Male; drop-out NR; GMFCS classification: 1 level I, 3 level II, 4 level III, 7 

level IV; Mirror movement: NR) 
21 TD (11 Male) 
❖Type of CP not specified, UCP assumed from mention of 'affected side' in fNIRS preprocessing 

 

NR NR 

Xie 

(2024)(353) 

Beijing, 

China 

Observational cross-

sectional; single-

timepoint 

❖15 spastic UCP 

(9 Male; drop-out NR; GMFCS classification: 1 level I, 4 level II, 5 level III, 5 

level IV; Mirror movement: NR) 
17 TD (9 Male) 
❖Type of CP not specified, UCP assumed from mention of 'affected side'  

 

NR NR 

Licea & 

Khan 
(2024)(135) 

Georgia, 

USA 
 

Observational cross-

sectional; single-
timepoint 

 

◇14 spastic CP  

(8 Male; drop-out NR; GMFCS classification: all level I; Mirror movement: NR) 

14 TD (8 Male) 
◇Type of CP not specified; UCP (12) and BCP (2) on request from authors. 

NR NR 

 
 

Abbreviations: BCP, Bilateral cerebral palsy; GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Classification System; NR: Not reported; sEMG, Surface electromyography; 

sMRI, Structural magnetic resonance imaging; TD, Typically developing control; UCP, Unilateral cerebral palsy. 
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Table 2.S6: Experimental procedures 

First Author 

(Year)Ref 
Limb(s) tested Region of Interest Task Design Task Outcomes  

Khan 

(2010) (44) 

Bilateral upper 

limbs 

 

Bilateral motor 

cortices  

 
 

Seated participant performed unimanual, self-paced  finger tapping 

(1-2Hz with visual cues) moving all fingers except thumb on a 

customized tapping board with wrist strapped. 

Quality check via video recording & sEMG to 

detect unwanted activation/mirror movements on 

non-tested side 
 

Tian 

(2010)(41) 

Bilateral upper 

limbs 

 

Bilateral motor 

cortices  

 

 

Same as Khan et al., 201063 except  

finger tapping frequency fixed (1.5Hz) 

Same as Khan et al., 201063 plus heart rate and 

peripheral SaO2 monitored to detect changes in 

systemic physiology 

 
Hervey 

(2014)(42) 

Bilateral upper 

limbs 

 

Bilateral motor 

cortices 

Same as Khan et al., 201063 Same as Khan et al., 201063 plus finger 

kinematics via motion capture markers on each 

finger 

 

Cao 
(2015)(43) 

Bilateral upper 
limbs 

 

Bilateral 
sensorimotor 

cortices^ 

Same as Khan et al., 201063 except finger tapping frequency fixed 
(1Hz)  

NR for finger tapping; CIMT intervention (60hrs) 
outcomes including Melbourne assessment of 

upper limb and Assisting Hand Assessment 

(bimanual function) 

 

Chaudhary 
(2014)(352) 

Dominant upper 
limb  

Bilateral prefrontal 
cortices  

Unimanual ball-throwing/drop task. Standing TD controls grasped 
and threw the ball into container 4 feet away. Subjects with CP in 

wheelchair dropped ball into container placed directly below the 

hand. 

 

NR 

Kurz 
(2014)(46) 

Bilateral lower 
limbs 

Bilateral 
sensorimotor 

cortices^ and 

superior parietal 

lobule 
 

Standing participants performed fixed-paced treadmill walking 
(0.45m/s) holding handrail, maintaining stable head position with 

eyes fixed on target at head level 

 

NR 

Sukal-

Moulton 

(2018)(48) 

Bilateral lower 

limbs 

Bilateral 

sensorimotor 

cortices^ 

Semi-recumbent participants performed multiple tasks (1Hz with 

audiovisual cues): Non-dominant ankle dorsiflexion and sling-support 

hip flexion, bilateral ankle dorsiflexion, single-leg and bilateral 

cycling with zero-resistance cycle. 
 

Muscle activation (sEMG) from bilateral rectus 

femoris, vastus lateralis, semimembranosus, 

tibialis anterior, and medial gastrocnemius 

de Campos 

(2020)(45) 

Bilateral upper 

limbs 

Bilateral 

sensorimotor 

cortices^ 

Seated participants performed multiple bimanual tasks (0.67-1Hz 

with audiovisual cues): symmetric (in-phase) squeezing, asymmetric 

(anti-phase) squeezing, simulated pouring with dominant, non-

dominant hand. 
 

Muscle activation (sEMG) for bilateral flexor 

carpi radialis; Hand kinematics via motion capture 

marker during simulated pouring;  

Sukal-

Moulton 

(2020)(47) 

Non-dominant 

lower and upper 

limb 

 

Bilateral 

sensorimotor 

cortices^ 

Semi-recumbent participants performed non-dominant hand 

squeezing (same as de Campos et al. 2020(45)) and non-dominant 

ankle dorsiflexion (same as Sukal-Moulton et al. 2018(48)). 

 

Mirror movements via video recording to detect 

unwanted activation/mirror movements on non-

tested side 

Surkar 

(2018)(57) 

Bilateral upper 

limbs 

Bilateral prefrontal 

cortices 

Seated participants performed unimanual shape-matching task of 

varying difficulty (3 levels of task complexity) in random order, with 

each arm. 

Number of shapes matched, task errors, and 

reaction time from video recordings 
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Surkar 

(2018)(59) 

Bilateral upper 

limbs 

Bilateral prefrontal 

cortices 

Same as Surkar et al., 2018(57) Same as Surkar et al., 2018(57) 

 
 

Surkar 

(2021)(58) 

Non-dominant 

upper limb 

Bilateral prefrontal 

cortices 

Seated participants performed unimanual shape-matching with 

varying postural support: Stable chair (single-task) or dynamic ball 

sitting (dual-task) randomized 

 

Number of shapes matched, reaction time from 

video recordings, dual task cost 

Perpetuini 

(2022)(56) 

Bilateral lower 

limbs 

Bilateral prefrontal, 

frontal and motor 

cortices 

 

Participants supported in harness performed assisted walking in a 

robot-assisted gait trainer (Lokomat) 

 

NR 

Zhang & Xu 
(2023)(351) 

Bilateral upper 
limbs 

Bilateral prefrontal 
and motor cortices 

 

Seated participants performed eye-closed rest, followed by auto-
assisted bilateral arm movements on rehabilitative device that switched 

between active (no assistance) and passive state (assistance provided) 

based on subject-applied forces. 

 

NR 

Xie  
(2023)(353) 

Bilateral lower 
limbs 

Bilateral prefrontal 
and motor cortices 

 

Seated participants performed eye-closed rest, followed by bilateral 
passive leg movements on rehabilitative device (Rake 

MOTOMEDVIVA-2, Germany) 

 

NR  

Licea & 

Khan 
(2024)(135) 

Non-dominant 

lower limb 

Bilateral prefrontal 

cortices 

Standing participant performed a timed lateral step-up test of 

progressive difficulty (4 levels of increasing step height) with the 
non-dominant leg as many times as possible in 20seconds 

Difficulty-weighted scores per step height 

accounting for both unassisted and assisted step-
ups; Composite lateral step-up score 
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Table 2.S7. Research questions, sample characteristics, and primary findings 

Study Research question(s) 
Sample characteristics and task 

protocol 
Primary findings 

Khan et al.96 1. Can fNIRS-based metrics of 

unimanual finger tapping-evoked 

SMC activity differentiate 
children with UCP from typically 

developing children? 

Four children with UCP (MACS not 

reported) and four similarly aged, 

typically developing controls 
performed unimanual, self-paced finger 

tapping (1–2Hz) 

• 4 of 5 fNIRS metrics could differentiate UCP from controls; all reliable across 2 

months 

• Most sensitive: lower duration/time-to-peak ratio in UCP 
• Most specific = lower activation distance-from-midline (more medial) ipsilateral 

SMC activity in UCP 

• Similarity concept analysis (fNIRS ‘pixels’ with similar temporal patterns as primary 

activation area) can also differentiae UCP from controls 

Tian et al.97 1. Can 3-dimensional spatiotemporal 

fNIRS metrics from unimanual 

finger tapping-evoked SMC 
activity differentiate children 

with UCP from typically 

developing children? 

2. Does laterality of SMC activity 

vary across groups (UCP vs 
typically developing) and age? 

Ten children with UCP (MACS I–II) 

and eight age-matched typically 

developing controls performed 
unimanual, fixed-paced finger tapping 

(1.5Hz) 

• All fNIRS metrics replicable across visits in both UCP and typically developing 

controls, but only lower time-to-peak activity in CP different from controls 

• High variability in laterality in UCP (ipsi-, contra-, and bilateral SMC dominance 
patterns)  

• Overall lower laterality index in UCP (more ipsi- and bilateral dominance) 

• Age effect for laterality in both groups (more ipsi-bilateral SMC activity in 6-year-

old shifting to more contralateral dominance activity after 7 years) 

Hervey et 

al.98 

1. Can a hybrid fNIRS–sEMG-

motion capture analysis identify 

and isolate contributions of 
mirror movements to finger 

tapping-evoked SMC activity in 

UCP? 

Four children with UCP (MACS level I 

[n = 1] and II [n = 3]) with mirror 

movements, and eight similarly aged, 
typically developing controls 

performed unimanual, self-paced finger 

tapping (1–2Hz) 

• Synchronously collected motion capture kinematics and sEMG data can 

identify, isolate and remove mirror movement contribution to bilateral SMC 

activity in UCP 

• Mirror movement contribution captured as increased ipsilateral SMC activity in UCP 

• Concurrent motion capture with fNIRS may remove contribution of unwanted 

movements 

Cao et al.99 1. Are fNIRS-based spatiotemporal 

metrics of SMC activity, 

laterality and rest-state functional 
connectivity sensitive to change 

immediately and 6 months after 

an intensive CIMT intervention 

in UCP? 

2. Do fNIRS-based metrics relate to 
changes in functional outcomes 

(manual ability) at the same 

timepoints? 

Six children with UCP (MACS I 

[n = 2] and II [n = 4]) and five 

similarly aged, typically developing 
controls performed unimanual, fixed-

paced finger tapping (1Hz) 

• Post-CIMT normalization of local hemodynamics in UCP (increased time-to-

peak/duration ratio ≈ controls) sustained at 6-month follow-up 
• Post-CIMT normalization of SMC laterality in UCP (increased contralateral 

dominance ≈ controls) not sustained at 6-month follow-up 

• Post-CIMT normalization of rest-state functional connectivity in UCP (lower 

frequency of connections in UCP ≈ controls) not sustained at 6-month follow-up 

• Clinical improvement post-CIMT only seen in more impaired UCP (MACS level II) 

• Laterality normalization (more contralateral SMC dominance) post-CIMT may 

improve unimanual function but worsen bimanual function in UCP 

Chaudhary et 

al.100 

1. What are PFC activity patterns 

during a simple motor task in 

adults with BCP versus 
neurotypical adult controls? 

Two adults with spastic BCP (MACS, 

GMFCS not reported, but wheelchair 

users) and seven neurotypical adult 
controls performed unimanual ball-

grasp and throwing (typically 

developing controls) or dropping 

task (CP) 

• Similar temporal pattern of PFC activity in BCP and neurotypical adults 

• Contrasting trends of PFC laterality during motor task: ipsilateral PFC dominance in 

BCP versus bi-contralateral dominance in controls 
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Kurz et al.101 1. Do SMC and superior parietal 

lobule activity during fixed-
speed treadmill walking differ 

between children with BCP and 

typically developing children? 

2. How does cortical activity relate 

to variability in temporal 
parameters of gait? 

Four children with spastic BCP 

(GMFCS II [n = 3] and III [n = 1]) 
and eight typically developing 

controls performed fixed-paced 

treadmill walking (0.45m/s) holding 

handrails 

• Greater overall cortical activity in BCP than controls 

• Greater SMC and superior parietal lobule activity in BCP than controls; no 
group difference in supplementary motor area activity 

• Higher SMC activity related to more variable gait (stance, stride time) in the 

combined group 

Sukal-

Moulton et 
al.102 

1. How does magnitude, (spatial) 

extent, and laterality of SMC 
activity in BCP differ across 

lower limb tasks of varying 

complexity? 

2. How does SMC activity relate to 

clinical outcomes in BCP? 

Fourteen children and adults with 

spastic BCP (GMFCS I [n = 4], II 
[n = 7], and III [n = 3]) and 14 age-

matched neurotypical controls 

performed unilateral (cycling, non-

dominant ankle dorsiflexion and 

supported hip flexion) and bilateral 
lower limb tasks (bicycling and 

bilateral dorsiflexion) in semi-

recumbent positions 

• Greater magnitude of SMC activity in BCP across most tasks; activity scaled by 

gross motor ability (GMFCS level III > level II ≈ level I ≥ controls) 
• Greater (spatial) extent of SMC activity in more impaired BCP (GMFCS level 

III) during unilateral tasks 

• Greater magnitude and extent of SMC activity related to greater muscle 

activation across most tasks 

• Location of maximal SMC activity shifted laterally in BCP for non-dominant ankle 
dorsiflexion 

• Greater magnitude of SMC activity in BCP during non-dominant ankle 

dorsiflexion related to poor lower limb selective motor control, lower walking 

ability (ABILOCO) and lower mobility (PEDI-CAT) scores 

• Task-dependent variability in SMC laterality in BCP: ipsilateral SMC dominance for 
distal (ankle) movements, contralateral dominance for proximal (hip) + cycling 

movements 

de Campos et 

al.103 

1. How does magnitude, (spatial) 

extent, and laterality of SMC 
activity in UCP differ across 

bimanual tasks of varying 

complexity? 

2. How does SMC activity relate to 

clinical outcomes in UCP? 

Eight children and adults with spastic 

UCP (MACS level I [n = 2] and II 
[n = 6]; GMFCS level I [n = 3] and 

II [n = 5]) and nine age-matched 

neurotypical controls performed 

bimanual tasks involving ball 

squeezing (symmetric and 
asymmetric) and simulated pouring 

(with each hand) 

• Greater overall SMC activity in UCP than \ controls across bimanual tasks; 

highest activity levels during asymmetric squeezing 
• Ipsilesional SMC activity greater than contralesional SMC activity in BCP during 

each squeezing task 

• Greater magnitude of SMC activity during asymmetric squeezing related to 

higher interlimb muscle co-activation in UCP (synchronized, or worse task 

performance) 
• Greater contralesional SMC dominance during asymmetric squeezing related 

to higher daily activity PEDI-CAT scores 

Sukal-

Moulton et 
al.104 

1. How does magnitude, (spatial) 

extent, and laterality of SMC 
activity during distal extremity 

tasks (hand squeeze, ankle 

dorsiflexion) differ between 

individuals with BCP, UCP and 

typically developing controls? 
2. How does SMC activity in CP 

differ across levels of gross 

motor function (GMFCS) and 

manual ability (MACS)? 

Ten adolescents and adults with spastic 

UCP and 14 adolescents and adults 
with BCP (MACS level I [n = 8, all 

BCP], II [n = 14], and III [n = 3, all 

UCP]; GMFCS level I [n = 8], II 

[n = 12], and III [n = 4]) and 16 

similarly aged, typically developing 
controls performed non-dominant 

hand squeezing and ankle 

dorsiflexion in semi-recumbent 

position 

• Greater SMC activity in both UCP and BCP than controls across tasks 

• Greatest SMC activity during hand squeeze in UCP (UCP > BCP > controls), 
and in those with lower manual ability (MACS level III (all UCP) > level II > 

level I (all BCP) > controls) 

• Greatest SMC activity during ankle dorsiflexion in BCP (BCP > UCP > 

controls), and in those with lower gross motor function (GMFCS level III > level 

II ≈ level I > controls) 
• Task-based difference in SMC activity in UCP and controls (squeeze-evoked > 

dorsiflexion-evoked) not present in BCP (squeeze-evoked ≈ dorsiflexion-evoked) 

• Laterality of SMC activity task-dependent: 

(1) hand squeeze: trend for ipsilateral (contralesional) SMC dominance in UCP vs. 

contralateral dominance in BCP and controls; 
(2) dorsiflexion: trend for ipsilateral (contralesional) SMC dominance in UCP 

(lateralization index values: UCP < BCP < controls) 

• Greater magnitude and (spatial) extent of SMC activity during (a) hand 

squeeze related to lower manual abilities (higher MACS levels), and (b) 

dorsiflexion related to lower gross motor function (higher GMFCS levels) 
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Surkar et 

al.105 

1. How does PFC activity in UCP 

during a unimanual shape-
matching task differ between 

groups (CP vs typically 

developing controls) across 

varying conditions of task 

complexity? 

Twelve children with UCP (MACS 

level II [n = 2], III [n = 8], and IV 
[n = 2]) and 15 similarly aged, 

typically developing controls 

performed unimanual shape-

matching task of varying difficulty, 

with each arm 

• No hemispheric difference in PFC activity 

• Greater overall PFC activity in UCP than controls for task performed with each 
arm; differences exaggerated with more-affected arm use and scales with task 

complexity (hard > moderate > easy) 

• Greater PFC activity in combined groups related to prolonged task reaction 

time and worse manual ability (fewer blocks on Box-and-Blocks Test, longer Nine 

Hole Peg test completion time); magnitude of associations scaled with task 
complexity 

Surkar et 

al.106 

1. Is PFC activity during unimanual 

shape-matching in UCP sensitive 
to change immediately after a 

Hand-Arm Bimanual Intensive 

Therapy (HABIT) intervention? 

Nine children with UCP (MACS level 

II [n = 2], III [n = 8], IV [n = 1], and 
V [n = 1]) and 15 age-matched 

typically developing controls 

performed unimanual shape-

matching task of varying difficulty, 

with each arm 

• Greater PFC activity in UCP than controls at baseline for each arm (differences 

with more affected arm > less affected arm) 
• Attenuated PFC activity in UCP post-HABIT intervention with more-affected 

arm use that was not significantly different from baseline PFC activity in 

controls 

• Associations of attenuated PFC activity to improved functional outcomes post-

HABIT intervention were not reported 

Surkar et 

al.107 

1. How does PFC activity during 

shape-matching in UCP differ 
from those of typically 

developing controls across 

varying conditions of concurrent 

postural challenge (single-task 

stable surface sitting vs dual-task 
dynamic ball-sitting)? 

Nine children with UCP (MACS level I 

[n = 1], II [n = 1], and III [n = 7]) 
and 12 similarly aged, typically 

developing controls performed 

unimanual shape-matching (hard 

condition of Surkar et al.105) with 

varying postural support: stable chair 
(single-task) or dynamic ball-sitting 

(dual-task), order randomized 

• Greater PFC activity in UCP than controls during each condition (difference 

during dual-task > single-task) 
• Greater PFC activity strongly related to higher dual-task cost in UCP (r = 0.77) 

Perpetuini et 

al.108 

1. How do SMC and PFC activity 

patterns in children with CP 
change during a robot-assisted 

gait training (RAGT) 

intervention? 

2. Are changes in fNIRS activity 

patterns in UCP following RAGT 
related to their motor functions? 

Seven children with spastic BCP and 

one spastic UCP (GMFCS I [n = 1], 
III [n = 1], IV [n = 5], and V [n = 1]) 

performed harness-supported 

assisted walking in a robot-assisted 

gait trainer over 12 sessions (4 

weeks) 

• Changes in oxy- and deoxyhemoglobin beta values were in the same direction, 

unlike typically observed anti-correlated patterns 
• Postintervention PFC activity levels varied by PFC subregion: increased 

orbitofrontal activity bilaterally versus mixed patterns in left dorsolateral PFC 

activity (increased in Brodmann area 46, decreased in Brodmann area 9) 

• Left PFC activity changes used to generate machine-learning estimates of gross 

motor function that were strongly related to measured GMFM-88 scores 

(r = 0.78) 

• Most changes in cortical activity only significant at end of 4-week intervention, 

except for left dorsolateral PFC (Brodmann area 46) activation changes observed at 

2 weeks 

Zhang and 

Xu109 

1. How does a single session of 

assisted bimanual upper limb 
cycling impact resting-state 

cortical activity and network 

connectivity in the primary motor 

and prefrontal metrics in children 

with UCP compared with 
typically developing controls? 

Fifteen children with UCPa (MACS not 

reported, GMFCS I [n = 1], II [n = 3], 
III [n = 4], and IV [n = 7]) and 21 age-

matched typically developing controls 

sat eyes-closed at rest, followed by 

passive-assisted bilateral arm 

movements on rehabilitative device 

• Greater resting-state activity in contralesional primary motor cortex in CP than 

controls 
• No significant change in cortical activity from rest-to-task or in laterality for CP, 

unlike increased activity in controls 

• Lower inter- and intra-hemispheric connectivity between prefrontal and 

primary motor cortices at rest and during tasks in CP 

• Decreased interhemispheric connectivity of motor cortices at rest and during 

task in CP strongly related to lower gross motor ability (higher GMFCS level)  

• Lower resting-state effective connectivity in CP, with task-evoked increase in 

connectivity seen only in contralesional primary motor cortex 
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Xie et al.110 1. How does a single session of 

passive bilateral lower limb 
cycling impact resting-state 

cortical activity and network 

connectivity in the primary motor 

and prefrontal cortices in 

children with UCP compared 
with typically developing 

controls? 

