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Abstract. Sensorimotor cortex plasticity induced by constraint-induced movement therapy (CIMT) in six children
(10.2� 2.1 years old) with hemiplegic cerebral palsy was assessed by functional near-infrared spectroscopy
(fNIRS). The activation laterality index and time-to-peak/duration during a finger-tapping task and the rest-
ing-state functional connectivity were quantified before, immediately after, and 6 months after CIMT. These
fNIRS-based metrics were used to help explain changes in clinical scores of manual performance obtained
concurrently with imaging time points. Five age-matched healthy children (9.8� 1.3 years old) were also imaged
to provide comparative activation metrics for normal controls. Interestingly, the activation time-to-peak/duration
for all sensorimotor centers displayed significant normalization immediately after CIMT that persisted 6 months
later. In contrast to this improved localized activation response, the laterality index and resting-state connectivity
metrics that depended on communication between sensorimotor centers improved immediately after CIMT, but
relapsed 6 months later. In addition, for the subjects measured in this work, there was either a trade-off between
improving unimanual versus bimanual performance when sensorimotor activation patterns normalized after
CIMT, or an improvement occurred in both unimanual and bimanual performance but at the cost of very abnor-
mal plastic changes in sensorimotor activity. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported

License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
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1 Introduction
Cerebral palsy (CP) describes a group of permanent neurodeve-
lopmental disorders, the core feature of which is abnormal gross
and fine motor function caused by a nonprogressive lesion to the
brain that occurred in the developing fetal or infant brain.1–3

Hemiplegic cerebral palsy is one of the most prevalent types
of CP, characterized by unilateral motor and/or sensory impair-
ments in the upper and lower limbs. Patients with hemiplegic
CP often help their affected limb while performing daily tasks
by compensatory use of their unaffected limb.4,5 Even though
CP cannot be cured, motor control skills in these children
can be improved through repetitive task-specific treatments
targeting an increased involvement of the affected limb.6

Constraint-induced movement therapy (CIMT) is one such
common treatment for children with upper limb hemiplegia.7

The aim of CIMT is to restrain the unaffected extremity, and
thus forces intensive use of the affected extremity.8

Upper limb motor severity in patients with CP can be clas-
sified using the manual ability classification system (MACS).9

Several upper extremity functional outcome measures have been
developed and validated in this population.10,11 The Melbourne
assessment12 measures unilateral upper limb function, while
assisting hand assessment (AHA)13 measures bimanual func-
tion. Although very useful, clinical assessments do not yield
insights about how improved motor performance relates to
therapy-induced plastic changes in the brain, for which func-
tional imaging methods are needed.14,15

Functional magnetic resonance imaging (fMRI) is the gold
standard for neuroimaging employed in a few recent studies
to evaluate the effects of CIMT on children with CP.16–18 In
these studies, the laterality index of sensorimotor activation
between the two cerebral hemispheres16,18 was proposed as a
measure of treatment response. However, fMRI requires sub-
jects to remain steady for long periods of time in a restricted
space, which limits the success rate of functional imaging stud-
ies in healthy children.19 This may be even more relevant
in children with CP. Changes in gray matter volume in the
sensorimotor cortex of the lesioned hemisphere measured by*Address all correspondence to: George Alexandrakis, E-mail: galex@uta.edu
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anatomical MRI were also proposed as a treatment response
metric,17 though this approach does not offer measures of
change in brain function. In addition, changes in motor-evoked
potentials of the affected hand were quantified by transcranial
magnetic stimulation as an alternative treatment response
metric.20

In recent years, fNIRS has been increasingly shown as a via-
ble alternative neuroimaging modality to fMRI for monitoring
brain activation.21,22 FNIRS detects changes in near-infrared
light absorption caused by changes in the concentration of
oxyhemoglobin (ΔHbO) and deoxyhemoglobin (ΔHb) resulting
from neuronal activity, known as neurovascular coupling.23

As light penetration in the brain is limited due to multiple
scattering, fNIRS can only image cortical regions with limited
spatial resolution.24,25 However, the portability and relative
robustness of this technology to motion artifacts26–28 make it
advantageous for monitoring brain activity in children with
motor deficits, as is the case for CP. Several studies utilized
fNIRS to investigate cortical activation in response to motor
skills in individuals with CP.29–31 We have previously demon-
strated that fNIRS can be used to image sensorimotor cortex
activity in children with CP and derived a variety of related
activation metrics.31 However, no fNIRS studies have been per-
formed to date that use activation metrics for assessing plasticity
in children with CP after CIMT and any related information
reported in fMRI studies so far remains very limited.16–18

