
An fNIRS Exploratory Investigation of the Cortical Activity 
During Gait in Children with Spastic Diplegic Cerebral Palsy

Max J. Kurz1,4, Tony W. Wilson2,3,4, and David J. Arpin1

1Department of Physical Therapy, Munroe-Meyer Institute, University of Nebraska Medical 
Center, Omaha, Nebraska

2Pharmacology and Experimental Neuroscience, College of Medicine, University of Nebraska 
Medical Center, Omaha, Nebraska

3Department of Neurology, College of Medicine, University of Nebraska Medical Center, Omaha, 
Nebraska

4Center for Magnetoencephalography (MEG), University of Nebraska Medical Center, Omaha, 
Nebraska

Abstract

Objective—The primary aim of this exploratory investigation was to determine if there are 

differences in cortical activation of children with spastic diplegic cerebral palsy (CP) and typically 

developing children during gait.

Methods—Functional near-infrared spectroscopy was used to measure the concentration of 

oxygenated hemoglobin that was present in the supplementary motor area, pre-central gyrus, post-

central gyrus and superior parietal lobule as the children walked on a treadmill. A sagittal plane 

video was concurrently collected and later digitized to quantify the temporal gait variations.

Results—1) The children with CP had an increased amount of activation in the sensorimotor 

cortices and superior parietal lobule during gait, 2) The children with CP had a greater amount of 

variability or error in their stride time intervals, and 3) an increased amount of error in the 

temporal gait kinematics was associated with an increased amount of activity across the cortical 

network.

Conclusion—Our results suggest that the perinatal damage and subsequent neural 

reorganization that occurs with spastic diplegic CP may impact the functional cortical activity for 

controlling gait. Furthermore, our results imply the increased cortical activity of the 

somatosensory cortices and superior parietal cortices may underlie the greater amount of error in 

the temporal gait kinematics.
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Introduction

One of the leading causes of childhood disability is cerebral palsy (CP), which often results 

from a perinatal brain injury. Over 90% of these children present motor impairments that 

result in a gait pattern that is slower, less coordinated, and has a greater amount of 

variability or errors in the temporal kinematics [1,2]. A considerable amount of effort has 

been devoted to using structural magnetic resonance imaging (MRI) and diffusion tensor 

imaging (DTI) to understand if damage in the respective lobules and fiber tracts is related to 

the atypical motor performance seen in children with CP. The general consensus is that 

children who have a higher Gross Motor Function Classification Score (GMFCS) tend to 

have more extensive damage to the corticospinal and thalamocortial pathways [3–5]. In 

addition, it has been further reported that the extent of the damage to the these tracts is 

related to lower extremity weakness and deficient gait biomechanics [5,6].

Despite the noted structural damage, numerous transcranial magnetic stimulation (TMS) 

investigations have shown that the sensorimotor cortices of children with CP often 

dynamically rewire themselves throughout development. For example, in children with more 

severe hemiplegic presentations, the ipsilateral homologue cortices often assume the role of 

the damaged contralateral cortices that would normally be involved in the control of 

movement [7,8]. Likewise, in children with less severe brain injury, it has been shown that 

the locale of neuronal populations that control the leg muscles are more lateral in the 

homunculus topology [9], which suggests cortical reorganization of neural representations of 

the leg.

Very few investigations have evaluated the activity of the sensorimotor cortices during 

movement in children with CP [10–14]. The outcomes of these functional MRI (fMRI) 

studies have indicated that the unaffected hemispheres in children with hemiplegic CP often 

assume the role of the damaged hemispheres while performing a finger-to-thumb opposition 

motor task [10,11,13]. In addition, it has been shown that bilateral activation of the 

sensorimotor cortices and the contralateral premotor cortex often occurs when children with 

spastic diplegic and quadraplegic presentations perform a finger-to-thumb opposition task 

[12]. It is unknown how these differences in neural activity affect the motor performance of 

children with CP since biomechanical data was not concurrently collected during these 

experiments. In addition, the ecological validity of these experimental outcomes is limited 

because they are based on simplified motor tasks. Although these experimental outcomes are 

enlightening, they still do not address if the neuroplastic changes normalize the activity of 

the sensorimotor cortices, or result in additional challenges to nervous system function that 

may increase the probability for errors in the motor performance.