Fifteen children with spastic UCPa 

(GMFCS I [n = 1], II [n = 4], III 
[n = 5], and IV [n = 5]) and 17 age-

matched typically developing 

controls sat eyes-closed at rest, 

followed by passive bicycling leg 

movements on rehabilitative device 

• Lower inter- and intra-hemispheric connectivity between prefrontal and 

primary motor cortices in CP at rest and during passive movement  
• Lower channel clustering and diminishedglobal and local network efficiency 

between prefrontal and primary motor cortices in CP at rest and during passive 

movement 

• Lower strength of functional connectivity between the bilateral motor cortices, and 

between the contralesional prefrontal and motor cortices in CP, during passive 
movement compared with rest 

• Decreased interhemispheric connectivity of motor cortices at rest and during 

passive movement related to lower gross motor ability (higher GMFCS level) in 

CP 

• Lower channel clustering during passive movement also related to lower gross motor 
ability (GMFCS level) 

Licea and 

Khan111 

1. How does PFC activity during an 

incremental test of lower limb 
functional strength differ 

between groups (CP vs typically 

developing children) across 

progressive increases in task 

demand (step height)? 

Fourteen children with spastic CPb 
(GMFCS level I [n = 14]) and 14 

age- and sex-matched typically 

developing controls performed an 

incremental lateral step-up test 

across four levels of progressive 
difficulty (increasing step heights) 

• Lower PFC activity in CP than controls, even after controlling for worse task 

performance 

• PFC activity in CP unrelated to lateral step-up test performance, unlike controls in 

whom greater PFC activity is related to better lateral step-up test performance at the 

most challenging task condition 

Significant study findings are highlighted in Bold font. 
aType of CP not specified; UCP assumed from mention of ‘affected side’ in fNIRS preprocessing.  
bType of CP not specified; UCP (n = 12) and BCP (n = 2) on request from authors. 

Abbreviations: BCP, bilateral cerebral palsy; CIMT, constraint-induced movement therapy; CP, cerebral palsy; fNIRS, functional near-infrared spectroscopy; GMFCS, Gross Motor Function 

Classification System; GMFM, Gross Motor Function Measure; HABIT, Hand–Arm Bimanual Intensive Training; MACS, Manual Ability Classification System; PEDI-CAT, Pediatric 
Evaluation of Disability Index – Computer Adaptive Test; PFC, prefrontal cortex; RAGT, robot-assisted gait training; sEMG, surface electromyography; SMC, sensorimotor cortex; UCP, 

unilateral cerebral palsy. 
 

 

  



71 

 

Table 2.S8: Technical specification for fNIRS data collection and processing 

First 

Author 

(Year)Ref 

Task 

Protocol 

fNIRS Technical 

Specifications 

Choice of 

HemoglobinRationale; 

 fNIRS outcomes 

fNIRS Processing 

Khan 

(2010) (44) 

Block design 

(30s pre-task 
rest → 10 

blocks of 15s 

tapping-25s 

rest); 

acquisition 
time ~450s. 

Wired system (CW5, TechEn) with 16 

sources (λ1 = 690nm; λ2 = 830nm), 16 
detectors → 28 long-distance channels 

(spacing = 3.2cm; 6x20cm2 field of 

view), no short-distance channels and 

auxiliary measures of respiratory belt & 

pulse oximeter time-synchronized with 
fNIRS. Sampling = 100Hz (down-

sampled to 20Hz). No channel 

registration or co-registration to 

subject-specific MRI scan. 

 

HbO1,2,3 

1. Spatial metrics:  
- Distance from midline 

- Difference in 

activation area  

2. Temporal metrics: 

- Duration of activation 
- Time-to-peak activity 

3. Similarity analysis: 

Pixels with similar 

temporal patterns as 

primary activation area 
  

Processing software: HOMER 

• Signal quality: Visual inspection of fNIRS data → removed data of subjects with 
thick, dark hair and poor signal quality (Removal criteria and number of channels 

removed: NR) 

• Filtering: Butterworth filter with cutoffs 0.01 - 2Hz (Order: NR) 

• Motion artifact correction: Principal component analysis (Components removed: 

First 2 eigenvectors) 
• Systemic physiology correction: Adaptive filtering (least mean squares) using 

respiratory belt and pulse oximeter signal  

• Order of correction: Bandpass filter → block averaging for baseline drift correction 

(normalized using average signal from 5s prior to each task period) → Principal 

component analysis → Adaptive filtering 
 

Tian 

(2010)(41) 

Same as Khan 

et al., 201063  

Same as Khan et al., 2010 (44), except 

data down-sampled to 10Hz 

HbO2,3 

1. Spatiotemporal:  

- Activity volume 

- Activity geometric 
center  

2. Laterality Index  

Processing software: HOMER 

• Signal quality: Visual inspection of task video recordings + synchronous sEMG for 

unwanted motion → removed contaminated epochs + subjects with consistent 

motion artifacts (Removal criteria = ≥60% of dataset contaminated; Number of 
channels removed: NR) 

• Filtering: $Butterworth filter with cutoffs 0.01 - 3Hz (Order: NR) 

• Motion artifact correction: Visual inspection and manual removal of contaminated 

data  

• Systemic physiology correction: NR 
• Order of correction: Bandpass filter → block averaging (average signal over 15s 

task; normalization time NR) 

 

Hervey 

(2014)(42) 

Block design 

(180s pre-task 
rest → 8 

blocks of 15s 

tapping-25s 

rest); 
acquisition 

time ~420s. 

 

Wired system (CW6, TechEn) with 16 

source optodes (λ1 = 690nm; λ2 = 
830nm), 32 detectors → 84 long-

distance channels (spacing = 3cm; 

11x20cm2 field of view), 8 short-

distance channels (spacing = 1.5cm). 
Sampling = 25Hz (down-sampled to 

20Hz). 

HbONR  

Qualitative analyses of 
fNIRS activation ‘maps’ 

comparing activity 

patterns in ‘finger-tapping 

maps’ versus ‘mirror 
maps’ 

Processing software: HOMER 

• Signal quality: Visual inspection of fNIRS data → removed contaminated epochs 
with obvious artifacts (Removal criteria and number of channels removed: NR) 

• Filtering: $Butterworth filter with cutoffs 0.01 – 0.4Hz (Order: NR) 

• Motion artifact correction: Visual inspection and manual removal of contaminated 

data 
• Systemic physiology correction: Adaptive filtering (least mean squares) using one 

short-separation channel with least motion artifacts (≤1) as reference signal  

• Order of correction: Bandpass filter → Adaptive filtering 

 

Cao 
(2015)(43) 

Block design 
(180s pre-task 

rest → 8 

blocks of 15s 

tapping-25s 

rest); 
acquisition 

time ~420s. 

 

Same as Hervey et al., 2014(42) except 
no down-sampling. 

HbO1,2,3; 
1. Spatiotemporal: 

- Time-to-peak/duration  

2. Laterality Index 

3. Resting-state 

functional connectivity 
via synchronization 

likelihood (cutoff ≥ 0.6) 

 

Processing software: HOMER 
• Signal quality: Visual inspection of fNIRS data → removed contaminated epochs 

with obvious motion artifacts (Removal criteria and number of channels removed: 

NR) 

• Filtering: $Butterworth filter with cutoffs 0.01 – 0.4Hz (Order: NR) 

• Motion artifact correction: Visual inspection, manual removal of contaminated data 
• Systemic physiology correction: Adaptive filtering (least mean squares) using one 

short-separation channel with least motion artifacts (≤1, removed by spline 

interpolation as reference signal, and principal component analysis  

• Order of correction: Bandpass filter → Adaptive filtering & principal component 

analysis 
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Chaudhary 

(2014)(352) 

Block design 

(30s pre-rest 
→ 5 blocks of 

30s task-30s 

eyes closed 

rest) 

Custom-developed system with 2 

sources (*λ = 785nm), 2 detectors → 2 
long-distance channels (spacing: NR), 

no short-distance channels or auxiliary 

measures. Sampling = 4.76Hz. 

 

HbT4; 

1. Mean ∂HbT  
2. Laterality index  

Processing software: NR 

• Signal quality: NR 
• Filtering: Bandpass filter with cutoffs 0.0016 – 0.3Hz (Type and order: NR) 

• Motion & systemic physiology correction: NR 

• Order of correction: NR 

 

Kurz 
(2014)(46) 

Block design 
(30s walking - 

30s rest, 

5 trials per 

session) for 2 

sessions 
performed 

sequentially 

Wired system (ETG-4000, Hitachi) 
with 8 sources (λ1 = 695nm; λ2 = 

830nm), 8 detectors → 24 long-

distance channels (spacing = 3cm), no 

short-distance channels or auxiliary 

measures. Sampling = 10Hz.  

HbONR; 
1. Mean of maximum 

∂HbO per RoI 

(regional) and across all 

channels (global) 

Processing software: NR 
• Signal quality: NR 

• Filtering: High-pass filter with cutoffs 0.01 Hz (Type and order: NR) and  

• Motion artifact correction: Moving average (window = 5s) 

• Systemic physiology correction: Principal component analysis (Components 

removed: < 0.25 correlation with reference waveform → Upward slope at walking 
oset, 5s time-to-peak, 25s peak duration, 5s downward slope) 

• Order of correction: Filter → Principal component analysis → Block averaging 

(normalized using mean of signal from 2.5s prior to onset of walking) 

 

Sukal-
Moulton 

(2018)(48) 

Block design 
(8 blocks of 

15s task → 

25-35s rest); 

rest periods 

between tasks 

Wired system (CW6, TechEn) with 8 
sources (λ1 = 690nm; λ2 = 830nm), 16 

detectors → 45 long-distance channels 

(spacing = 2.24 - 3.65cm), no short-

distance channels or auxiliary 

measures. Sampling = 50Hz. 

HbT5,6; 
1. GLM-based beta (β) 
values for HbT  

2. Extent of activity 

3. Magnitude of activity  

4. Laterality index  

5. Max. activity location  
 

Processing software: NIRS Toolbox 
• Signal quality: NR 

• Filtering: NR 

• Motion & systemic physiology correction: Auto-Regressive Iterative weighted 

robust least squares regression 

• Order of correction: NR 
 

de 

Campos 

(2020)(45) 

Block design 

(30s pre-task 

rest → 8 

blocks of 15s 
task → 20-30s 

rest) 

Wired system (CW6, TechEn) with 8 

sources (λ1 = 690nm; λ2 = 830nm), 16 

detectors → 42 long-distance channels 

(spacing = 2.5cm-3.3cm), 2 short-
distance channels (spacing = 1cm). 

Sampling = 50Hz. 

 

HbT5; 
1. GLM-based beta (β) 

values for HbT  

2. Magnitude of activity 

3. Laterality index  

Same as Sukal-Moulton et al., 2018(48) 

Sukal-
Moulton 

(2020)(47) 

Same as 
Sukal-

Moulton et 

al., 2018(48) 

Same as Sukal-Moulton (2018)(48) and 
de Campos (2020)(45); common 8 

source, 14 detector set → 42 long-

distance channels  

 

HbT5,7; 
1. GLM-based beta (β) 
values for ∂HbT 

2. Extent of activity 

3. Magnitude of activity 

4. Laterality index 

 

Same as Sukal-Moulton et al., 2018(48) 

Surkar 

(2018)(57) 

Block design 

with 3 

conditions (30s 

pre-task rest → 

4 blocks of 30s 
task → 30s 

rest/condition)  

 

Wired fNIRS system (fNIR Devices 

LLC) with 2 sources (λ1 = 730nm; λ2 = 

850nm), 2 detectors → 4 long-distance 

channels (spacing = Fixed, unspecified 

distance), no short-distance channels or 
auxiliary measures. Sampling = 2Hz. 

HbO8; 

1. Mean ∂HbO (full task 

epochs) averaged across 

hemispheres 

Processing software: Manufacturer software (fNIRSoft) 

• Signal quality: Visual inspection of fNIRS data → Saturated signal and motion 

artifacts identified (Removal criteria and number of channels removed: NR) 

• Filtering: Low-pass with cutoff 0.1Hz, High-pass with cutoff 10 Hz (Type = 

Digital; Order = 4th)  
• Motion artifact correction: Manual removal of waveforms with visually identified 

saturated signal and motion artifacts 

• Systemic physiology correction: NR 

• Order of correction: Filter → Block averaging (normalized using mean of signal 

from 10s prior to task onset) 
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Surkar 

(2018)(59) 

Same as 

Surkar et al., 
2018(57) 

Same as Surkar et al., 2018 (57) HbO8; 

1. Maximal ∂HbO (full 
task epoch) averaged 

across hemispheres  

Processing software: Manufacturer software (fNIRSoft) 

• Signal quality: NR 
• Filtering: Low-pass with cutoff 0.1Hz (Type = Finite impulse 

response; Order = 20th)  

• Motion artifact and systemic physiology correction: NR 

• Order of correction: Filter → Block averaging (normalized using mean of signal 

from 25s - 5s prior task onset) 
 

Surkar 

(2021)(58) 

Same as 

Surkar et al., 

2018(57) 

 

Same as Surkar et al., 2018 (57) Same as Surkar et al., 

2018(57) 

 

Same as Surkar et al., 2018(57) 

 

Perpetuini 

(2022)(56) 

Block design 

(10 trials of 

30s robot-

assisted 

walking → 
30s rest) 

Wireless fNIRS system (PHOTON 

CAP, Cortivision) with 16 source 

optodes (λ1 = 760nm; λ2 = 850nm) and 

10 detectors forming 34 long-distance 

channels (spacing: NR), 4 short-
distance channels (spacing: NR). 

Sampling NR. 

HbO and HbR 

1. GLM-based beta (β) 

values for ∂HbO and 

∂HbR for each RoI  

Processing software: NIRS-SPM 

• Signal quality: NR 

• Filtering: Band-pass with cutoff 0.01 – 0.4Hz (Type = Butterworth digital; Order = 

Zero-lag 3rd)  

• Motion artifact correction: Wavelet-based algorithm 
• Systemic physiology correction: General linear model (ordinary least squares) 

regression using short-separation channel 

• Order of correction: NR 

Zhang & 

Xu 
(2023)(351) 

Single-trial 

design (10 
min eyes-

closed rest → 

10 min task) 

Wireless fNIRS system (Cortivision 

Nirsmart, Danyang Huichuang Medical 
Equipment) with 18 sources (λ1 = 

760nm; λ2 = 850nm), 12 detectors → 34 

long-distance channels (spacing = 3cm); 

No short-distance channels or auxiliary 

measurement. Sampling = 10Hz. 

HbONR  

1. Hemodynamic 
response via wavelet 

amplitude index per RoI 

2. Laterality index  

3. Functional 

connectivity via wavelet 
phase coherence per RoI 

pair 

4. Hemispheric 

Autonomy Index  

5. Effective 
connectivity via 

coupling strength & 

coupling direction  

 

Processing software: MATLAB (Toolbox/software: NR) 

• Signal quality: Signal-to-Noise ratio of fNIRS data (Removal criteria: ratio < 2; 
Number of channels removed: NR) 

• Filtering: Band-pass with cutoff 0.01 – 0.2Hz (Type = NR; Order = 4th)  

• Motion artifact correction: Temporal derivative distribution repair 

• Systemic physiology correction: Principal component analysis (Components 

removed: NR) 
• Order of correction: Temporal derivative distribution repair → Filtering → 

Conversion to Hb concentration → Principal component analysis → Wavelet 

transform (complex Morlet wavelet) 

 

Xie 

(2024)(353) 

Single-trial 

design (5 min 

rest → 6 min 

task) 

Same as Zhang & Xu et al., 2023(351) HbONR 

1. Functional 

connectivity via Phase-

locking values  

2. Complex network 
analysis via clustering 

coefficients  

3. Network efficiency 

(global, local)  

3. Dynamic and 
effective network 

analysis 

  

Processing software: MATLAB (Toolbox/software: NICA(435)) 

• Signal quality: Signal-to-Noise ratio of fNIRS data (Removal criteria: ratio < 2; 

Number of channels removed: NR) 

• Filtering: Band-pass with cutoff 0.01 – 0.1Hz (Type = Butterworth; Order = 4th)  

• Motion artifact correction: Temporal derivative distribution repair  
• Systemic physiology correction: Common average reference spatial filtering 

• Order of correction: Conversion to Hb concentration → Temporal derivative 

distribution repair → Common average reference spatial filtering →  Bandpass 

filtering → Functional connectivity analyses 
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Licea & 

Khan 
(2024)(135) 

Single-trial 

design (20s 
stepping task 

→ 20s rest) 

for 4 

conditions of 

incremental 
difficulty  

Wireless fNIRS system (Portalite, 

Artinis) with 3 sources (λ1 = 750nm; λ2 
= 850nm), 1 detector → 3 spatially 

overlapping long-distance channels 

(spacing = 3, 3.5, 4cm; Only 3cm 

channel used); No short-distance 

channels or auxiliary measurement. 
Sampling = 50Hz. 

HbO and HbR 

1. Mean ∂HbO and 
∂HbR (full task epochs) 

averaged across 

hemispheres 

Processing software: Homer3 

• Signal quality: #Visual inspection of fNIRS data (motion artifacts) and power 
spectral density plots (cardiac pulsation at 1-2Hz) (removal criteria and number of 

channels removed: NR) 

• Filtering: Band-pass with cutoff 0.01 – 0.09Hz (Type = $Butterworth; Order = 4th)  

• Motion artifact correction: Hybrid spline interpolation-Savitzy-Golay method  

• Systemic physiology correction: Principal component analysis (Components 
removed = 80% of spatially covarying signal) 

Order of correction: Principal component analysis → Hybrid Spline - Savitzky-

Golay method → Filtering → Block averaging (normalized using mean of signal 

from 5s prior to task onset 
Abbreviations: GLM, General linear model; HbO, Oxyhemoglobin; HbR, Deoxyhemoglobin; HbT, Total hemoglobin; NR: Not reported; sEMG, Surface electromyography; λ, Wavelength emitted; ∂, 
Change in hemoglobin concentration; $Butterworth filter assumed as default option within HOMER program; *Single-wavelength system with wavelength used close to isobestic point for total hemoglobin; 
#Personal communication.  
NumberRationale for choice of hemoglobin chromophore: 1High correlation of HbR with HbO; 2Lower signal amplitudes of HbR makes it susceptible to cross-talk from HbO; 3Lower signal amplitudes of 

HbR makes it susceptible to interference from physiological artifacts. 4Custom fNIRS device emits single wavelength near isobestic point (HbT absorption highest), precluding separate HbO or HbR 
assessment; 5Incorporates both aspects of neurovascular coupling; 6Robust against pial vein artifacts; 7robust against artifact arising from blood flow in superior sagittal sinus directly overlying leg area of 

primary motor cortex; 8Greater sensitivity of ∂HbO to neural changes than HbR. 
 

Addendum: Summary of fNIRS methodology across studies 

Most studies (n=13) used a block design with alternating rest-task periods (duration range: 25-35 s, most commonly 30 s) repeated 

multiple times (range: 4-10 repetitions). Three studies (135, 351, 353) used a single-trial protocol, with Licea et. al. conducting a trial-rest 

block at each of the 4 ‘levels’ of a progressive lateral step-up task (135), in contrast to a single pre-trial rest-task epoch used by Zhang et al. 

for the upper limb (351) and Xie et al. for the lower limb (353). The number of movement repetitions per task varied widely across studies, 

depending on cues to guide movement frequencies (e.g., 450-900 finger tapping repetitions (41, 44), ≤ 67 m of treadmill walking (46), or 

80 simulated pours versus 120 hand-squeezes (45)). Most studies reported changes in concentration of oxyhemoglobin (n = 9) or total 

hemoglobin [65-68]. Two studies reported concentration changes in both oxy- and deoxyhemoglobin (56, 135), in accordance with best 

practices (402). All studies used commercially available continuous-wave fNIRS devices, except for one pilot study (352) that used a custom-

developed fNIRS system. More recent studies used wireless, portable devices (56-59, 135, 351, 353), while early studies (41-44, 46, 352) 

and 3 NIH-based studies used wired fNIRS systems with limited portability (45, 47, 48). Physical characteristics impacting fNIRS data 

quality (e.g., skin type, hair color) were reported only in two studies (47, 48). Sampling frequency for fNIRS data were reported for all 

studies except one (56), with values varying across studies (range = 2-100 Hz), with 50 Hz being the most frequently used (45, 47, 48, 135). 