In this work, we demonstrate how analysis of sensorimotor
cortex activation patterns obtained by fNIRS during finger tap-
ping enables quantification of spatial and temporal activation
metrics for assessing plastic changes, immediately after, and
6 months after CIMT. Changes in resting-state functional
connectivity patterns between sensorimotor centers are also
explored as an additional metric for assessing treatment effects.
Furthermore, changes in manual performance were quantified
using the Melbourne and AHA clinical scales at the same
time points as fNIRS measurements. The observed differences
in trends between fNIRS-based metrics relative to clinical
metrics provide insights into how cortical plasticity can affect
manual performance. The findings of this work are a first
step toward future exploration of the intriguing possibility of
using fNIRS-based metrics as long-term predictors of CIMT
outcomes.

2 Methods

2.1 Subjects and CIMT

Six subjects with hemiplegic CP (two female and four male;
10.2� 2.1 years old) were included in this study. Two subjects
(Subject 4 and Subject 8) were right hemiparetic and the other
four subjects were left hemiparetic. Two subjects (Subject 1 and
Subject 4) were classified as MACS 1 and the other four subjects
(Subject 3, 6, 7, and 8) as MACS 2. Subjects with light impair-
ment of their affected hand that was often hardly noticeable
were classified as MACS 1. Subjects classified as MACS 2
had impaired use of their affected hand, but could perform life
daily activities adequately through compensatory use of their
unaffected hand. Five healthy children (two female and three
male; 9.8� 1.3 years old) were also included as controls. All
the controls were right handed. All children with CP included
in this study had a successful MRI scan that identified a single
subcortical/cortical lesion affecting their motor area in one of the
two cerebral hemispheres. In addition, Subject 3 had undergone

a right functional peri-insular hemispherectomy due to intrac-
table epileptic seizures and had a physical shift of 1.3 cm to
the right of the brain midline separating the two hemispheres,
as verified by the anatomical MRI. The children with CP par-
ticipated in a 2-week, pirate themed, CIMT camp that took place
5 days a week, 6 h a day, at the Texas Scottish Rite Hospital for
Children in Dallas. During CIMT camp, the children took part in
group and individual activities such as ball games and painting,
focused on improving gross and fine motor skills and increasing
independence with activities of daily living under the supervi-
sion of occupational therapists. The unaffected arm of each child
was immobilized by a removable splint during camp hours,
which forced the use of their affected arm during play activities.
FNIRS measurements, MACS9 classification, and clinical
assessments using the Melbourne assessment of upper limb
function,12 and AHA13 of bimanual limb function were per-
formed on each child with CP before, immediately after, and
6 months after therapy. Only Subject 4 missed one fNIRS meas-
urement at 6 months after therapy. The occupational therapists
inquired about the children’s affected arm activity levels after
therapy and although these varied between subjects no addi-
tional therapies or intensive manual training were performed
by any subject in the 6 months after CIMT. Control subjects
were also measured by fNIRS at the same time points, but no
clinical assessments were performed on them. The study was
approved by the University of Texas Southwestern Medical
Center at Dallas (UTSW) Institutional Review Board protocol
(IRB No. 042007-064).

2.2 Experimental Setup and Protocol

A continuous-wave fNIRS brain imager (CW-6, Techen Inc.,
Milford, Massachusetts) was used to map the ΔHbO and
ΔHb induced by sensorimotor cortical activation during a fin-
ger-tapping task. As ΔHb dynamics are highly correlated with
those of ΔHbO32 and have significantly lower amplitudes than
the latter making them susceptible to cross talk from ΔHbO33

and to interference from physiological artifacts, we have focused
on the analysis of ΔHbO dynamics only. The source-detector
probe geometry of fNIRS is shown in Fig. 1. There were 16
sources and 32 detector fiber bundles to cover most of the sen-
sorimotor cortex. The rows of sources and detectors were cen-
tered around the Cz position of the EEG International 10/20
system34 and attached onto the subjects’ heads by perforated
Velcro straps. Near-infrared light at wavelengths of 690 and
830 nm was delivered from the source fiber bundles simultane-
ously at each source location as the CW-6 system enables all
laser sources to be on at the same time with distinct modulation
frequencies (6.4 to 12.6 kHz, with an increment of 200 Hz). The
back-reflected light was sampled at the frequency of 25 Hz.
Each source had up to six detectors with 3 cm separation,
and each detector received light from up to three sources,
which resulted in a total of 84 source-detector pairs for each
wavelength. This setup enabled monitoring cortical activation
over an 11 cm × 20 cm field of view. Additionally, eight
short-distance (1.5 cm) source-detector pairs, indicated by yel-
low lines in Fig. 1, were used as references to subsequently filter
out superficial background hemodynamics unrelated to activa-
tion (Sec. 2.3).

