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Abstract

Cerebral palsy (CP) is the most common motor disorder in children. Currently available
neuroimaging techniques require complete body confinement and steadiness and thus are
extremely difficult for pediatric patients. Here, we report the use and quantification of functional
near infrared spectroscopy (fNIRS) to investigate the functional reorganization of the sensorimotor
cortex in children with hemiparetic CP. Ten of sixteen children with congenital hemiparesis were
measured during finger tapping tasks and compared with eight of sixteen age-matched healthy
children, with an overall measurement success rate of 60%. Spatiotemporal analysis was
introduced to quantify the motor activation and brain laterality. Such a quantitative approach
reveals a consistent, contralateral motor activation in healthy children at 7 years of age or older. In
sharp contrast, children with congenital hemiparesis exhibit all three of contralateral, bilateral and
ipsilateral motor activations, depending on specific ages of the pediatric subjects. This study
clearly demonstrates the feasibility of fNIRS to be utilized for investigating cortical reorganization
in children with CP or other cortical disorders.

1. Introduction

Cerebral palsy (CP) is a common, non-progressive, motor disorder that results from damage
to the developing fetal or infant brain [1-3] with an occurrence rate of 2 children per 1000
live births per year [4]. Children with CP exhibit motor impairments, such as spasticity,
which affect movement and posture ranging from mild to severe. The ethiology of CP is
varied and poorly understood, and it has been associated with stroke, genetic disease, brain
malformation, toxemia, trauma, hypoxic-ischemic encephalopathy, infection, and placental
abruption [5]. Neurophysiologic evidence has been found for a reorganization of central
motor pathways in children with CP, which results from adapting to abnormal development,
disease, injury, or learning [6,7].
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Advanced neuroimaging techniques are commonly used for evaluation and diagnosis of
brain pathology [8]. These techniques include computed tomography (CT) and magnetic
resonance imaging (MRI) for structural imaging [9-11], functional MRI (fMRI) [12,13] and
diffusion tensor imaging (DTI) [14] for functional imaging. All of these techniques,
however, commonly fail to obtain reliable information from the pediatric brain, as they all
require complete body confinement and steadiness for a period of 30-40 minutes, which is
difficult to achieve for normal pediatric subjects. The motor impairments presented by
children with CP limit even further the possible use of traditional brain imaging techniques
to evaluate the brain anatomy and function of affected children.

Functional near infrared spectroscopy (fNIRS) is an emerging neuroimaging modality that
measures hemodynamic and oxygenation changes in the brain by penetrating near infrared
light between 670 and 900 nm through the skull [15-17]. Functional NIRS has several
advantages: (1) it is biologically safe without exposing the subjects to high magnetic fields
or radio frequency pulses; (2) the measurement does not require the subject to be completely
constrained; (3) the system is low-cost and portable. These advantages are particularly
beneficial to children with CP. In this paper, we report the use and quantification of fNIRS
to investigate the motor function in children with hemiparetic CP due to unilateral brain
lesions. Sixteen children with hemiparetic CP from 6 to 16 years of age were included to
perform a finger tapping task using both non-paretic and paretic hands while the neural
activities in the sensorimotor cortex were scanned by fNIRS. Sixteen age-matched healthy
children were also measured, as a control group, for a comparative study.

A previous report of this study has been published [18] based on a small group of subjects
(pediatric controls=5 and children with CP=5), having the emphasis on identification of
abnormal activation patterns in children with CP. This current paper can be considered as a
further study with a different emphasis, focusing on cortical reorganization of children with
CP. Several distinct features and developments of this paper are: (1) utilization of a larger
subject pool (pediatric controls=16 and children with CP=16) to improve statistical power,
(2) development of integrated spatiotemporal analysis, which leads to recognition of three-
dimensional (3D) spatiotemporal patterns of motor activation, and (3) quantitative
assessment of the cortical reorganization by introducing a lateralization factor to measure
the degree of laterality of motor activation. This updated study reveals age-dependent, inter-
hemispheric reorganization of motor function in children with CP. Overall, this paper along
with our previous report [18] provides evidence that fNIRS is a feasible and promising
neuroimaging technique to be utilized for investigation of cortical reorganization in children
with CP or other cortical disorders.

2. Subjects and methods

2.1 Human subjects

The study included English-speaking children between 6 and 16 years of age in two groups:
children with mild hemiparesis (CP group) and age-matched healthy controls (Control
group). Exclusion criteria for children with hemiparetic CP included the presence of skull
defects, ventriculoperitoneal shunt, deep brain stimulator, epilepsy or febrile episodes.
Furthermore, subjects in both groups were excluded for severe behavioral problems or any
inability to follow the examiner's commands to perform repetitive upper limb movement.