All studies used the International 10-20 EEG system for NIRS optode placement, but optode registration for cortical localization was 

performed in only two studies using motion capture  (48) or 3-dimensional digitization (56). Template design ranged from 2-4 channel 
setups for imaging the PFC (57-59, 135, 352) to a wide 84-channel setup extending over the primary sensorimotor, pre- and supplementary 

motor cortices (42, 43). Most studies imaged the SMC in isolation (41-48), or in conjunction with the prefrontal cortices (56, 351, 353). Five 

studies imaged the prefrontal cortices in isolation (57-59, 135, 352). The software most commonly used for fNIRS data pre-processing was 

the original HomER (436) software ((41-44)), followed by the NIRS Toolbox (437, 438) used in 3 studies (45, 47, 48) or manufacturer 

software (57-59). Signal quality assessment was performed in half the studies using either visual inspection alone (41-44, 57, 135) or in 

combination with video and EMG data recordings (41). Two studies by the same group (351, 353) used an objective quantitative assessment 

of signal-to-noise ratio (SNR < 2) to identify and remove low-quality channels. No study reported the number of channels discarded, or the 

number of subjects excluded following signal quality evaluation.  
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Data filtering was performed in all studies except a triad of studies conducted at the NIH (45, 47, 48) that all used an auto-regressive 

iterative weighted least squares robust linear regression (AR-IRLS) algorithm that does not require data filtering (439). Most studies reported 

band-pass filtering (n=10), most commonly with a high-pass cut-off frequency of  0.01 Hz (range = 0.0016-10 Hz) and low-pass cut-off 

frequencies of 0.1 Hz or 0.4Hz (range = 0.09-2 Hz) or a moving average filter (46). One study reported only using a low-pass filter (0.1 Hz 

cut-off) (59). Methods for correcting motion artifacts were reported in a majority of studies (n = 10), with visual inspection and removal of 

contaminated epochs or waveforms being the commonest reported method (n=7), followed by the temporal derivative distribution repair 

(TDDR, (440)) method (351, 353). Individual studies also reported using principal component analyses (PCA) alone (46) or in combination 

with a spline interpolation-Savitzky Golay smoothing filter (441) as a hybrid method (135) or a wavelet-based filter (56). Three studies used 

the AR-IRLS algorithm (439) that accounts for motion artifacts, while one study did not report specific methods for motion artifact correction 

(352). Auxiliary measurements to account for contamination from systemic physiology were recorded in 6 studies, with two studies 

collecting concurrent pulse oximetry and respiratory data (41, 44) and 4 studies using short-separation channels (number of channels: 2-8; 

range of distances: 1-1.5 cm) (42, 43, 45, 56) to capture blood flow changes in superficial, non-neuronal tissues. Other processing methods 

to remove non-neuronal signal components included PCA (46, 135, 351) and/or adaptive filtering using concurrently captured 

cardiorespiratory data (44), short-separation channel data regression (42, 43, 56), the AR-IRLS algorithm (45, 47, 48) or common average 

reference-based spatial filter (442) used in 1 study (353). Notably, no correction of systemic physiological contamination was undertaken in 

5 studies (41, 45, 47, 48, 352). Cortical activity was quantified via block averaging (46, 57-59, 135, 352), with the general linear model 

using ordinary least squares (41-44, 56) or via the AR-IRLS algorithm (45, 47, 48)), with the exception of one study that used a complex 

Morlet wavelet transform (351). 
 

Critical Appraisal of fNIRS Methods 

Methodological practices varied widely across studies included in this review. Most recent fNIRS studies in CP used wireless and 

portable fNIRS systems, mirroring a general trend in the fNIRS community to transition away from wired systems (443). Only one study 

used an objective quantitative metric for channel-wise assessment of fNIRS signal quality, with a majority reporting visual inspection 

methods that are highly subjective, and dependent on assessor expertise/experience. Recent technical advances have seen the emergence of 

(semi)-automated, quantitative measures of signal quality (396, 397) that should be incorporated in future fNIRS research in CP. An issue 

reported in some of the included studies (42, 135) was the high number of movement artifacts present in the data, which may be best avoided 

by optimally designed experimental protocols (379), or when present, managed through signal processing algorithms (439, 441, 444). A 

major concern in most fNIRS studies is the high potential for signal contamination from changes in systemic physiology (e.g., heart rate, 
respiratory rate, blood pressure) due to the passage of light through superficial (non-cortical) tissues that also experience blood-flow changes 

(211). The gold-standard for managing this ubiquitous contamination is the use of short-separation channels (ideally <1 - 1.5cm distance 

(445)), which was used to regress out superficial blood flow data only in some studies with CP (42, 43, 56). While alternate means to account 

for superficial signal contamination have been proposed (399) and were used in some included studies (principal component analysis (46, 

135, 351), adaptive filtering (44) and AR-IRLS algorithm (45, 47, 48)), five studies did not report any correction for systemic physiology 

(41, 45, 47, 48, 352), and conclusions drawn from these studies must be interpreted with caution. Similarly, only two studies followed 

recently published best practice recommendations [79] on reporting changes in both hemoglobin chomophores (HbO, HbR) [59, 73], which 

mirrors concerns raised within the fNIRS community on inconsistent reporting practices (446). Further, Perpetuini et al. reported 
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unidirectional changes in HbO and HbR concentrations (e.g., both increased in the PFC), with conclusions based only on HbO changes (56). 

In normal physiological states, neural activity provokes neurovascular coupling, with HbO and HbR signals showing anti-correlated pattern 

(increase in HbO that is ~three-fold greater than the decrease in HbR), with positive correlation observed with motion artifacts (447) and 

systemic physiology contamination (448). Though violations to this anti-correlation assumption have been reported in the immature or 

compromised nervous system (e.g., in infancy (449), ischaemia (450); see (451) for detailed review), caution must be exercised in the 

interpretation of results of studies showing positive HbO-HbR correlation patterns, till scientific consensus is reached on the complex role 

and impact of altered neurovascular coupling in neurodevelopmental disorders (452). 
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CHAPTER 3 

DIFFERENTIAL EFFECTS OF TIMING CONSTRAINTS AND TARGET MOTION ON 

PLANNING AND EXECUTION OF GOAL-DIRECTED REACHING IN CHILDREN WITH 

CEREBRAL PALSY 
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Abstract 

 

Introduction: Children with cerebral palsy (CP) exhibit impaired motor planning and execution 

deficits when reaching for stationary objects, but the influence of time constraints and target motion 

on movement outcomes has not been systematically investigated. This study aimed to determine if 

children with CP exhibit similar deficits in motor performance and planning when reaching for 

stationary and moving targets compared to typically developing control children, and to relate 

robotic metrics to standardized clinical assessments. 

Method: Twenty-nine children with spastic CP (5-11y; Manual Ability Classification System level 

I-II) and 29 age- and sex-matched typically developing control children completed two robotic 

tasks assessing unimanual reaching to either stationary or moving targets. Both arms were tested, 

with task difficulty modulated by varying time allowed to hit the target (500, 625, 750, and 900 ms 

time constraints; 10 trials/block). Group differences in motor performance (accuracy, spatial error, 

peak velocity, path variability) and planning (reaction time, initial movement angle) were analyzed 

using linear mixed-effects models. Relationships between robotic metrics and clinical assessment 

scores were evaluated using age-controlled partial Spearman correlation. 

Results: Children with CP exhibited worse motor performance (i.e., lower accuracy, greater spatial 

errors, slower peak velocities, and higher path variability) than controls across both tasks, with 

deficits most pronounced with the non-preferred arm and exaggerated with increasing time 

pressure. Children with CP also displayed impaired motor planning (i.e., slower reaction time and 

lower initial angles than controls) across both tasks, though deficits were more consistent across 

time constraints. Better performance metrics during non-preferred arm reaching were related to 

higher clinical scores in CP (r range = 0.552–0.635, all p < 0.05). Better planning metrics across 

tasks were linked to better clinical performance in those with CP (r range = -0.555–0.608, all p < 

0.05).  
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Conclusion: Children with CP exhibit arm- and task-specific impairments in motor planning and 

performance that are differently influenced by time constraints, and separately linked to clinical 

performance. Robotic assessments successfully captured these subtle yet clinically meaningful 

deficits, supporting their potential for delineating individual motor profiles and identifying 

therapeutic targets for tailored rehabilitation following early brain injury in CP. 

 

.  
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3.1. Introduction 

Goal-directed reaching is an integral component of daily activities such as catching a ball 

or grabbing an object that is embedded in real-world interactions and play in young children. For 

children with cerebral palsy (CP), these simple motor tasks reveal subtle and pernicious challenges 

in movement planning, coordination, and execution (453, 454). As a lifelong condition of impaired 

posture and movement occurring due to brain injury or malformation early in development (455), 

CP is commonly recognized as the most common cause of childhood-onset motor disability (456). 

Upper limb dysfunction is observed in more than 60% of children with CP (5), and is especially 

disabling in childhood, where it limits participation in self-care, play, academic, and recreational 

pursuits (7, 113). While a growing body of research has described kinematic deficits during simple 

reaching behaviors in CP (457), most studies have focused on interactions with stationary objects 

in unconstrained settings that do not adequately reflect the complex cognitive-motor processing 

underlying manual abilities in this group (121, 458).  

Despite growing recognition that motor planning impairments are highly prevalent (8) and 

persistent across development in CP (34), their specific contribution to motor performance during 

daily motor tasks remains insufficiently understood (35, 36). Motor tasks such as catching or 

striking a ball appear simple, but require complex neural computations for rapid adjustments to 

target movement, judicious attentional shifts to environmental cues, and seamless adaptation to 

changing task contexts and timing constraint (30). These demands engage multiple higher-order 

cortical processes to enable sensorimotor integration, visuospatial prediction, and attentional 

regulation to achieve task goals (248, 459). While the coordinated recruitment of these neural 

networks is entrained through voluminous motor practice, and freedom of exploration and object 

interaction in typically developing infants (460), early disruptions in brain network development in 

CP renders this integration inefficient at best, and ineffectual at worst. However, conventional 

kinematic-based assessments of reaching are unidimensional (461), translate poorly to real-world 
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function (462), and are limited in their ability to probe both planning and performance abilities 

across varying task contexts. Interception tasks involving moving targets offer an ecologically valid 

framework to probe these dynamic processes. Through controlled manipulation of time restrictions 

and high-resolution kinematic measurement, these tasks can provide critical insights into how 

children with CP prepare for, execute, and adapt their movements under time pressure, shedding 

light on these complex yet understudied aspects of behavior. 

Few studies have systematically examined how children with CP respond to interception 

demands across varying temporal constraints (30), or whether such task-induced challenges 

differentially affect motor planning and execution across limbs. This gap is particularly important 

given the high prevalence of bilateral yet asymmetrical motor impairments in CP (463), where 

differences between the preferred and non-preferred arm may reflect distinct neural strategies or 

compensatory mechanisms (464). Additionally, it remains unclear whether motor planning abilities 

under time pressure relate meaningfully to functional outcomes captured by standardized clinical 

assessments of manual ability. We (464) previously explored the importance of task context in 

modulating cognitive-motor engagement in children with CP using a stationary reaching paradigm 

under varying time constraint. Reduced prefrontal cortex activity under high time pressure was 

linked to lower reaching accuracy in the non-preferred arm, suggesting insufficient recruitment of 

action planning neural systems during this task in CP. In contrast, interception tasks provide 

continuous visual cues and external timing, which may help scaffold motor planning by engaging 

more automatic visuomotor pathways. This enhanced engagement and attentional focus may 

support more effectively planning and execute of goal-directed interception compared to stationary 

target reaching, but empirical evidence comparing motor performance and planning across these 

tasks is lacking. Robotic technologies offer a powerful platform to address these gaps (465) by 

enabling the simultaneous capture of discrete metrics of motor planning (e.g., reaction time, initial 

trajectory) and performance (e.g., accuracy, spatial error, velocity) with high reliability and 

precision (12, 466). When combined with interception-based assessment protocols, these tools can 
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help dissect how children with CP generate and adjust motor plans in response to environmental 

constraints (244) —offering not only mechanistic insight, but also the potential to identify sensitive 

behavioral markers of impairment that may inform individualized therapeutic approaches. 

This study leveraged a robotic interception paradigm to systematically evaluate motor 

planning and performance in children with CP across time constraints during stationary target 

reaching and moving target interception tasks. By combining graded temporal restrictions with 

bilateral arm testing for both tasks, we aimed to determine the effects of time constraints on 

movement performance and planning across the two tasks in children with CP. We expected 

children with CP to exhibit impaired motor performance, evidenced by lower accuracy, higher 

spatial errors, and slower peak velocities than typically developing peers, with deficits more 

pronounced during stationary target reaching and under high time constraints. We further 

hypothesized impaired motor planning in CP, reflected by longer reaction times, lower initial 

movement angles, and greater path variability than controls, with deficits similar across both tasks, 

and all time constraints. Additionally, we aimed to determine relationships between robotic 

measures and clinical assessments of fine and gross manual ability, and predicted better robotic 

metrics would be related to higher clinical scores in children with CP. This approach aims to 

disentangle arm-specific contributions of planning versus execution deficits across task contexts 

(i.e., target motion and time constraints), providing a holistic assessment framework for identifying 

individualized therapeutic targets and advancing the understanding of how children with CP adapt, 

or fail to adapt, to real-world movement challenges. 

 

3.2. Methods 

Recruitment 

We recruited children with spastic CP (age 5-11 y) alongside typically developing 

control children matched to the CP group by age (± 1.5 y), sex, and race for a larger controlled trial 

(NCT03484078). Recruitment occurred via outreach to schools, clinics, the Cerebral Palsy 
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Foundation, and Children’s Healthcare of Atlanta between March 2019 and March 2024. Controls 

were required to have no neurological diagnoses, height and body mass between 5-95th percentiles 

on age- and sex-based norms, and no participation in high-level sports. Exclusion criteria included 

(1) inability to follow simple verbal instructions, (2) severe limitations in handling objects and 

performing simple manual tasks (Manual Ability Classification System (MACS) level V), [3] 

botulinum toxin injections within six months of study enrollment, or [4] significant visual or 

musculoskeletal impairments that would prevent robotic assessments. The Institutional Review 

Board at the University of Georgia approved the study, and parental informed consent and 

participant assent were obtained at study enrollment. 

 

Physical characteristics and clinical assessments 

Height was measured with a stadiometer (Seca 217; Seca GmbH & Co., Germany) and 

body mass was assessed with a digital scale (Detecto 6550, Cardinal Scale, USA). Percentiles for 

height, body mass, and body mass index (BMI) were computed using normative data for the United 

States population (467). Hand preference was assessed with the Edinburgh Handedness Inventory-

Short Form (468). Manual ability and gross motor function was classified using the MACS (221) 

and the Gross Motor Function Classification System (GMFCS) (469), respectively. Muscle tone 

was assessed using the Hypertonia Assessment Tool (HAT) (470). 

Manual ability was assessed using the Box and Blocks Test (BBT) (228) and the 

Purdue Pegboard Test (PPT) (116). The BBT measures unimanual capacity as the number of 1-

inch blocks moved across a partitioned box within 60 seconds (225), with a higher number of blocks 

transferred indicating better gross manual ability. The PPT measures unimanual dexterity as the 

number of pegs sequentially placed into a standardized pegboard within 30 seconds (229), with a 

higher number of pegs secured indicating better fine manual ability (230). 
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Figure 3.1. Study methods. (A) Participant setup depicting seated position and unimanual grasp of the 

robotic manipulandum (KINARM). (B) Trial protocol and (C) task protocol for the stationary target reaching 

and moving target interception tasks. (D) Behavioral outcomes were categorized into motor performance and 

motor planning metrics. 
 

Experimental setup 

The experimental setup (Fig. 3.1A) has been detailed in previous work (266, 464). 

Participants were seated and viewed task stimuli projected onto a semi-transparent mirror. They 

controlled an on-screen cursor (1 cm white circle) by moving a robotic manipulandum (KINARM 

End-Point, Ontario, Canada) in the horizontal plane, while the screen occluded visual feedback of 

their arm. All tasks was performed within a defined workspace (a 34 x 34 cm grey square; Fig. 

3.1B), where each trial began once the participant held the cursor inside a designated start area (2 

cm blue circle) for 500 milliseconds.  

Stationary target reaching trials began with a target (1 cm yellow circle) appearing on either 

side of the workplace (50% probability). Target location was randomized within a constrained 

spatial range (x-position: ± 1 to ± 6.5 cm lateral to midline; y-position = ± 1.5 cm from workspace 

center). For each trial, participants were instructed to hit the target as quickly and accurately as 

possible using the on-screen cursor. Stopping at the target location was not required, with a “hit” 
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defined as the initial moment the cursor overlapped with the target. Time constraints were imposed 

by varying the time permitted to hit the target across blocks (500, 625, 750 or 900 ms blocks). 

Targets turned green when successfully contacted within the allotted time window (“hit”), or turned 

red if missed or hit after the time constraint had elapsed (“miss”).  

Moving target interception trials began with the target appearing in the midline (x = 0; y = 

±0.5 cm from workspace center) and moved laterally to the left or right with equal probability at a 

constant velocity. Participants were instructed to intercept the target swiftly and accurately without 

pausing at its location. Time constraints were applied by modulating target velocity across blocks 

to alter the time allowed to intercept the target (500, 625, 750, or 900 ms blocks). A successful 

interception was defined by cursor-target overlap within the time window that turned the target 

green (“hit”), while failure to intercept resulted in the target turning red upon contact with the 

workspace boundary. Performance feedback was displayed for 500 milliseconds for each trial, 

followed by a fixed inter-trial interval of 2000 milliseconds.  

Each participant completed four randomized blocks of 10 trials each per arm (Fig. 3.1C) 

for each task, with each participant completing 160 trials overall. Stationary target reaching was 

always performed first, and the preferred arm was tested first in each task. To minimize learning 

effects, and ensure task comprehension, a practice block (750 ms time constraint) was allowed prior 

to testing for each task. Breaks were provided between blocks, arms, and tasks as required, with 

standardized verbal feedback and encouragement provided at pseudorandom intervals within each 

block to ensure compliance and optimal engagement. 

 

Data processing 

Robotic data were sampled at 1000 Hz with the KINARM and exported into MATLAB 

(MathWorks, Natick, MA) before undergoing further analysis in Python (v3.10). Hand kinematics, 

including position and velocity, were smoothened with a low-pass filter (4th order Butterworth, cut-
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off = 5 Hz) to reduce high-frequency noise. Task outcomes (Fig. 3.1D) were categorized as 

performance and planning-related metrics. 

i. Motor performance outcomes 

Task accuracy was defined as the percentage of successful "hits" per block. Spatial error 

was measured as the Euclidean distance between the target and cursor at the point of movement 

offset. Since participants were not required to decelerate or stop at the target, movement offset was 

operationalized as either the moment of initial cursor-target overlap, or the time at which the cursor 

passed the target’s y-coordinate. Peak velocity was identified as the maximum tangential velocity 

during the trial.  

Path variability was computed as the summed standard deviation of mean-normalized 

trajectory deviations per block, in line with previous work in children with CP (289). Specifically, 

trials within each block were time-normalized to 150 time points and grouped by target location 

(for stationary target reaching) or movement direction (for moving target interception) into left- or 

right-workspace trials. A mean trajectory was computed for each arm as the average trajectory in 

each half of workspace, for each participant. All trajectories were subsequently normalized by the 

respective mean trajectory of each workspace division. Lateral standard deviations calculated for 

each time point of the resultant time- and mean-normalized trajectories were summated to provide 

an overall measure of reaching movement consistency that also accounts for each participant’s 

individual movement strategy (289). 

 

ii. Motor planning outcomes   

Movement onset was determined by identifying when hand velocity surpassed 5% of its 

first local peak following target appearance. Reaction time was calculated as the latency between 

target onset and movement onset. Trials were discarded if movement onset could not be determined 

or if reaction times were implausible (i.e., under 100 ms or exceeding the trial duration). Initial 

movement angle was calculated 50 milliseconds after movement onset as the angle between the 
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vector from start position to cursor, and the vector from start position to target. Positive values 

reflected anticipatory or curve-around trajectories directed ahead of the target, whereas negative 

values indicated lagging or curve-forward trajectories directed behind or at the target.  

 

Statistical analysis 

Statistical analyses were conducted in SPSS (v27.0.1, IBM Corp., Armonk, NY) and 

RStudio (v2022.07.2). Normality of data was evaluated using skewness, kurtosis, and the Shapiro-

Wilk test. Independent t-tests or non-parametric Mann-Whitney U tests were used to evaluate group 

differences in physical characteristics, based on normality. One-sample t-tests were used to assess 

deviations of physical characteristic percentiles from age- and sex-based 50th percentiles. Separate 

linear mixed-effect models in RStudio (lmerTest package (471)) were used to analyze motor 

performance (accuracy, spatial error, peak velocity, path variability) and planning outcomes 

(reaction time, initial movement angle) for stationary target reaching and moving target 

interception. Models included a combination of fixed effects of group (CP vs. controls), arm 

(preferred vs. non-preferred), and time constraint (500, 625, 750, 900 ms), with participant included 

as a random effect across models to account for within-subject correlations from repeated measures. 

Significant effects were followed by pairwise comparisons (alpha = 0.05) in RStudio (emmeans 

package (472)). Age-controlled partial Spearman rho correlation (r) was used to assess 

relationships between robotic metrics and clinical assessment scores. Effects sizes (Cohen’s d (d)) 

were categorized as small (0.2), medium (0.5), or large (0.8) (473).  

 

3.3. Results 

Participant characteristics 

Twenty-nine children with spastic CP and 29 age- and sex-matched typically developing 

control children participated in the study (Table 3.1). No different in height, body, or BMI were 
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observed between groups (all p > 0.05), and percentiles did not differ from age- and sex-based 50th 

percentiles in either group (all p > 0.05).  

 

Table 3.1. Physical characteristics of children with cerebral palsy (CP) and typically developing 

control children (Con). 

