THE RELATIONSHIP BETWEEN MIRROR MOVEMENTS AND CORTICOSPINAL
TRACT CONNECTIVITY IN CHILDREN WITH UNILATERAL SPASTIC CEREBRAL
PALSY

Hsing-Ching Kuo

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY

2016



© 2016
Hsing-Ching Kuo
All rights reserved



ABSTRACT
THE RELATIONSHIP BETWEEN MIRROR MOVEMENTS AND CORTICOSPINAL
TRACT CONNECTIVITY IN CHILDREN WITH UNILATERAL SPASTIC CEREBRAL
PALSY

Hsing-Ching Kuo

Unilateral Spastic Cerebral Palsy (USCP) is caused by an early brain lesion in which the
Corticospinal Tract (CST), the primary pathway controlling upper extremity (UE) movements, is
affected. The CST connectivity after early brain injury (i.e., an ipsilateral, contralateral, or
bilateral connectivity) may influence treatment outcomes. Transcranial magnetic stimulation
(TMS) is a common method to probe CST connectivity. However, TMS is limited to children
without seizures. Mirror movements (MM), an involuntary imitation of movements by one limb
during the contralateral limb voluntary movements, are common in USCP. MM may result when
both UEs are controlled by the contralesional motor cortex. Here we investigated the relationship
between MM and CST connectivity in children with USCP. We hypothesized that stronger MM
were associated with an ipsilateral connectivity. Our secondary aim was to investigate whether
the amount of MM was reduced after intensive therapy. Thirty-three children with USCP (mean
age=9yrs 6mos; MACS: I-III) participated and were randomized to receive 90hrs of unimanual
(n=16) or bimanual (n=17) intensive training. Assessments were measured at baseline and
immediately after training. We used TMS and diffusion tensor imaging (DTI) to determine the
CST connectivity. We used three approaches to quantify MM: 1) behavioral MM assessment
during contralateral movements, including hand opening/closing, finger opposition, finger

individuation, and finger walking, 2) involuntary grip force oscillations recorded by force



transducer (FT) when the contralateral hand performed repetitive pinching, and 3) involuntary
muscle contractions measured by electromyography (EMG) when the contralateral hand
performed pinching. Results showed that strong MM (scores > 3) in the more-affected hand
while hand opening/closing were associated with an ipsilateral pathway (Fisher’s exact test, p=
0.02). This association was not found in the remaining tasks (Fisher’s exact test, opposition, p>
0.99; individuation, p> 0.99; finger walking, p> 0.99). Involuntary GF oscillations were
measured in a subset of 16 children. Presence of FT-measured MM in the less-affected hand (>
0.3N) was not associated with TMS-probed connectivity (Fisher’s exact test, p= 0.59).
Nevertheless, presence of FT-measured MM was associated with DTI-assessed connectivity
(Fisher’s exact test, p= 0.0498). Similarly, presence of EMG-measured MM in the more-affected
hand was not associated with TMS-probed connectivity (Fisher’s exact test, p= 0.59).
Nevertheless, presence of EMG-measured MM was associated with DTI-assessed connectivity
(Fisher’s exact test, p= 0.03). The amount of MM did not change after training (p> 0.06 among
all measures). In conclusion, strong MM in the more-affected hand while hand opening/closing
may be indicative of an ipsilateral connectivity identified by TMS. Presence of MM measured by
FT may be a predictor of DTI-assessed CST pattern. Findings of this study may help researchers
and clinicians understand the relationship between the CST connectivity and its behavioral
manifestation in children with USCP. Such relationship may further guide therapeutic strategies

in a wider range of children with USCP.
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I INTRODUCTION

Cerebral Palsy (CP) is the primary cause of motor deficits in children. It is an
umbrella term that encompasses a group of developmental disorders. Clinically, it can
present with movement, postural, cognitive, tactile deficits, or seizures (Bax et al., 2005).
Unilateral spastic cerebral palsy (USCP), the most common type of CP (Himmelmann,
Hagberg, Beckung, Hagberg, & Uvebrant, 2005), has motor deficits lateralized to one
side of the body. Prenatal or perinatal brain injury or immaturity in early developmental
process may cause CP. Studies using Magnetic Resonance Imaging (MRI) have
demonstrated that the etiology may include middle cerebral artery occlusion or
hemorrhage, hypoxic-ischemic encephalopathy, brain malformation, and periventricular
leukomalacia or injury (Himmelmann, Beckung, Hagberg, & Uvebrant, 2006; Krageloh-
Mann & Horber, 2007). Damage areas may include the cerebral cortex, subcortical
structures (Kuban & Leviton, 1994), and the descending corticospinal tract (CST)
(Bleyenheuft, Grandin, Cosnard, Olivier, & Thonnard, 2007; Duque et al., 2003).

Dysgenesis of the corticospinal tract (CST), the primary descending motor
pathway, may contribute to impairment in skilled upper extremity (UE) movements
(Lemon, 2008; Martin, Friel, Salimi, & Chakrabarty, 2009). In a feline model of USCP,
it has been established that CST development is driven by activity-dependent competition
(Friel & Martin, 2007; Martin & Lee, 1999) and motor experience (Martin, Choy,
Pullman, & Meng, 2004). The mechanism of injury and subsequent recovery in the
corticospinal system in children with USCP resembles that in the animal model of CP
(Eyre, Taylor, Villagra, Smith, & Miller, 2001; Friel, Williams, Serradj, Chakrabarty, &

Martin, 2014). This mechanism has been tested in typically developing (TD) children



and those with USCP by means of transcranial magnetic stimulation (TMS). Typically
developing (TD) children have bilateral motor evoked potential (MEP) responses when
stimulating either motor cortex (M1) with TMS at term age. At 3-6 months of age,
evidence of withdrawal of the ipsilateral CST occurs, that is, the ipsilateral MEP begins
to have longer latency and smaller amplitude as compared to the contralateral MEP (Eyre
et al., 2007; Eyre et al., 2001). By 2 years of age, there is primarily contralateral MEP
response with sparse ipsilateral response in typical development. In contrast, children
with USCP exhibit a distinctive pattern when probing with TMS. The diminished
activity in the more-affected M1 strengthens the ipsilateral connections originating from
the less-affected M1 in children with USCP. Starting at ~6 months of age, stimulating
the less-affected M1 with TMS often elicits muscle responses on both UEs, whereas
stimulating the more-affected M1 with TMS elicits decreased or no contralateral MEP
responses. By 2 years of age, stimulating the less-affected M1 elicits MEPs in both UEs
with similar onset latencies. Approximately 50% of children with USCP have their
more-affected UE controlled by the ipsilateral CST projecting from the less-affected M1
(Lotze, Sauseng, & Staudt, 2009).

The extent of CST dysgenesis could impact hand function in children with USCP.
Studies showed that a greater asymmetry index (calculated by the cross-section areas of
bilateral cerebral peduncle) predicts a more severe level of hand impairment by using
structural Magnetic Resonance Imaging (MRI) (Duque et al., 2003; Friel, Kuo, Carmel,
Rowny, & Gordon, 2014; Staudt et al., 2002) or more precisely by using Diffusion
Tensor Imaging (DTI) (Bleyenheuft et al., 2007). Brain lesion extent may impact hand

function (Staudt, Niemann, Grodd, & Krageloh-Mann, 2000) and the CST reorganization



in patients with PVL (Staudt et al., 2002). In the latter, they showed that patients with
smaller lesions had a preserved contralateral CST, whereas patients with larger lesions
developed an ipsilateral connectivity. Importantly, Staudt et al. (2004) demonstrated that
the timing of brain lesion may affect hand function. Children with brain malformation
(1*' and 2nd trimester lesion) had better hand function than children with PVL (early 31
trimester lesion), who had better hand function than children with middle cerebral artery
hemorrhage or occlusion (late 3 trimester lesion). Holmstrom et al. (2010)
demonstrated that the most impaired hand function (measured by Box and Blocks test)
was found in children with an ipsilateral CST connectivity, whereas the least impaired
hand function was found in children with a contralateral CST connectivity. Hand
function outcome cannot be explained by a single factor and may dependent on a
combination of the lesion extent, type, and location (Holmstrom et al., 2010; Staudt et al.,
2004). Two reviews proposed to use the reorganization or “rewiring” of CST as a
biomarker to guide therapeutic applications and inform hand function outcome (Gordon,
Bleyenheutft, & Steenbergen, 2013; Jaspers, Byblow, Feys, & Wenderoth, 2015).
Intensive hand therapies have been shown to improve hand function in children
with USCP in several randomized controlled trials (RCTs) and are strongly
recommended to be better approaches in improving the level of activities in a systematic
review (Gordon et al., 2011; Novak et al., 2013; Sakzewski et al., 2011). Two forms of
evidence-based intensive therapy have been developed based on motor learning
principles. Unimanual intensive therapy focuses on mass practice of children’s more-
affected hand while the less-affected hand is constrained; bimanual intensive therapy

focuses on ameliorating bimanual coordination. Both forms of intensive hand therapy



can produce long-term improvements in hand function. However, it is costly (thousands
of dollars per child) and time consuming (60-90 hours) (Wallen, Ziviani, Herbert, Evans,
& Novak, 2008). Thus, it is imperative to target specific types of therapy to children who
are most likely to benefit. As discussed previously, the CST connectivity is important
because it may impact how children respond to different forms of intensive hand
therapies. Kuhnke et al. (2008) demonstrated that children with ipsilateral CST
connectivity responded poorer than children with contralateral CST connectivity in the
speed component of the Wolf Motor Function Test after Constraint-Induced Movement
Therapy (CIMT). In addition, our recent findings (Friel et al., 2016, see Appendix D)
showed that children with an ipsilateral CST responded equally well as those with a
contralateral CST to intensive bimanual therapy (Hand-arm Bimanual Intensive
Therapy). These findings suggested that there might be an association between the CST
connectivity and improvements after a certain therapy.