Hemiparetic subjects were recruited from their regularly scheduled clinics in the Neurology
Department at Texas Scottish Rite Hospital for Children. Prior structural MRIs were
available for all subjects diagnosed with CP. A Manual Ability Classification System
(MACS) [19,20] score of 1-2 (1 being the best and 5 being the worst) was required. Healthy
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subjects who did not have any known brain defect or neuromuscular disease were recruited
from the local community with a posted, IRB approved recruitment flyer.

This study was approved by the Institutional Review Board (IRB) of the University of Texas
Southwestern Medical Center in Dallas. Written informed consents were obtained from all
subjects' parents or legal guardians prior to the start of the project. Assents were obtained for
all subjects 10 years old or greater.

2.2 Measurement procedures

The study involved two visits with several days to one month apart to assess the
reproducibility of fNIRS measures. During each visit subjects performed two consecutive
finger-tapping sessions, using both the right hand and the left hand.

First Visit—A registered nurse measured the subject's body temperature, blood pressure
and heart rate to ensure that there were no signs of fever and other illness. Then the subject
was seated in a chair adjusted to ensure comfort. A neurophysiology technologist measured
the subject's head dimensions and then placed the fNIRS probe bilaterally with the middle
row of eight source optodes along the paracoronal line, which covered the sensorimotor
cortices on both hemispheres (Fig. 1(a)). Distance from the probe center to the nasion was
measured and recorded in order to achieve consistent position in Visit 2. The probe was
wrapped up using an elastic scarf to secure the position; care was taken to avoid
contamination of fNIRS signal due to ambient light.

In addition to fNIRS, a surface EMG (B&L Engineering Inc., Santa Ana, CA or 4-channel
BTS FreeEMG, zFlo Inc., Lexington, MA) system was used to monitor the subject's muscle
movements. The EMG electrodes were placed on the extensor and flexor muscles of both
forearms to monitor if the subject was tapping properly. Surface EMG also recorded any
unintended muscle movements from both hands during the measurement. A clip-on pulse
oximeter (Nellcor Inc., Boulder, CO) was attached to the thumb of the non-tapping hand to
monitor the heart rate and arterial oxygen saturation. A respiration belt (Ambu Inc., Glen
Burnie, MD) was wrapped around the subject's chest to record the respiration waves, which
were amplified and acquired by an auxiliary channel of the fNIRS system.

After all the devices were connected, a wrist-brace was placed on the tapping hand to restrict
any extra tension in the forearm due to finger tapping. Before a formal session started, the
subject was instructed to perform a practice session using the tapping hand; the protocol in
the practice session was the same as that in formal sessions. A nurse monitored all sessions
to ensure that the subject's action and rhythm of finger tapping were correct. The nurse also
manually recorded two representative values of heart rate and arterial oxygen saturation, one
during the recording period of initial baseline and the other during the finger tapping period,
respectively. The subject performed the right-hand tapping session first, followed by the
left-hand tapping session. A short break was given between the two sessions for the subject
to relax and stretch. The wrist-brace and pulse oximeter were switched to the other hand
after the break.

The entire procedure of two formal sessions was videotaped, for which a separate consent
form was obtained. The videotapes were reviewed after the experiment to confirm and then
exclude any significant motion artifacts from the fNIRS data.

Second Visit—A preliminary inspection of acquired optical signals was performed after
the subject's 1st visit. Unless the optical signals during the activation periods were too weak
to be identified from the baseline due to strong absorption by dark-colored hair, the subject
would return for the 2nd visit. The same procedures for Visit 1 were repeated during Visit 2.

Opt Express. Author manuscript; available in PMC 2013 February 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian et al. Page 4

2.3 Activation tasks

The subject was instructed to simultaneously tap his/her four fingers (except thumb) up and
down without moving the wrist and arm. To ensure compliance, the subject watched a video
clip of finger tapping presented on a laptop computer screen. The tapping frequency in the
video clip was 1.5 Hz; the subject was asked to follow the same rhythm. Specifically, an
epoch of 15 seconds of tapping and 25 seconds of rest was repeated 10 times in each
session. A 30-second, pre-session baseline and a 20-second, post-session baseline were also
recorded.

2.4 Performance evaluations

After the first visit of a subject, preliminary inspection of the acquired optical signals across
all source-detector pairs (channels) was performed. A few subjects had thick, dark-colored
hair, resulting in the measured changes of optical signals too weak to be identified from the
baseline. Such weak signals were also not synchronous among different channels and neither
with the activation frequency nor rhythm. Consequently, the data taken from those subjects
were excluded from the study; those subjects were not scheduled for Visit 2.