 
CP (n = 29)  Con (n = 29)      d   p 

Age (y)       8.7 ± 2.0      8.5 ± 2.3   0.086 0.744 

Sex (male/female)         15/14        15/14    ―  ― 

Race (White/Black/Asian)       24/5/0       25/3/1    ―  ― 

Height (m)    1.31 ± 0.14    1.33 ± 0.15   0.132 0.619 

Height %        48 ± 34       64 ± 23   0.540 0.083 

Body mass (kg)    29.5 ± 8.5    30.5 ± 10.8   0.108 0.957 

Body mass %        50 ± 31       58 ± 25   0.304 0.252 

BMI    17.0 ± 2.8    16.8 ± 2.7   0.056 0.932 

BMI %       51 ± 32       54 ± 28   0.101 0.738 

Arm dominance (right/left)        17/12        28/1    ―  ― 

CP diagnosis (unilateral/bilateral)        17/12           ―    ―  ― 

MACS level (I/II)          4/25           ―    ―  ― 

GMFCS level (I/II)        23/6           ―    ―  ― 

HAT preferred arm   21a/4b/2c/2d   29a/0b/0c/0d    ―  ― 

HAT non-preferred arm   16a/8b/1c/4d   29a/0b/0c/0d    ―  ― 

All values are mean ± SD. % represents percentiles for height, body mass, and BMI. Percentiles 

did not differ from age- and sex-based 50th percentiles. aNormal tone, bspasticity, cdystonia, 
dmixed tone (spasticity with dystonia).  
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Figure 3.2: Motor performance metrics (accuracy, spatial error, peak velocity, path 

variability) across reaching arm for stationary target reaching (A-D) and moving target 

interception (E-H) in children with cerebral palsy (CP) and typically developing control 

children (Con). All values are mean ± SE. # Group-by-arm interaction, ✱ group effect, † group 

difference, 1arm difference (CP, Con).  
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Motor performance across reaching arm 

a.  Stationary-target reaching   

A group-by-arm interaction for accuracy (p = 0.013; Fig. 3.2A) indicated children with CP 

displayed lower accuracy than controls in each arm (dNon-preferred = 0.976, dPreferred = 0.590; both p < 

0.05), and lower accuracy in the non-preferred compared to their preferred arm (d = 0.302, p = 

0.006). A group-by-arm interaction for spatial error (p < 0.001; Fig. 3.2B) revealed children with 

CP demonstrated higher spatial error with the non-preferred arm compared to controls (d = 1.052, 

p < 0.001) and to their preferred arm (d = 0.658, p < 0.001). A group effect for peak velocity (p = 

0.001; Fig. 3.2C) indicated children with CP exhibited lower overall peak velocity than controls 

across arms (d = 0.772, p = 0.001). Peak velocity was significantly lower with the non-preferred 

than preferred arm in controls (i.e., d = 0.160, p = 0.039), but not in those with CP (d = 0.136, p = 

0.079). A group effect for path variability (p < 0.001; Fig. 3.3D) suggested children with CP 

displayed higher path variability than controls across arms (d = 0.626, p < 0.001) and in each arm 

(dNon-preferred = 0.763, dPreferred = 0.492; both p < 0.05). Path variability was significantly higher with 

the non-preferred than preferred arm in children with CP (i.e., d = 0.461, p < 0.001), but not in 

controls (d = 0.191, p = 0.092). 

 

 

b. Moving-target interception   

A group effect for accuracy (p < 0.001; Fig. 3.2E) revealed lower overall accuracy in 

children with CP than controls across arms (d = 0.710, p < 0.001) and in each arm (dNon-preferred = 

0.772, dPreferred = 0.651; both p < 0.001). Accuracy was lower with the non-preferred than preferred 

arm in controls and children with CP (d = 0.245 and 0.364, respectively; both p < 0.05). A group-

by-arm interaction for spatial error (p = 0.003 ; Fig. 3.2F) indicated children with CP demonstrated 

higher spatial error with the non-preferred arm compared to controls (d = 0.778, p < 0.001), and to 

their preferred arm (d = 0.486, p < 0.001). A group effect for peak velocity (p = 0.002 ; Fig. 3.2G) 
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reflected children with CP exhibited lower overall peak velocity than controls across arms (d = 

0.621, p = 0.002). Peak velocity was lower with the non-preferred than preferred arm in children 

with CP (d = 0.285, p = 0.004), but not in controls (d = 0.138, p = 0.156). While no group effect or 

group-by-arm interaction was observed for path variability (both p > 0.05; Fig. 3.3H), children 

with CP exhibited higher path variability with the non-preferred arm compared to controls (d = 

0.395, p = 0.023), and to their preferred arm (d = 0.285, p = 0.014). 

 

 
Figure 3.3: Motor planning metrics (reaction time, initial movement angle) across reaching 

arm for stationary target reaching (A, B) and moving target interception (C, D) in children 

with cerebral palsy (CP) and typically developing control children (Con). All values are mean 

± SE. # Group-by-arm interaction, ✱ group effect, † group difference, 1arm difference (CP, Con). 
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Motor planning across reaching arm 

a.  Stationary-target reaching   

A group-by-arm interaction for reaction time (p = 0.004; Fig. 3.3A) indicated children with 

CP displayed significantly longer reaction time than controls in the non-preferred arm (d = 0.711, 

p = 0.003) but not the preferred arm (d = 0.424, p = 0.073). Reaction time with the non-preferred 

compared to the preferred arm was significantly faster in controls (d = 0.170, p = 0.017), but trended 

slower in children with CP (d = 0.118, p = 0.096). A group effect for initial movement angle (p < 

0.001; Fig. 3.3B) indicated children with CP displayed lower overall initial movement angle than 

controls across arms (d = 0.607, p < 0.001) and in each arm (dNon-preferred = 0.683, dPreferred = 0.532; 

both p < 0.05). Initial movement angle was also lower with the non-preferred than preferred arm in 

children with CP (i.e., d = 0.233, p = 0.041), but not in controls (d = 0.082, p = 0.468).  

b. Moving-target interception   

A group-by-arm interaction for reaction time (p = 0.003; Fig. 3.3C) revealed significantly 

longer reaction time in the non-preferred arm of children with CP compared to controls (d = 0.657, 

p = 0.008) and to their preferred arm (d = 0.300, p < 0.001). A group effect for initial movement 

angle (p = 0.031; Fig. 3.3D) suggested lower initial movement angle in children with CP than 

controls across arms (d = 0.353, p = 0.031), with significant differences in the non-preferred (d = 

0.365, p = 0.044), but not the preferred arm (d = 0.341, p = 0.059).  
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Figure 3.4: Motor performance metrics (accuracy, spatial error, peak velocity, path 

variability) across time constraints for stationary target reaching (A-H) and moving target 

interception (I-P) with each arm in children with cerebral palsy (CP) and typically developing 

control children (Con). All values are mean ± SE. # Group-by-time constraint interaction, ✱ group 

effect, † group difference. 

 

Motor performance across time constraints 

a.  Stationary-target reaching   

Group effects for accuracy observed in the non-preferred (p < 0.001; Fig. 3.4A) and 

preferred arm (p = 0.002; Fig. 3.4E) indicated children with CP displayed lower accuracy than 

controls across time constraints in each arm (dNon-preferred range = 0.988–1.340, dPreferred range = 

0.584–0.882; all p < 0.05). Group-by-time constraint interactions for spatial error were observed in 
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the non-preferred (p < 0.001; Fig. 3.4B) and preferred arm (p = 0.041; Fig. 3.4F), with children 

with CP demonstrating higher spatial error than controls at the more challenging 500 ms and 625 

ms time constraints in each arm (dNon-preferred = 1.533 and 0.960, respectively; dPreferred = 0.883 and 

0.627, respectively; all p < 0.05). Similarly, group-by-time constraint interactions for peak velocity 

were noted in the non-preferred (p = 0.018; Fig. 3.4C) and preferred arm (p = 0.045; Fig. 3.4G). 

Children with CP exhibited lower peak velocity than controls across time constraints in each arm 

(dNon-preferred range = 0.683–1.182, dPreferred range = 0.563–0.955; all p < 0.05), with group differences 

most pronounced at the most challenging 500 ms time constraint in both arms. Group effects for 

path variability in the non-preferred (p = 0.001; Fig. 3.5D) and preferred arm (p = 0.005; Fig. 3.5H) 

indicated greater path variability in children with CP than controls, with the magnitude of 

differences greatest at the 500 ms time constraint in each arm (dNon-preferred = 1.019, dPreferred = 0.921; 

both p ≤ 0.001). 

 

b. Moving-target interception   

A group-by-time constraint interaction for accuracy in the non-preferred arm (p = 0.011 ; 

Fig. 3.4I) indicated lower accuracy in children with CP than controls at all time constraints (d range 

= 0.921–1.257, all p ≤ 0.001) except the slowest 900 ms block (d = 0.497, p = 0.061). Conversely, 

a group effect for accuracy was noted in the preferred arm (p < 0.001; Fig. 3.4M), with children 

with CP displaying significantly lower accuracy than controls across time constraints (d range = 

0.863-1.082, all p < 0.05) except the 900 ms block (d = 0.471, p = 0.075). Group-by-time constraint 

interactions for spatial error were noted in the non-preferred (p < 0.007; Fig. 3.4J) and preferred 

arm (p = 0.020; Fig. 3.4N), with higher spatial error observed in children with CP than controls at 

the more challenging 500 ms and 625 ms time constraints in each arm (dNon-preferred = 1.117 and 

0.734, respectively; dPreferred = 0.818 and 0.624, respectively; all p < 0.05). Similarly, group-by-time 

constraint interactions for peak velocity were noted in the non-preferred (p < 0.001; Fig. 3.4K) and 

preferred arm (p = 0.031; Fig. 3.4O), with lower peak velocity recorded in children with CP than 
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controls at the 500 ms and 625 ms time constraints in each arm (dNon-preferred = 1.306 and 0.931, 

respectively; dPreferred = 0.965 and 0.679, respectively; all p < 0.05). A group effect for path 

variability in the non-preferred arm (p = 0.030; Fig. 3.5L) indicated overall higher path variability 

in children with CP than controls, though significant differences were only observed at the 625 ms 

time constraint (d = 0.643, p = 0.015).  

 

 
Figure 3.5: Motor planning metrics (reaction time, initial movement angle) across time 

constraints for stationary target reaching (A-D) and moving target interception (E-H) with 

each arm in children with cerebral palsy (CP) and typically developing control children 

(Con). All values are mean ± SE. ✱ group effect. 

 

Motor planning across time constraints 

a.  Stationary-target reaching 

A group effect for reaction time in the non-preferred arm (p = 0.003 ; Fig. 3.5A) revealed 

higher reaction time in children with CP than controls across time constraints (d range = 0.589–

0.916; all p < 0.05). While no group effect was observed in the preferred arm (p = 0.087; Fig. 3.5C), 

reaction time in children with CP trended higher than controls across time constraints (d range = 

0.303–0.526; all p ≥ 0.049). Group effects for initial movement angle observed in the non-preferred 
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(p < 0.001; Fig. 3.5B) and preferred arm (p = 0.005; Fig. 3.5D) indicated lower initial angles in 

children with CP, with differences most prominent at the 500 and 625 ms time constraint in each 

arm (dNon-preferred = 0.872 and 0.662, respectively; dPreferred = 0.606 and 0.580, respectively; all p < 

0.05).  

 

b. Moving-target interception   

A group effect for reaction time in the non-preferred (p 0.010; Fig. 3.5E) revealed children 

with CP demonstrated higher reaction time than controls across time constraints (d range = 0.602–

0.688; all p < 0.05). Although no group effect was observed in the preferred arm (p = 0.101; Fig. 

3.5G), children with CP exhibited reaction times that trended higher than controls across time 

constraints, with statistically significant differences observed only at the 500 ms time constraint (d 

= 0.613, p = 0.021). While no group effect for initial movement angle was observed in the non-

preferred arm (p = 0.070; Fig. 3.5F), initial angles trended lower in children with CP than controls 

across time constraints (d range = 0.204–0.480; all p ≥ 0.070). Conversely, a group effect for initial 

movement angle in the preferred arm (p = 0.049; Fig. 3.5H) revealed overall lower initial angles 

in children with CP than controls, though significant differences were only observed at the 625 ms 

time constraint (d = 0.694, p = 0.009).  
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Figure 3.6: Relationships of robotic metrics of motor performance and planning at the highest time 

constraint during stationary target reaching (A-F) and moving target interception (G-L) with clinical 

assessment scores on standardized tests of fine manual ability (Purdue Pegboard Test, PPT) and gross 

manual ability (Box and Blocks Test, BBT) in each arm of children with cerebral palsy (CP) and 

typically developing control children (Con). Values are age-corrected partial Spearman rho. ^Three 

participant with CP were unable to complete the PPT with their non-preferred arm (n = 17). *Statistically 

significant relationships.  
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Relationship between robotic metrics of motor performance and clinical assessments 

Motor performance during the highest time constraint (i.e., 500 ms condition) in stationary 

target reaching was prominently linked to better clinical scores in children with CP. In the preferred 

arm, higher accuracy and lower spatial errors were related to higher scores on the BBT and PPT in 

CP (all p < 0.05; Fig. 3.6A-B). Higher peak velocity was also related to higher BBT scores in both 

the preferred and non-preferred arm in CP (all p < 0.05; Fig. 3.6C). Motor performance during 

moving target interception was not linked to clinical scores in CP (all p > 0.05; Fig. 3.6G-J). 

However, in controls, higher accuracy with the preferred arm during both stationary target reaching 

and moving target interception was related to higher scores on the BBT and PPT (all p < 0.05; Fig. 

3.6A, G). Additionally, higher path variability in controls during stationary target reaching (Fig. 

3.6D) was separately linked to higher PPT scores with the preferred arm, but lower BBT scores 

with the non-preferred arm (both p < 0.05). 

 

Relationship between robotic metrics of motor performance and clinical assessments 

Relationships between motor planning metrics and clinical scores in children with CP were 

task- and arm-specific. In the preferred arm, faster reaction time during stationary target reaching 

was related to higher BBT scores in those with CP (p < 0.05; Fig. 3.6E), and faster reaction time 

during moving target interception was related to higher PPT scores in this group (p < 0.05; Fig. 

3.6K). With the non-preferred arm, higher initial angles during stationary target reaching and 

moving target interception were separately related to higher PPT scores in children with CP (both 

p < 0.05; Fig. 3.6F and L, respectively).  

 

3.4. Discussion 

This study revealed significant impairments in motor performance and planning in children 

with CP compared to typically developing peers during both stationary target reaching and moving 

target interception tasks. Performance deficits in the CP group included lower accuracy, greater 
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spatial errors, slower peak velocities, and heightened path variability, and were most pronounced 

with the non-preferred arm and under stricter time constraints. Planning impairments, characterized 

by prolonged reaction times and reduced initial movement angles, were also evident in the non-

preferred arm but appeared less sensitive to timing restrictions. The magnitude of group differences 

in both domains were larger during stationary target reaching, suggesting the dynamic context and 

externally guided visual cues of moving targets may promote increased engagement and/or 

compensatory adaptive strategies in children with CP, possibly via recruitment of visuoperceptual 

neural networks. While motor performance generally declined with increased temporal demands, 

planning deficits in children with CP were less influenced by time constraints, reflecting either the 

global nature of action planning processes, or a limited capacity to adapt planning strategies under 

pressure. Importantly, robotic metrics under the most demanding 500 ms time constraint condition 

were selectively associated with clinical assessments of fine and gross manual ability in both 

groups, supporting their functional relevance and potential translational utility. Together, these 

observation reveal task- and limb-specific deficits in motor planning and execution in children with 

CP, highlighting the clinical potential of robotic assessments to identify therapeutic targets to 

enhance motor function in this group. 

 

Motor performance deficits in CP are evident across tasks and reaching arm 

Children with cerebral palsy (CP) exhibited lower accuracy, higher spatial error, slower 

peak velocity, and elevated path variability observed during both tasks, in line with previous work 

detailing higher end-point errors, attenuated reaching velocities, and more inconsistent motor 

trajectories in this group (289). Deficits were most prominent in the non-preferred arm, aligning 

with recognized patterns of lateralized motor impairment in spastic CP (464). Notably, group 

differences in spatial error and peak velocity were also observed in the preferred arm, in line with 

previous research (289, 463) highlighting bilateral manual ability deficits in CP (120), even in 

individuals with primarily unilateral affection (474, 475). The robust differences observed during 
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both tasks indicates that motor execution impairments in CP generalize across conditions requiring 

both discrete and continuous control. Path variability, a marker of trial-to-trial movement 

consistency, was elevated even during preferred arm reaching, suggesting that deficits are not 

linked purely to biomechanical constraints, but reflect centralized impairments in sensorimotor 

learning and movement adaptation (10, 32). These deficits likely arise from a combination of 

impaired force generation or weakness (476), dysregulated muscle synergies (477), reduced 

coordination of joint segments (283), or disturbed attentional regulation under physically 

demanding task conditions (135). Together, these observations hint at global impairments in motor 

execution even among children with CP displaying mild-moderate manual impairments (i.e., those 

at MACS levels I–II (478)), which also serves to highlight the utility of robotic tools in quantifying 

subclinical performance limitations not readily apparent during clinical assessments. 

 

Motor planning impairments reflect reduced anticipatory control in CP 

Prolonged reaction times and diminished initial movement angles across tasks and arms 

point to anticipatory motor planning deficits in CP, supporting theoretical models (479) and 

empirical evidence (35) of impaired action planning in this group. Notably, reduced initial 

movement angles observed particularly in the non-preferred arm suggests children with CP either 

lack, or more likely underutilize, predictive strategies during trajectory initiation (480), 

corroborating previous reports of altered motor imagery and strategy-based planning in CP (8). 

Alternatively, the target pursuit strategy reflected by lower initial angles (272) may arise from 

demonstrated challenges with visual tracking (260) due to perceptual (112) or visuomotor control 

deficiencies (481) occurring in isolation, or in combination with action planning deficits. 

Neurophysiological studies using mobile functional neuroimaging in CP (188) have previously 

linked prolonged reaction times and planning impairments to altered prefrontal cortex activity (58). 

These promising observations underscore the need to further explore the role of this central 

executive region in mediating aberrant cognitive-motor interactions in CP (133). 
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Differential impact of time constraints on motor performance and planning across task context 

Time constraints amplified group differences in both motor execution and planning, with 

tighter constraints (500, 625 ms) provoking disproportionately greater deficits in accuracy, spatial 

error, peak velocity, and initial movement angle in children with CP, particularly during stationary 

reaching. These observations suggest that performance and planning impairments in CP are not 

fixed, but appear to be modulated by task demands, bolstering claims that environmental factors 

and functional task contexts can differentially reveal underlying deficits (289, 482), or uncover 

latent and preserved adaptive capacities (282, 329, 483). Alternately, attenuation of group 

differences at longer time constraints may have implications for rehabilitation: manipulating task 

pacing to scaffold diminished planning capacity, or training motor timing via targeted intervention 

(484) may both promote improved functional outcomes for children with CP. 

Interestingly, performance deficits were more pronounced during stationary target reaching 

than moving target interception, particularly at stricter time constraints. This observation appears 

counterintuitive, given the heightened cognitive and visuomotor demands of concurrently tracking 

object motion while concurrently planning, coordinating, and executing precisely timed 

interceptive reaches to a predicted future target location (28, 272). However, preliminary work in 

children with unilateral CP noted fewer deficits during rapid interception of moving targets 

compared to stationary target reaching (289), corroborating additional reports of preserved motor 

adaptability in children with CP during walk-and-intercept tasks (282). These patterns mirror those 

reported in individuals with Parkinson’s disease, where externally-cued movements guided by 

visual (485) or auditory stimuli (486) can bypass impaired internal mechanisms of movement 

initiation (487), enhancing performance by engaging alternate cortical (i.e., premotor) and 

subcortical (i.e., cerebellar) circuits (488). Consistent with these reports, dynamic tasks with 

moving targets may elicit greater attention and external cue-driven strategies that either bypass or 

reduce reliance on impaired internally generated movement commands (270). Moreover, moving 
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targets may help compensate for anticipatory planning deficits by providing continuous, real-time 

visual cues that allow for more reactive control. Nonetheless, planning impairments persisted 

across both tasks, suggesting that while task context modulates performance, core limitations in 

anticipatory control remain. We speculate that interception performance across time constraints in 

CP reflects trade-offs between enhanced attentional engagement, scaffolded motor planning from 

external visuoperceptual cues, and the heightened visuomotor challenge of moving target 

interception, with time constraints such as target velocity modulating this intricate relationship. 

These observations support the strategic use of externally guided, time-constrained tasks in 

rehabilitation to scaffold movement initiation and promote motor control in children with CP. 

Further, we emphasize that rehabilitation paradigms should consider not just task difficulty, but 

also the types of cues and engagement elicited by different interventional protocols (124) to 

optimize functional outcomes. 

 

Robotic metrics linked to functional manual abilities 

Robotic measures obtained under high temporal demands, especially accuracy, spatial 

error, reaction time, and initial movement angle, were directly and moderately related to 

performance on standardized assessments of gross and fine manual ability in children with CP. 

These relationships were strongest in the preferred arm displaying more preserved motor control 

and higher task completion rates, supporting the potential of robotic metrics as sensitive proxies 

for real-world motor function, especially when collected under challenging time restrictions that 

better reflect the temporal demands of many real-world movements. Importantly, planning-related 

measures (i.e., reaction time, initial angle) were also related to clinical scores, providing support 

for expanding clinical evaluation beyond endpoint accuracy. Given that conventional clinical 

assessments often demonstrate strong ceiling effects with scores plateauing in high-functioning 

children, robotic assessments may serve as sensitive tools for capturing residual deficits and 

tracking therapeutic gains in both research and clinical settings. The lack of significant associations 
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for interception task metrics highlights a key limitation of existing clinical behavioral assessments:   

no current evaluation uses moving objects or requires interceptive behaviors commonly performed 

in daily life, which limits the ecological validity of these tests. This paucity underscores the need 

for novel, game-based clinical assessments with moving targets that challenge the sensorimotor 

systems while concurrently recruiting latent visuoperceptual networks to improve attentional 

engagement in young children.  