Despite the significant effort and cost associated with the intensive treatment
approaches described above, the ability to predict the efficacy of treatment in a given
child based on their CST organization would thus be helpful. Conventionally, TMS is a
neurophysiological method examining CST connectivity in children with USCP (Eyre et
al., 2007; Eyre et al., 2001; Staudt et al., 2004). However, TMS has its limitations. It
cannot be applied to children with seizures, a high comorbid in children with CP (35%)
(Himmelmann et al., 2005). In addition, the cost of the machine and skills required to
perform the experiments poses challenges. We recently demonstrated that Diffusion
Tensor Imaging (DTI) can be used as a sensitive (82%) and specific (78%) surrogate for

determining CST connectivity in children with USCP (Kuo et al., 2016). However, DTI



is not applicable to children with metal implants and claustrophobia. In addition, families
might not have access to MRI facilities that have the capacity and expertise to perform
and interpret DTI. This raises a practical need to search for a simple method to identify
the CST connectivity. Since the efficacy of hand therapy may be impacted by the pattern
of CST reorganization, it is essential to develop a simple screening test for determining
CST reorganization that can be applied to a wide range of children with USCP.

Mirror movements (MM) are a common movement pattern in typical
development and in children with USCP (Woods & Teuber, 1978). MM depict an
involuntary imitation of movements by one limb during the contralateral limb voluntary
movements. Different terms have been used interchangeably in the literature to describe
this movement pattern, encompassing synkinesia (Marie & Foix, 1916; Westphal, 1874),
associated movements (Connolly & Stratton, 1968; Lazarus & Todor, 1987; Todor &
Lazarus, 1986), motor irradiation (Cernacek, 1961), motor overflow (Hoy, Fitzgerald,
Bradshaw, Armatas, & Georgiou-Karistianis, 2004), or mirror movements (Carr,
Harrison, Evans, & Stephens, 1993; Woods & Teuber, 1978). Importantly, several
studies have demonstrated some levels of associations between the presence of MM and
the CST reorganization in early and acquired brain injury (Carr et al., 1993; Farmer,
Harrison, Ingram, & Stephens, 1991; Staudt et al., 2004). A review discussing the
mechanisms underlying physiological MM in TD children and pathological MM in
USCP can be found in Appendix C.

Two potential mechanisms have been hypothesized to elucidate the presence of
MM in children with CP: (a) an ipsilateral CST projecting from the contralesional M1 to

both UEs (Carr et al., 1993; Farmer et al., 1991), and (b) co-activation of both M1s



resulting from dysfunctional inhibition between the M1s (Koerte et al., 2011). Most
studies in children with USCP supported the first hypothesis that MM are an indicator of
an ipsilateral CST controlling bilateral UE. Carr et al. (1993) showed a correlation
among strong MM (scores 3-4), a branched ipsilateral CST probed by TMS, and a
significant cross correlation during bilateral FDI contractions. This correlation was not
demonstrated in those individuals with weak MM (scores 0-2). Although their study
sample was a combination of congenital and acquired brain lesions, their finding
supported the first hypothesis that the contralesional M1 innervates both hands via an
ipsilateral pathway in subjects with strong MM. Similar findings of bilateral biceps
activations during unilateral elbow flexion measured by muscle torque and EMG were
showed in patients with USCP, but not in control individuals (Sukal-Moulton, Murray, &
Dewald, 2013). These findings suggested that MM may be a manifestation of the
underlying CST organization in children with USCP.

Evidence supporting the second hypothesis of bilateral M1 co-activation
underlying MM was reported in typically developing children (Mayston, Harrison, &
Stephens, 1999), congenital MM (Cincotta & Ziemann, 2008; Cohen et al., 1991),
unfamiliar task or fatigue-associated overflow in healthy adults (Hoy et al., 2004), elderly
(Hoy et al., 2004), and in children with bilateral CP (Koerte et al., 2011). Mayston et al.
(1999) reported a lack of cross correlation between bilateral FDI recordings, suggesting
no common motor command signaling both hands in TD children. Additionally, the
dysfunctional inhibition tested with the interhemispheric inhibition (IHI) protocol using
TMS suggested bilateral M1s co-activation in typical development. A study by Koerte et

al. (2011) also supported that the second hypothesis may underlie the occurrence of MM



in children with bilateral CP. They found a correlation between the decrease in IHI
competence, the structural integrity of corpus callosum (measured by fractional
anisotrophy, by using DTI), and the amount of MM in children with bilateral CP. While
it is still unclear how the two M1s interact in typical development, this second hypothesis
supported by findings obtained from the IHI protocols should be interpreted with caution.
Understanding features of physiological MM helps researchers have a better
standing ground to examine pathological MM. Two major features of MM are important
in typical development. First, the force output in the involuntary hand increases in an
exponential manner when the percentage of the maximal voluntary contraction (% MVC)
increases in the voluntary hand (Todor & Lazarus, 1986). Therefore it is essential to
control for a standardized voluntary force output. Second, the amount of MM can be task
and age specific. For example, Connolly and Stratton (1968) showed that a clip-pinching
task (Fog & Fog, 1963) was sensitive to induce MM for the ages between 5-13 years, and
finger individuation was only sensitive for subjects until 8 years of age in TD children.
Compared to physiological MM in typical development, the amplitude of MM are
more pronounced in children with USCP (Woods & Teuber, 1978). Kuhtz-Buschbeck,
Sundholm, Eliasson, and Forssberg (2000) reported that children with USCP had 15
times stronger MM than TD children (measured by force transducer), and the intensity of
MM did not decrease with age in children with USCP. Similar to the features of
physiological MM, some factors were shown to influence the intensity of MM in children
with USCP. Green (1967) reported that the manner of task performance and the muscles
involved may influence the amount of MM in USCP. Specifically, MM in the biceps

were more pronounced when the voluntary hand performed sustained contraction against



resistance, while those in the thenar muscles were more pronounced when the voluntary
hand performed phasic or vigorous tasks. Other factors, such as the timing of brain
lesion (stronger MM in congenital than those in acquired injury) (Sukal-Moulton et al.,
2013; Woods & Teuber, 1978), the designated motor task (fist rotation induced the most
pronounced MM among other tasks in Woods and Teuber (1978)), and the hand tested
(stronger MM in the less-affected hand in Woods and Teuber (1978); whereas stronger
MM in the more-affected hand in Cernacek (1961)) all influenced the amplitude of MM.
These studied emphasized the research gap of the lack of systematic investigation of MM
in children with USCP.

Excitingly, MM can be suppressed to some extent after given visual feedback in
children with USCP (Kuhtz-Buschbeck et al., 2000). It was improved using a rTMS
treatment protocol (repetitive TMS to inhibit the ipsilateral CST) in a 8-year-old boy with
congenital MM (Kim et al., 2013), and was improved in a 15-year-old girl with
congenital MM after training (Cincotta et al., 2003). These studies provide insights and
invite possibility for rehabilitating MM in USCP once we understand the underlying
neurophysiological mechanism. Given the impact of the CST connectivity on children’s
responsiveness to intensive hand therapy and the limitations of TMS and DTI, the
primary aim of this study was to investigate whether a simple clinical test could be
used to determine the CST organization. A clinical test can be applied to a wider
range of children with USCP. Findings of this aim may facilitate stratifying patients
prior to assigning the form of intensive hand therapy and can help researchers and
clinicians determine locations for brain stimulation therapy. We hypothesized that a

greater amount of MM will be associated with an ipsilateral CST connectivity controlling



the more-affected hand. As a second exploratory aim, we investigated whether MM
could be ameliorated after three weeks of intensive hand therapy. This is an exploratory
research question as our subjects consisted of a sample of convenience participating in a
RCT of receiving either intensive unimanual or bimanual therapy. It is possible that MM
may not change after intensive hand training because our training was not designed to
reduce MM. Yet, it is also possible that the amount of MM could be reduced given the

intensity of our training (90 hrs over 3 weeks).