EEG International 10/20 system Cz, C3, C4, F3, and F4 ana-
tomical measurements34 were used as reference points to ensure
the optical probe setup was placed over the sensorimotor cortex.
The optical probe setup was centered on the Cz reference point
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and covered a large area of sensorimotor cortex such that the
probe set extended a fixed distance of 5 cm anterior to the
C3 and C4 positions to map the primary motor/sensory area
(M1/S1) and was 0.21� 0.13 cm posterior of the measured
F3 and F4 positions covering the supplementary motor area
(SMA) and premotor cortex (PMC) of both hemispheres, as
indicated in Fig. 1. Anatomical measurements were performed
on the head of each subject at all three visits and the standard
deviations of the distances between Cz and any one of C3, C4,
F3, and F4, across all visits, did not exceed ∼� 1.5 mm.

After subjects were set up for fNIRS measurements they
were asked to perform a finger-tapping task, once with their left
hand and once with their right hand. Subjects were instructed to
tap with four fingers in unison (excluding the thumb) and keep
their wrists on the table, while the other hand was to remain at
rest as much as possible. An animation made on Adobe flash
(Adobe Systems Incorporated, San Jose, California) guided
the subjects to tap at a frequency of 1 Hz. The experimental pro-
tocol for finger tapping by each hand started with a 3-min rest
period, followed by eight 40-s blocks that started with 15 s of
tapping followed by 25 s of rest.

2.3 Signal Processing and Image Analysis

In addition to detecting hemodynamic changes due to evoked
cortical activation, fNIRS is also sensitive to cerebral hemo-
dynamic fluctuations of systemic origin, which can be caused
by cardiac pulsation (0.8–2.0 Hz), respiration (0.1–0.33 Hz)
and Mayer waves (0.1 Hz or lower).35,36 The cortical hemo-
dynamic response to the motion activation protocol can be
found in the frequency range of 0.01–0.4 Hz, so a bandpass filter
could only effectively remove cardiac pulsation, but not the res-
piration or Mayer waves that overlap in frequency with the acti-
vation-induced hemodynamic fluctuations. In order to filter out
these physiological interferences, recent studies have used com-
ponent analyses,37,38 state-space estimation,35,39 adaptive filter-
ing,40 linear regression,41 or some combination of these.42,43

This study used a combination of bandpass filtering, adaptive
filtering, and principal component analysis (PCA) to filter the

fNIRS signals as we have previously reported.31 In brief, the
first step was to use a 0.01–0.4 Hz bandpass filter to remove
cardiac pulsation signals. Subsequently, global fluctuations
due to respiration and Mayer waves were removed by a combi-
nation of an adaptive least-mean-square (LMS) filter40 and
PCA.37 One short source-detector pair of the eight available
was used as the adaptive filter noise reference for the removal
of global hemodynamic fluctuations from the fNIRS signals.40

The reference channel chosen had the least amount of motion
artifacts of the eight, which translated to having either zero
or one motion-generated spikes in the time-series reference
data. The spike in the reference channel time-series data was
manually removed and the missing data were interpolated by
the spline cubic spline function in MATLAB® (Mathworks,
Natick, Massachusetts). Moreover, any block of data with
obvious motion artifacts in any tapping/rest period was man-
ually excluded from further analysis.

Reconstruction and visualization of fNIRS images from the
acquired reflectance data were performed by the open-source
HomER software implemented in MATLAB.44 In this software,
activation images were reconstructed by the Tikhonov perturba-
tion solution to the photon diffusion equation, which employs
a regularized Moore-Penrose inversion scheme.45,46 The result-
ing ΔHbO maps were reconstructed 20 × 21 pixel images
(0.55 cm × 0.95 cm for each pixel) for every 0.04 s time
interval.