Functional near-infrared spectroscopy (fNIRS) is an emerging neuroimaging technique that 

measures the hemodynamic changes that occur in cortical tissues during movement [15]. 

During fNIRS experiments, children wear a cap that contains a series of photon emitters and 
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detectors, and this cap is situated on the scalp near a brain region of interest. The emitters 

produce infrared light that penetrates the skull and is absorbed or refracted by hemoglobin in 

the underlying neural tissues. The total refraction measured by the detectors is used to 

quantify the amount of oxygenated (oxyHb) and de-oxygenated (deoxyHb) hemoglobin in 

local neural tissues. It has been well established that a greater concentration of oxyHb is 

associated with a greater amount of activity in the underlying neural tissues [15].

fNIRS has an advantage over other imaging modalities because it is less susceptible to head 

movements, quiet, does not require a confined environment, and it can be used to evaluate 

cortical activity during ecologically valid motor tasks such as walking [16,17]. Prior fNIRS 

experiments have shown that the amount of cortical activity is greater during challenging 

walking conditions [16,17]. For example, during walking, the amount of activity across the 

cortical network is reduced when stroke patients are supported by an overhead support 

system [17]. Additionally, it has also been shown that a greater amount of cortical activity is 

associated with a more variability or errors in the gait temporal kinematics [16]. Based on 

these novel insights, we suspect that children with CP would have a greater amount of 

cortical activity while walking because their spatiotemporal kinematics are more variable 

and potentially more challenging to control [16].

In this exploratory investigation, we used fNIRS to measure the concentration of oxyHb that 

was present in the sensorimotor cortices as children with and without CP walked on a 

treadmill. We quantified the differences in the amount of activation in the cortical networks 

that are involved in the control of gait by monitoring the change in the concentration of 

oxyHb. Our primary aim was to explore if children with CP have an increased amount of 

neural activity across the cortical network during gait compared with typically developing 

(TD) children. Our secondary aims were to further probe the relationship between the 

amount of neural activity, and the amount of variability seen in the gait temporal kinematics 

of the children with CP.

Materials and Methods

Participants

The University of Nebraska Medical Center’s Institutional Review Board approved this 

investigation. The participating children were recruited from the physical therapy clinic at 

the University of Nebraska Medical Center, where they had previously received treatment or 

had undergone a gait analysis. Four children with spastic diplegic CP (Age = 11.0 ± 4 yrs.) 

and eight TD children (Age = 13.2 ± 3 yrs.) volunteered to participate in this investigation. 

Written informed consent was acquired from the parents and the children assented to 

participate in the experiment. The children with CP had a previously defined diagnosis of 

CP by a pediatric neurologist. For all of the children, the resulting CP was a result of 

periventricular leukomalacia, and they had a spastic diplegia presentation. Children with 

known large occupying lesions and/or volume loss that would have affected the cortical 

tissue were not included in our investigation. Three of the children with CP had GMFCS of 

II and wore orthotics during ambulation. The other child with CP was classified as GMFCS 

III and required forearm crutches for ambulation. The participating TD children were free of 
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any neurologic and/or orthopedic impairment that would have affected their gait. Further 

descriptions of the participating children are detailed in Table 1.

Experimental Paradigm

Each child performed two sequential sessions and each session consisted of five alternating 

blocks of standing-still for 30 seconds and 30 seconds of walking at a speed of 0.45 m/s on a 

programmable treadmill (RTM 4000, Biodex, Shirley, NY). Participants held onto the 

handrails at all times, maintained a stable head position, and kept their eyes fixated on a 

visual target that was positioned 30.5 cm away at head level.

fNIRS Data Acquisition

A continuous wave fNIRS system (ETG-4000 Optical System; Hitachi Medical 

Corporation) utilizing two different wavelengths (~695 and ~830 nm) was used for this 

study. Relative changes in the absorption of near-infrared light were sampled at 10 Hz, and 

these measures were converted into relative concentration changes of oxyHb based on the 

modified Beer-Lambert approach [18]. The overall optical system consisted of eight infrared 

optode emitters and eight optode detectors, arranged in a 4 X 4 square array with 3 cm inter-

optode spacing, that were affixed to a custom Lycra hat that was worn on the head. This 

configuration provided 24-channels that measured the hemodynamic changes in the 

underlying neural tissues. The optodes were positioned on the participant’s head using the 