II. METHODS
i. Participants

Participants were recruited from our website (http://www.tc.edu.centers.cit/),

ClinicalTrials.gov, and online support forums. Children were a sample of convenience
participating in our ongoing clinical trial that investigates the interaction between the
CST connectivity and forms of intensive hand therapy. The inclusion criteria of the
umbrella study were established based on our prior trials (Brandao et al., 2013; Gordon et
al., 2011): 1) diagnosed with congenital USCP, 2) the ability to lift the more-affected arm
15 cm above a table surface and grasp light objects, 3) mainstreamed in school, 4) the
ability to follow instructions during screening and complete the physical examination,
and 5) the ability to comply with TMS and MRI procedures. Exclusion criteria included:
1) health problems unassociated with CP, 2) history of seizures after 2-year-old or
currently on seizure medications, 3) visual problems, 4) severe spasticity at any joint
(Modified Ashworth score>3.5), 5) orthopedic surgery on the more-affected hand within

one year, and 6) botulinum toxin therapy in the upper extremity within the last six



months, 7) non-removable metallic objects, 8) claustrophobia, 9) family history of
epilepsy. Informed assent/consent were obtained from all participants and their
caregivers. This study was approved by the Institutional Review Boards of Teachers
College.

ii. Study Design

This is a cross-sectional cohort study for Aim 1, and a prospective cohort study
for Aim 2. To investigate Aim 1, children were assessed at one time point with the
outcome measures (TMS, DTI, behavioral testing, grip force oscillations, and
electromyography, details in section iv). To investigate Aim 2, children were assessed at
two time points: one time prior to the beginning of camp (pre-test), and once immediately
after camp (post-test) for all the outcome measures.

iii. Intervention Procedures

General intervention procedures. Three summer day camps (6hrs/day, 15
weekdays, 90 hours in total) were conducted at Teachers College from 2013-2015. Camp
general procedures incorporate the principles of motor learning, such as repetitive
practice, skill progression, whole-task and part-task practice, and positive reinforcement
(Gordon & Magill, 2012). Children were randomly assigned to either unimanual or
bimanual therapy based on their individual CST connectivity (determined by TMS) and
their baseline unilateral dexterity (measured by Jebsen-Taylor Test of Hand Function).
We adopted two intervention approaches: Constraint-induced movement therapy (CIMT)
and Hand-Arm Bimanual Intensive Therapy (HABIT). These two approaches differ
mainly in that children wore a cotton sling on the less-affected UE in CIMT, whereas

children did not have any physical restraint in HABIT and used both hands.
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Each camp was held in 2 separate rooms. Participants in one room received
CIMT, and participants in the other room received HABIT. Children worked
individually with trained interventionists (1:1 interventionist to participant ratio always
maintained). Each room had its own supervisor to ensure the procedures of training were
adhered to. Team meetings were conducted daily after camp to ensure the treatment
strategy was applied based on individual impairment. Details of each therapeutic
approach are below.

CIMT procedures. CIMT was modified to be child-friendly for children with
USCP (Gordon, Charles, & Wolf, 2005; Gordon et al., 2011). Participant’s less-affected
UE was restrained in a cotton sling, and unimanual task practice was performed by the
more-affected UE. The sling was snugly strapped to participants’ trunk and was worn
during the entire intervention except toileting breaks. Participants performed unimanual
fine-motor and gross-motor functional and play activities using the more-affected UE.
Activities were age-appropriate and targeted to individual motor skill level (e.g.,
supination). Interventionists provided assistance when needed (e.g., stabilizing the paper
while the child draws on the paper).

HABIT procedures. Participants in HABIT were engaged in bimanual fine-
motor and gross-motor functional and play activities (Charles & Gordon, 2006; Gordon
et al., 2011). It was developed to be a child-friendly approach. Activities were chosen
based on the role of the more-affected hand, progressing in complexity of motor skill
from a non-dominant passive assist (e.g., stabilizing Playdoh® while cutting the dough)

to active manipulator (e.g., moving Connect Four® pieces).
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Both treatment approaches demonstrated comparable efficacy in children’s
unimanual and bimanual hand function, which was retained after a 6-month follow up
period (Gordon et al., 2011; Sakzewski et al., 2011). The only difference in the efficacy
was that children in the HABIT group had greater improvement in functional goals
(measured by goal attainment scale, GAS) than those in the CIMT group, possibly due to
the fact that most of the goals require the use of both hands and only children in the
HABIT group were able to practice bimanual goals.

iv. Experimental Setup and Procedures

Magnetic Resonance Imaging (MRI). Each child received a structural MRI
scan and a DTT scan at both pre-test and post-test. The structural scan was used in the
TMS experiment to co-register stimulation sites with brain landmarks, using a stereotaxic
system (Brainsight, Rogue Research, Montreal, Canada). The structural scan was also
used for examining lesion type and location. DTI scan was used to reconstruct the
contralateral CST by using Tractography (Kuo et al., 2016). This procedure serves two
purposes: 1) verifying TMS-probed connectivity, and 2) determine the CST connectivity
for those children without TMS responses.

T1-weighted MRI was performed at Columbia University Medical Center
(CUMC) for 8 participants and at the Weill Cornell Medical College (WCMC) for 22
participants. We used 3T scanners (CUMC- Philips, Netherlands, WCMC- Siemens,
Germany). Children were positioned head-first supine. For the structural scan, 165 slices
were taken at the resolution of 256x256 pixels at CUMC, and 176 slices were taken at the
same resolution at WCMC. For the DTI scan, 75 slices were taken at the resolution of

112x112 pixels for both sites. An echo-planar imaging (EPI) sequence was used
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(TR=7638.99ms, TE=68.56ms for CUMC, TR=9000ms, TE=83ms for WCMC). A
protocol of 55 diffusion directions was applied (b value=800s/mm?) at CUMC, and 64
diffusion directions was applied (b value=1000s/mm?) at WCMC.

Transcranial Magnetic Stimulation (TMS). To determine CST connectivity,
TMS motor mapping was conducted at the Burke-Cornell Medical Research Institute or
Teachers College using the same device. Frameless stereotaxy (Brainsight, Rogue
Research, Montreal, Canada) allowed for online tracking of the position of the TMS coil
relative to children’s individual MRI structural scans. A six-channel EMG recording
system (NeuroConn, [lmenau, Germany) captured EMG data during TMS from surface
electrodes over the FDI and wrist flexor muscles bilaterally. The TMS machine
(Magstim Company Ltd, Wales, UK) triggered the recording of the EMG system, 100ms
before and 400ms after each delivery of the TMS pulse. The position of each stimulation
site was recorded in xyz coordinates. We probed the motor representation of the more-
affected UE, starting from medial portion of the more-affected M1. The stimulation was
gradually moved laterally and anteriorly/posteriorly until an MEP for the more-affected
FDI was obtained. The same procedure was performed over the less-affected M1.

The following three measures, including behavioral MM assessment, involuntary
grip force oscillations during contralateral hand pinching, and EMG recordings during
contralateral hand pinching were used to quantify the amount or amplitude of involuntary
MM. We used behavioral MM assessment as the primary measure to investigate Aim 1,
given it is easy to administer clinically.

Behavioral Mirror Movements Assessment. Children performed unilateral

movement tasks for the purpose of examining the involuntary MM in the contralateral
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hand, including 1) whole hand opening and closing (Kuhtz-Buschbeck et al., 2000), 2)
thumb-finger opposition (Woods & Teuber, 1978), 3) finger individuation (Kuhtz-
Buschbeck et al., 2000), 4) index and middle finger “walking”. During testing,
participants sat comfortably at the chair with hip/knee joints at 90° flexion. They were
instructed to perform the movements at the frequency of 1Hz (cued by a metronome).
They started the task with the less-affected hand and then with the more-affected hand.
Each task was performed for 5 trials. For the whole hand opening/closing task, they held
up the UE in the air so that the shoulder joints are at 90° of flexion and elbow joints fully
extended. Children were instructed to close the moving hand at the beat. For the thumb-
finger opposition task, children rested their elbows on the table adjusted to a comfortable
height with forearms straight up. During testing, they tapped each finger to thumb with
the following order: index, middle, ring, little, index, middle, ring, little finger and so
forth. For the finger individuation task, they rested both hands on the table with palms
facing down (elbow at 90° flexion) for the starting position. During testing, they lifted
and tapped each finger on the table surface as the following order: thumb, index, middle,
ring, and little and so on. For the index and middle finger walking task, they started with
resting one hand on the table with palm facing down, the moving hand was prepared for
the task (participants either tucked the ring & little fingers with the thumb, or at least
tried separating the index & middle fingers). During testing, they individuated and
tapped the index finger and then middle finger on the table surface alternatively and
“walked” the fingers forward (away from body). Task performance by either hand was
videotaped. Inter- and intra-rater reliability were recently reported to be high for the first

three tasks (ICC> 0.82) (Klingels et al., 2015).
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Grip Force Oscillation during Repetitive Contralateral-Hand Pinch.

Participants pinched the transducer device (ATI Industrial, Apex, NC) using
precision pinch of one hand while the other hand was gently holding another device.
Force output of both hands was recorded using WinSC (Umea University, Sweden) at the
sampling frequency of 400Hz. For the starting position, children sat a table in front of
their body so that the shoulders are at 0° flexion/extension on the side of the body;
elbows are at 90° flexion, and the forearms resting on the table surface in neutral
position. Participants began the task when holding the transducer discs gently in both
hands. They were instructed to pinch the transducer disc repetitively using thumb and
index fingers of one hand by following the tone programmed at 1 Hz (WinSC, Umed
University, Sweden) (Koerte et al., 2011). Children were first given a short practice
session to familiarize themselves with the task. During testing, they were asked to
perform 20 pinches with either hand (20 seconds each hand, first using the less-affected,
then the more-affected). A short break after the 20 trials completed by one hand was
allowed to avoid fatigue. Participants were measured for the maximal pinch force with
either hand in the end of the testing, for the purpose of obtaining the percent of maximal
voluntary contraction (%MVC).

Electromyography (EMG) Recordings. Similar to the GF oscillations
paradigm, in order to quantify the intensity of MM, participants performed a precision
pinching task with only one hand while the other hand was resting. Muscle activities
were recorded using surface EMG. A four-channel recording system (NeuroConn,
Ilmenau, Germany) recorded muscle activities in FDI and wrist flexor muscles bilaterally

when children performed the task. Children were seated comfortably with arms and
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hands supported in pillows/cushions prior to the start of the task. Investigators ensured
the EMG signals were quiet and clean before recording. For the motor task, children
pinched their unilateral index and thumb fingers by following a Powerpoint presentation.
They were instructed to start pinching with their less-affected hand for 10 trials, followed
by pinching with their more-affected hand for 10 trials. Each “pinch” slide (1 trial) lasted
for 5 seconds (Seo, 2013), which followed by 7 seconds of a “relax” slide.