 

3.5. Limitations 

Limitations of the study design require acknowledgement. First, the study sample 

comprised children with spastic CP displaying mild-moderate manual impairments (i.e., MACS 

levels I–II), limiting generalizability to children with more severe manual impairments. Although 

this approach reduced variability and ensured task compliance and high completion rates, future 

work should include children with greater functional limitations who may exhibit distinct motor 

profiles. Second, information on sensory, perceptual, visuomotor, and cognitive abilities was 

lacking, and we lacked access to brain scans or neurophysiological data (e.g., transcranial magnetic 

stimulation-based corticospinal tract connectivity (142)) that could improve categorization of 

participants with CP. Although planning deficits were discussed in relation to cortical systems 

known to be altered in CP, such as the prefrontal and sensorimotor cortices, no neuroimaging or 

electrophysiological data were collected to confirm these associations. Future studies incorporating 

mobile functional near-infrared spectroscopy or MRI-based imaging may clarify the neural 

correlates of the observed planning impairments to strengthen interpretation of brain–behavior 

relationships. Third, while the use of bilateral testing is a strength of the study, the large proportion 

of right-hand dominant controls compared to more variable hand preference in the CP group may 

have introduced asymmetries unrelated to impairment severity. Future work could include 

neuroimaging-based motor dominance or lesion mapping to more precisely stratify participants by 

hemispheric involvement. Fourth, aspects of our task protocol (e.g., fixed task order with the 
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reaching task preceding the interception task, and the preferred arm tested ahead of the non-

preferred arm) may have introduced either fatigue or practice effects that differentially impacted 

task performance across groups. Although the task order and amount of practice (10 trials) was 

consistent across all study participants, the counterbalancing of tasks and arm was limited by 

feasibility constraints in this pediatric population. Future designs should attempt to randomize task 

order, or include more practice trials to better account for potentially differential learning and 

engagement effects. Despite these limitations, the study provides details how children with CP plan 

and execute movements under varying temporal and task demands, offering a foundation for future 

translational and interventional research. 

 

3.6. Conclusion 

This study provides compelling evidence that children with CP exhibit significant 

impairments in motor execution and planning which are especially pronounced under strict time 

constraints. Robotic tasks revealed that these deficits vary by task demands and limb, with planning 

impairments emerging as robust markers of upper limb dysfunction. Importantly, these metrics 

were linked to standardized clinical assessments, reinforcing their real-world relevance. By 

integrating dynamic, time-constrained tasks, robotic assessments offer a powerful complement to 

clinical tools, enabling more precise identification of individualized therapeutic targets to guide 

personalized rehabilitation in CP. 
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CHAPTER 4 

ACCURACY DEFICITS DURING ROBOTIC TIME-CONSTRAINED REACHING ARE 

RELATED TO ALTERED PREFRONTAL CORTEX ACTIVITY IN CHILDREN WITH 

CEREBRAL PALSY 
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Abstract 

Background: The prefrontal cortex (PFC) is an important node for action planning in the 

frontoparietal reaching network but its role in reaching in children with cerebral palsy (CP) is 

unexplored. This case–control study combines a robotic task with functional near-infrared 

spectroscopy (fNIRS) to concurrently assess reaching accuracy and PFC activity during time-

constrained, goal- directed reaching in children with CP. We hypothesized that reaching accuracy 

in children with CP would be lower than in typically developing children and would be related to 

PFC activity.  

Methods: Fourteen children with spastic CP (5–11 y; Manual Ability Classification System level 

I-II) and 14 age-, sex- and arm dominance-matched typically developing controls performed seated 

uniplanar reaches with a robotic arm (KINARM End-Point Lab) to hit visual targets projected onto 

a screen. Four blocks of 10 reaching trials each were performed for each arm. Time constraint (high, 

low) was varied across blocks by changing the time participants had to hit the target. 

Results: Children with CP displayed lower reaching accuracy compared to controls, with greater 

deficits observed in the non-preferred arm (d = 1.916, p < 0.001) than the preferred arm (d = 1.033, 

p = 0.011). Inter-limb differences in accuracy were observed only in children with CP (d = 0.839, 

p < 0.001). PFC activity differed across groups during preferred arm reaching, with PFC 

deactivation observed in children with CP under high time constraints compared to PFC activation 

in controls (d = 1.086, p = 0.006). Children with CP also exhibited lower PFC activity under high 

time constraint compared to low time constraint in the preferred arm (d = 0.702, p = 0.001). PFC 

activity was positively related to reaching accuracy across time constraints in both arms in children 

with CP, but not in controls.  

Conclusion: Contrasting patterns of PFC activity observed in children with CP compared to age- 

and sex-matched controls during a robotic reaching task lends support for the concurrent use of 

fNIRS and robotics to assess goal-directed reaching in CP. 

Trial Registration: Data collected as part of a larger randomized controlled trial (NCT03484078) 

https://clinicaltrials.gov/ct2/show/NCT03484078
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4.1. Background 

Goal-directed reaching is a fundamental motor behavior that empowers children to build 

relationships, participate in play and sport and achieve functional independence in activities of daily 

living. Successful reaching requires the rapid and continuous coordination of the visual, 

sensorimotor, and attentional-perceptual neural systems (261). This multi-system integration is 

especially challenging for children with neurodevelopmental disorders such as cerebral palsy (CP) 

(69, 136). Affecting 1 in 323 children in the United States, CP is considered the most common 

cause of childhood-onset motor disability (489). Children with CP exhibit central deficits in action 

planning (8, 10), visuospatial attention (9), eye-hand coordination (30, 177), and sensorimotor 

function (178, 490), all of which contribute to the impaired reaching behaviors observed in these 

children (121). Understanding the neural correlates of these impairments is essential to developing 

targeted interventions to improve upper limb function in children with CP.   

Robotic technologies have recently emerged as valid and reliable tools to assess the 

complex multi-system deficits observed in children with CP (13-18, 21, 22). In addition to 

providing objective quantitative measures of movement dysfunction, robotic assessments can 

incorporate reliable, sensitive, and ecologically valid tasks that better translate to real-world 

performance (491) than subjective clinical assessments of manual abilities (11, 492). Robotic 

technologies are safe, feasible, and well tolerated by young children with neurological impairments, 

and have been used to quantify upper limb sensorimotor  (13, 14, 17, 18), visuospatial (21),  and 

executive functions (22) in children with perinatal stroke-induced CP. In line with previous 

reaching studies using motion capture techniques (6, 26), robot-derived reaching metrics revealed 

global deficits in reaching kinematics of children with arterial stroke-induced CP that were related 

to clinical metrics of manual ability (14). The integration of neuroimaging and neurophysiological 

assessments alongside standardized robotic tasks can help researchers evaluate brain-behavior 

relationships in both neurotypical children and children with neurodevelopmental disorders like 

CP. Prior work combining robotic assessment of reaching with neuroimaging revealed sensory 
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deficits were associated with sensory tract development in children with perinatal stroke (15), 

highlighting the importance of assessing neurophysiological outcomes alongside robot-derived 

metrics to better understand the reaching deficits observed in CP. 

Despite the promise of more sensitive assessments offered by integrated robotics-

neuroimaging, the use of functional neuroimaging has been limited in children with CP due to their 

inability to stay still while remaining attentive and engaged throughout the assessment task. The 

recent emergence of portable, non-invasive neuroimaging technologies like functional near-

infrared spectroscopy (fNIRS) shows promise in overcoming this limitation (40). Source optodes 

on fNIRS devices emit specific wavelengths of near-infrared light that pass through the skin and 

superficial tissue and are differentially absorbed by oxygenated and deoxygenated hemoglobin 

within the outer 5-10 mm strip of cortical grey matter underlying the surface optodes. Light waves 

re-emerge and are captured by detector optodes located at specific distances from the source optode. 

The light intensity differential indicates relative changes in hemoglobin concentrations that serve 

as indirect indices of neural activity in the underlying cortical regions spanning the source-detector 

channel (38). Advantages of fNIRS include its portability, relative inexpensiveness, and robustness 

to motion artifacts compared to functional magnetic resonance imaging, and superior comfort, 

higher spatial resolution, and ease of application compared to electroencephalography (37). These 

characteristics make fNIRS a promising tool for assessing task-induced cortical activity in adults 

(493) and children with neurological impairments (40).  

In contrast to these stated advantages, the fNIRS literature in CP is sparse. Most prior 

studies assessed sensorimotor cortex activation during simple single- and multi-joint movements 

(41-49). An exploratory study reported increased activation in the prefrontal cortex (PFC) of two 

adults with CP during an upper limb aiming (ball-drop) task (352). The PFC is an important node 

for action planning and prediction within the fronto-parietal neural network for goal-directed 

reaching (247, 248), priming the sensorimotor cortices for the expected sensorimotor inputs arising 

from novel and purposeful movements (300). The PFC is considered a cortical hub for mediating 
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visuospatial attention (494) and spatial localization (55) abilities essential for accurate targeted 

reaching (28). While prior studies have evaluated PFC activation during reaching tasks in 

neurotypical adults (55, 495), the exploration of PFC activity in children with CP has been limited 

to motor planning and cognitive-motor dual-tasks (57-59). The heightened PFC activity observed 

in children with CP during these dual-tasks was posited to represent neural resource re-allocation 

to compensate for their impaired posture and balance (58). Interestingly, PFC activity diminished 

to levels comparable with typically developing controls following intensive training, suggesting 

PFC activity optimization may precede, accompany, or follow the improved functional abilities 

seen in children with CP post-intervention (59). In contrast to the increased PFC activation 

observed in upper limb tasks, a recent fNIRS study reported lowered PFC activity in young children 

with CP during robot-assisted walking (56). The increased PFC activity observed in these children 

following robot-assisted gait training was associated with improvements in functional mobility. 

These initial studies suggest that PFC activity may either serve as a potential neurophysiological 

marker for post-intervention functional gains, or more speculatively, be a relative therapeutic target 

in children with CP. Despite these promising preliminary observations, to the best of our 

knowledge, no study has determined PFC activity during goal-directed reaching in children with 

CP. 

This study aimed to concurrently evaluate reaching accuracy and PFC activity in children 

with CP using a robotic goal-directed reaching task that incorporated distinct time constraints. We 

aimed to [1] determine if children with CP have deficits in reaching accuracy and a different level 

of task-evoked PFC activity compared to typically developing children, and [2] determine if 

reaching accuracy is related to PFC activity across differing time constraints. Based on the prior 

literature and studies summarized above (14, 16, 21, 55-59, 352, 495), we hypothesized that [1] 

children with CP would exhibit lower reaching accuracy and higher PFC activity during the time-

constrained reaching task than typically developing children, and [2] that PFC activation would be 

positively related to reaching accuracy in children with CP.  
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4.2. Methods 

4.2.1. Participants 

Children with spastic CP aged 5–11 years were recruited from schools, social media 

platforms, pediatric rehabilitation centers, Children’s Healthcare of Atlanta and the Cerebral Palsy 

Foundation as part of a larger randomized controlled trial. Age- (± 1.5 y) and sex-matched typically 

developing children with no known neurological disorders and height and body mass between the 

5th to 95th age- and sex-based percentiles were recruited as controls. Exclusion criteria for this study 

were [1] Manual Ability Classification System level V (does not handle objects and has severely 

limited ability to perform simple actions), [2] cognitive impairments that impairs the ability to 

follow simple verbal instructions, [3] botulinum toxin injection in the past 6 months, and [4] 

significant visual acuity problems and/or upper limb musculoskeletal deformities that would 

preclude completion of testing. The Institutional Review Board at the University of Georgia 

approved this study. Prior to the study, written informed consent was obtained from the 

participants’ parent or legal guardian, and informed assent was obtained from the participant.  

4.2.2. Anthropometrics 

Height and body mass were assessed while participants wore minimal clothing and were 

in bare feet. Height was measured using a stadiometer (Seca 217; Seca GmbH & Co. KG., 

Germany) to the nearest 0.1 cm, and body mass was measured using a digital scale (Detecto 6550, 

Cardinal Scale, MO, USA) to the nearest 0.1 kg. Body mass index (BMI) was calculated using 

height and body mass. Normative data published by the US Centers for Disease Control and 

Prevention (467)  were used to determine age- and sex-based percentiles for body mass, height and 

BMI. Hand preference was assessed using the Edinburgh Handedness Inventory-Short Form (468) 

to confirm right-arm preference for all participants.  

4.2.3. Clinical measures 

Manual ability was classified by the parent/guardian using the Manual Ability 

Classification System (MACS) (221). Gross motor function was assessed using the Gross Motor 
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Function Classification System (GMFCS) (469). Muscle tone was assessed using the Hypertonia 

Assessment Tool (HAT) (470).  

 

 
Figure 4.1. Study methods. (A) Functional near-infrared spectroscopy (fNIRS) device placement over the 

regions of interest in the left PFC (Fp1) and right PFC (Fp2), based on the International 10/20 system. (B) 

Experimental setup with the participant positioned within the KINARM robotic device. (C) Trial protocol 

for the robotic time-constrained reaching task. 

 

4.2.4. Functional neuroimaging (fNIRS) setup 

Two lightweight, portable (Bluetooth-enabled) fNIRS devices (Portalite, Artinis Medical 

Systems, The Netherlands) were secured to the participant’s forehead, as depicted in Figure 4.1 

(A). The device has 3 optodes (sources) set at fixed distances of 3, 3.5, and 4 cm from a single fixed 

‘detector’, yielding three spatially overlapping source-detector channels. Near-infrared light at two 

wavelengths (850 nm, 760 nm) was emitted from the source optodes, with devices centered over 

the Fp1 and Fp2 locations of the International 10-20 system to cover the bilateral prefrontal 
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cortices. Data from the 3 cm channel were used for further analysis, in line with manufacturer 

recommendations and previous studies that used the same device in typically developing children 

(496). To minimize interference from ambient light, a black felt cloth was placed over the fNIRS 

devices and secured with a black cap. Data were sampled at 50 Hz and visualized in real-time with 

the manufacturer’s data recording software (Oxysoft v3.2.64x64, Artinis).  

4.2.5. Experimental setup 

The general experimental setup was adapted for children from a previous study (266) and 

is illustrated in Figure 4.1 (B). Briefly, participants sat on a height-adjustable chair with their feet 

supported on an adjustable footrest. They used one hand to grasp the handle of a robotic device 

(KINARM End-Point Laboratory, Ontario, Canada). Handle movement in the horizontal plane 

controlled the position of a cursor (white circle, 1 cm diameter) on a screen comprised of a semi-

transparent mirror. All visual stimuli were projected onto this screen at 60 Hz or 120 Hz from a 

monitor at the top of the workspace to ensure the cursor and visual stimuli were on the same 

horizontal plane. Participants could track the location of the cursor on-screen during the reaching 

movements, but they could not see the physical movements of the arm during the movements (i.e., 

no direct visual feedback) as the hand was occluded from direct sight by the screen. Handle position 

and velocity of movement was recorded at 1000 Hz. To minimize head motion, participants were 

instructed to stabilize their chin on a fixed chinrest with the crown of their  head against the 

KINARM workspace boundary, and to fix their gaze on the cursor and target for the entire task.  

The trial protocol is summarized in Figure 4.1 (C). Briefly, each trial began with the 

participants moving the cursor to a start position (2 cm blue circle) in the midline of the visual 

display (x = 0) directly below the workspace (34 by 34 cm box centered on the midline). If the 

cursor position was maintained for 500 ms, the start position disappeared, and the target (yellow 

circle, 1 cm diameter) appeared onscreen. The target location on each trial was randomized, with 

targets appearing on the left or right side of the workspace at equal probability. The x-position of 

the target was constrained within a uniform distribution around a mean position ± 6.5 cm from the 
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workspace mid-line (range ± 5 cm). The y-position of the target was constrained within a uniform 

distribution around the center of the workspace (mean position 19 cm from the start position, range 

± 3 cm). Participants were instructed to move the cursor to hit the target as rapidly and accurately 

as possible for every trial. They were not required to stop at the target location. A “hit” was recorded 

when the cursor first overlapped with the target. Performance feedback was provided for 500 ms 

once the object was hit or the maximum trial duration was reached. If the target was hit within the 

block-specific time constraint, it would turn green (“hit”); if the target was missed or hit after the 

time constraint period, it would turn red (“miss”). A 2000 ms delay was incorporated between 

successive trials. 

Targets remained onscreen for a maximum of 500 ms or 625 ms for the high time constraint 

blocks, and 750 ms or 900 ms for the low time constraint blocks. Before and after each block, 

participants were instructed to let go of the handle and look at the cursor onscreen for 25-30 s 

(randomized) to allow PFC hemodynamics to return to baseline levels. The preferred (right) arm 

was always assessed first, with 4 blocks performed with each arm and the block order randomized 

within each arm. Each block comprised 10 trials (80 trials total), with a time constraint defined and 

maintained for all trials within a block.  

4.2.6. fNIRS data processing 

All fNIRS data were preprocessed in MATLAB® (MathWorks, Natick, MA, USA) using 

the HOMER3 (v1.28.1) software package (436). Current best practices for fNIRS data processing 

were followed (402). First, frequency distributions of all channels and both wavelengths were 

visually inspected with power spectral density graphs to detect the characteristic hemodynamic 

‘pulse’ at 1-2 Hz that signifies good signal quality. Raw light intensity signals were subsequently 

converted into changes in optical density (Intensity2OD function) and submitted through a low-

pass filter (BandpassFilt function with parameters hpf = 0 Hz, lpf = 0.09 Hz) to account for 

components from systemic physiology (e.g., cardiac pulsations, respiratory cycles). The filtered 

time series data were then corrected for motion artifacts using the hybrid spline interpolation-
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Savitzky Golay procedure (MotionCorrectSplineSG function with parameters p = 0.99, FrameSize 

= 10 sec) chosen for its efficiency and effectiveness in accounting for both baseline shifts (via 

spline interpolation) and sharp motion artifacts (via robust, locally weighted smoothing through the 

Savitzky-Golay filter) (441). Motion-corrected optical density data were converted into relative 

changes in hemoglobin concentration using the modified Beer-Lambert law (OD2Conc function 

with parameters ppf  = 1, 1). Data were then baseline corrected by subtracting the mean of the signal 

from the 2 seconds preceding each trial and block averages for changes in hemoglobin 

concentration were calculated for each block (BlockAvg function with parameters trange = -2 to 45 

sec). Baseline-corrected time-series block averages were exported and mean values were calculated 

for a time period spanning 0 to 45 seconds post-trial onset. We used mean changes in concentration 

of oxyhemoglobin (∂HbO) as a marker of brain activation as oxyhemoglobin has previously been 

shown to be a more sensitive indicator of neural activity in the PFC than deoxyhemoglobin (497, 

498) and has been the chromophore of choice to assess PFC activity in children with CP (57-59).  

4.2.7. Statistical analysis 

Statistical analyses were conducted in RStudio (v2022.07.2, R Core Team 2022) and SPSS 

(v27.0.1, IBM Corp., Armonk, NY). Data were examined for normality by assessing skewness and 

kurtosis values and using the Shapiro—Wilk test. Group differences in physical characteristics 

were assessed using independent t-tests for normally distributed data and with Mann—Whitney U 

tests for non-normally distributed data. One-sample t-tests were used to assess if height, body mass, 

and BMI percentiles differed from 50th percentiles for age- and sex-based norms. Linear mixed-

effect models were used for the performance outcome (reaching accuracy) with fixed effects of 

group (CP vs controls), arm (preferred vs non-preferred), time constraint (high vs low) nested 

within subject (random effect). Linear mixed-effect models were also used for the fNIRS outcome 

(Change in HbO) with the addition of PFC hemisphere (ipsilateral vs contralateral) as a fixed effect, 

as these statistical models can account for the inherently nested structure of fNIRS data (437) and 

the correlations arising from repeated measurements (499). Pairwise comparisons were conducted 
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for significant interactions and main effects. Alpha was set at 0.05 a priori and a multiple 

comparison correction was conducted using the Benjamini-Hochberg procedure (500). The 

relationship between reaching accuracy and PFC activity was assessed using Spearman rank 

correlation (rs). Effect sizes were determined using Cohen’s d (d), with 0.2, 0.5 and 0.8 representing 

small, medium, and large effect sizes, respectively (473). Data are presented as mean ± SD in the 

text and tables and as mean ± SE in figures, unless specified otherwise. 

 

4.3. Results 

4.3.1. Participant characteristics 

Fourteen children with spastic CP and fourteen age- and sex-matched typically developing 

control children met the criteria for participation in the study. Participant characteristics are 

presented in Table 4.1. No between-group differences were detected for any physical characteristic 

(all p > 0.05) and percentiles for height, body mass and BMI were not different from the 50th age- 

and sex-based percentiles for either group (all p > 0.05).  

4.3.2. Reaching accuracy 

The effect of group, reaching arm, and time constraint on reaching accuracy is illustrated 

in Figure 4.2. A significant group-by-arm interaction was observed for reaching accuracy (p < 

0.001; Fig. 4.2 (A)). Post-hoc tests indicated that children with CP were less accurate than controls 

with both arms, but the accuracy deficits were twice as large with the non-preferred arm (mean 

difference = -32 ± 6 %, d = 1.916, p < 0.001) than the preferred arm (mean difference = -16 ± 6 %, 

d = 1.033, p = 0.011). Inter-limb differences in accuracy were observed in children with CP, with 

lower accuracy noted with the non-preferred arm (mean difference = -14 ± 17 %, d = 0.839, p = 

0.008). In contrast, no inter-limb differences in accuracy were observed in controls (d = 0.170, p > 

0.05). A significant main effect of time constraint was observed with both the non-preferred arm 

(p = 0.012; Fig. 4.2 (B)) and the preferred arm (p < 0.001; Fig. 4.2 (C)).  
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Table 4.1. Physical characteristics of children with cerebral palsy (CP) and typically developing 

controls (Con). 