The determination of image pixels with activation was based
on a two-step process. First, the image pixels with temporal
hemodynamic patterns that correlated significantly with evoked
cortical activation were identified by a general linear model
(GLM) similar to previous fMRI studies.47–49 A value of
p < 0.0001 based on Bonferroni’s correction was used as
the threshold to identify pixels with activation. Second, a
k-means clustering algorithm50 was used to calculate the sig-
nal-to-noise ratio (SNR) per image pixel. This was done to
exclude any pixels with low SNR that the GLM still found
to significantly correlate with the model-based hemodynamic
response function51 calculated for the finger-tapping protocol
being used in this study. The algorithm considered the entire
temporal responses for each pixel after GLM and divided the
pixel values into three clusters: activation, baseline, or deactiva-
tion.31 The pixel values in the baseline cluster were regarded as
noise. The SNR of activation for each pixel was then calculated
as the mean signal amplitude of the activation cluster over the
standard deviation of the hemodynamic fluctuation amplitudes
of the noise cluster in that pixel. Pixels with SNR ≥ 2 were con-
sidered to be part of the regions of activation when the ΔHbO
amplitude equaled or exceeded two standard deviations of
the amplitude of background hemodynamic fluctuations. The
selected SNR threshold corresponded to a probability of 95%,
or more, for the fluctuation amplitudes of these pixels to be
different from those due to background hemodynamics.

The sequence of postprocessing steps described above is
shown in Fig. 2. More details can be found in a prior publication
from our group.31

2.4 FNIRS-Based Metrics Derived from Activation
Images and Detector Level Resting-State Data

The laterality index and time-to-peak/duration metrics were
derived from the analysis of activation images. The time series
data from each subject were first analyzed to find all image pix-
els with significant activation, as above described in Sec. 2.3.

Fig. 1 The fNIRS measurement geometry (sources: blue squares;
detectors: green circles) spanned a field of view covering the premotor
cortex (PMC), supplementary motor area (SMA) and M1/S1 (primary
motor/sensory cortex) areas indicated by black ovals. Yellow lines
connect the short distance source-detector pairs sampling the scalp
hemodynamics. Dark gray triangles indicate the EEG International
10/20 system Cz, C3, C4, F3, and F4 locations.
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Subsequently, the laterality index metric was calculated using
Eq. (1) and the time-to-peak metric was computed for each
pixel with activation and was then averaged across pixels.
The resting-state functional connectivity between sensorimotor
regions was computed from source-detector channel data that
were first averaged within each region indicated in Fig. 1.

2.4.1 Laterality index

Laterality of activation, representing the dominance of one side
of the brain in controlling motor functions, was quantified by
the laterality index:52

L ¼ Ncontral − Nipsi

Ncontral þ Nipsi

; (1)

where Ncontral was the number of activation pixels in the contra-
lateral hemisphere and Nipsi was the number of activation pixels
in the ipsilateral hemisphere. Equation (1) indicates that an L
value of “þ1” corresponds to complete contralateral activation,
an L value of “−1” represents complete ipsilateral activation,
and an L of “0” reflects bilateral activation. The midline sepa-
rating the two hemispheres for calculating laterality index was
shifted for Subject 3, as described in Sec. 2.1. The laterality
index was averaged across subjects for each visit time point
before comparing data between visits.

2.4.2 Resting-state functional connectivity

Resting-state functional connectivity represents the regional
interactions between cortical centers that occur when a subject
is not performing an explicit task.53 Source-detector channels
were assigned to the M1/S1, PMC, or SMA, as identified by
the EEG International 10/20 system Cz, C3, C4, F3, and F4 ana-
tomical measurements.28 Signals recorded during the 3-min rest
period at the beginning of the protocol were averaged for all
detector fiber bundles found within M1/S1, PMC, or SMA
and separately for each hemisphere. Due to Subject 3’s anatomi-
cal midline shift, as described in Sec. 2.1, only those source and
detectors that were at least 2 cm to the right of the measured Cz
position were considered part of the right hemisphere. The rest-
ing-state functional connectivity between these sensorimotor
areas was subsequently computed using a synchronization like-
lihood (SL) metric.54 Cortical regions were considered as func-
tionally connected for SL ≥ 0.6.55 This threshold was lower than

what is typically used in studies on adults,56,57 as the correlation
strength is known to be weaker in children.58 The connection
frequency between pairs of sensorimotor regions was calculated
for each visit time point as the percentage of subjects having this
connection according to the SL metric used.