V. Data Analysis

TMS Data Analysis. EMG data during brain stimulation were imported into
MATLAB (Mathworks, Natick, MA). A MATLAB script was written to show the
recorded MEP for each muscle. Investigators identified the peak-to-peak MEP
amplitude. A MEP amplitude >50uV is conventionally considered as a valid response to
a TMS stimulus (Staudt et al., 2002). Finally, CST connectivity controlling the more-
affected UE was determined by verifying valid MEP responses from findings of
stimulating each M1 for each child. Children were categorized into ipsilateral,
contralateral, or bilateral connectivity.

DTI Tractography. We used DTI Studio (Johns Hopkins University, Baltimore,
MD) to reconstruct the contralateral CST of the more-affected UE for the DTIs obtained
at CUMC. Similarly, we used Diffusion Toolkit and TrackVis (Massachusetts General
Hospital, Boston, MA) to reconstruct the CST of the affected UE for the DTIs obtained at
WCMC. Details of tractography using DTI Studio software can be found in Kuo et al.
(2016) (Appendix E). Details of tractography using Diffusion Toolkit and TrackVis are
the following. First, we corrected for movement artifacts with eddy current correction

function using FSL (Analysis Group, Oxford, UK). We then used Diffusion Toolkit to
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reconstruct the fibers and color maps by using the corrected diffusion weighted images as
mask images. Subsequently we seeded a sphere-shaped region of interest (ROI) at the
pyramidal tract at the lower pons level (blue coded areas) on an axial slice to reconstruct
the CST by TrackVis (Thomas et al., 2005). A presence or absence of the CST
projecting from the more-affected M1 was verified.

Behavioral Mirror Movements Analysis. A standardized score ranging from
0-4 was used to quantify the amount of visible mirror movements in the involuntary hand
(Woods & Teuber, 1978). To illustrate, the following is how Woods & Teuber (1978)
defined the scores: “score 0= no clearly imitative movement; 1= barely discernible
repetitive movement; 2= either slight, but unsustained, repetitive movement, or stronger,
but briefer, repetitive movement; 3= strong and sustained repetitive movement; and 4=
movement equal to that expected for the intended hand.”

All videos were scored by a physical therapist blinded to the CST connectivity
findings, treatment allocation, and children’s hand function scores. The mode of 5 trials
was used for analysis. We explored the behavioral data by grouping subjects into
different categories, such as presence (scores 1-4) versus absence (score 0) of MM, and
stronger (either scores 3-4 or scores 2-4) versus weaker (scores 0-2 or scores 0-1) MM.

Grip Force Oscillations Analysis. Both the voluntary and involuntary finger
grip force oscillations (2 separate channels) were collected and stored in a PC computer
and extracted offline by using Winzoom (Umeé University, Sweden). The resulting mean
grip force (GF) of the thumb (GF1) and index (GF2) fingers was calculated as
(GF1+GF2)/2. The maximal and minimal GF oscillation of both hands, the amplitude of

involuntary mirroring GF oscillations in the involuntary hand (maximal — minimal GF),
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and the relative time difference between the two hands at the maximal oscillation time
points (absolute time of mirroring- absolute time of voluntary movements) were the
primary variables. To account for the differences in the individual voluntary GF, a ratio
of involuntary/voluntary GF was also calculated.

EMG Data Analysis. EMG data were imported into MATLAB (Mathworks,
Natick, MA). A MATLAB script was written to show the recordings from bilateral FDI
and wrist flexors. The onset and offset of each pinch was identified visually. Similar to
the GF oscillations analysis, a ratio representing the relative strength of MM was
calculated by having mirroring amplitude divided by voluntary amplitude. EMG
amplitude was defined as the root mean square of the power spectrum of the EMG
signals. In addition, onset latency between the two hands was calculated.

vi. Behavioral Outcome Measures

The Jebsen-Taylor Test of Hand Function (JTTHF). The JTTHF is a
standardized test quantifying unilateral dexterity as the movement time (seconds) to
complete unimanual fine motor tasks (Jebsen, Taylor, Trieschmann, Trotter, & Howard,
1969). It consists of subtests including card flipping, small objects manipulation and
placement, simulated eating, checker stacking, and empty and full can manipulation.
JTTHF was modified as a child-friendly evaluation (the evaluator stops each subtest and
records 180 seconds as the completion time when he/she perceived that a child was
unable to complete the subtest, to prevent frustration and fatigue). Reliability is high for
children with stable hand disability (0.95-0.99) (Taylor, Sand, & Jebsen, 1973).

The Assisting Hand Assessment (AHA). The AHA (version 4.3) quantifies the

effectiveness of the more-affected hand use in bimanual play activities (Krumlinde-
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Sundholm, Holmefur, Kottorp, & Eliasson, 2007). The AHA has excellent validity and
reliability (inter-rater=0.97, intra-rater=0.99) (Krumlinde-Sundholm et al., 2007). The
test was videotaped and scored off-site by an evaluator blinded to group allocation. Data
is reported in 0-100 AHA units (Krumlinde-Sundholm, 2012).

Canadian Occupation Performance Measure (COPM). To evaluate children’s
functional goals, we interview the COPM with caregivers. The COPM identifies and
measures changes in daily functional problems (Carswell et al., 2004). It has excellent
validity and reliability (Verkerk, Wolf, Louwers, Meester-Delver, & Nollet, 2006). The
functional goals to be practiced at camp were identified, ranked in importance, and rated
on performance and satisfaction prior to the beginning of camp. Caregivers chose the
goals (e.g., cutting food, dressing, using a keyboard) and rated the child’s performance
and level of satisfaction on a scale of 1-10, with 10 being the highest score.

vii. Statistical Analysis

Statistical analyses were performed using SPSS (IBM, NY, version 22). Non-
parametric statistical analyses were performed to analyze ordinal variables (i.e.,
behavioral MM scores). Parametric statistical analyses were performed to analyze
continuous variables (i.e., involuntary GF oscillations measured by force transducer, and
involuntary muscle contraction measured by EMG).

To achieve Aim 1, two-tailed Fisher’s exact tests were used to examine if a
greater amount of MM was associated with CST connectivity assessed by TMS or DTI.
Two by two contingency tables were used to compare TMS-probed CST connectivity
with the quantification of MM. DTI-assessed connectivity was used as another

assessment of CST connectivity to compare with the amplitude of MM.
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To investigate Aim 2, Wilcoxon signed ranks test was used to test whether the
changes in behavioral MM scores from the pretest to the posttest were significant. Two
(intervention groups) by two (test sessions) repeated measure ANOVAs were used to
examine if the intensity of MM measured with involuntary GF oscillations and EMG
changed after intensive hand training and to examine if the CST connectivity impacts
children’s responsiveness to different forms of treatment.

To examine the direction of MM overflow, Wilcoxon singed rank test was
performed to compare the behavioral MM scores between the two hands for each task.
Paired t-tests were performed to compare the amplitude of MM measured with GF
oscillations and EMG between the two hands. Linear regression models and correlational
analyses (Spearman’s rho for behavioral MM scores and Pearson’s r for involuntary GF
oscillations and EMQG) were performed to examine how MM may impact hand function
(i.e., JTTHF, AHA, COPM) and how age may affect MM in USCP. A Mann-Whitney U
test was performed to examine whether the intensity of behavioral MM was affected by
brain lesion type. One-way ANOVA was conducted to examine whether the intensity of
GF and ratio of EMG were affected by brain lesion type. Finally, logistic regression
models were performed to examine whether measures of MM were additive to predict
CST connectivity. P-values < 0.05 were considered statistically significant.

viii. Sample Size Calculation

Sample size estimation was calculated from preliminary data of the first three
cohorts (2012-2014). G*power version 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007)
was used to calculate the sample size. We first calculated the required sample size based

on our preliminary data of behavioral MM scores (Woods & Teuber, 1978). To achieve
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Aim 1, behavioral MM scores were put into a contingency table (Table 1, Appendix A).
We used TMS-identified CST connectivity as the standardized outcome (ipsilateral
versus contralateral/bilateral) and clinical testing scores (3-4: strong MM, 0-2: weak
MM) as the secondary outcome. A Fisher’s exact test with 2 independent groups was
first used for sample size estimate. In our preliminary data (n=11), p/= 0.6 (behavioral
MM scores of 3-4 in the ipsilateral connectivity), p2= 0.17 (behavioral MM scores of 3-4
in the contralateral connectivity), o= 0.05 (type I error), and power= 0.8 (= 0.2, type II
error). This calculation yielded a sample size of 36 subjects to produce an actual power
of 0.81. A similar calculation with p/= 0.6, p2=0.17, o= 0.05, and only changing the
power to 0.7 (B= 0.3, type II error) yielded a sample size of 32 subjects to produce an
actual power of 0.72. A separate sample size calculation was performed based on the
preliminary GF oscillations data (Table 2, Appendix A). Similarly, we used TMS as
primary outcome and a criteria of GF >0.3N from the involuntary hand to determine the
presence of mirror activities (Kuhtz-Buschbeck et al., 2000). In our preliminary data,
pl=1,p2=0.333, o= 0.05, and power= 0.8. This yielded a sample size of 18 subjects.
As the sample size estimation obtained from calculating the GF data was smaller than
that from the behavioral MM scores, a total of 32 subjects would be sufficient to achieve
Aim 1 for the primary measure.
I11. RESULTS

i. Patient Flow

Patient flow is shown in the flow chart (Figure 1). During the study period (2013-
2015), a total of 33 participants were recruited from the parent clinical trial. The

inclusion and exclusion criteria of the parent study can be found in the paper in Appendix
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F. Children were randomized to receive either CIMT (n= 16) or HABIT (n=17). They
were randomized offsite using concealed allocation stratified by age and JTTHF
screening scores. Table 1 describes participants’ demographic characteristics. There
were no significant differences in children’s age (independent t-test, p= 0.99) and in the
baseline JTTHF (independent t-test, p= 0.78) between the two intervention groups.