After both visits were completed, a team consisting of a pediatric neurologist, research
nurses and fNIRS researchers reviewed the videotapes recorded in each session. The epochs
were documented when the subject made any unintended body movements, e.g. yawning,
stretching, or movement of non-tapping hand. The EMG data from the subject's both hands
were simultaneously viewed to cross-check the observations from the videotapes. All epochs
with unintended motion artifacts were removed for further study. A few subjects had
sustained body movements during six or more epochs (= 60% of the entire data); thus, the
entire sessions of these subjects were discarded. By applying an unbiased, cross-checked
screening of a subject's performance, the data quality for further analysis was ensured.

2.5 Forward and inverse model of fNIRS imaging

Both the forward and inverse model for functional brain imaging by fNIRS have been well
described [16] and widely used [21,22]. We briefly review major concepts here.

Light absorption perturbation at wavelength A in the brain induced by motor activation is
directly associated with the changes in oxy-hemoglobin (HbO,) and deoxy- hemoglobin
(Hb) concentrations in the respective brain region. The relation can be expressed as a
weighted sum of changes in HbO, and Hb concentrations (i.e., A[HbO,] and A[Hb)):

Aua (D) =a,,,, (D) - A[HbOs] +a,, (1) - A[HD], (1)

where appo2(A) and apnp(A) denote the absorption coefficients of Hb and HbO, at
wavelength A, respectively, and Ap4(A) represents a change in absorption coefficient at A..

In the case of using CW light, the change in detected intensity is usually expressed by a
change in optical density, A OD, and can be associated with optical measurements by:

AOD(t,/l)z—ln((D(t’/D),

@ (1)

where ®(£A) and ®g(A) are the photon-fluence rates measured between a source to a
detector at time fand initial time &, respectively. On the other hand, the modified Beer-
Lambert law [23,24] states that A OD(t\) is proportional to the change in absorption
coefficient with an effective pathlength, L(\), of detected photons from a source to a
detector:
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AOD (1, ) =M (1, VL (D). (3)

When multiple source-detector pairs are used to reconstruct a three-dimensional (3D) image
under the probe array, with each image voxel potentially having an absorption change, the
modified Beer-Lambert law in Eq. (3) becomes in a discrete form [16]:

Nyox

AOD; (1, )= Mt (D Lij (D), (@)
j=1

where AOD{t\) (=1 ... Npess) denotes the change in optical density for the ith source-
detector pair, Apg (£A) (=1 ... Ny denotes the absorption change in the jth voxel of the
3D volume, L, denotes the effective pathlength for the th source-detector pair in the jth
voxel.

Equation (4) can be written in a matrix form as y=Ax, in which y denotes the vector of

A OD;from all the source-detector pairs (AVjneas), X denotes the vector of A, ;from all the
voxels (Nygx), and A (Npmeas* Nyox) 1S @ sensitivity matrix which can be derived from the
photon diffusion equation using the Rytov approximation [25]. After the matrix A is
determined for a given set of brain tissue optical properties, the Tikhonov regularization and
Moore-Penrose inversion were used [16,18] to reconstruct vector X, i.e., the absorption
perturbation image.

Specifically, a slab geometry [22] of the sensorimotor cortex (at depth=1.5+0.5 cm) was
used to calculate the matrix A; a back-projection method [21,26] was used for
reconstruction. With consideration that all the source-detector pairs were at an identical
separation of 3.2 cm, which provided low selectivity in depth, two dimensional (2D)
reconstruction was performed at each time point by summing up the depth-variant layers in
A-matrix. Consequently, determination of absorption changes at two wavelengths leads to
reconstructed images of changes in HbO, and Hb concentrations, based on Eq. (1).

2.6 Instrument of fNIRS

A continuous-wave fNIRS system (CW-5, TechEn Inc., Milford, MA) [27] was used to scan
the sensorimotor cortex bilaterally for each subject. Sixteen lasers and sixteen detectors were
enabled during data acquisition. The sixteen lasers included eight lasers at 690 nm and eight
at 830 nm, with each source optode having one of each wavelength (Fig. 1(b)). The source
and detector optodes were arranged in an area of 20x6 cm?, providing a total of twenty-eight
nearest source-detector pairs at a nearest source-detector distance of 3.2 cm. The reflectance
signals were sampled at a rate of 100 Hz, which was later down-sampled to 10 Hz to reduce
data set sizes.

The down-sampled data from each session was imported into a publicly available software
[22,28] for data processing and image reconstruction. The data was high-pass filtered at 0.01
Hz to remove the baseline drift and also low-pass filtered at 0.3 Hz to remove the pulsatile
oscillations. Then, A OD values were calculated as a function of time at each channel and
wavelength. The validated epochs after screening were averaged over the experiment period,
providing channel-wise response of the sensorimotor cortex evoked by the finger-tapping
task. At last, the epoch-averaged responses across all channels were utilized to reconstruct
hemodynamic images of motor activation at each time point.