International 10/20 system for EEG recording, with Cz located beneath the center of the 

front two rows of optodes (i.e., between channels 5–6). All optodes were connected to 

lightweight fiber optic cables that allowed for transmission of the infrared light to the 

Hitachi ETG-4000 workstation. The fiber optic cables were tethered to an overhead support 

system, which reduced movement in the cabling, and thereby stabilized the cap’s position 

during the respective walking conditions.

fNIRS Data Analysis

The measured (oxyHb) hemodynamic waveforms were filtered using a 0.01 Hz high pass 

filter and a 5.0 s moving average. To increase the signal-to-noise ratio and to exclude 

extraneous biological noise (e.g., respiratory and cardio-artifacts), principal component 

analyses were conducted on the respective waveforms taken from all channels [15]. 

Components with 0.25 or lower correlation with the reference waveform, which 

corresponded to the expected hemodynamic function, were filtered from the data while those 

with correlations above 0.25 were passed and included in the final reconstruction of the 

individual channel time series. The reference waveform was a trapezoidal function with an 

upward slope that started at the onset of walking and had a 5 second time to peak, a 25 

second peak duration, and a 5 second downward slope. These data were used to create 

average oxyHb trial waveforms for each channel. Changes in the amount of activation in the 

sensorimotor cortices were evaluated relative to their specific baselines, which were 

determined from the 2.5 seconds that immediately preceded the onset of walking.

Changes in the amount of activation in the sensorimotor area were assessed by separating 

the sampled channels into groups that were situated over the supplementary motor area 

(SMA), precentral gyrus, postcentral gyrus, and superior parietal lobule (for a complete 
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description of the methodology, see Okamoto et al. [19] and Wilson et al. [20]). The average 

maximum concentration of oxyHb in each of the channel groups was evaluated. 

Additionally, the average maximum concentration of oxyHb across all the channels was 

evaluated to quantify the overall cortical activity.

Gait Analysis

Two-dimensional sagittal plane video was collected at 60 Hz and the respective heel-strikes 

were manually digitized with the SIMI motion capture software (SIMI Reality Motion 

Systems, Unterschleissheim, Germany). The stride, stance and swing times were 

subsequently calculated with custom software. The coefficient of variation of the respective 

temporal kinematic measures was calculated to quantify the amount of variability present in 

the gait pattern.

Statistical Analysis

A mixed model (group × cortical area) ANOVA was used to determine if there were 

significant differences in the concentration of oxyHb in the SMA, precentral gyrus, 

postcentral gyrus, and superior parietal lobule between the children with CP and the TD 

children. Significant interaction effects were followed-up with t-tests. Independent t-tests 

were also used to examine the differences between children with CP and TD children for the 

respective temporal kinematic measures, and the average maximum oxyHb concentration 

across all channels. Pearson product moment correlations were used to determine if there 

was a relationship between the amount of variability seen in the stride-time intervals, and the 

oxyHb concentration in each of the four regions of interest. These correlations were 

performed with the data collected from all children. We did not perform the correlations for 

the children with CP in isolation since our exploratory study was based on a few children 

with CP that had similar presentation. All statistical tests were performed at a 0.05 alpha 

level. Results in the text and graphs are presented as mean ± standard error of the mean.

Results

fNIRS Results

A representative oxyHb time series for a child with CP and a TD child are displayed in 

Figure 1. As this figure shows, the concentration of oxyHb increased during the active 

walking period and decreased during the non-active period (i.e., when the child was standing 

still). Moreover, there was a substantially greater amount of oxyHb across many of the 

channels for this representative child with CP during the walking period.

For the mixed model ANOVA, there was no significant group effect for oxyHb 

concentration across the cortical areas examined (F(1,10)= 3.92, P = 0.08). However, there 

was a significant cortical area × group interaction (F(3,30)= 4.20; P = 0.01), and post hoc 

tests revealed that the oxyHb concentration in the precentral gyrus (t(10)= 1.92; P= 0.03), 

postcentral gyrus (t(10)= 1.8; P= 0.04) and superior parietal lobule (t(10)= 2.20; P= 0.018) 

was greater in the children with CP compared with the TD children (Figure 2). The oxyHb 

concentration of the SMA was not different between the children with CP and TD children 

(t(10)= −1.10; P= 0.10).
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Furthermore, our results showed that the children with CP had significantly greater oxyHb 

concentration across all channels (CP = 0.06 ± 0.06 Mmol × mm, TD = 0.01 ± 0.02 Mmol × 

mm; t(10)= 3.25; P=0.009), indicating a greater amount of neural activation overall.