ii. TMS-identified CST connectivity

Results of the TMS-probed connectivity, DTI-assessed connectivity, behavioral
MM scores, and the presence of involuntary GF oscillations at baseline are shown in
Table 2. For the TMS-probed CST connectivity, 3 participants out of 33 (9.1%) did not
have TMS-induced motor evoked potentials (MEP) responses from EMG recordings on
the more-affected UE when stimulating either the more-affected or the less-affected
motor cortex (M1) (participant #19, 24, 27, Table 2). Of the remaining 30 participants
with TMS-induced MEP responses, 17 had ipsilateral CST connectivity (51.5%), 9 had
bilateral CST connectivity (27.3%), and 4 had contralateral CST connectivity (12.1%)

probed by TMS.

Figure 1. Patient Flow Chart

33 children recruited from the
parent trial and randomized

16 allocated to CIT 17 allocated to HABIT

I |
16 completed study 17 completed study
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Table 1. Baseline Participant Characteristics

Characteristics CIMT (n=16) HABIT (n=17)
Mean Age (SD), years, months 9,6(2,9) 9,6(3,6)
Gender
Male 11 (68.75%) 9 (52.94%)
Female 5(31.25%) 8 (47.06%)
Paretic hand
Right 7 (43.75%) 13 (76.47%)
Left 9 (56.25%) 4 (23.53%)
Lesion type
CM 0 (0%) 1 (5.88%)
C/SC 1 (6.25%)" 2 (11.76%)
MCA 5(31.25%) 7 (41.18%)
PVL 10(62.5%)* 6 (35.29%)
NA 1 (6.25%) 1 (5.88%)
Race
African American 1(6.25%) 2 (11.76%)
Asian 1(6.25%) 0 (0%)
Hispanic 1 (6.25%) 1 (5.88%)
Mixed 1 (6.25%) 0 (0%)
White 12 (75%) 14 (82.35%)
MACS
I 2 (12.5%) 5(29.41%)
11 9 (56.25%) 8 (47.06%)
111 5(31.25%) 4 (23.53%)
Baseline JTTHF, mean (SD), s 440.96 (298.79) 411.8 (300.99)

Abbreviations: CIMT, constraint-induced movement therapy; HABIT, Hand-Arm
Bimanual Intensive Therapy; SD, standard deviation; CM, brain malformation,
C/SC, cortical/subcortical lesion, MCA, PVL, periventricular lesion;

NA, not available; MACS, Manual Ability Classification System,;

JTTHF, Jebsen-Taylor Test of Hand Function."One child had both C/SC and PVL.
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Table 2. Baseline Results for TMS-probed Connectivity, DTI-assessed connectivity, Behavioral MM scores,
involuntary Grip Force Oscillations

TMS-probed DTlI-assessed Behavioral MM Behavioral MM  Involuntary Grip  Involuntary Grip
Participant CST CST Force Force
# Connectivity” Connectivity Scores’ Scores® Oscillations® Oscillations®
Presence or More-affected Less-affected More-affected Less-affected
Absence of Hand Hand Hand Hand
Contralateral CST

1 Ipsilateral Absence 3 2 n/a n/a

2 Ipsilateral Presence 2 2 n/a n/a

3 Ipsilateral Absence 3 4 n/a n/a

4 Ipsilateral Absence 0 1 n/a n/a

5 Ipsilateral Presence 3 2 n/a n/a

6 Ipsilateral Absence 3 3 n/a n/a

7 Ipsilateral Presence 0 2 n/a n/a

8 Ipsilateral No DTI 0 1 n/a n/a

9 Ipsilateral Absence 4 2 n/a n/a

10 Ipsilateral Absence 0 3 n/a n/a

11 Ipsilateral Absence 0 1 + +

12 Contralateral Presence 2 2 - -

13 Contralateral Presence 1 1 - -

14 Ipsilateral Absence 3 4 + +

15 Bilateral Absence 2 2 + +

16 Contralateral Presence 1 1 - -

17 Bilateral Presence 3 2 + +

18 Ipsilateral Absence 3 2 + +

19 No responses Absence 2 1 + +
20 Ipsilateral Presence 0 0 + -
21 Contralateral Presence 1 0 - -
22 Ipsilateral Absence 3 2 u u
23 Bilateral No MRI 0 3 + +
24 No responses Absence 2 2 + +



194

25 Bilateral Presence 2 2 u u
26 Bilateral Presence 2 2 + +
27 No responses Absence 0 1 - -
28 Bilateral Absence 2 1 + +
29 Bilateral No MRI 0 0 u u
30 Ipsilateral Absence 0 1 + +
31 Bilateral Presence 1 2 n/c n/c
32 Bilateral Presence 2 2 + +
33 Ipsilateral No MRI 3 2 + +

% TMS connectivity: contralateral, presence of TMS-induced responses from EMG recordings on the more-affected UE by stimulating
the more-affected motor cortex; ipsilateral, absence of TMS-induced responses from EMG recordings on the more-affected UE by stimulating
the more-affected motor cortex, but presence of such responses when stimulating the less-affected motor cortex; bilateral, presence of

TMS-induced responses from EMG recordings on the more-affected UE by stimulating both the more- and the less-affected motor cortex;
b: Mirror movements during hand opening/closing , scale score between 0-4, graded by Woods & Teuber criteria;

‘. +, presence of involuntary GF (>0.3N), -: absence of involuntary GF (<0.3N); n/a: not available; u: participant unable to perform the task;
s: unable to analyze data due to spasticity; n/c: participant was not compliant.



iii. DTI-identified CST connectivity

For the results of DTI-identified CST connectivity, we used either presence or
absence of a preserved contralateral CST as it was technically difficult to decide which
hand(s) the ipsilateral CST originating from the contralesional M1 projects to (see Table
2, also see paper in Appendix E). Four participants out of 33 (12.1%) did not have MRI
data (1 child had a teeth brace affecting the DTI signals during data acquisition processes,
3 children were unwilling to participate in this part of the study). Of the remaining 29
participants, 16 children (48.5%) did not have a preserved contralateral CST projecting
from the more-affected M1, and 13 children (39.4%) had a preserved contralateral CST
(see Figure 2 for the corticospinal tracts reconstructed by DTI tractography of
representative children).

Table 3 summarizes the comparison between TMS-probed and DTI-identified
CST connectivity. Data from 9 children (patient #1-7, #9-10) had participated in our
previous study investigating using DTI to determine the CST connectivity in children
with USCP (Kuo et al., 2016) (Appendix E). In 26 children with available TMS mapping
and DTI reconstruction results, Fisher’s Exact Test showed that DTI may be used as an
assessment to determine whether a contralateral CST was present (p= 0.02; sensitivity=
69.2%, specificity= 85%). Results from this study are consistent with those in Kuo et al.

(2016).
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Figure 2. Reconstructed Corticospinal Tracts of two Representative Subjects assessed by

DTI Tractography

Lesioned Lesioned
M1 M1

Representative child with a Representative child without
preserved contralateral CST a preserved contralateral CST

Table 3. Consistency between TMS-probed and DTI-assessed Contralateral
Corticospinal Tract

Contralateral Corticospinal

Tracts detected by DTI
Yes® No*
Yes® 9 2 11
TMS-evoked muscle responses by ©
probing the more-affected M1 No? 4 11 15
13 13 26

: TMS yes: presence of TMS-induced MEP responses from EMG recordings on the more-affected UE,
: TMS no: absence of TMS-induced MEP responses from EMG recordings on the more-affected UE,
°: DTI yes: presence of CST reconstructed by DTI tractography,

: DTI no: absence of CST reconstructed by DTI tractography.
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iv. Characteristics of Behavioral Mirror Movements Assessment Scores

Figure 3 shows the percentage distribution of the behavioral MM assessment
scores during the performance of each task in either hand at baseline. Only one
participant did not show MM in any task (3%). The remaining 32 participants showed at
least minimal amount of discernable repetitive movements (score > 1) during the
performance of at least one of the tasks (hand opening/closing, finger opposition,
individuation, finger walking).

To investigate which task/hand may best capture the presence of MM, we first
examined the percentage distribution between presence of MM (scores 1-4) and absence
of MM (score 0) among all tasks. Performing all 4 designated tasks with the more-
affected hand induced comparatively higher percentages of MM in the less-affected hand.
Specifically, performing whole-hand opening/closing with the more-affected hand
induced the highest percentage of the visible MM (score> 1) in the less-affected hand (n=
30, 90.9%, Figure 3). This incidence was followed by the percentages of the occurrence
of MM in the less-affected hand when performing finger opposition, finger individuation,
and index and middle finger walking with the more-affected hand (78.13%, 75.01%,
71.88% respectively). Performing all 4 tasks with the less-affected hand induced
relatively lower percentages of MM in the more-affected hand during the same task.
Performing whole-hand opening/closing, finger-thumb opposition, finger individuation,
and index and middle finger walking with the less-affected hand induced < 70% of MM
in the more-affected hand (69.69%, 50%, 36.36%, and 27.27%, respectively).