2.4.3 Activation time-to-peak/duration

Temporal aspects of cortical activation patterns in fNIRS images
were quantified by the time-to-peak/duration metric. The ration-
ale behind this metric was that in children with CP, performing
finger tapping the time-to-peak tends to be shorter and the acti-
vation duration longer compared to controls.31 Thus, an increase
in this ratio would reflect treatment-induced normalization of
activation patterns. The duration of activation in each pixel
was defined as the total time for which the hemodynamic fluc-
tuation amplitude in that pixel exceeded a threshold, which was
defined as the maximum value of the baseline cluster identified
by the k-means algorithm (Sec. 2.3). The activation duration
metric was then computed as the average of all image pixels
within the activation area. The time difference between the
beginning of the tapping interval and the time point of maximum
ΔHbO, averaged over all pixels with activation in the image,
was defined as the time-to-peak metric. Time-to-peak/duration
was averaged across subjects for each visit before comparing
data between visits.

2.4.4 Statistical analysis

Two-sample t tests were performed using SAS 9.2 (SAS
Institute Inc. Cary, North Carolina) to determine whether
there was a significant difference (p < 0.05) of metric means
between control subjects and subjects with CP. Paired t tests
were also performed to determine if there was a significant dif-
ference (p < 0.05) of metric means between visits of subjects
with CP. In the cases where pair-wise dataset comparison did
not satisfy the normality condition (function proc univariate
normal in SAS, p < 0.05), the Wilcoxon signed-rank test was
performed instead. Repeated ANOVA tests were performed to
check whether there was a significant difference (p < 0.05) of
metric means between the visits of controls. A posthoc power
analysis was performed to validate the statistical power (1 − β)
of the t test or Wilcoxon sign-rank test, as appropriate, for the
cases where there was a statistically significant difference
between the two metric categories being compared.59

3 Results
It was found that when children with CP tapped with their unaf-
fected hand, there were no statistically significant changes for
any of the fNIRS activation metrics between measurement time
points. In this work, the activation metrics obtained from chil-
dren with CP tapping with their affected hand were compared to
those obtained from controls tapping with their dominant hand
at the same measurement time points.

3.1 Laterality Index

Activation in M1/S1 cortical regions only was used for the lat-
erality index metric calculations following previously reported
fMRI and fNIRS studies.16,18,60 Figure 3 shows the mean and
standard deviation of the laterality index for controls and chil-
dren with CP. The three visits for the controls were averaged into
a single group of values as the laterality index was not found to

Fig. 2 Flowchart of postprocessing steps.
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change significantly over time for these subjects (p ¼ 0.84).
As shown in Fig. 3, controls had preferential activation in the
contralateral sensorimotor cortex during finger tapping. In con-
trast, children with CP showed bilateral activation on average
before therapy. At the second visit immediately after therapy,
the laterality index for children with CP increased and was
closer to that of controls. At 6 months after therapy only one
child with CP retained a high laterality index while all others
relapsed. As a result, the mean laterality index relapsed close
to the values before treatment.

A high statistical significance was found (p ¼ 0.007,
1 − β ¼ 0.91) for the mean value difference in laterality

index between controls and children with CP before therapy.
Moreover, the laterality index of children with CP immediately
after therapy was significantly different (p ¼ 0.006, 1 − β ¼
0.98) from that of before therapy. No significant difference
was observed between 6 months after therapy and prior visits
due to the larger standard deviation of the group’s laterality
index 6 months after therapy.

3.2 Resting-State Functional Connectivity

Changes in the resting-state functional connectivity between
five cortical regions (Fig. 1) were explored as a metric of
response to CIMT. Based on the aforementioned SL ≥ 0.6
criterion, the two MACS 1 subjects showed significant pair-
wise connectivity between all sensorimotor regions that did not
change between the three visits. The four children with CP that
did not show connectivity changes, all MACS 2, were compared
to the average connectivity pattern from five controls in this
part of the study. The thickness of lines in Fig. 4 connecting
any two sensorimotor regions represents the percentage of
MACS 2 subjects for whom a given pair of activation regions
was connected.

The frequency of connections between any two regions for
controls was no more than 60%. In contrast, the frequency of
pair-wise connection between regions for MACS 2 subjects
before therapy was much higher, even reaching 100% for some
connections between the SMA and other cortical regions.
Interestingly, immediately after therapy MACS 2 subjects had
weaker connectivity frequencies, especially between the SMA
and other cortical regions, which was similar to what was
observed in controls. Therefore, these results imply a certain

Fig. 3 Laterality index for controls tapping with their dominant hand
and children with cerebral palsy (CP) tapping with their affected hand
across the three visits (white: controls, gray; children with CP). Error
bars indicate ± one standard deviation. Asterisks indicate statistically
significant differences in laterality index (p < 0.01).