Gait Analysis Results

For the temporal kinematics, children with CP had a shorter stance time interval (t(10)= 

−2.40; P = 0.03; Figure 3A), and a more variable stance time CV (t(10)=2.1; P= 0.05; 

Figure 3B). Children with CP also had a more variable stride time (t(10)=2.5; P= 0.03; 

Figure 3C), but no differences were detected between the two groups for the stride time 

interval (CP = 1.55 ± 0.22 s, TD = 1.74 ± 0.08 s; t(10) = −1.1; P=0.30). Finally, no 

differences were detected between the two groups for swing time interval (CP = 0.64 ± 0.31 

s, TD = 0.58 ± 0.03 s; t(10)= 0.32; P= 0.75) or swing time variability (CP = 10.07 ± 1.69 %, 

TD = 8.34 + 0.66 %; t(10)= 1.30; P= 0.22).

Neurobehavioral Correlations

The correlations between the amount of oxyHb concentration in the respective cortical areas 

and the measured gait variables are shown in Table 2. Our results show that there were 

strong positive correlations between the oxyHb concentration in the superior parietal lobule 

and variability in the stride and stance time intervals for all the children. We also found a 

moderate correlation between variability in the stride time intervals and the oxyHb 

concentration in the postcentral gyrus. Lastly, moderate positive correlations were found 

between the stance time intervals and the respective oxyHb concentration in the pre and post 

central gyri.

Discussion

This exploratory investigation was innovative in that we used a combination of fNIRS and 

biomechanical analysis to understand how CP may impact the connection between the brain 

and the body for the control of gait. The biomechanical results were consistent with the 

previous studies that have also showed that the children with CP spent less time in single 

support and have a more variable gait [21–24]. The current consensus is that less time is 

spent in single support because the center of mass is inherently unstable in this position and 

has a higher probability of exceeding the foot support boundaries, which would result in a 

fall [24]. The variability that comprises the gait temporal kinematics may result from an 

increased amount of errors and/or intentional corrections in the timings to accommodate for 

internal or external perturbations [21–24]. Based on this notion, we suspect that the 

increased variability seen in the gait of the children with CP indicates that they had greater 

errors in selecting the proper adjustments for controlling the walking pattern. In other words, 

the heightened variability indicates that the control of the gait pattern was more burdensome 

for the children with CP.

The concentration of oxyHb found across the SMA, precentral gyrus, postcentral gyrus and 

superior parietal lobule was used as a proxy for the degree of cortical involvement during 

gait [15]. Overall our results show that children with CP require greater cortical activity to 

control their gait, and that the increased neural demand is associated with greater amount of 

Kurz et al. Page 6

Brain Dev. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



variability or errors in the gait temporal kinematics. These results are the first to suggest that 

perinatal damage and the subsequent neural reorganization that occurs with CP may not 

normalize the functional cortical activity that is involved in the control of gait. However, 

based on the fNIRS data alone it is difficult to determine if the hyper-activation across the 

cortical network represents an increased neural demand and/or a recruitment of 

compensatory networks that aid the redistributed neuronal groups that that are involved in 

the control of gait.

It is fairly well accepted that the primary motor and somatosensory cortices areas are 

involved in the control of gait [16, 17, 25, 26]. Furthermore, it has recently been shown that 

the amount of activity present in these cortical areas is dependent upon the complexity of 

gait task [16]. The heightened cortical activity seen in a more complex task is thought to 

represent greater demand on the sensorimotor cortices for regulating the precision of the gait 

kinematics [16]. Based on this notion, the greater activity in sensorimotor cortices of the 

children with CP may reflect an increased demand for controlling the accuracy of the gait 

kinematics. This demand may partly arise from faults in the performance of the 

musculoskeletal machinery (i.e., spasticity, joint contractures, skeletal torsions, weakness), 

and/or sensory deficits that impact the ability to properly monitor the ongoing gait 

kinematics [30]. Essentially, less predictable performance in the musculoskeletal and 

sensory systems may require greater neural computations for the maintenance of the 

ongoing gait kinematics.