We subsequently investigated percentage distribution between scores 3-4 versus

scores 0-2 to compare which task may induce stronger MM in children with USCP.
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Results showed that performing whole-hand opening/closing with the less-affected hand
induced the highest percentage of strong MM in the more-affected hand (n=10, 30.3% for
score > 3, see Figure 3). Mirror movements in the less-affected hand while performing
the same task with the more-affected hand induced the second highest percentage of
strong MM (n= 5, 15.15% for scores > 3). Performing finger-thumb opposition, finger
individuation, and fingers walking with the more-affected hand induced < 10% of strong
MM in the less-affected hand (3.13%, 6.25, and 6.25% for scores > 3 respectively).
Finally, performing finger-thumb opposition, finger individuation, and fingers walking
with the less-affected hand did not induce any occurrence of strong MM in the more-
affected hand.

In order to examine the direction of movement overflow, we performed Wilcoxon
signed rank test to compare the behavioral MM score differences within the same subject
between the two hands. Results showed that a significant higher MM score occurred in
the less-affected hand during the performance of finger-thumb opposition, finger
individuation, and fingers walking (p= 0.001, p <0.001, p <0.001 respectively), but this

side difference was not significant in the scores of hand opening/closing (p= 0.55).
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Figure 3. Percentage Distribution of Behavioral Mirror Movement Assessment
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V. Associations between Behavioral Mirror Movements Assessment

Scores and CST Connectivity Assessed by TMS and DTI

In order to investigate whether a simple behavioral test can be used to identify the
CST organization (Aim 1), we performed several Fisher’s Exact Tests to examine the
associations between TMS-identified CST connectivity and the amount of MM. Table 4
shows the contingency table testing the hypothesis that stronger MM were associated
with an ipsilateral CST. Thirty participants were included in this analysis as 3 children
did not have any MEP responses when probed with TMS. We combined children having
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bilateral connections with those having a contralateral connection because only one child
(out of 9) in the bilateral connectivity group had strong MM (see Figure 4). The
remaining 8 children with bilateral connectivity had weaker MM, which was similar to
those having a contralateral connectivity. While children with an ipsilateral connectivity
presented with various amount of MM (Table 4, ipsilateral row, 52.9% with strong MM,
47.1% with weak MM), we found that 9 children out of 10 with strong MM had an
ipsilateral pattern (Table 4, “strong MM scores” column). Fisher’s Exact Test
demonstrated that a stronger behavioral MM scores in the more-affected hand when
opening/closing the less-affected hand were associated with an ipsilateral CST
connectivity probed by TMS (p= 0.017). The sensitivity of using strong MM scores as a
clinical test to identify the CST connectivity was 90%, and the specificity was 60%.
There was no significant relationship between the CST connectivity and the behavioral
MM scores in the less-affected hand while hand opening/closing (p= 0.35). Similarly,
there was no significant relationship between the CST connectivity and the behavioral
MM scores during the performance of the remaining three tasks with either hand (p>
0.49). We found no significant relationship between any of the tasks and the CST
patterns by grouping behavioral MM scores as presence (scores 1-4) versus absence
(score 0) (p=0.09).

We subsequently asked the question whether behavioral MM scores were additive
to predict the CST patterns. To address this question, we examined the presence of MM
(score > 1) in each task and investigated whether a combination of any two, any three, or
all four tasks correlated with the CST patterns. Results showed that any combinations of

the presence of MM were not associated with the CST connectivity (Fisher’s Exact Test,
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any two tasks, p> 0.13 in the less-affected hand, p> 0.69 in the more-affected hand; any
three tasks, p> 0.43 in the less-affected hand, p> 0.63 in the more-affected hand; all four
tasks, p= 0.71 in the less-affected hand, p= 0.63 in the more-affected hand).

We further examined the associations between DTI-assessed CST connectivity
and the amount of behavioral MM scores. No significant associations were found
between any categorizations of behavioral MM scores as mentioned previously and DTI-
assessed CST connectivity (p> 0.2 in the more-affected MM, p> 0.1 in the less-affected

MM).

Figure 4. Distribution of Behavioral Mirror Movements Scores stratified by CST
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Table 4. Consistency between TMS-probed CST Connectivity &
Behavioral MM Scores

More-affected Hand

Strong”  Weak”

Ipsilateral 9 8 17
TMS-measured CST :
Bilateral or

tivit
Connectivity Contralateral 1 12 13

10 20 30

% Strong MM, scores 3-4 in the more-affected hand during the performance of whole-
hand opening and closing

b. Weak MM, scores 0-2 in the more-affected hand during the performance of whole-
hand opening and closing
Vi. Characteristics of Involuntary Grip Force Oscillations during
Repetitive Unilateral Pinch
The maximal and minimal grip force (GF) oscillations values and their respective
absolute time during the performance of repetitive unilateral pinch were measured in a
subset of 23 children. We used the amplitude of GF oscillations > 0.3N as our criteria for
defining the occurrence of MM (Kuhtz-Buschbeck et al., 2000). One participant was not
compliant; her data were therefore excluded (Table 2, participant #31). The task was too
difficult for three other participants to perform, although testing was attempted
(participant #22, #25, #29). Of the remaining 19 participants, 14 participants (73.7%)
demonstrated involuntary GF oscillation (> 0.3N) in the more-affected hand when
pinching with the less-affected hand. One participant out of those 14 only showed MM
in the more-affected hand. The remaining 13 participants (68.4%) showed MM in both

hands.
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Figure 5 plots partial GF oscillations recordings over time of a representative
participant with involuntary GF oscillations in the more-affected hand while repetitive
pinching with the less-affected hand. The average involuntary grip force oscillations
amplitude (maximal - minimal) and temporal characteristics of both hands in children
with the occurrence of involuntary grip force oscillation are summarized in Table 5. In
summary, performing repetitive unilateral pinch with the less-affected hand at 50.8+22.8
%MVC induced 3.7+2.6N of mirror movements in the more-affected hand (see Table 5,
column “less-affected hand pinch”). This resulted in a ratio of 0.19+0.1, indicating that
repetitively pinching with the less-affected hand induced ~19% of relative involuntary
force oscillations amplitude in the more-affected hand. The time lag between the
mirroring hand and voluntary hand was variable among participants. On average, there
was a 41.2+39.4ms time lag in the absolute times of the peak GF between the two hands
(voluntary GF oscillations in the less-affected hand preceded the mirroring GF
oscillations in the more-affected hand by 41ms under the less-affected hand pinch
condition). For the other condition, performing repetitive pinch with the more-affected
hand at 41.9+£22.6 %MVC induced 4.1+2.8N of MM in the less-affected hand. This
resulted in a ratio of 1.040.8, indicating that repetitively pinching with the more-affected
hand induced ~102% of relative mirroring GF oscillations in the less-affected hand.
Similar to the previous condition, the onset latency under this condition varied among
individuals. Interestingly, the average pattern of this variable was opposite to the latency
pattern pertaining to the previous condition— involuntary grip force oscillations in the

less-affected hand preceded voluntary force oscillations by 14.1+£36.2ms.
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Paired t-tests comparing the ratios of GF oscillations amplitude
(involuntary/voluntary) between the two hands showed a significant higher ratio in the
less-affected hand (less-affected hand MM/more-affected hand voluntary) as compared to
that in the more-affected hand (n= 13, t=3.79, p= 0.003). Significant difference was also
found between the oscillations peak latency while pinching with the more- versus the
less-affected hand (t= 3.83, p=0.002). No significance was found when comparing the
%MVC measured in the voluntary hand (t= 0.7, p= 0.5) or involuntary GF oscillations

amplitude between the two hands (t= 0.25, p=0.81).

Figure 5. Recordings of Grip Force Oscillations during Unilateral Repetitive Pinch in a

Representative Participant with USCP
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Table 5. Baseline Characteristics of Grip Force Oscillations

Less-affected More-affected

hand pinch® hand pinch®
(n=14) (n=13)

Voluntary Hand

Mean GF Oscillations Amplitude (SD), N 19.21 (8.05) 5.07 (2.33)

% of MVC 50.77 (22.77) 41.90 (22.58)"
Involuntary Hand

Mean GF Oscillations Amplitude (SD), N 3.65 (2.6) 4.07 (2.80)
Ratio (SD)* 0.19 (0.10) 1.02 (0.80)
Latency of Peak GF, ms* 41.24 (39.39) -14.09 (36.17)

% One column represents the voluntary and involuntary GF oscillations data under the
specified condition; *: One participant did not follow instruction during performance of
maximal grip force, this represents values for 12 subjects; ©: Ratio=MM/voluntary;

d: latency, +: voluntary movement preceded MM, -: MM preceded voluntary movement.

vii. Associations between Involuntary Grip Force Oscillations and CST
Connectivity Assessed by TMS and DTI

In order to investigate whether involuntary GF oscillation, a secondary measure,
may also be used to identify the CST organization, we performed Fisher’s Exact Tests to
examine the associations between TMS-probed CST connectivity and the presence or
absence of involuntary GF oscillations. Table 6A shows the contingency table testing the
hypothesis that the presence of MM measured by force transducer was associated with an
ipsilateral CST organization. Sixteen participants were included in this analysis. All
children categorized as having ipsilateral connectivity in this subset had involuntary GF
oscillations (> 0.3N) in the more-affected hand (Table 6A, ipsilateral row, n= 6). Similar
to the children with an ipsilateral pattern, all children with a bilateral connectivity had
detectable involuntary GF oscillations (see Table 6B, n=6). All children with a
contralateral connectivity did not have involuntary mirror movements in their more-
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affected hand (Table 6B, n=4). Fisher’s Exact Test showed that no significant
association was found between the presence of involuntary GF oscillations in the more-
affected hand and an ipsilateral CST connectivity probed by TMS (p= 0.23). The
sensitivity of using involuntary GF oscillations (> 0.3N) in the more-affected hand as a
measure to identify the TMS-probed CST connectivity was 50%, and the specificity was
100%. Likewise, there was no significant association found between the TMS-probed
CST connectivity and the involuntary GF oscillations in the less-affected hand (Fisher’s
Exact Test, p= 0.59). The sensitivity of using mirroring GF oscillations in the less-
affected hand as a measure to identify the CST connectivity was 45.45%, and specificity
was 80%. No significant relationship was found even when we used the threshold of 1N
to define the presence of mirroring GF oscillations (Fisher’s Exact Test, more-affected
hand, p= 0.31; less-affected hand, p= 0.6).