The area of reconstructed 2D images corresponded to the probe area of 20x6 cm?, as shown
in Fig. 1(b), with a pixel size of 0.5x0.5 cm2. The reconstructed 2D images in time sequence
could then be organized into a 3D series to reflect the spatial evolution of motor activation
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during and after finger tapping, i.e., to form a 3D spatiotemporal space for data analysis.
Specifically, an averaged epoch produced 400 images in time sequence (10 frames per
second, 40 seconds per epoch) per hemodynamic species (Hb or HbO») per session, which
were stored in a 3D matrix. The first two dimensions in the matrix were used to represent
the spatial distributions of A[HbO,] or A[HDb]; the third dimension corresponded to the time
sequence from the beginning of finger tapping until the end of averaged epoch.

2.7 Spatiotemporal characterization of motor activation

Efforts on how to quantify brain activation observed by fNIRS have been made in recent
years by different research groups, using multiple analysis methods. In our recent study [18],
spatial (distance from center and area difference) and temporal (duration and time-to-peak)
image metrics of motor activation were derived to identify different abnormal cortical
activation in children with CP from healthy controls. In this previous approach, the temporal
and spatial analyses were individually performed across temporal series and spatial pixels in
a two-dimensional (2D) format. Three dimensional (3D) characterization of simultaneous
spatiotemporal analysis of motor activation, on the other hand, is an integrated approach to
capitalize the ability to exhibit temporal evolutions of 2D activation images. In this study,
we present such an approach and further introduce several volumetric parameters in the 3D
spatiotemporal space, leading us to a unique parameter that is characteristic and indicative
for cortical re-organization in children with CP.

It is commonly observed that a motor activation is associated with a robust increase in HbO,
concentration [29,30] and a much less change in Hb concentration, making Hb more subject
to cross-talk from HbO, [31] and sensitive to physiological interference. Thus, our
spatiotemporal analysis has focused on HbO5 changes, i.e., A[HbO], only.

The following procedures detail the spatiotemporal analysis: First, the 3D matrix of
A[HbO,] was binarized to create a spatial mask by applying a global half-maximum
threshold to all the matrix elements. A value of "1' was assigned to all the matrix elements
whose A[HbO,] values were above the half maximum and a "0' assigned to the elements
with A[HbO5] values lower than the half maximum. Second, the thresholding process
continued for each of the image series in time sequence, as illustrated in Fig. 2(a). This
figure is obtained from one control subject during right-hand tapping, showing that the
motor activation occurs on the hemisphere contralateral to the tapping hand. The overall
elements above the half-maximum threshold outlined a 2D pattern of the motor activation in
time sequence. Next, a 3D plot in (x, y, ?) spatiotemporal space was developed to mask the
elements of A[HbO,] matrix above the half-maximum threshold. As an example, Fig. 2(b)
shows such a mask obtained from the same data as those used in Fig. 2(a). In Fig. 2(b), all
the elements above the half-maximum of A[HbO,] form a 3D object in the spatiotemporal
space, where the x-y plane presents the spatial span and z axis labels the time.

After the half-maximum thresholding, several parameters were quantified for further data
analysis:

Volume V4 It was defined as the spatiotemporal volume of total elements above the half-
maximum threshold per hemisphere in cm2:s. The 3D object seen in Fig. 2(b) is an example.

Center [x,, V,, tJ: Coordinates [x,, ¥, t] were introduced as the geometrical center of the
total elements above half-maximum threshold per hemisphere, where [x,, ¥ incm
represents the spatial center of motor activation per hemisphere and #; in seconds represents
the peak time from the beginning of finger tapping. Specifically, the absolute value of x,
(i.e., |xd, in cm) represents the distance from the activation center to the parasagittal line of
the subject's head; the absolute value of y,(i.e., |y, in cm) denotes the distance from the
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activation center to the paracoronal line (the vertex was the origin in x-y plane or spatial
span). Given that the sensorimotor cortex represents a strap approximately in coronal
direction, only | x4 was used in subsequent data analysis.

In general, a normal motor activation should be concentrated on the contralateral hemisphere
of the tapping hand. In many cases in this study, however, motor activation had significant
bilateral or even ipsilateral characteristics. Specifically, the matrix elements of A[HbO5]
above the half maximum formed another 3D volume in (x, y; §) space on the ipsilateral
hemisphere. To quantify the degree of laterality of motor activation, a lateralization factor,
L, was introduced and calculated using the contralateral volume, Vs and ipsilateral
volume, Vjpg;.