 
CP (n = 14)  Con (n = 14)     d   p 

Age (years)       8.7 ± 1.7      8.6 ± 1.9   0.094 0.815 

Sex (male/female)           9/5          9/5    ―  ― 

Height (m)    1.30 ± 0.13    1.32 ± 0.11   0.167 0.927 

Height (%)        38 ± 34       59 ± 25   0.677 0.073 

Body mass (kg)    30.6 ± 7.7    29.7 ± 9.0   0.110 0.520 

Body mass (%)        58 ± 30       55 ± 28   0.074 0.846 

Body mass index    18.0 ± 3.4    16.7 ± 2.4   0.469 0.233 

Body mass index (%)       60 ± 34       54 ± 29   0.195 0.370 

Arm dominance (right/left)        14/0        14/0    ―  ― 

CP diagnosis (unilateral/bilateral)          3/11           ―    ―  ― 

GMFCS level (I/II)        11/3           ―    ―  ― 

MACS level (I/II)          4/10           ―    ―  ― 

Hypertonia Assessment Tool (right arm)  11a/2b/0c/1d   14a/0b/0c/0d    ―  ― 

Hypertonia Assessment Tool (left arm)    8a/5b/0c/1d   14a/0b/0c/0d    ―  ― 

All values are mean ± SD. % represents percentiles for height, body mass, and body mass index, none of which were significantly 

different from the age- and sex-based 50th percentiles. Gross motor function indicated by the Gross Motor Function Classification System 
(GMFCS) rating. Manual ability indicated by the Manual Ability Classification System (MACS) rating. Muscle tone abnormality 

indicated by the Hypertonia Assessment Tool (HAT) rating as anormal tone, bspasticity, cdystonia, dmixed tone (spasticity and dystonia). 

 

4.3.3. PFC activity 

Effects of group, arm, and time constraint on overall PFC activity are also visualized in 

Figure 4.2. There were no group or arm effects on overall PFC activity (both p > 0.05; Fig. 4.2 

(D)). There were no group or time constraint effects on PFC activity when reaching with the non-

preferred arm (both p > 0.05; Fig. 4.2 (E)). A significant group-by-time constraint interaction was 

noted for overall PFC activity only during preferred arm reaching (p = 0.001; Fig. 4.2 (F)). Post-

hoc tests showed that children with CP had lower PFC activity than controls when reaching under 

high time constraints (mean difference = -100.5 ± 35.4 M.mm, d = 1.086, p = 0.008), with no group 

differences observed under low time constraints (d = 0.003, p = 0.994). Children with CP also 

exhibited lower PFC activity under high time constraints compared to low time constraint reaching 

(mean difference = 73.2 ± 40.4 M.mm, d = 0.702, p = 0.021). This within-group difference was not 

observed in controls (d = 0.295, p = 0.290). 
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Figure 4.2. Reaching accuracy and overall PFC activity (averaged across hemispheres) for time-

constrained reaching. Results are presented for each arm (A and D), and for each time constraint during 

non-preferred arm (B and E) and preferred arm reaching (C and F). Values are mean ± SE; 1group x arm 

interaction; 2group difference; 3arm difference; 4main effect of group; 5main effect of time constraint; 6time 

constraint difference; 7group x time constraint interaction; HbO oxyhemoglobin, CP Cerebral palsy, Con 

Typically developing controls, rs Spearman rho. 
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4.3.4. Relationship between reaching accuracy and overall PFC activity 

Relationships between reaching accuracy and average PFC activity are presented in Figure 

4.3. For reaching done under low time constraints, positive relationships were observed only in the 

children with CP, with strong relationships noted for the non-preferred arm and the preferred arm 

(both p < 0.05; Fig 4.3 (A-B)). For high time constraint reaching, a strong positive relationship was 

observed in children with CP with the non-preferred arm (p = 0.004; Fig. 4.3 (C)), but a significant 

relationship was not detected with the preferred arm (p > 0.05; Fig. 4.3 (D)). Interestingly, these 

relationships consistently trended in the opposite (i.e., negative) direction for controls across time 

constraints in both arms, with a significant negative relationship noted only under low time 

constraints during preferred arm reaching (p = 0.045; Fig. 4.3 (B)).  

 
Figure 4.3. Relationships between overall PFC activity and reaching accuracy. Relationships of overall 

PFC activity with reaching accuracy for low time constraint (A, B) and high time constraint (C, D) reaching 

with the non-preferred arm (A, C) and the preferred arm (B, D) are illustrated. PFC Prefrontal cortex, LTC 

Low time constraint, HTC High time constraint, HbO oxyhemoglobin, CP Cerebral palsy, Con Typically 

developing controls, rs Spearman rho. 
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Figure 4.4. Relationships between hemispheric PFC activity and reaching accuracy. Relationships of 

ipsilateral PFC (A–D) and contralateral PFC (E–H) activity with reaching accuracy for preferred arm (C, D, 

G, H) and non-preferred arm (A, B, E, F) reaching are illustrated for the low and high time constraint 

conditions. PFC Prefrontal cortex, LTC Low time constraint, HTC High time constraint, HbO 

oxyhemoglobin, CP Cerebral palsy, Con Typically developing controls, rs Spearman rho.  
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4.3.5. Relationship between reaching accuracy and ipsilateral PFC activity 

Relationships between reaching accuracy and ipsilateral PFC activity are depicted in 

Figure 4.4. Strong positive relationships were detected in children with CP when reaching under 

low time constraints with both the non-preferred arm and the preferred arm (both p < 0.05; Fig. 4.4 

(A and C)). Moderate positive relationships were observed in children with CP under high time 

constraints with both the non-preferred arm and the preferred arm (both p < 0.05; Fig. 4.4 (B and 

D)). No significant relationships were observed in controls (all p > 0.05).  

4.3.6. Relationship between reaching accuracy and contralateral PFC activity 

Figure 4.4 also depicts relationships between reaching accuracy and contralateral PFC 

activity. A strong positive relationship was noted in children with CP when reaching under high 

time constraints with the non-preferred arm (p < 0.001; Fig. 4.4 (F)), but not with the preferred arm 

(p > 0.05; Fig. 4.4 (H)). Similarly positive but non-significant trends were noted for children with 

CP with low time constraint reaching with either arm (both p > 0.05; Fig. 4.4 (E and G)). None of 

these relationships were significant for controls (all p > 0.05).  

 

4.4. Discussion 

In this study, we examined reaching accuracy and PFC activation during a time-constrained 

reaching task across both upper limbs in children with CP. As hypothesized, children with CP 

exhibited deficits in visuomotor accuracy compared to age-, sex-, and arm dominance-matched 

typically developing controls, with deficits accentuated when reaching with the non-preferred arm. 

Interestingly, imposing high time constraints adversely impacted reaching accuracy to a similar 

degree in both children with CP and typically developing controls, regardless of the arm used for 

reaching. Group differences in overall PFC activity were noted only when reaching with the 

preferred arm. Contrary to expectation, children with CP displayed PFC deactivation under high 

time constraints compared to low time constraints, while typically developing controls showed the 

opposite but non-significant trend of increased PFC activation. Moderate-to-strong positive 
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relationships between overall PFC activity and reaching accuracy were observed in children with 

CP, both when reaching under low time constraints (for each arm) and under high time constraints 

(for non-preferred arm only). Correlation analyses suggested distinct roles of each PFC hemisphere 

during time-constrained reaching in children with CP. Specifically, there were strong positive 

relationships between the ipsilateral PFC activity and accuracy when reaching under low time 

constraints for both arms. In contrast, contralateral PFC activity was positively related to accuracy 

only when reaching under high time constraints with the non-preferred arm. No significant 

relationship between PFC activity and accuracy was observed with controls. Overall, these novel 

findings suggest that reaching performance and PFC activity in children with CP depends on both 

imposed time constraints and the arm used for reaching.  

4.4.1. Reaching accuracy 

The pronounced inter-limb differences in reaching accuracy observed in children with CP 

is in line with previous studies (289) that report similar deficits in children with CP during time-

constrained reaching with the non-preferred arm. Children with spastic CP have recognized motor 

control deficits that hinder reaching performance, with slower, less flexible and more fragmented 

movements observed in the non-preferred arm (289, 501). Time-constrained reaching places 

increased demands on the neuromuscular system that contribute to markedly different movement 

strategies for each arm during reaching in CP (283). As in previous studies, we did not observe 

inter-limb differences in reaching accuracy in controls, indicating that accuracy deficits were 

specific to CP and not due to general hand dominance or lateralization effects (289). We also noted 

that children with CP had lower reaching accuracy than controls, even when reaching with the 

preferred arm and under low time constraints. These observations are in line with the growing body 

of evidence detailing sensorimotor deficits in the less-impaired (preferred) arm of children with 

CP, with impaired domains including manual function (474), motor planning, and most pertinent 

to this study, visually-guided reaching and hitting performance (14, 21, 289, 463).  
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In contrast to our hypothesis, we observed that time constraints did not differentially affect reaching 

accuracy across groups, in either the preferred or the non-preferred arm. This finding could be due 

to the relatively lower emphasis placed on spatial accuracy compared to movement speed in the 

current study. Our time-constrained task emphasized movement speed (ability to move faster to 

reach the target within shorter time duration) over endpoint variability (ability to maintain cursor 

position at the target) as participants were not explicitly instructed to stop at the target location. 

Consequently, the movements lacked the deceleration needed to bring the arm to a fixed end-point, 

thus minimizing the computational burden placed on the effector system to bring the limb to a 

stable end-position (502). This is a key consideration as preliminary work indicates that children 

with CP do not adhere to the typical speed-accuracy trade-off (Fitts’ law) commonly observed in 

healthy adults and typically developing children (503). Children with CP perform better at tasks 

that emphasize movement speed over end-point accuracy (504). Another factor could be that the 

outcome measure for reaching accuracy (dichotomous ‘hit/miss’ accuracy rate) for this pilot study 

was not sensitive enough to parse out finer between-group differences in reaching performance 

across time constraints. Processing of the richly detailed kinematic data provided by the KINARM 

robot may provide more sensitive outcomes of reaching performance (e.g., movement path 

variability, initial direction error) (14, 289) but these analyses were beyond the scope of this study. 

Finally, the imposed time constraints may not have been sufficiently challenging; however, similar 

declines in reaching accuracy observed at the high time constraint condition in both groups point 

to the adequacy of the selected time constraints in assessing reaching performance.  

4.4.2. Prefrontal cortex activity 

Our results indicated that children with CP exhibited lower overall PFC activity during 

preferred arm reaching under high time constraints, relative to both controls and reaching 

performed under low time constraints. A similar deactivation pattern, also specific to CP, was 

observed during non-preferred arm reaching under high time constraints, though this did not reach 

statistical significance. These novel results contradict our stated hypotheses of increased PFC 
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activity in children with CP under high time constraints. Surkar and colleagues reported increased 

PFC activity in children with hemiplegic CP relative to typically developing controls during a 

sequential shape-matching cognitive task performed in isolation (57, 59) and under conditions of 

increased postural demands (cognitive-motor dual-task) (58). One explanation for the difference in 

PFC activation patterns observed in our study is that our time-constrained reaching task requires 

greater response speed and high movement amplitudes, placing significantly greater demands on 

the visuo- and sensory-motor systems. Children with CP require greater neural resources to produce 

similar levels of motor output for both automated behaviors like walking (46, 174) and purposeful 

movements like goal-directed reaching. Impaired cortical processing of visuospatial (176, 177), 

proprioceptive (505), and sensorimotor information (180) in children with CP may also contribute 

to their impaired upper limb function (505). With abnormally high sensorimotor cortex activity 

reported in CP during simple uni-joint movements (47, 48), performing more challenging tasks like 

time-constrained reaching may require neural resource re-allocation (298) away from cognitive-

centered prefrontal cortices toward caudal sensorimotor and multisensory association cortices in 

children with CP (506).  

Recent work from neuroeconomics attempts to model this complex ‘constrained resource 

allocation’ (298). Alonso et al. (298) highlight the role of the PFC as an important node in the 

proposed central executive system that regulates neural resource allocation. This higher-order 

function of the PFC supports its critical role in mediating executive functions such as action 

planning, spatial attention, working memory, and error monitoring (52). In contrast to these critical 

functions, we observed a decrease in neural resource allocation to the PFC (deactivation) in children 

with CP when reaching was performed under high time constraints. Prior work in children with 

unilateral CP (45) and adults with stroke (507) may help explain this unexpected observation of 

PFC deactivation in CP. Increased sensorimotor cortical activation observed in the lesioned 

hemisphere of individuals with stroke during manual task performance was positively related to 

force production (507). Neuroimaging studies in children with CP found brain activation to be 
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excessive (375) and widespread (508), revealing the tendency of the damaged CNS to divert its 

limited neural resources to functionally important yet neurologically impaired brain areas. Notably, 

the magnitude of the proposed compensatory neural resource re-allocation and its impact on task 

performance appears co-dependent on task demands and environmental context in CP (509). 

Abnormally increased activity observed in the contralateral sensorimotor cortex in children with 

unilateral CP was related to less discrete muscle activation patterns and accompanied by inefficient 

movement trajectories during complex upper limb tasks like simulated pouring and asymmetric 

squeezing (45). Specific to the current study, similar patterns of lowered overall PFC activity were 

observed in children during high time constraint reaching with both the preferred and non-preferred 

arms. Though group differences in overall PFC activity were only statistically significant in the 

preferred arm, strong associations between overall PFC activity and reaching accuracy were 

observed in children with CP during non-preferred arm reaching under high time constraints. The 

lower magnitude of PFC de-activation displayed by children with CP during the latter condition 

may also indicate attenuated resource reallocation through greater attentional focus, mental effort 

or impulse control, or that other factors such as altered movement kinematics may influence PFC 

activation in CP. Taken together, these observations complement previous reports suggesting PFC 

activation is a potentially sensitive marker of task performance in children with CP (59), especially 

when movement challenge (135) and task demands (56) are increased, raising the possibility that 

PFC activation levels may serve as therapeutic targets for future interventions in this population.  

4.4.3. Relationship between reaching accuracy and PFC activity 

The impact of the proposed neural resource re-allocation on reaching accuracy may be 

reflected by the correlational analyses results. In agreement with our initial hypothesis, we observed 

a consistent positive relationship between PFC activity and reaching accuracy in children with CP. 

This observation implicates the PFC as a potentially important contributor to reaching accuracy in 

children with CP; the corollary is that the observed PFC de-activation seen in children with CP may 

be a pathological, counterproductive phenomenon which adversely impacts reaching performance. 
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The distinct PFC activity patterns observed in children with CP may serve as neurophysiological 

markers of functional performance. More speculatively, changes in PFC activity following 

intervention may accompany, precede or follow, functional gains in motor performance. Prior 

fNIRS work reported altered PFC activity in children with CP at the pre-intervention baseline was 

attenuated to levels comparable to typically developing controls following intensive upper limb 

therapy (59). Another study that assessed fNIRS-derived measures of cortical activity during 

robotic-assisted gait training reported increased PFC activity in children with moderate-to-severe 

spastic CP at the conclusion of 12 sessions of training (56). In both studies, the proposed 

‘normalization’ of PFC activity was accompanied by functional improvements observed following 

each intervention. In contrast to the positive associations noted in CP, we observed negative trends 

signifying inverse relationships between overall PFC activity and reaching accuracy in controls, 

with a significant negative association noted only during preferred arm reaching under low time 

constraints. Notably, PFC activity is sensitive to task familiarization (55) and practice-based motor 

learning (510) in healthy adults, and could potentially indicate motor skill in neurotypical adults. 

Novel fNIRS work on surgical trainees revealed PFC activity patterns elicited during bimanual 

simulated surgeries could accurately distinguish between, and classify surgical trainees (highest 

PFC activity), novice surgeons (low PFC activity) and experienced surgeons (lowest PFC activity) 

(511), suggesting PFC activity indicates skill acquisition and learning during complex upper limb 

tasks in neurotypical individuals (512). These findings highlight the need for further research on 

task-induced PFC activation in both typically developing and neurologically impaired children, to 

better understand the functional relevance of the distinct PFC activation patterns observed in 

children with CP. 

The imposition of time constraints revealed novel nuances in the reaching accuracy-PFC 

activity relationship in children with CP that are hemisphere-specific. Specifically, the ipsilateral 

PFC showed a consistent positive relationship with reaching accuracy in both arms, with stronger 

associations observed under low time constraints. In contrast, the contralateral PFC showed a strong 



126 

 

positive relationship with reaching accuracy only during non-preferred arm reaching performed 

under high time constraints. These results are in line with those of an exploratory pilot fNIRS study 

that observed PFC activity was lateralized to the ipsilateral PFC in two adults with CP during a ball 

throwing motor task compared to bilateral dominance seen in the healthy adult controls (352). 

While no statistical conclusions could be drawn, the authors speculated that the PFC’s functional 

response to a visuomotor upper limb task may differ in CP compared to healthy individuals. Our 

novel observations provide support to this exploratory hypothesis and shed light on a previously 

unexplored aspect of the cortical regulation of reaching in CP. In summary, these findings illustrate 

the complexity of the cognitive-visual-sensorimotor system interaction that underlies successful 

goal-directed reaching in children with CP. 

The novel observations reported above are supported by several strengths in our study 

design. Our study sample, while modest in size, was tightly controlled, with only right-arm 

dominant participants in both the age- and sex-matched groups that did not differ in any commonly 

measured physical characteristics. We attempted to minimize the heterogeneity of the CP group by 

restricting enrollment to participants who were within a reasonably narrow age range (5-11 y), 

exhibited clinically detectable spasticity, were independent ambulators (GMFCS levels I and II), 

and had mild impairments in manual abilities (MACS levels I and II). Motions artifacts commonly 

reported in work using fNIRS with neurological populations (513) were minimized during data 

collection by stabilizing the head within the KINARM frame and by using a chinrest, with 

additional automated motion artefact correction performed during data processing. Our reaching 

task was methodologically rigorous, with target location spatially randomized in a uniform 

distribution in both the x- and y- direction to minimize task predictability and increase trial-by-trial 

variability to prevent the decline in PFC activity observed across similar trials (55).  

This work also has limitations. First, fNIRS technology is limited to the collection and 

interpretation of neurophysiological data from the outermost layer of the cerebral cortex; thus, we 

could not image sub-cortical regions like the inter-connected basal nuclei and cerebellar networks 
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that also play an important role in movement planning and coordination (514). The low spatial 

resolution of the fNIRS device we used (Portalite, Artinis) also precluded imaging of other areas 

within the PFC and other cortical regions of interest like the sensorimotor and parietal cortices. 

While restricted in its spatial resolution, the Portalite device has previously been used to assess 

PFC hemodynamics in school-aged children (496, 515). Second, the Portalite device also lacks the 

integration of short-separation channels that could account for hemodynamic changes arising from 

systemic physiology (blood pressure, respiration and heart rate changes, etc.). Though we cannot 

exclude the possibility of fNIRS signal contamination from these variables, recommendations for 

best practices in fNIRS processing were followed to minimize these contaminants (402). Third, the 

modest sample size did not allow us to conduct further sub-group analyses (e.g., unilateral versus 

bilateral CP) and restricts the generalizability of our results. Despite this limitation, statistically 

significant group differences in reaching accuracy and PFC activity were noted, with significant 

positive relationships between reaching accuracy and PFC activity also detected in the children 

with CP. Finally, we did not collect data on eye movements, perceptual impairments, or 

proprioception that could shed further light on the underlying bases of the observed accuracy 

deficits during reaching in children with CP. However, previous work examining the relationship 

of proprioception and robotic reaching performance in children with hemiplegic CP showed a 

surprising dissociation of proprioceptive impairments from reaching performance, highlighting that 

perinatal stroke may differentially affect the sensory and motor systems (17). We recognize that 

more detailed kinematic analyses could provide greater insights into the limb- and time constraint-

specific deficits observed in children with CP, with the slower, jerkier, more variable and less 

accurate reaching movements displayed by children with spastic CP (289, 457, 516) all potentially 

contributing to the observed accuracy deficits reported in this study. Detailed multivariate analyses 

of reaching kinematics (517) should be the focus of future studies to assess the role of specific 

kinematic parameters such as movement trajectory characteristics and velocity profiles on reaching 

performance across time constraints in children with CP. 
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4.5. Conclusions 

Our study is the first to reveal distinct PFC activity patterns in children with spastic CP 

during robotic time-constrained reaching. Specifically, contrasting patterns of PFC activity were 

noted across time constraints in children with CP (PFC deactivation) compared to age-, sex- and 

arm dominance-matched typically developing controls (PFC activation). Correlation analyses 

revealed moderate-to-strong relationships between PFC activity and reaching accuracy across time 

constraints, with PFC activation patterns indicating possibly distinct roles of each hemisphere 

during time-constrained reaching in children with CP. Our results support the feasibility of using 

fNIRS in conjunction with robotic technologies to simultaneously assess the cortical correlates and 

performance metrics of goal-directed upper limb movements in children with CP.  
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CHAPTER 5 

REACHING KINEMATICS AND THEIR RELATIONSHIP WITH PREFRONTAL CORTEX 

ACTIVITY PATTERNS DURING MOVING TARGET INTERCEPTION IN CHILDREN 

WITH CEREBRAL PALSY 
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Abstract 

Introduction: Suppressed prefrontal cortex (PFC) activity in children with cerebral palsy (CP) is 

linked to reduced accuracy when reaching for stationary targets, but the impact of PFC activity on 

moving target interception is unknown. This study aimed to concurrently assess motor performance 

and PFC activity during time-constrained interception of moving targets in children with CP. We 

hypothesized interception performance deficits observed in CP would be directly related to their 

PFC activity. 

Method: Fifteen children with spastic CP (5-11y; Manual Ability Classification System level I-II) 

and 15 age-, sex-, and race-matched typically developing control children performed rapid 

unimanual reaching with a robotic manipulandum (KINARM) to intercept horizontally moving 

targets projected onscreen. Task difficulty was modulated by varying target velocity (high vs low 

time constraints). Ten trials per block, and 4 blocks per arm were completed. Mobile functional 

near-infrared spectroscopy was used to assess PFC activity. 