We further examined the associations between DTI-assessed CST connectivity
and the presence or absence of involuntary GF oscillations. Although we had only 17
participants with available data for this comparison, we found significant relationship
between the presence of involuntary GF oscillations in the less-affected hand and DTI-
assessed CST (Table 7, Fisher’s exact test, p= 0.0498). No significant relationship was
found between the presence of involuntary GF oscillations in the more-affected hand and

DTlI-assessed CST (p=0.13).
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Table 6A. Consistency between TMS-identified CST Connectivity and
Involuntary GF Oscillations

More-affected Hand
MM Presence® MM Absence®

TMS-measured Ipsilateral 6 0 6
CST Bilateral
C tivit ilateral or
onnectivity Contralateral 6 4 10
12 4 16

*: MM Presence: involuntary GF >0.3N in the more-affected hand during the less-affected
hand pinch

°: MM Absence: involuntary GF <0.3N in the more-affected hand during the less-affected
hand pinch

Table 6B. Details for Relationship between TMS-identified CST
Connectivity and Involuntary GF Oscillations

More-affected Hand
MM
MM Presence® Absence®

TMS-measured Ipsilateral 6 0 6
CST

ConnectiVity Bilateral 6 0 6

Contralateral 0 4 4

12 4 16
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Table 7. Consistency between DTI-identified Contralateral CST and
presence of Involuntary GF Oscillations

Less-affected Hand

MM MM
Presence’ Absence”

Absence of

. i Contralateral 8 1 9
DTI-identified CST

Contralateral

CST Presence of

Contralateral 3 5 8
CST

11 6 17

viii. Characteristics of Involuntary Muscle Activities Measured by

Electromyography during Unilateral Pinch

The EMG was measured in a subset of 32 children. Given that the baseline data
for the cohort of 2013 were not available and that repeated-measure ANOVA showed the
EMG ratios (involuntary amplitude/voluntary amplitude) did not change for the cohorts
0f 2014-2015 from the pre-test to the post-test (see Table 13, more-affected hand MM,
F=1.31, p= 0.28; less-affected hand MM, F= 0.2, p= 0.67), we used data obtained at the
post-test to investigate the characteristics of this measure. Table 8 shows the distribution
of the EMG activities in the specified hand. Five children showed spasticity in the more-
affected hand during the less-affected hand pinched. One other participant showed
spasticity in the more-affected hand while pinching with the less-affected hand. EMG
recordings with the presence of spasticity were excluded because it affected the clarity of
the baseline signals. The same child who was not compliant during testing using force
transducer did not show reliable data during EMG testing either (participant #31); her

EMG data were thus excluded. EMG data from 30 participants were available for data
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analysis, regardless of hand. We defined the presence of MM when there were any
visible and time-locked trials of above-baseline EMG signals in the FDI muscle of the
involuntary hand when the voluntary hand pinched (Table 8, +). For the MM in the
more-affected hand while the less-affected hand pinched, EMG recorded from 26
participants were analyzed. Twenty-two participants (78.8%) showed MM in the more-
affected hand, and the remaining four participants (12.1%) did not show involuntary MM
under the same condition (see Figure 6 for representative EMG data). The average ratio
of involuntary EMG amplitude divided by voluntary EMG amplitude in those 22 children
with visible MM was 0.53+0.49 (Table 9). Similar to the GF oscillations latency, the
onset latency between the muscle contractions of the two hands was variable among
individuals. The average onset latency measured by EMG was -169+1160ms (mirroring
muscle contraction in the more-affected hand occurred before voluntary contraction). For
the MM in the less-affected hand, EMG recording obtained from 28 participants were
analyzed. Twenty-five participants (75.8%) showed involuntary MM in the less-affected
hand, and the remaining three participants (9.1%) did not show MM under the same
condition. The average ratio of involuntary/voluntary EMG amplitudes in these 25
children was 2.46+5.32 (Table 9). Similarly as the previous condition, onset latency
between the muscle contractions of the two hands was variable. The average onset
latency of the onset of two hands’ EMG was 50+293ms (mirroring contraction in the
less-affected hand occurred after the voluntary contraction).

Paired t-tests were performed to examine if the ratio was higher when one hand

pinched versus the other. Results showed that there was no significant difference
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between ratios of the two sides during unilateral precision pinch (n= 24, t=1.81, p=

0.08), nor was the onset latency differed between the two hands (n= 20, t=0.91, p= 0.38).

Figure 6. EMG Recordings of a Representative Participant with USCP
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Table 8. Results of Involuntary EMG at Post-test

Participant # g connectivity EMG" EMG*
More-affected Less-affected
hand hand
1 Ipsilateral s +
2 Bilateral + +
3 Ipsilateral + +
4 Ipsilateral + +
5 Ipsilateral - +
6 Ipsilateral + +
7 Bilateral + u
8 Ipsilateral + s
9 Ipsilateral n/a n/a
10 Ipsilateral + +
11 Ipsilateral + +
12 Bilateral + +
13 Contralateral - +
14 Ipsilateral + +
15 Bilateral + +
16 Contralateral - -
17 Bilateral + +
18 Ipsilateral + +
19 No responses + +
20 Ipsilateral + +
21 Contralateral - -
22 Bilateral + +
23 Bilateral + +
24 No responses + +
25 Bilateral s s
26 Bilateral + +
27 No responses S +
28 Bilateral s +
29 Bilateral s -
30 Ipsilateral + +
31 Bilateral n/c n/c
32 Bilateral + +
33 Ipsilateral + +

a: +, presence of EMG activities of involuntary hand, defined as > 0 % of successful

trials,

-, absence of EMG activities of involuntary hand; n/a: not available; u: participant

unable to perform the task; s: unable to analyze data due to spasticity;

n/c: participant was not compliant.
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Table 9. Characteristics of EMG at Post-test
Less-affected hand pinch  More-affected hand pinch

(n=22) (n=25)
Ratio (SD)* 0.53 (0.49) 2.46 (5.32)
Onset latency, ms” -169.19 (1160.31) 50.06 (292.91)

% Ratio=MM/voluntary; " latency, +: voluntary movement preceded MM,

-: MM preceded voluntary movement.

ix. Associations between Involuntary Muscle Activities Measured by
EMG and CST Connectivity Assessed by TMS and DTI

In order to investigate whether involuntary mirroring muscle contractions
measured by EMG may also be used to identify the CST connectivity, we performed
Fisher’s Exact Tests to examine the associations between CST connectivity and the
presence or absence of involuntary muscle activities. Twenty-four children were
included in the analysis comparing TMS-probed connectivity and involuntary EMG in
the more-affected hand. Eleven children with an ipsilateral connectivity showed
involuntary muscle activities recorded from the more-affected hand when pinching with
the less-affected hand (Table 10A, the ipsilateral row). One child with an ipsilateral
connectivity did not show involuntary muscle activities under the same condition. All
children with a contralateral connection did not present with mirror activities in the more-
affected hand. All children with a bilateral pattern showed involuntary muscle
contractions in the more-affected hand (see Table 10B for details). Fisher’s Exact Test
showed that there was not a significant association between the presence of involuntary
muscle activities in the more-affected hand and an ipsilateral CST probed by TMS (p=
0.59). The sensitivity of using mirroring EMG in the more-affected hand as a measure to
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identify the CST connectivity was 45%, and the specificity was 75%. Similarly, there
was no significant relationship between involuntary muscle contractions in the less-
affected hand and TMS-probed connectivity. However, the specificity of using presence
of involuntary EMG in the less-affected hand to identify a non-ipsilateral pattern probed
by TMS was 100% (Table 10C, Fisher’s Exact Test, p= 0.1; sensitivity= 59.1%,

specificity= 100%).