_ Vcomra - ‘/ipsi

= . 5
Vcontra + Vi psi ©)

Equation (5) indicates that (1) an L of “+1” corresponds to a complete contralateral
activation since Vjpg;is minimum, (2) an L of “~1” reflects a complete ipsilateral activation
since Vionera is minimum, and (3) an L of “0” means a bilateral activation since both Vj,g;
and Vo2 are nearly equal. In this way, we were able to determine quantitatively whether
contralateral or ipsilateral or both sides of hemisphere of the tapping hand were activated. A
similar factor has been utilized in an fMRI study to assess the laterality of brain activation in
adults [32].

2.8 Statistical analysis

3. Results

Based on the spatiotemporal parameters, subsequent analysis of variance (ANOVA) was
conducted within the Control group and CP group at the 0.05 significance level to determine
if: (1) there were significant differences between Visit 1 and Visit 2, and (2) there were
significant effects of gender, age and hand of tapping. The information of these analyses was
then used to perform comparisons between the two groups. All the statistical calculations
were done using SAS 9.2 (Cary, NC).

A total of thirty-two subjects (sixteen children with CP, sixteen age-matched healthy
controls) were enrolled in this study. The first control subject performed an informal task
only for testing purposes. One child with CP was diagnosed with intermediate hemiparesis
and couldn't perform the tapping task with her paretic hand. Thus, thirty subjects (fifteen
children with CP, fifteen healthy controls) participated in the formal protocol. Among them
four children with CP and five controls were excluded after their first visits because of poor
optical signals resulting from dark-hair absorption. We further excluded one child with CP
and two healthy controls who had sustained body movements during the experiments, after
reviewing their videotapes. Thus, eighteen of thirty subjects were successfully measured,
having a success rate of 60%. In short, ten subjects in the CP group and eight healthy
subjects in the Control group were eventually included in data analysis. However, there was
a 16-year-old control subject (male; right-handed) who was distinctly older than the other
seventeen subjects between 6 and 12 years of age. Thus, this control subject was analyzed
separately.

All screened control subjects were grouped together and age-matched to the hemiparetic CP
group, as shown in Table 1. There was no significant difference (p<0.05) in gender in either
the CP group or age-matched Control group. In the Control group, six of seven subjects
were right-handed. In the CP group, half subjects had right hemiparesis and the other half
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had left hemiparesis. The non-paretic hand represented the dominant hand for each subject
with CP. In particular, three of seven subjects in the age-matched control group and five of
ten subjects in the CP group were 7 years of age or younger. Therefore, the age effect on
spatiotemporal parameters was investigated by comparing the subjects of 6-7 years of age
with those of 8-12 years of age in each group.

3.1 Control subjects

All of the control subjects performed the task properly with distinct muscle movements of
the tapping hand recorded with the ipsilateral surface EMG data. Contralateral hand
movements were negligible. Little remarkable changes in the subject's vital signs were
observed during each session. The change in heart rate before and after the task was within +
5% of the baseline value, and the arterial oxygen saturation was always >95% throughout
the experiment.

The reconstructed fNIRS images show that six of seven control subjects, except a 6-year-old
subject, have distinct activations in the contralateral sensorimotor cortex during and shortly
after finger tapping. Figure 3 is a representative data set taken from one subject across two
visits to demonstrate both spatial distributions (Figs. 3(a) and 3(b)) and temporal evolutions
(Fig. 3(c)) of motor activation. The temporal evolutions of motor activation reveal a robust
increase in A[HbO,] and a decrease in A[AHb], which maintain several seconds after tapping
and then gradually return to the baseline. In some subjects an undershoot below the baseline
in A[HbO] and an overshoot above the baseline in A[AHb] are observed during the post-task
recovery.

Our statistical analysis confirms that there is insignificant difference between Visit 1 and
Visit 2 in each spatiotemporal parameter (Vi onirar Lo |Xd, @and L), supporting good
reproducibility in fNIRS measures. Thus, the individual parameters are averaged between
two visits for further analysis and shown in Table 2. Subsequent analysis shows that the
effects of gender, age and hand of tapping (dominant vs. non-dominant) on each
spatiotemporal parameter are insignificant. However, the 6-year-old subject (the youngest
subject in the Control group) had clearly bilateral motor activation with a lateralization
factor of L = 0.08 for dominant-hand tapping and 0.21 for non-dominant-hand tapping. It is
in sharp contrast to other control subjects between 7 and 12 years old who exhibited
predominantly contralateral activations. In addition, the 16-year-old control subject showed
predominantly contralateral activations in both dominant-hand and non-dominant-hand
tapping. It agrees with the results from the control subjects between 7 and 12 years of age.