Results: Children with CP exhibited impaired motor performance (lower accuracy, d = 0.846; 

greater spatial errors, d = 0.929) and planning deficits (slower reaction time, d = 0.993), alongside 

more suppressed contralateral PFC activity (d = 0.522) and altered PFC laterality (ipsilateral 

dominance in CP vs. contralateral dominance in controls, d = 1.073) compared to controls during 

non-preferred arm interception (all p < 0.05). Performance deficits were exaggerated under more 

challenging high time constraints, with the CP cohort demonstrating higher spatial errors (d = 

1.233) and lower reaching peak velocities (d = 0.756) than controls (both p < 0.05). Under low time 

constraints, relationships of contralateral PFC dominance with reaction time demonstrated 

opposing patterns in children with CP and controls (Spearman rho (rs) = 0.516 and -0.546, 

respectively; both p < 0.05). Conversely, greater contralateral PFC activity and dominance in 

controls during preferred arm interception were related to poor motor performance under high time 

constraints (rs range = -0.590 to 0.823, all p < 0.05). 
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Conclusion: Impaired motor performance and atypical PFC activity, coupled with contrasting arm- 

and group-specific patterns of PFC-performance associations highlight disrupted brain-behavior 

relationships fin children with CP. Tailored rehabilitation strategies targeting aberrant PFC activity 

patterns may improve arm function in this group. 

 

 

.  
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5.1. Introduction 

Cerebral palsy (CP) describes a diverse group of neurodevelopmental disorders of 

posture and movement arising from a non-progressive brain injury (2). Up to 60% of children with 

CP experience upper limb impairments that limit functional independence in self-care, daily 

activities, and recreation (6, 113, 136). Beyond sensorimotor deficits such as weakness (476), 

dyscoordination (283, 518), and poor postural control (519, 520), individuals with CP experience 

challenges in movement planning (8), visuomotor coordination (521), and visuospatial attention-

perception (112, 522) that impede successful goal-directed actions. The interception of moving 

targets is an essential component of many real-world activities such as catching, hitting, and 

interacting with moving items, and is especially susceptible to this complex interplay of 

multisystemic deficits. Interception demands the seamless integration of sensory-perceptual, 

attentional, and motor processes to detect, track, and predict object movement in dynamic 

environments while concurrently planning and executing precisely coordinated and timed limb 

movements toward an object’s anticipated position (27-29). This real-time coupling of feedback-

driven corrections with anticipatory feedforward adjustments (30) also makes interception tasks 

uniquely suited to probe aberrant goal-directed behaviors in those with brain injury. In individuals 

with CP, sensory processing deficits produce aberrant somatosensory feedback (32) and prolonged 

response latencies which, coupled with spatial inattention (9) and perceptual deficiencies (490), 

may increase their dependence on feedforward-based predictive motor strategies (30). These 

impairments are compounded by central deficits in upper limb action planning which resist 

resolution over the course of development (34) and restrict arm use (35, 36). However, current 

clinical assessments of arm and hand use are unidimensional and lack the sensitivity and objectivity 

to accurately and reliably detect subtle deficits (11), underscoring the need for holistic and 

ecologically valid assessment tools to better characterize upper limb dysfunction in CP. 

Robotic technologies enable sensitive, reliable, and multidimensional assessment of 

reaching performance and planning in children with CP, with high-resolution kinematic metrics 
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capturing subtle deficits in sensorimotor (13, 14, 17, 20), visuospatial (21), and executive functions 

(22) that are often undetected on standardized clinical tests. When combined with 

neurophysiological evaluations (15, 16) and functional neuroimaging (167, 305, 464), robotic 

assessments can provide mechanistic insight into brain-behavior relationships across a range of 

task contexts. Functional near-infrared spectroscopy (fNIRS) is a non-invasive, mobile functional 

neuroimaging modality that is easily integrated with robotic platforms, and complements robotic 

assessments by providing real-time mapping of cortical activation patterns during naturalistic 

behaviors such as walking (56), stepping (135) and reaching (55, 495). Recent evidence (188) 

supports the feasibility of fNIRS in CP, with the prefrontal cortex (PFC) emerging as a key cortical 

region of interest (56-59, 135, 352) due to its high accessibility, superficial location,  and critical 

role in coordinating cognitive-motor interactions. Studies using fNIRS in CP reported task-

dependent PFC activity patterns during motor actions, reflecting its complex role in mediating 

action planning (523), prediction (52), executive functioning (293), and decision-making processes 

(53) that are integral to successful goal-directed reaching. These functions are particularly 

important under conditions of high task complexity or time constraints, where PFC-driven 

regulation of spatial attention (494), gaze-orientation (51), and goal specification (291) is integral 

to behavioral outcomes.  

We previously combined fNIRS assessment of PFC activity with robotic evaluation of 

time-constrained reaching in children with CP (464), and observed suppressed PFC activity in those 

with CP compared to tightly matched typically developing control children. However, higher PFC 

activity was linked to better reaching accuracy only in CP (464), suggesting PFC activity reflects 

increased cognitive engagement as a possible compensatory mechanism for motor performance 

deficits. These novel observations underscore the value of a multimodal robotic-functional 

neuroimaging approach to probe adaptive cortical recruitment and compensatory behavioral 

strategies during goal-directed movements in CP. Though interceptive behaviors place significant 

demands on predictive control and action planning functions known to be mediated by the PFC, to 
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our knowledge, no studies have integrated robotic and portable neuroimaging tools to interrogate 

PFC activity during time-constrained interception. This study extended our multimodal fNIRS-

robotics investigational approach (464), and aimed to concurrently assess PFC activity, reaching 

kinematics, and interception performance in children with CP during a time-constrained, moving-

target interception task. Given their expected deficits in PFC-mediated functions like spatial 

attention and motor planning, and our prior observation of group-level suppression of PFC activity 

in CP, we hypothesized that children with CP would exhibit greater interception performance 

deficits, and lower and more lateralized PFC activity than typically developing children. 

Additionally, we anticipated greater PFC activity would be related to better motor preparedness, 

planning, and interception performance in children with CP. 

 

5.2. Methods 

5.2.1. Participant recruitment 

Recruitment of children with spastic CP (age 5-11 y) was done for a larger randomized 

controlled trial (NCT03484078; clinicaltrials.gov/ct2/show/NCT03484078) via outreach to 

schools, rehabilitation clinics, Children’s Healthcare of Atlanta, and the Cerebral Palsy Foundation 

between March 2019 and March 2024. Typically developing children matched to the CP group by 

age (± 1.5 y), sex, and race were similarly recruited as controls if they had no neurological 

diagnoses, height and body mass between the 5th and 95th percentiles for their age and sex, and 

not participating in high-level sports. Exclusion criteria included: [1] Manual Ability Classification 

System (MACS) level V, indicating severe limitations in handling objects and performing simple 

tasks, [2] cognitive impairments preventing understanding of basic verbal instructions, [3] 

botulinum toxin injections within six months of enrollment, or [4] significant visual or 

musculoskeletal impairments that would hinder testing. Ethical approval was obtained from the 

Institutional Review Board at the University of Georgia. Parental informed consent and participant 

assent were obtained before study initiation. 

https://clinicaltrials.gov/ct2/show/NCT03484078
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5.2.2. Anthropometrics and clinical assessments 

Height was measured using a stadiometer (Seca 217; Seca GmbH & Co. KG., 

Germany) and body mass was measured using a digital scale (Detecto 6550, Cardinal Scale, MO, 

USA). Age- and sex-based percentiles for body mass, height, and body mass index (BMI) were 

calculated using US population-based normative data (467). Hand preference was determined with 

the Edinburgh Handedness Inventory-Short Form (468). Muscle tone was assessed using the 

Hypertonia Assessment Tool (HAT) (470). Manual ability and gross motor function was classified 

using the MACS (221) and the Gross Motor Function Classification System (GMFCS) (469), 

respectively. 

 
Figure 5.1.  Study methods. (A) Experimental setup illustrating participant’s seated position and unimanual 

grasp of the KINARM robotic handle. (B) Dual functional near-infrared spectroscopy devices were secured 

over prefrontal cortex regions of interest based on the International 10/20 system (Fp1, Fp2). (C) Trial 

protocol and (D) task protocol for the moving target interception task. (E) Interception performance outcomes 

were categorized into motor performance and motor planning metrics. (F) Neural (fNIRS) outcomes included 

measures of PFC activity magnitude and hemispheric dominance. HbO oxyhemoglobin, HbR 

deoxyhemoglobin. 
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5.2.3. Experimental setup 

The experimental setup (Fig. 5.1A) and fNIRS device placement (Fig. 5.1B) have 

previously been detailed (266, 464). Briefly, seated participants stabilized their head on a chinrest 

and viewed stimuli projected onto a semi-transparent mirror. Participants grasped and moved a 

robotic manipulandum (KINARM End-Point, Ontario, Canada) in the horizontal plane to control 

an on-screen cursor, with the screen blocking visual feedback of arm movements. The experimental 

workspace (34 x 34 cm grey box; Fig. 5.1C) required participants to initiate trials by maintaining 

the cursor (1 cm diameter white circle) in the start position (2 cm diameter blue circle) for 500 

ms. The target (1 cm diameter yellow circle) then appeared at the midline (x = 0,  y-position ± 0.5 

cm from center) and moved horizontally to the left or right (equal probability) at a fixed velocity. 

Task difficulty was modulated by imposing time constraints through varying target velocity across 

blocks: low time constraint blocks were easier and featured slow moving targets visible for 750 ms 

or 900 ms, while high time constraint blocks were harder with rapidly moving targets visible for 

500 ms or 625 ms. Participants were instructed to intercepts targets as quickly and accurately as 

possible without needing to stop at the target position; successful hits (i.e., cursor-target overlap 

within time constraint) turned the target green, while misses resulted in the target turning red on 

contact with the workspace boundary. Trial feedback (500 ms) was followed by a 2000 ms interval 

before the next trial. Rest periods (25-30 s) where participants remained still, were included before 

and after each block to allow PFC hemodynamics to return to baseline. Participants performed four 

blocks of 10 trials each per arm, with block order randomized within each arm (Fig. 5.1D). 

  

5.2.4. Data processing: (A) KINARM processing 

KINARM data were sampled at 1000 Hz, exported to MATLAB (v. R2015a SP1; 

MathWorks, Natick, MA), and processed in Python (v. 3.10). Raw hand position and velocity data 

were smoothened using a low-pass, fourth-order Butterworth filter (5 Hz cut-off). Figure 5.1E 

illustrates interception outcomes. Interception accuracy was computed as the percentage of hits 
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per block. Spatial error was quantified as the Euclidean distance between cursor and target 

positions at movement offset. As participants were not required to stop at the target, movement 

offset was defined as the first instance of cursor-target overlap, or when the cursor crossed the y-

position of the target. Peak velocity was assessed as the highest tangential velocity achieved during 

each trial. Movement onset was defined as the time when hand velocity first exceeded 5% of the 

initial local peak, with reaction time calculated as the interval between target appearance and 

movement onset. Trials with unidentified movement onsets or improbable reaction times (<100 ms 

or exceeding trial duration) were excluded. Initial movement angle, measured at 50 ms post-

reaction time, was computed as the angular deviation between start-to-hand and start-to-target 

position vectors. Positive angles indicated leading trajectories aimed ahead of the current target 

position, while negative angles reflected lagging trajectories directed towards the current target 

position.  

5.2.4. Data processing: (B) Functional neuroimaging (fNIRS) setup and processing 

Two portable fNIRS devices (Portalite, Artinis Medical Systems, The Netherlands) were 

positioned on the participants’ forehead (Fp1 and Fp2 locations of the International 10-20 system) 

over the left and right PFC, respectively (Fig. 5.1B), and secured with black felt caps to minimize 

signal contamination. Data from the 3 cm channel (135, 464, 496), sampled at 50 Hz, were 

processed using the HOMER3 software (v1.28.1) in MATLAB (MathWorks, Natick, MA, USA) 

following best practices (402). Preprocessing included power spectral density checks for signal 

quality, conversion of light intensity to optical density changes, and band-pass filtering (cut-offs = 

0.01-0.08 Hz) to remove cardiorespiratory noise, Mayer waves, and slow drifts (362). Motion 

artifacts and resultant baseline shifts were corrected using a hybrid spline interpolation-Savitzky 

Golay method (441). A principal component analyses filter accounted for systemic physiological 

contamination by removing 80% of spatially covarying signal components across fNIRS channels 

(524, 525). Hemoglobin concentration changes were computed (partial pathlength factor = 1) (135), 

baseline corrected by subtracting the mean signal from the preceding 2 seconds of each block, and 
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block averaged. Figure 5.1F depicts fNIRS outcomes. Mean changes in oxyhemoglobin 

concentration over 45 seconds post-trial onset indicated magnitude of PFC activity (464). A 

laterality index (LI, Equation 5.1) was used to quantify PFC lateralization, categorizing 

hemispheres as ipsilateral or contralateral to the arm tested (526). Positive LI values indicated 

contralateral PFC dominance, negative values reflected ipsilateral PFC dominance, and values near 

zero suggested bilateral dominance. 

𝐿𝑎𝑡𝑒𝑟𝑎𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (𝐿𝐼) =
𝜕𝐻𝑏𝑂𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙−𝜕𝐻𝑏𝑂𝐼𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝜕𝐻𝑏𝑂𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙+𝜕𝐻𝑏𝑂𝐼𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙
   (Equation 5.1) 

 

5.2.5. Statistical analysis 

Statistical analyses were conducted in RStudio (v2022.07.2, R Core Team 2022). 

Normality of data was assessed in SPSS (v27.0.1, IBM Corp., Armonk, NY) using skewness, 

kurtosis, and the Shapiro-Wilk test. Independent t-tests or non-parametric Mann-Whitney U tests 

were used to evaluate group differences in physical characteristics, based on normality. One-sample 

t-tests were used to assess deviations of physical characteristic percentiles from age- and sex-based 

50th percentiles. Linear mixed-effect models in RStudio were used to analyze interception 

performance outcomes (accuracy, spatial error, reaction time, initial angle, peak velocity) and PFC 

activity (oxyhemoglobin concentration change, Laterality Index), to account for the nested data 

structure of fNIRS datasets (437). Fixed effects included group (CP versus controls), arm (preferred 

versus non-preferred), and time constraint [high (hard) versus low time constraint (easy)], with 

subject as a random effect to account for correlations arising from repeated measures. Significant 

effects were followed by pairwise comparisons (alpha = 0.05). Spearman rank correlation (rs) was 

used to assess relationships between PFC activity and interception performance. Effect sizes 

(Cohen’s d (d)) were categorized as small (0.2), medium (0.5), or large (0.8) (473).  

 

 



139 

 

5.3. Results 

5.3.1. Participant characteristics 

Fifteen children with spastic CP and 15 age-, sex- and race-matched typically 

developing control children met participation criteria (Table 5.1). Groups did not differ in any 

height, body mass, or BMI (all p > 0.05), and percentiles did not differ from age- and sex-based 

50th percentiles in either group (all p > 0.05).  

 

Table 5.1. Physical characteristics of children with cerebral palsy (CP) and typically developing 

control children (Con). 

 
CP (n = 15)  Con (n = 15)     d   p 

Age (y)       8.4 ± 1.8      8.4 ± 2.1   0.017 0.962 

Sex (male/female)           7/8          7/8    ―  ― 

Race (White/Black)        13/2        13/2    ―  ― 

Height (m)      1.3 ± 0.1      1.3 ± 0.1   0.120 0.744 

Height %        50 ± 36       61 ± 25   0.371 0.443 

Body mass (kg)    29.5 ± 10.0    29.8 ± 10.9   0.029 0.983 

Body mass %        50 ± 31       56 ± 28   0.217 0.558 

BMI    17.0 ± 2.8    16.7 ± 2.7   0.126 0.885 

BMI %       54 ± 28       53 ± 26   0.026 0.944 

Arm dominance (right/left)          6/9        14/1    ―  ― 

CP diagnosis (unilateral/bilateral)          8/7           ―    ―  ― 

MACS level (I/II)          3/12           ―    ―  ― 

GMFCS level (I/II)        11/4           ―    ―  ― 

HAT preferred arm   11a/1b/1c/2d   15a/0b/0c/0d    ―  ― 

HAT non-preferred arm     8a/4b/0c/3d   15a/0b/0c/0d    ―  ― 

All values are mean ± SD. % represents percentiles for height, body mass, and BMI. Percentiles 

did not differ from age- and sex-based 50th percentiles. aNormal tone, bspasticity, cdystonia, dmixed 

tone (spasticity with dystonia). 
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Figure 5.2. Motor performance (accuracy, spatial error, peak velocity) for time-constrained 

interception. Results are presented for each arm (A, D, G), and across levels of task difficulty (low, high 

time constraint) for the non-preferred arm (B, E, H) and the preferred arm (C, F, I). All values are mean ± 

SE. # Group-by-arm or group-by-time constraint interaction, ✱group effect, †group difference, 1arm difference 

(CP, Con), 2time constraint difference (CP, Con). CP, cerebral palsy; Con, typically developing control 

children. 

 

5.3.2. Interception outcomes: Motor performance 

The effect of group, reaching arm, and time constraint on interception performance 

(i.e., accuracy, spatial error, and peak velocity) is illustrated in Figure 5.2. A group effect for 

accuracy revealed lower accuracy in children with CP than controls (d = 0.675, p = 0.009; Fig. 
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5.2A), with group differences detected in the non-preferred arm (d = 0.846, p = 0.005) but not the 

preferred arm (d = 0.505, p = 0.086). Children with CP displayed lower accuracy with the non-

preferred arm than the preferred arm (d = 0.663, p = 0.004), while accuracy rates in controls did 

not differ between arms (d = 0.321, p = 0.153). Those with CP displayed lower accuracy than 

controls across low and high time constraints in the non-preferred arm (d = 0.964 and 1.042, 

respectively; both p < 0.05; Fig. 5.2B), but only at the more difficult high time constraint condition 

in the preferred arm (d = 1.003, p = 0.009; Fig. 5.2C).  

A group-by-arm interaction for spatial error (p = 0.009, Fig. 5.2D) revealed greater 

spatial errors in children with CP during non-preferred arm interception compared to controls (d = 

0.929, p = 0.003), and to their preferred arm (d = 0.998, p < 0.001). With the non-preferred arm, 

children with CP exhibited higher spatial errors under high time constraints compared to controls 

(d = 1.233, p = 0.002; Fig. 5.2E), with both groups demonstrating higher spatial errors in this 

challenging condition compared to the easier low time constraint condition (dCP = 1.379, dCon = 

0.607; both p < 0.05; Fig. 5.2E).  

Peak velocity did not differ between groups in either arm, or across arms in either 

group (d range = 0.039 - 0.378, all p > 0.05; Fig. 5.2G), though a trend for slower movements with 

the non-preferred compared to the preferred arm was noted in children with CP (d = 0.378, p = 

0.052). Children with CP exhibited lower peak velocities than controls specifically under high time 

constraints in the non-preferred arm (d = 0.756, p = 0.046; Fig. 5.2H). Both groups demonstrated 

greater peak velocity under high compared to low time constraints in the non-preferred arm, though 

the magnitude of differences was markedly reduced in those with CP (dCP = 0.452, dCon = 1.284; 

Fig. 5.2H). 
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Figure 5.3. Motor preparedness (reaction time) and planning (initial movement angle) for time-

constrained interception. Results are presented for each arm (A, D), and across levels of task difficulty 

(low, high time constraint) for the non-preferred arm (B, E) and the preferred arm (C, F). Positive values of 

initial movement angle indicate reaching trajectory directed ahead of (i.e., leading) the target position, while 

negative values indicate reaching trajectory directed behind (i.e., lagging or following) the target position. 

All values are mean ± SE.  #Group-by-arm interaction, ✱group effect, †group difference, 1arm difference (CP, 

Con), 2time constraint difference (CP, Con). CP, cerebral palsy; Con, typically developing control children. 
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5.3.3. Interception outcomes: Motor planning 

The effect of group, reaching arm, and task difficulty (time constraint) on interception 

planning metrics is illustrated in Figure 5.3. A group-by-arm interaction for reaction time (p < 

0.001, Fig. 5.3A) revealed slower reaction time in CP during non-preferred arm interception 

compared to controls (d = 0.993, p = 0.008) and to their preferred arm (d = 0.557, p < 0.001). 

Children with CP displayed slower reaction times than controls across low and high time 

constraints with the non-preferred arm (d = 1.016 and 0.819, respectively; both p < 0.05; Fig. 5.3B). 

Faster reaction time during the high compared to the low time constraint condition was observed 

with the non-preferred arm in those with CP (d = 0.354, p = 0.009; Fig. 5.3B), and with the preferred 

arm in controls (d = 0.269, p = 0.020; Fig. 5.3C).  

An arm effect was observed for initial movement angles (p = 0.001, Fig. 5.3D), which 

lower in the non-preferred arm than the preferred arm (d = 0.472, p = 0.001). Both groups displayed 

lower initial angles during high compared to low time constraints in the non-preferred (dCP = 0.976, 

dCon = 0.859, both p < 0.05; Fig. 5.3E) and preferred arm (dCP = 0.582, dCon = 0.776, both p < 0.05; 

Fig. 5.3F). 



144 

 

 
Figure 5.4: Task-evoked PFC activity (contralateral PFC, ipsilateral PFC) and hemispheric dominance 

(laterality index) for time-constrained interception. Results are presented for each arm (A, D, G), 

and across levels of task difficulty (low, high time constraint) for the non-preferred arm (B, E, H) and the 

preferred arm (C, F, I). Positive values of laterality index indicate contralateral PFC dominance, while 

negative values indicate ipsilateral PFC dominance. All values are mean ± SE;  # Group-by-arm interaction, 

✱group effect, †group difference. CP, cerebral palsy; Con, typically developing control children. 