The children with CP also had an increased amount of activity in the superior parietal 

cortex. The superior parietal cortex has been implicated in the sensorimotor integration 

process, maintenance of the internal representation of the body’s state, and the sustainment 

of attention to peripheral sensory feedback [27–30]. We suspect that the greater neural 

activity in this cortical area indicates that children with CP require greater neural resources 

to actively maintain an internal model of the ongoing gait kinematics, and to detect errors in 

their planned movement trajectories. This may explain why we found that the children with 

CP had greater variability or errors in their gait temporal kinematics.

When we combined the data from all the children, we found a significant positive 

correlation between gait variations and the amount of neural activity in the postcentral gyrus 

and superior parietal lobule. This correlation implies that a greater amount of errors in the 

gait temporal kinematics are related to higher demands being placed on these cortical areas. 

This also suggests that the greater activations observed in the primary somatosensory and 

superior parietal cortices of children with CP are related to errors in the temporal gait 

kinematics. We suspect that this link may be mediated by the sensory deficits seen in 

children with CP, since both of these cortical areas are involved in the processing and 

communication of sensory information. These results further highlight the notion that 

sensory deficits may play a substantial role in the motor control problems seen in children 

with CP.

This investigation is novel in that we have provided insight that link between the activation 

of the sensorimotor cortices and the gait temporal kinematics. Very few investigations have 

attempted to make this connection largely due to the inability of the imaging technology to 

Kurz et al. Page 7

Brain Dev. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



monitor the brain’s performance during walking. The results shown here and elsewhere 

indicate that it is feasible to use fNIRS to monitor changes in cortical activity during 

walking [16, 17]. These results are promising because fNIRS has been shown to have good 

spatial correlation between the cortical hemodynamic responses measured with fMRI [31, 

32]. Our preliminary work has established that fNIRS is a viable technology that can be used 

to elucidate the role the sensorimotor cortices have on the walking patterns of children with 

CP. These results are promising because they represent a springboard for our future 

investigations that will use a combination of biomechanical measures (i.e., joint kinematic, 

electromyography) and fNIRS to assess the efficacy of the current therapeutic trends that are 

being used to improve the walking patterns of children with CP. Based on the results 

presented in this investigation, we suspect that those children who are classified as 

unresponsive to the current gait training trends will have a higher amount of oxyHb than 

children with CP who are classified as responders.

Conclusions

Our exploratory results show that the children with spastic diplegic CP have an increased 

amount of activation in sensorimotor and superior parietal cortices during gait. This suggests 

that the cortical networks in children with spastic diplegic CP are more challenged to control 

the temporal gait kinematics. In addition, our results show that there is a link between the 

amount of cortical activity and the gait kinematic variations. Further exploration of this 

connection will enhance our understanding of how the aberrant cortical activity seen in 

children with CP is related to the noted motor impairments during gait.
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Figure 1. 
Representative time series of the oxyHb concentrations for all channels in children with CP 

(black lines) and TD children (red lines). The grayed area represents the active walking 

period, while the white areas represent the baseline period where the child is standing still. 

The approximate correspondence between channels and cortical areas was as follows: 

channels 1–3 and 5–6 were over the supplementary motor area, channels 8–10 and 12–13 

were above the precentral gyrus, channels 12–13 and 15–17 were near the postcentral gyrus, 

and channels 19–20 and 22–24 were over the superior parietal lobule; see the Methods 

section for further information. As can be clearly discerned, the concentration of oxyHb was 

greater in children with CP across most channels. Units on the ordinate are Mmol × mm and 

seconds on the abscissa.
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Figure 2. 
Average maximum oxyHb concentration in the respective cortical areas for children with CP 

(white) and TD children (gray). SMA is the supplementary motor area, and SPL is the 

superior parietal lobule. Error bars reflect the standard error of the mean. * p < 0.05.
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Figure 3. 
A) Mean stance time intervals for children with CP and TD children, B) coefficient of 

variation for the stance time intervals, C) coefficient of variation for the stride time intervals. 

Error bars reflect the standard error of the mean. * p < 0.05.
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