3.2 Hemiparetic subjects

All of the hemiparetic subjects performed the task with distinct, ipsilateral muscle
movements seen in the surface EMG data, similar to the Control subjects. Three of the
subjects with CP had mild mirror movements during either paretic-hand tapping or non-
paretic-hand tapping, or both. There were no remarkable changes in the subject's vital signs
during each session; the change in heart rate before and after the task was within + 5% of the
baseline value, and the arterial oxygen saturation was always >95% throughout the
experiment.

The laterality of motor activation derived from A[HbO,] shows significant diversity among
the hemiparetic subjects; all three types of contralateral, bilateral and ipsilateral activation
are observed. For instance, Fig. 4 shows the data of paretic-hand tapping from a subject who
has right hemiparesis with a white matter lesion in the left centrum-semi ovale, as seen in
MRI image (Fig. 4(a)). The surface EMG data shows distinct, ipsilateral muscle movements
(Fig. 4(b)), without mirror movements in the non-paretic hand (left hand). As seen in the
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spatiotemporal space (Figs. 4(c)) and A[HbO5] activation map (Fig. 4(d)), however, the
fNIRS results indicate clearly a bilateral activation evoked by finger tapping. These two
figures clearly suggest an inter-hemispheric reorganization of motor function being adapted
to compensate for the brain lesion.

Considering the reproducibility of fNIRS measures, subsequent analysis shows that the
spatiotemporal parameters from Visit 1 and Visit 2 are also reproducible among the
hemiparetic subjects. Therefore, the individual parameters from two visits are pooled and
shown in Table 2. The effects of gender and hand of tapping (non-paretic vs. paretic) on
each of the spatiotemporal parameters are insignificant. However, the effect of age on L is
very significant (p<0.01) for the CP group. It is noteworthy that the lateralization factor, L,
from both paretic-hand and non-paretic-hand tapping exhibits overall much lower values
toward “0”, an indicator of strong bilateral activation (see Table 2). It clearly implies an
enhanced inter-hemispheric reorganization of motor function in hemiparetic patients.

3.3 Comparison between control and hemiparetic subjects

The spatiotemporal parameters in Table 2 are also compared between the Control and CP
groups. As mentioned above, the age effect on lateralization factor, L, is significant.
Therefore, the L values are compared at the group level with respect to age. As shown in
Figs. 5(a) and 5(b), younger subjects have lower values of L in both groups, especially for
the 6-year-old subjects. The overall trend of L values in each group approximately follows
an asymptotic curve, indicating a turning point between 6 and 7 years of age. Thus, we
included the subjects 7 years old or greater in each group, as outlined by the gray shaded
blocks in Figs. 5(a) and 5(b). Within this range of age, the dependence of L on age becomes
insignificant in either group. Subsequently, a Student #test was performed to compare L
values at the group level. It shows a significant difference (p<0.01) between the Control and
CP groups. The hemiparetic subjects have overall lower L values, revealing an enhanced
inter-hemispheric reorganization of motor function in children with CP.

For each of the other spatiotemporal parameters listed in Tables 2 (V gnzra f-and |x4), a
standard Student #test was performed between the Control and CP groups since the effects
of gender, age and hand of tapping on these parameters are insignificant within each group.
Interestingly, the analysis indicates a significant difference in peak time, #, between the two
groups as the control subjects took an average of 3.2 seconds longer to reach their maximum
A[HbO,] than the hemiparetic subjects (see Table 2). This observation is consistent with our
earlier report [18], where ratios of the temporal length of activation to the peak time were
used for statistical comparison. The center of motor activation in coronal direction, |x/,
however, shows no significant difference between the Control and CP groups.

4. Discussion

In this study, for the first time, hemodynamic responses induced by the motor activation
during a finger tapping protocol was successfully measured with fNIRS from children with
hemiparetic CP and compared with age-matched healthy controls. For both groups of the
pediatric subjects, a good reproducibility of motor activation measured by fNIRS has been
obtained by comparing the results from Visits 1 and 2. Our repeatable observation of
AHDbO,, activation is in good agreement with previous studies reported for replicable
measurements on adult's visual cortex [33] and prefrontal cortex [34]. While a success rate
of 60% (18 out of total 30 qualified subjects) was achieved for fNIRS measurements in this
study, it is not optimal and needs to be improved if we wish to have fNIRS become a clinical
tool in the near future. Two immediate causes for this rate are (1) the high attenuation of
optical signals due to dark-colored hair and (2) pediatric subjects' compliance with
experimental instructions. To solve the former problem, improvement of the signal to noise
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ratio is critically necessary. Possible solutions include to advance the coupling efficiency
between the probe tip and the scalp [35] and to optimize the range of source-detector
separations [36,37]. To solve the latter obstruction, a protocol with a simple or shorter
activation task or without any task [38,39] should be explored for pediatric subjects.