 

5.3.4. fNIRS outcomes: Prefrontal cortex activity 

The effect of group, reaching arm, and time constraint on PFC activity magnitude and 

laterality is illustrated in Figure 5.4. A group effect for PFC lateralization revealed overall lower 
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LI in children with CP compared to controls (d = 0.644, p = 0.019; Fig. 5.4A), with differences 

restricted to the non-preferred arm (d = 1.073, p = 0.005). Group differences in this arm were 

observed only during low time constraint conditions, with children with CP displaying ipsilateral 

PFC dominance compared to contralateral dominance in controls (d = 1.126, p = 0.003; Fig. 5.4B). 

A group-by-arm interaction for contralateral PFC activity (p = 0.041, Fig. 5.4D) revealed a trend 

for lower activity in CP compared to controls in the non-preferred arm (d = 0.522, p = 0.054), with 

similar trends observed under both time constraints (Fig. 5.4E). There was no effect of group, arm, 

or time constraint on ipsilateral PFC activity (all p > 0.05, Fig. 5.4G-I).  
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Figure 5.5: Spearman correlational analyses. Relationships of PFC activity magnitude (Contralateral, CL-

PFC; Ipsilateral, IL-PFC) and hemispheric dominance (Laterality Index, LI) with interception performance 

[accuracy (A,F), spatial error (B,G), peak velocity (C, H)] and planning [reaction time (D,I), initial movement 

angle (E,J)] across time constraints (low, high) with the non-preferred (A-E) and preferred arm (F-J) in 

children with CP and typically developing children (Con). *Statistically significant relationships. 
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5.3.5. Relationship between prefrontal cortex activity and motor performance 

In the preferred arm, PFC activity was not related to interception performance in CP 

(all p > 0.05; Fig. 5.5F-H); however, greater contralateral PFC activity was linked to worse 

interception performance in controls. Significant relationships were observed specifically under 

high time constraints, with greater contralateral PFC activity in controls related to lower accuracy 

(rs = -0.600, p = 0.018; Fig. 5.5F), higher spatial error (rs = 0.611, p = 0.016; Fig. 5.5G) and lower 

peak velocity (rs = -0.625, p = 0.013; Fig. 5.5H). Similarly, greater contralateral PFC dominance 

in controls was also linked to poor performance outcomes under high time constraints, with higher 

LI values related to worse accuracy (rs = -0.590, p = 0.021; Fig. 5.5F) and greater spatial error (rs 

= 0.823, p < 0.001; Fig. 5.5G). No significant relationships between PFC activity and performance 

were observed with the non-preferred arm in either group (all p > 0.05). 

 

5.3.6. Relationship between prefrontal cortex activity and motor planning  

In the non-preferred arm, significant associations between PFC activity and motor 

planning were observed for both groups (Fig. 5.5D-E). Specifically, higher LI values (i.e, stronger 

contralateral PFC dominance) in children with CP was related to slower reaction time across low 

and high time constraints (rs = 0.516 and 0.568, respectively; both p < 0.05; Fig. 5.5D). Conversely, 

in controls, higher LI values were related to faster reaction time under low time constraints (rs = -

0.546, p = 0.035; Fig. 5.5D). Greater contralateral PFC activity in those with CP was also related 

to higher initial movement angles under low time constraints (rs = 0.514, p = 0.050; Fig. 5.5E).  

 

5.4. Discussion  

This novel multimodal study combined robotic assessment of time-constrained 

moving-target interception with mobile functional neuroimaging to investigate motor performance, 

planning, and PFC activity in children with CP compared to age-, sex-, and race-matched typically 
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developing control children. Children with CP exhibited impaired performance and planning with 

the non-preferred arm, evidenced by reduced accuracy and increased spatial errors, alongside 

prolonged reaction times compared to controls. Group differences were amplified under more 

difficult high time constraints, with lower peak velocity in those with CP indicating challenges in 

adapting behavior to meet heightened task demands. Cortical activity patterns during non-preferred 

arm interception also differed between groups, with ipsilateral PFC dominance observed in children 

with CP compared to contralateral PFC dominance noted in controls. These contrasting patterns 

were differently linked to motor planning in each group under low time constraints, with greater 

contralateral dominance related to slower reaction time in CP, but faster reaction times in controls. 

Further, greater contralateral PFC activity in controls during preferred arm interception was also 

related to worse motor performance, highlighting distinct brain-behavior dynamics underlying 

motor performance in each group. 

5.4.1. Interception performance and planning  

The performance deficits observed in our cohort of children with CP align with prior 

literature documenting impaired interceptive behaviors in this group. While children with unilateral 

CP display preserved motor adaptability under external time constraints during walk-and-intercept 

tasks (282, 284), interception success is lower with the more impaired arm during these gait-based 

tasks (285), reflecting the neuromotor challenge of coordinating whole-body movements with 

precisely timed reaching. Similar limitations emerge during seated interception (289), with greater 

spatial errors, lower accuracy, longer reaction and movement times, and lower peak velocities 

reported in children with unilateral CP with the non-preferred arm. Notably, limb differences in 

mean spatial errors were 3 times greater in the CP cohort compared to typically developing children 

(289). Our observations corroborate and expands on these patterns by detailing markedly greater 

limb differences in overall spatial errors (dCP = 0.998, dCon = 0.194), accuracy (dCP = 0.663, dCon = 

0.321), reaction time (dCP = 0.557 , dCon = 0.022) and peak velocity (dCP = 0.378, dCon = 0.106) in a 

more clinically diverse group of children with CP compared to tightly matched controls. While van 
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Thiel et al. (289) reported no changes in reaction time with increasing target velocities, our CP 

cohort displayed preserved adaptive motor responses by scaling peak velocities and reducing 

response latencies during the more challenging high time constraint condition. Importantly, this 

condition also revealed subtle performance deficits in the preferred arm in CP, extending prior 

evidence of deficits in the less affected arm in both bilateral (120) and unilateral CP (463, 527). 

These observation underscore the importance of bilateral assessments and holistic interventions 

targeting motor deficits within and across limbs for individuals spanning the spectrum of CP 

diagnoses (1).  

While group differences in initial movement angles were not statistically significant in 

either arm, these angles trended lower in children with CP than controls which may reflect pursuit-

based interception strategies (272) or subtle visuomotor impairments that may impede object 

tracking (528). However, initial movement angles were similarly lower at the high compared to 

low time constraint condition in both groups, suggesting children with CP retain the ability to adapt 

motor plans in a task-dependent manner by incorporating target velocity information (270). These 

findings underscore the dual pattern of coexisting motor deficits and retained motor adaptability 

that is commonly reported by clinicians working with CP, reinforcing the need for more granular 

assessments to detect subtle deficits that can inform individualized targeted therapies in this 

population.  

  

5.4.2. Patterns of PFC activity 

In line with our hypothesis, children with CP exhibited suppressed contralateral PFC 

activity during non-preferred arm interception, consistent with prior reports of attenuated PFC 

activity in children with CP during physically demanding tasks such as time-constrained reaching 

(464) and progressive lateral step-up test (135). Diminished PFC activity in CP likely reflects a 

maladaptive neural resource allocation strategy (298) that is constrained by task context and 

environmental demands (299), and may contribute to suboptimal functional performance following 
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brain injury in adulthood (507) or early life (47). Specifically, we propose a task-dependent 

redistribution of resources away from the rostral prefrontal cortices which mediates higher-order 

executive functions and action-perception coupling (293, 523), and toward the posterior parieto-

occipital and association cortices regulating multisensory and sensorimotor integrative functions 

(247, 480). We speculate that this redistribution is likely governed by structural and functional 

constraints imposed by early neural injury, with altered structural and functional connectivity 

between the prefrontal and motor cortices in CP (351, 353) potentially contributing to their 

pathologically heightened usage of neural resources for similar levels of motor output as typically 

developing children (174). Greater magnitude and spatial spread of sensorimotor cortex activity in 

CP, which scales with the degree of functional impairment and has been linked to abnormal muscle 

synergies and poor functional outcomes (45, 47, 48), supports our contention that the proposed 

rostro-caudal redistribution of neural resources in individuals with CP may contribute to, underlie, 

or exacerbate their observed functional impairments. The context-dependent nature of these 

proposed adaptations may also explain contradictory reports of exaggerated PFC activity in CP 

during low-challenge tasks like seated shape-matching (57, 58), and reduced activity during more 

demanding tasks like time-constrained reaching (464) and the progressive lateral step-up test of 

functional strength (135).  

Altered PFC laterality, observed as ipsilateral dominance in CP compared to 

contralateral dominance in controls, may reflect disrupted functional specialization of the cerebral 

hemispheres following early neural damage (529). This hypothesis is supported by preliminary 

evidence of similar ipsilateral PFC dominance reported in two adults with CP during a unimanual 

task (352), compared to bilateral PFC dominance observed in controls. While prior work in 

neurotypical adults suggests a task-dependent dissociation of PFC activity between hemispheres 

during movement planning (530), the mechanisms underlying altered PFC lateralization in CP 

remain poorly characterized and warrant further investigation to elucidate their role in mediating 

aberrant cognitive-motor interactions this group (458).  



151 

 

 

5.4.3. Relationships between PFC activity and interception performance 

While PFC activity metrics were not related to motor performance in either arm in children 

with CP, negative associations between contralateral PFC activity and interception performance 

were consistently observed with the preferred arm in typically developing control children. As all 

but one control participant was right-arm dominant, these negative associations were driven by the 

left PFC. Similar negative but non-significant trends between left PFC activity and reaching 

accuracy were previously reported in typically developing children during stationary target 

reaching (rs range = -0.453  to -0.020) (464). Prior theories of hemispheric lateralization (531, 532) 

suggest distinct roles of each hemisphere for motor learning and adaptation in neurotypical adults 

(531), with the left hemisphere posited to govern typical motor behaviors in stable environments, 

and the right hemisphere linked with novel behaviors and adaptive responses to perturbations (532). 

Additionally, visuospatial attention is largely lateralized to the right PFC (533), while exaggerated 

left PFC activity has been linked both to frustration in typically developing preschoolers (534), and 

to worse attentional control in children with attention-deficit/hyperactivity disorder (535). While 

theoretical frameworks of hemispheric specialization in the frontal lobes have not been specified 

for children, we speculate that excessive left PFC activity may hinder attentional control and 

emotional regulation, diverting resources from right hemisphere-driven visuospatial attention and 

adaptive behaviors in novel contexts, leading to impaired motor performance. These findings 

highlight unique brain-behavior relationship dynamics in typically developing children and those 

with CP, underscoring the need for considering lateralized PFC functions and their impacts on 

cognitive-motor interactions in both clinical and neurotypical populations. 

 

5.4.4. Relationships between PFC activity and interception planning 

Despite the recognized role of the PFC in motor planning (536), preparedness (245), 

and prediction (52, 53), this study is the first to quantify the relationships between task-evoked PFC 



152 

 

activity and metrics of motor planning and performance in children with CP and typically 

developing children. In the non-preferred arm, a direct positive association between contralateral 

PFC activity and initial movement angles under low time constraints in CP suggests greater PFC 

activity promotes adaptive motor planning (272) with predictive interception trajectories directed 

toward an anticipated future target position (30) when task demands are low. Conversely, greater 

contralateral PFC dominance was related to slower reaction time across time constraints in CP, but 

to faster reaction time under low time constraints in controls. Controls also exhibited a trend for 

higher (i.e., less suppressed) contralateral PFC activity than those with CP in the non-preferred arm. 

Together, these observations suggest complex hemisphere-specific linkages between PFC 

engagement and motor planning metrics that are dependent on arm and task difficulty. 

Speculatively, resource allocation between the two PFC hemispheres in CP may involve potential 

trade-offs between attentional engagement, response speed (i.e., reaction time), and trajectory 

planning (i.e., initial movement angles) that are influenced by task difficulty and arm used. These 

findings align with our previous observations (464) that positive relationships between PFC activity 

and motor accuracy in CP during time-constrained, stationary target reaching similarly varied by 

arm, task context, and PFC hemisphere, reinforcing the complexity of brain-behavior dynamics 

following early brain injury. Notably, altered PFC activity reported in more severely affected 

children with CP following a robot-assisted gait training intervention (56) followed hemisphere-

specific patterns, with these changes attributed to improved movement planning abilities following 

the intensive intervention. The potential for PFC activity metrics to serve as biomarkers for 

functional improvements in CP underscores the need for further examination aimed at improved 

characterization of activity patterns in this relatively understudied brain region. 

 

5.5. Limitations 

Limited spatial resolution of the fNIRS devices (Portalite, Artinis) used, coupled with the 

inability of fNIRS to image additional subcortical and deep grey matter structures implicated in 
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motor control (e.g., basal nuclei) (537), prevented interrogation of the supplementary motor areas 

(538), parietal-occipital cortices, and cerebellar regions involved in visuomotor integration and 

multisensory coordination required for successful interception (248, 506, 539). However, despite 

limited spatial coverage, we successfully captured altered PFC activity patterns in children with CP 

compared to tightly matched controls. The fNIRS devices also prevented the inclusion of short-

separation channels recommended for removing non-neuronal signal contaminants arising from 

systemic physiological changes (e.g., cardiorespiratory changes in blood pressure, heart rate, 

respiratory rate) (211, 331). While this device has previously been used to capture PFC 

hemodynamic in school-aged typically developing children (515, 540), we followed best practice 

recommendations (399, 402) and prior fNIRS research in CP (46, 135) by incorporating additional 

principal component analysis (524, 525) during signal processing to remove non-neural signal 

contaminants. While  this approach risks signal overcorrection and increased Type II error via 

removal of task-evoked, neural hemodynamic signal components (399), we successfully captured 

group differences in both the magnitude and lateralization of PFC activity. Additional limitations 

included the inability to conduct detailed sub-group analyses due to our modest sample size and 

the unavailability of information on brain injury characteristics, visuo-ocular function, or sensory-

perceptual abilities in participants with CP. Though prior work revealed a dissociation between 

sensory function and reaching performance during robotic assessments in children with unilateral 

CP (17), future studies should include these data for deeper insights into the neurophysiology of 

sensorimotor interactions in this population. 

 

5.6. Conclusions 

Children with CP exhibited pronounced impairments when intercepting moving targets 

with the non-preferred arm compared to age-, sex-, and race-matched typically developing children, 

with deficits most apparent when reaching under more challenging high time constraints. Motor 

deficits were accompanied by atypical PFC activity patterns, with ipsilateral PFC dominance in CP 
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diverging from contralateral PFC dominance noted in controls, suggesting altered neural 

reorganization following early brain injury. Contralateral PFC activity and dominance were 

differently related to metrics of motor planning and performance in children with CP and controls, 

highlighting distinct brain-behavior relationships underlying interceptive behaviors in each group. 

These novel observations support the use of multimodal assessment to delineate linkages between 

neural and behavioral contributors of upper limb dysfunction in CP. Future research aimed at 

characterizing PFC activity patterns during naturalistic reaching behaviors may identify neural 

biomarkers that can inform targeted interventions to enhance neuromotor efficiency and optimize 

motor control, particularly for more impaired arm use in tasks performed under heightened task 

demands in children with CP. 
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CHAPTER 6 

CONCLUSIONS 

 

This dissertation aimed to characterize brain–behavior relationships underlying upper limb 

dysfunction in children with CP by integrating high-precision robotic assessments with non-

invasive, portable functional neuroimaging during goal-directed behaviors. This novel multimodal 

approach leveraged the sensitivity of robot-derived kinematic measures and the motion-tolerance 

of fNIRS to concurrently capture motor behavior and cortical activity during ecologically valid and 

naturalistic behaviors like reaching and interception. The four complementary studies in this 

dissertation first describe the feasibility and current use of mobile fNIRS use in CP, then detail how 

motor planning and execution deficits during goal-directed reaching and interception task vary with 

task context and relate to clinical tests of manual ability, before finally characterizing PFC activity 

patterns and their associations to behavioral outcomes across each task. These studies illustrate the 

potential of integrative approaches to both, illustrate how motor deficits manifest across different 

task constraints, and offers an assessment framework for probing adaptive or compensatory neural 

strategies in children with CP, providing empirical foundations for the development of 

neurophysiology-informed rehabilitation strategies. 

The first study used a scoping review methodology to critically appraise and map the 

current literature on the feasibility and utility of fNIRS to assess cortical activity, functional 

connectivity, and neuroplasticity in individuals with CP. Our synthesis of 16 studies confirmed that 

fNIRS offers a viable approach for capturing cortical activation during upper limb tasks children 

with CP. A small but growing body of literature linked sensorimotor cortical activity to manual 

ability, with exaggerated or diffuse activation patterns often observed in individuals with poorer 
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function. Patterns of PFC activity varied by task complexity and cognitive-motor load, with 

preliminary evidence (59) supporting its potential as a potential biomarker for functional 

improvements post-intervention. The lack of multimodal studies combining fNIRS with 

behaviorally demanding motor assessments confirmed a clear scientific gap that served as the 

conceptual driver for the subsequent empirical studies in this dissertation. 

Building on this foundation, the second study used robotic assessments to examine how 

motor performance and planning deficits in children with CP vary across task contexts and temporal 

constraints, and detailed their relationship to clinical measures of upper limb function. Children 

with CP exhibited lower reaching accuracy, increased spatial error, and slower movement velocities 

compared to age- and sex-matched typically developing children, with deficits accentuated in the 

non-preferred arm and under high time constraints. Planning impairments were reflected by delayed 

reaction times and reduced initial movement angles which were relatively consistent across time 

constraint, suggesting a pervasive disruption in action planning and anticipatory motor control. 

Importantly, robotic metrics were moderately and directly linked to clinical assessments of manual 

ability, especially under higher task demands, demonstrating the convergent validity of robotic 

tools and underscoring their potential to complement clinical evaluations. Notably, the moving 

target interception task elicited comparable or even superior performance relative to stationary 

target reaching, highlighting the potential of dynamic, ecologically relevant tasks to uncover latent 

motor capabilities in children with CP. 

The third and fourth studies extended behavioral findings by integrating fNIRS with the 

robotic tasks to quantify task-evoked PFC activity and its relationship with motor performance. In 

the stationary target reaching task, PFC activity was suppressed in children with CP during 

preferred arm movements under high time constraints, while controls showed a non-significant 

increase in activation magnitude compared to low time constraints, suggesting a potential failure 

of adaptive PFC upregulation in children with CP under time pressure. Notably, greater PFC 

activity correlated with higher reaching accuracy in those with CP, particularly in the non-preferred 
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arm and under high time constraints, supporting the role of the PFC in supporting motor 

performance when sensorimotor efficiency is compromised. The fourth study further extended this 

line of inquiry and assessed PFC activity during moving target interception across similarly varied 

time constraints. Children with CP displayed suppressed contralateral PFC activation and 

dominance in the non-preferred arm relative to controls, who displayed contralateral PFC 

dominance. Furthermore, greater contralateral PFC activity and higher ipsilateral PFC dominance 

in CP was both associated with faster reaction times with the non-preferred arm, raising the 

possibility of a compensatory, but potentially suboptimal, pattern of PFC recruitment. In contrast, 

greater contralateral PFC activity and lateralization in controls during preferred arm interception 

were linked to poorer performance, possibly reflecting neural inefficiency under high demand. 

These contrasting patterns of associations underscore the importance of interpreting PFC activity 

in light of behavioral context, task demands, and underlying neural reorganization. 

 

Limitations 

This work is subject to several methodological limitations. The constrained spatial 

resolution of the fNIRS devices (Portalite, Artinis) and the general inability of fNIRS to image 

subcortical and deep grey matter structures preclude assessment of additional brain areas (e.g., 

parietal-occipital cortices, cerebellar cortex) that contribute to visuomotor integration and 

multisensory coordination. The lack of short-separation channels also prevents optimal correction 

of non-neuronal physiological noise, necessitating the use of alternate signal processing algorithms 

(principal component analysis) which can introduce signal overcorrection risks. Additionally, our 

modest sample size lowers sensitivity to detect subtle differences in cortical activity and limits sub-

group analyses; however, the inclusion of a carefully matched control group strengthens confidence 

in the study results. The absence of detailed brain lesion data, visuo-ocular function assessments, 

and sensory-perceptual measures constrains the scope of our neurophysiological interpretations. 

Given prior evidence suggesting distinct sensory-motor dissociations in CP (17), future studies 
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should integrate these measures to further clarify how cortical dynamics influence reaching 

impairments. Despite these challenges, our findings present a compelling case for adopting 

multimodal, task-constrained robotic paradigms to assess upper limb function in children with CP.  

 

Major contributions 

Taken together, these findings provide critical groundwork for integrating mobile fNIRS 

with robotic assessments, paving the way for more refined, ecologically valid neuroimaging 

approaches in CP research. Robotic tools provided reliable and sensitive kinematic metrics that 

revealed task-specific and limb-specific impairments in both motor execution and planning. When 

paired with mobile fNIRS, these assessments offered real-time insight into the neurophysiological 

substrates of behavioral deficits, especially within the PFC region that is central to motor 

prediction, planning, and anticipatory motor control. These multimodal findings point to three core 

conclusions: 

(1) Upper limb dysfunction in CP is both context-dependent and arm-specific, requiring 

dynamic assessments that account for environmental and cognitive demands.  

(2) The PFC plays a critical yet task-specific role in modulating performance under varying 

task demands, with aberrant lateralization patterns and reduced adaptability evident in CP.  

(3) Integrating cortical and kinematic data can uncover latent compensatory mechanisms 

or maladaptive strategies that can guide targeted therapeutic interventions aimed at enhancing 

neuroplasticity and functional recovery.  
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