Fig. 4 Group-wise resting-state functional connectivity in controls (a) and children with CP at the three
assessment time points: (b) before therapy, (c) immediately after therapy, (d) 6 months later after therapy.
Black line thickness represents the percentage of subjects with significant connectivity between a given
pair of sensorimotor centers.
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level of sensorimotor network normalization occurring immedi-
ately after CIMT. However, at the 6 months after therapy time
point, the connectivity frequencies between almost all cortical
regions reversed back toward values found before therapy.

3.3 Activation Time-to-Peak/Duration

Figure 5 shows the mean and standard deviation of the time-to-
peak/duration metric for controls and the three visits of children
with CP. As was done for the laterality index analyses above, all
pair-wise group comparisons between visits of children with CP
for the time-to-peak/duration metric were performed by paired t
tests with one exception: The comparison of children with CP
before therapy versus immediately after therapy. This latter case
did not pass the normality test (Sec. 2.4.4) and the Wilcoxon
signed-rank test was used instead. No significant difference
was observed for controls between the three visits (p ¼ 0.69)
and they were averaged into a single group. A significant differ-
ence was found in time-to-peak/duration between controls and
children with CP before therapy (p ¼ 0.001, 1 − β ¼ 0.97).
Most subjects with CP had a smaller time-to-peak/duration met-
ric before therapy, which increased significantly immediately
after therapy (p ¼ 0.03, 1 − β ¼ 0.99) and persisted at signifi-
cantly higher values (p ¼ 0.006, 1 − β ¼ 0.97) 6 months after

therapy. The change of time-to-peak/duration toward higher
values indicates a normalization of temporal activation patterns
in all five sensorimotor regions after CIMT that persisted even
6 months later.

3.4 Comparisons with Clinical Assessment Scores

3.4.1 Changes in Melbourne and AHA scores between
visits

The Melbourne and AHA scales were employed to evaluate the
unimanual and bimanual performance, respectively, of children
with CP before, immediately and 6 months after therapy.
Figure 6 illustrates changes in Melbourne scores versus changes
in AHA scores for children with CP between visits. The thresh-
olds for clinically significant improvements in Melbourne and
AHA scores were 14 and 5, respectively.12,13 These threshold
values are depicted in Fig. 6 as dashed lines.

Changes in clinical scale scores varied greatly between
immediately after therapy [Fig. 6(a)] and 6 months after therapy
[Fig. 6(b)]. Nevertheless, all four MACS2 subjects improved
significantly on Melbourne or AHA scores, or both, immedi-
ately after therapy and 6 months after therapy. On the contrary,
the two MACS 1 subjects included in this study, Subjects 1 and
4 [circled with black ovals in Figs. 6(a) and 6(b)], did not show
significant improvements on either assessment scale. As a result,
the discussion below on the comparisons between clinical scale
scores and fNIRS metrics focuses on the four MACS 2 subjects,
who had significant changes in motor function after CIMT.

3.4.2 Changes in Melbourne and AHA scores versus
changes in laterality index

Figures 7(a) and 7(b) illustrate the comparison between the
change in Melbourne scores and the change in laterality
index between visits for the four MACS 2 subjects. It is seen
that for all subjects expect for Subject 3, an increase in the
laterality index representing a shift of cortical activation from
the ipsilateral to the contralateral hemisphere was accompanied
by significant improvements in unimanual ability immediately
after therapy, as reflected by the increased Melbourne scores
[Fig. 7(a)]. The fact that Subject 3 appears to be an outlier is
not surprising given that he had previously had brain surgery
due to intractable epileptic seizures (Sec. 2.1). The laterality

Fig. 5 Time-to-peak/duration of activation for controls tapping with
their dominant hand and children with CP tapping with their affected
hand across the three visits (white: controls; gray: children with CP).
Error bars indicate ± one standard deviation. Asterisks indicate sta-
tistically significant differences in time-to-peak/duration (p < 0.05).