Spatiotemporal analysis was introduced to investigate the combined pattern in both temporal
evolution and spatial distribution of reconstructed AHbO, images of the two hemispheres
stimulated by motor activation. Specific parameters, such as Viopya Vipsi and L, were
identified to characterize the functional participation and re-organization of the two
hemispheres in the control and children with CP. This study has demonstrated that the
derived parameter of L is useful to quantify the degree of brain laterality in children with
hemiparetic CP because ipsilateral and bilateral activities are frequently evoked during
motor task in this population. To our current knowledge, this is the first report of such
analysis used in fNIRS brain imaging.

Predominant motor activation on the contralateral hemisphere was identified among the
healthy children 7 years of age and older. This observation agrees with a similar fMRI study
in adults during single finger movements [32]. According to our observation, it appears that
the motor function in normal children tends to be better developed at 7 years old and greater,
while this observation needs to be validated with a larger subject pool. The same fMRI study
has also demonstrated that the patterns of motor activation in left- and right-handers are
similar in single finger movements [32]. Therefore, although most healthy children in this
study were right-handed, we expect that it would not alter the current conclusion.

The laterality of motor activation measured by fNIRS was diverse among hemiparetic
children. The parameters derived from spatiotemporal analysis allow us to statistically
identify the enhanced inter-hemispheric reorganization of motor function in hemiparetic
children (even after excluding 6-year-old subjects). We have observed that the unaffected
hemisphere functions together with the affected hemisphere for both the paretic and
nonparetic hands. It is noteworthy that even though all of the hemiparetic children in this
study had mild motor disorder, their brain impairments were different in terms of type,
location and size. Such impairments can be identified by reviewing their MRI images; in
turn, they are crucial and characteristic factors in hemispheric reorganization [40].
Therefore, to confirm the current observations on abnormal laterality of motor function in
children with CP, further study with a larger subject pool of more categorized brain
impairments is needed.

In addition, by combining the data from both the healthy children and children with CP, it
appears that the laterality of motor function is age-dependent in early childhood. In
particular, both of the healthy children and children with CP at 6 years of age have shown
significantly ipsilateral or bilateral activations. By reviewing their videotapes, we have ruled
out the possibility of poor performance from these subjects; thus, it may imply an
incomplete development of motor function in children at 6 years old and younger.

The unintended motion artifacts were still the most significant interferences during
measurement, resulting in discontinuities in fNIRS data. A cross validation was performed
to screen the NIRS data by correlating with the videotape and surface EMG. In this way,
the quality of fNIRS data was ensured to be motion-artifact free. In the study, we measured
the respiration and cardiac pulsation patterns simultaneously with the fNIRS signals. In
order to remove physiological noises [41,42], these accessory signals were used to carry out
adaptive filtering in our earlier study [18] with a portion of the subjects. However, we have
not employed the adaptive filter in this study due to the following reasons: (1) since the
respiration waves have slow oscillations (0.3-0.5 Hz for children), training the adaptive
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filter requires a long-term, continuous baseline. It was not feasible to obtain high-quality,
stable baselines in some data sets because motion artifacts often occurred within the
recorded baselines. (2) It is a common procedure to average multiple stimulation epochs in
each session, with which the slow-varying respiration interference is greatly reduced, as
experienced in our previous work [43,44]. One conclusion drawn from this part of study is
that fNIRS-only measurements are simpler, easier, and still adequate to allow meaningful
spatiotemporal analysis. Additional physiological measurements are complementary for
better signal processing and characterization, but requiring longer and more stable
measurements.

At last, it is noteworthy that several factors should be considered when interpreting the
results in this study. First, we used a sparse array of optodes, as shown in Fig. 1, which was
comfortable to the subjects. However, this optode array has a crude spatial resolution and
may result in certain spatial distortion in the reconstructed A[HbO,] or A[Hb] image [36].
Second, the imaged area was limited within the sensorimotor region only. Other
participating cortical regions evoked by the finger tapping task, such as premotor and
supplementary areas, were not optically interrogated and scanned. Third, in this study, we
did not find any significant variation in manually-recorded heart rate or oxygen saturation in
either the CP group or Control group. However, we assume that the tapping task was harder
to children with CP than to the healthy controls and might cause systemic changes in
children with CP. Such changes may occur simultaneously with the functional activation and
may be inherently encoded into the functional brain measurements in some subjects [45-47].
Our current results could not be completely resistant to such systemic changes, while the
systemic influence is expected to be insignificant because of a short period of activation and
mild motor movement of finger tapping. For future studies, a subject’s heart rate and oxygen
saturation may be recorded simultaneously with fNIRS so that systemic changes of the
subject during the experiment can be monitored or determined. Then, appropriate
compensation analysis and comparison between healthy controls and patients can be made.

In summary, we have demonstrated clearly that with the use of 3D spatiotemporal analysis
and quantification of brain laterality, fNIRS has an ability to assess the cortical
reorganization in children with mild CP. Specifically, the introduction of lateralization
factor, L, has allowed us to reveal laterality of the brain activation derived from the fNIRS
data. Such analysis may be applicable to other fNIRS applications, taking advantages of
integrating both temporal and spatial information simultaneously.
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Fig. 1.

Schematic illustration of the placement of fNIRS probe on the sensorimotor cortex: (a)
Location of the optodes (gray circles are sources and gray squares are detectors) on the
subject's head in accordance with a "10-20" EEG arrangement, as labeled by open circles. (b)
Enlarged configuration of the fNIRS probe, consisting of 28 nearest source-detector optode
pairs (indicated with solid lines between sources and detectors), 14 pairs on each
hemisphere.
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Fig. 2.

Schematic illustrations of spatiotemporal analysis: (a) A set of A[HbO,] images in time
sequence during motor activation. The solid contoured line marks the activation area in each
slice based on half-maximum thresholding. (b) A 3D, spatiotemporal mask of matrix
elements in A[HbO,] above the half maximum in (x, y, §) space, which represents both the
spatial and temporal patterns of motor activation. Both (a) and (b) were obtained from a
control subject during right-hand tapping.
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Reproducibility of motor activation during left-hand finger tapping measured from a control
subject (male, 7 years old) in two visits. A[HbO,] images are obtained at its peak time of
motor activation (about 16—17 sec after the initial tapping) from (a) Visit 1 and (b) Visit 2.
Both visits show clear activation on the subject's contralateral hemisphere (right
hemisphere). The solid lines outline the activated areas with A[HHO,] values larger than the
half-maximum threshold. (c) The temporal evolutions of A[HbO,], and A[HB] in Visit 1

(solid curves) and Visit 2 (dotted curves) are obtained from the center of activation in

contralateral hemisphere. The gray box marks the duration of finger tapping.
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Motor activation due to paretic-hand (right hand) finger tapping from a subject (male, 12
years old) with right hemiparesis. (2) MRI of the subject's brain showing a white matter
lesion in the left centrum-semiovale; (b) Surface EMG data recorded from the extensor and
flexor muscles of both forearms. It shows distinct movements of right extensors during
tapping in all of ten epochs. No mirror movements are observed from the non-paretic hand
(left hand); (c) 3D spatiotemporal pattern of A[HbO;] above its half-maximum during motor
activation; (d) 2D A[HbO,] image of motor activation at its peak time (unit of color bar:
pwM). Both (c) and (d) show bilateral characteristics. Thus, a distinct participation of the

unaffected hemisphere (right hemisphere) to the paretic-hand tapping is demonstrated.
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Fig. 5.

Age-dependent lateralization (L value) in both (a) Control group and (b) CP group (Some
data points in each subfigure are overlapped). Both figures show that the younger subjects
have lower L values, especially the 6-year-old subjects, tending to have weaker contralateral
activation. In each group, the overall trend of dependence of L on age follows an asymptotic
curve (shown by the dash lines). At 7 years of age and older, as marked by the gray boxes,
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the dependence of L on age becomes insignificant in either group.
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Table 1

Demographics of subjects with hemiparetic CP and age-matched healthy subjects between 6 and 12 years old

Control group (N=7) CP group (N=10)

Age (yrs) 83+20 78+19
Gender (F/M) 4/3 6/4
Handedness (R/L) * 6/1 5/5

*
Hemiparesis for children with CP.
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Table 2

Spatiotemporal characterizations (mean + SD) of motor activation in the CP group and age-matched Control
group

Control group (N=7) CP group (N=10)

Dominant hand  Non-dominant hand  Non-paretic hand™  Paretic hand

Visontra (CM2:5) 77429 101+ 49 88 + 58 76+ 61
x| (cm) e 56+1.2 6.1+13 6.0+14 6.3+0.9
£4s) el 16.5+4.7 16.0+28 13.7+53 12.4+35
L 0.7+04 09+0.3 05+0.5 0.4+0.6

*
Non-paretic hand is the dominant hand for each CP subject.
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Hk
Values are taken from the contralateral hemisphere as default unless L < -0.3.
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