Fig. 6 Change in clinical scores for six subjects with CP between visits (V1: before therapy, V2: immedi-
ately after therapy, V3: 6 months after therapy). (a) Change in scores between before and immediately
after therapy (V2-V1). (b) Change in scores between before and 6 months after therapy (V3–V1).
Thresholds for clinically significant improvements in Melbourne and AHA scores were 14 (vertical dashed
lines) and 5 (horizontal dashed lines), respectively. Data for MACS1 subjects are inside ovals.
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index change of 2 for this subject indicates a complete switch of
activation between hemispheres toward a more normal laterality
pattern that, however, did not result in significant motor gains
[Fig. 7(a)]. At 6 months after CIMT [Fig. 7(b)] Subject 6 had
relapsed but all other subjects maintained and even slightly
improved unimanual ability compared to before therapy. Even
though there are not enough subjects to perform formal statis-
tical analyses, one can see a positive trend between the laterality
index and Melbourne score changes in Fig. 7(b).

In contrast to Melbourne score changes, an overall negative
trend between laterality index and AHA score changes could
be discerned both immediately after therapy [Fig. 7(c)] and
6 months after therapy [Fig. 7(d)]. An exception to this trend
was Subject 8 who had improvements in both Melbourne and
AHA scores that were maintained 6 months later, but at the
cost of a significant relapse in laterality index 6 months after
therapy that was even more abnormal than the values before
therapy.

Another noteworthy observation was that Subject 7 was
the only one in the MACS 2 group who retained significant
improvements in unilateral motor function, as assessed by
the Melbourne scale, while also maintaining a normalized

laterality index [Fig. 7(b)]. Interestingly, Subject 7 also had the
highest average connectivity strength between sensorimotor
centers (SL ¼ 0.70) compared to the MACS2 group average
(SL ¼ 0.64). Nevertheless, the connectivity pattern for Subject
7 was not different from that of the group average shown in
Fig. 4(d).

Overall, the above results showed that each child had a
unique way of responding to CIMT and attained some motor
function improvements by increasing the involvement of the
ipsilateral sensorimotor cortex (Subject 8), increasing the con-
nectivity strength between sensorimotor centers (Subject 7), or
by some combination thereof (Subjects 3 and 6). A positive
trend between increases in Melbourne scores and increases in
time-to-peak/duration, as well as a negative trend between
increases in AHA scores and increases in time-to-peak/duration
were also noticed. All results are compiled in Table 1.

4 Discussion
For unilateral brain lesions causing hemiplegia, there is a natural
tendency for the affected sensorimotor control areas to recruit
corresponding areas from the contralateral unaffected cerebral
hemisphere. The increased connectivity between hemispheres

Fig. 7 Change in clinical scores versus change in laterality index for MACS 2 subjects between visits
(V1: before therapy, V2: immediately after therapy, V3: 6 months later after therapy). Change in
Melbourne scores versus change in laterality index immediately after therapy (a) and (b) 6 months
after therapy. Corresponding changes in AHA scores immediately after therapy (c) and (d) 6 months
after therapy.
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is presumed to be a compensatory reaction to the loss of con-
nections with white matter after brain injury.61 CIMT has been
used to enforce increased use of the affected hand and reduce
overreliance on the unaffected hemisphere,8 which is accompa-
nied by partial normalization of brain activation patterns.16,18

In this work, fNIRS was used to map the plastic changes that
occurred in the sensorimotor cortex of six children with CP
immediately after and 6 months after 2 weeks of CIMT.
Changes in the unimanual and bimanual abilities of these chil-
dren were assessed by the Melbourne and AHA functional
scales, respectively, at the same time points as fNIRS measure-
ments. Subsequent data analysis and comparisons yielded some
interesting insights:

First, though larger numbers of subjects would need to be
tested in the future, the improvements in clinical scores reported
in this work for MACS 2 subjects suggest that children with CP
with a higher level of motor impairment could benefit more from
CIMT, consistent with findings from a prior clinical report.62

The two less impaired MACS 1 subjects did not benefit as
much, as proven by the nonsignificant changes in their clinical
scores after CIMT (Fig. 6). These subjects had high manual abil-
ity scores to begin with. As this was an initial exploratory study,
only children with CP with a lower level motor impairment
classified as MACS 1 or MACS 2 were included to avoid
possible issues with more impaired subjects who may have had
difficulty following the fNIRS finger-tapping protocol.

Second, there were no children with CP in this study that
significantly improved both their unimanual and bimanual abil-
ities after CIMTwhile also normalizing their sensorimotor acti-
vation patterns, as measured by fNIRS. Normalization in this
context meant that the laterality index and time-to-peak/duration
metric values became closer to corresponding values seen in the
group of healthy children that were closer to unity for both met-
rics. From Figs. 6(a) and 6(b), it was interesting to see that for
three of the four MACS 2 subjects (Subjects 3, 6, and 7) there
was significant improvement in either the Melbourne or AHA
scores, but not both, at any one assessment time point. Since
Melbourne scores reflected unimanual ability and AHA scores
reflected bimanual ability, it is possible that a trade-off existed
between using unilateral or compensatory bilateral limb move-
ments to perform manual tasks. This trade-off was also observed

by the positive trend between laterality index and Melbourne
score changes in Fig. 7(b) and an overall negative trend between
laterality index and AHA score changes both immediately after
therapy [Fig. 7(c)] and 6 months after therapy [Fig. 7(d)]. This
observation suggests that normalization of the laterality index,
while improving unimanual ability [Fig. 7(b)], results in the
trade-off of reduced bimanual ability [Fig. 7(d)] for these chil-
dren. However, one MACS 2 subject, Subject 8, had significant
improvements immediately after therapy that persisted 6 months
after therapy for both clinical assessment scales. This subject
not only improved the use of the affected arm, but also the co-
operation between arms. However, the negative change in later-
ality index for this subject at 6 months after CIMT [Fig. 7(b)]
suggests that the improvement in Melbourne score (unimanual
ability) occurred at the expense of abnormally high compensa-
tory use of the uninjured brain hemisphere.

Third, an interesting difference was observed between how
the time-to-peak/duration changed with time post-therapy
compared to the laterality index and resting-state connectivity
metrics studied here: Time-to-peak/duration, a local measure
of hemodynamic response, sustained the improvements seen
immediately after CIMT out to 6 months after therapy. In con-
trast, laterality index and resting-state connectivity, which are
global measures of hemodynamic response, normalized
immediately after CIMT but relapsed 6 months after therapy
toward the values before therapy. These observations suggest
that the global metrics of hemodynamic pattern change may
be more useful than local metrics for assessing longer term treat-
ment response.

The results of this work are consistent with results from the
few fMRI studies that exist to date on the topic of CP and
CIMT.16,18 Specifically, in a case report on a child with CP
with MACS2, the laterality index changed from −0.25 before
3 weeks of CIMT to 0.43 immediately afterward.16 In another
study, including four children with CP (MACS1 and MACS2),
two maintained a high laterality index between before
(0.80� 0.08) and immediately after CIMT (0.72� 0.07)
while the other two showed a positive shift in laterality index
from −0.14� 0.16 before to 0.34� 0.13 after CIMT.18 In
all, in these prior studies, subjects with a low pre-CIMT
laterality index showed an increase immediately after therapy.

Table 1 Clinical scores and functional near-infrared spectroscopy (fNIRS) metrics of subjects with cerebral palsy (CP) and controls before,
immediately after and 6 months after therapy (V1: before therapy, V2: immediately after therapy, V3: 6 months after therapy).

Subject

Clinical scores fNIRS metrics

Melbourne AHA Laterality index Time-to-peak/duration

V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3

S1 110 111 113 60 62 62 0.5 1 0.4 0.92 1.15 1.13

S3 74 76 81 34 41 39 −1 0.9 −0.6 0.62 0.81 0.86

S4 117 117 117 84 84 84 0 1 — 0.80 1.22 —

S6 45 59 47 47 48 52 0.1 0.9 −0.6 0.62 0.85 0.81

S7 54 69 69 64 68 65 −0.1 0.6 0.9 0.52 0.73 0.86

S8 58 72 74 44 52 52 0 0.6 −0.8 0.56 0.71 1.04

Controls (Averaged) — — — — — — 0.69 0.71 0.69 0.97 0.99 1.00
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These studies also reported concurrent improvements in manual
ability metrics after CIMT, but the limited number of subjects
studied and the variability of manual ability assessment
methods used between studies precludes any further compari-
sons. Finally, an fMRI resting-connectivity study on children
with CP showed similar bilateral patterns as reported in this
work,63 but the effects of CIMT on resting-connectivity patterns
have not been previously reported.

5 Conclusion
This work demonstrated the utility of portable fNIRS technol-
ogy as a means of mapping sensorimotor cortex plasticity in
children with CP to help explain changes seen in manual ability
after a therapeutic intervention. The fNIRS results provided
insights that would not be accessible by looking at changes
in clinical scores alone. Larger numbers of subjects would
need to be followed in future studies for longer periods of
time to assess whether fNIRS metrics could be used as predic-
tors of CIMT outcomes.
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