Table 10A. Consistency between TMS-identified CST Connectivity and
Involuntary EMG

More-affected hand
MM Presence® MM Absence®

TMS-probed Ipsilateral 11 1 12
CST Bilateral
C tivit ilateral or
onnectivity Contralateral 9 3 12
20 4 24

*: MM Presence: visible synchronizing muscle activities in the more-affected hand during
less-affected hand pinch

°: MM Absence: invisible synchronizing muscle activities in the more-affected hand during
less-affected hand pinch

Table 10B. Details for the relationship between TMS-identified CST
Connectivity and Involuntary EMG

More-affected hand
MM Presence® MM Absence®

Ipsilateral 11 1

TMS-probed CST Bilateral 9 0
Connectivity

Contralateral 0 3
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Table 10C. Consistency between TMS-identified CST Connectivity
and Involuntary EMG

Less-affected Hand
MM Presence® MM Absence’

TMS-probed Ipsilateral 13 0 13
CST Bilateral
C tivit ilateral or

ormectivity Contralateral 9 3 12

22 3 25

A second analysis approach was performed to examine whether a higher EMG
ratio was associated with an ipsilateral CST connectivity. For this second approach, we
defined strong MM as when the EMG ratio (involuntary/voluntary amplitude) > 0.5;
weak MM was defined when the EMG ratio < 0.5. Twenty-four children were included
in the analysis comparing TMS-probed connectivity and EMG ratios. Five children with
an ipsilateral connectivity showed strong MM in the more-affected hand when they
voluntarily pinched with the less-affected hand (Table 11A, the ipsilateral row). Under
this condition, seven children with an ipsilateral connectivity had weak MM. Two
children with bilateral connectivity had strong MM, whereas the remaining seven
children with bilateral connectivity had weak MM. All three children with a contralateral
connection had weak MM. Fisher’s Exact Test did not show a significant association
between a strong MM (involuntary/voluntary ratio> 0.5) measured with EMG in the
more-affected hand and an ipsilateral CST connectivity (p= 0.37; sensitivity= 71.4%,
specificity= 58.8%). We did not find a significant association between strong EMG-
measured MM in the less-affected hand and the TMS-probed CST connectivity (Table

11B, Fisher’s exact, p= 0.14). When investigating strong EMG-measured MM in the
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less-affected hand, twenty five children were included in the contingency table. Twelve
children with an ipsilateral connectivity had strong MM, whereas 1 child with the same
pattern had weak MM. Seven children with bilateral connections had strong MM, while
1 child with bilateral connections had weak MM. All three children with a contralateral
pattern had weak MM. The sensitivity of using strong MM measured with EMG in the
less-affected hand as a measure to identify the CST connectivity was 63.2%, and the
specificity was 80%.

We further examined the associations between the presence of MM measured by
EMG and DTI-assessed CST connectivity. Fisher’s exact test showed that there was a
significant association between the presence of MM measured by EMG in the more-
affected hand and DTI-assessed connectivity (Table 12A, n= 23, p= 0.04, sensitivity=
63.2%, specificity= 100%). No significant association was found between the presence
of EMG-measured MM in the less-affected hand and DTI-assessed connectivity (p=
0.15). We also found a significant association between strong MM in the less-affected
hand measured by EMG and DTI-assessed connectivity (Table 12B, n=25, p=0.02,
sensitivity=71.4%, specificity=100%). No significant association was found between
strong MM measured by EMG in the more-affected hand and DTI-assessed connectivity,

however (p= 0.64).
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Table 11A. Consistency between TMS-identified CST Connectivity and
EMG ratios

More-aftfected hand
Strong MM* Weak MM”

TMS-probed Ipsilateral 5 7 12
CST
.. Bilateral or
C tivit
onnectivity Contralateral 2 10 12
7 17 24

*Strong MM: the ratio of the involuntary EMG amplitude/voluntary EMG amplitude>0.5
*Weak MM: the ratio of the involuntary EMG amplitude/voluntary EMG amplitude<0.5

Table 11B. Consistency between TMS-identified CST
Connectivity and EMG ratios

Less-affected hand
Strong MM*  Weak MM"

Ipsilateral 12 1 13
TMS-probed
o Bil 1
Connectivity 1lateral or
Contralateral 7 4 11
19 5 24
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Table 12A. Consistency between DTI-identified CST and presence of
Involuntary MM measured by EMG

More-affected Hand
MM Presence® MM Absence”

Absence of
Contralateral CST 12 0 12

DTI-identified
Contralateral CST Presence of

Contralateral CST 7 4 11

19 4 23

% MM Presence: presence of visible synchronizing muscle activities in the more-affected
hand

°: MM Absence: absence of visible synchronizing muscle activities in the more-affected
hand

Table 12B. Consistency between DTI-identified CST and strong MM
measured by EMG

Less-affected hand
Strong MM*  Weak MM”

Absence of 15 0 15
DTl-identified Contralateral CST
Contralateral CST Presence of 6 4 10
Contralateral CST
21 4 25

% Strong MM: ratio (involuntary amplitude/voluntary amplitude)>0.5
°: Weak MM: ratio (involuntary amplitude/voluntary amplitude)<0.5

X. Relationship between Additive of Mirror Movements Measures and
CST Connectivity

We further asked the question whether MM measures were additive to predict the
CST connectivity. Logistic regression models were performed to examine whether a
combination of MM measures (i.e., behavioral MM scores during whole-hand
opening/closing, involuntary GF oscillations, involuntary EMG) was associated with

TMS-probed CST patterns (ipsilateral versus contralateral/bilateral connectivity). The
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best fitted regression model was found when we used dichotomous behavioral MM
scores during hand opening/closing (strong versus weak) in the more-affected hand as a
predictor and brain lesion type as a covariate to predict TMS-probed CST connectivity
(p=0.002). Likelihood ratio tests showed that both behavioral MM scores in the more-
affected hand and brain lesion type were both significantly associated with TMS-probed
CST connectivity (behavioral MM, p= 0.007; brain lesion type, p= 0.02). When we used
MM scores during hand opening/closing (strong versus weak) in more-affected hand
alone to predict TMS-probed CST patterns, behavioral MM scores was still significantly
associated with CST connectivity (p= 0.006). No significant associations were found
between any other combinations of MM measures and the TMS-derived CST patterns.
Similarly, logistic regression models were performed to examine whether a
combination of MM measures was associated with DTI-assessed CST patterns. The best
fitted regression model was found when we used the involuntary GF oscillations (> 0.3N
or < 0.3 N), behavioral scores during hand opening/closing (strong versus weak), and
strong MM measured by EMG (ratio> 0.5) in the less-affected hand as predictors and
brain lesion type as a covariate to predict DTI-assessed CST connectivity (p= 0.007).
Likelihood ratio tests indicated that lesion type was associated with DTI-assessed CST
connectivity (p= 0.001), while the behavioral MM scores (p= 0.45), involuntary GF
oscillations (p= 0.64), and strong MM measured by EMG (p= 0.25) did not contribute
significantly to the DTI-assessed CST connectivity. When we took away lesion type and
used behavioral MM scores, involuntary GF oscillations, and EMG-measured MM in the
less-affected hand to predict DTI-assessed CST patterns, involuntary GF oscillations in

the less-affected hand was significantly associated with DTI-assessed CST connectivity
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(p=0.005). No significant associations were found between DTI-probed CST
connectivity and strong MM measured by EMG (p= 0.15) as well as between DTI-probed
CST connectivity and strong behavioral MM (p= 0.47).

xi. Changes in Outcome Measures after Intervention

To investigate Aim 2 (exploratory aim), we examined whether the amount of MM
changed after 3 weeks of intensive hand training. Table 13 summarizes the results for the
changes in all outcome measures after intervention. For the behavioral MM scores,
Wilcoxon signed rank test showed that the median of differences in the behavioral MM
scores between the pre-test and post-test sessions distributed around 0 (p> 0.06).
Similarly, statistical results obtained from the main effect of the repeated measure
ANOVA showed that the changes from the pre-test to the post-test were not significant in
the amplitude of involuntary GF oscillations (p> 0.33), in the ratios of GF oscillations
amplitude (involuntary/voluntary) (p> 0.09), or in the ratios of EMG amplitude

(involuntary/voluntary) (p> 0.28) in either hand.
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Table 13. Changes in Behavioral MM Scores and GF Oscillations after 3-weeks of
Intervention

Test p-

Measures n Statistics” value®
Behavioral MM Scores in the More-affected Hand

Whole Hand Opening/Closing 33 -0.29 0.77

Finger-thumb Opposition 31 0 >0.99

Finger Individuation 32 0 >0.99

Index and Middle Finger Walking 32 0 >0.99
Behavioral MM Scores in the Less-affected Hand

Whole Hand Opening/Closing 32 -0.87 0.38

Finger-thumb Opposition 31 -1.9 0.06

Finger Individuation 32 -1.62 0.11

Index and Middle Finger Walking 32 -0.63 0.53
GF in the More-affected Hand" 14 1.05 0.33
GF in the Less-affected Hand” 16 0.38 0.55
GF ratio (more-affected MM/less-affected voluntary)® 14 3.37 0.09
GF ratio (less-affected MM/more-affected voluntary)® 16 0.02 0.9
EMG ratio (more-affected MM/less-affected
voluntary)” 13 1.31 0.28
EMG ratio (less-affected MM/more-affected
voluntary)” 14 0.2 0.67

* statistics results were obtained from using Wilcoxon Signed Rank Test for qualitative
MM scores (Z),

and from using repeated measure ANOVA for the GF and

EMG (F);

®: Data included only subjects with presence of mirror movements at both

sessions.

Xii. Relationship between the Amount of Mirror Movements and Hand
Function

We performed linear regression models and correlation coefficients to examine
whether the occurrence of MM affected UE functional performance. Linear regression
models did not show significance when using behavioral MM scores to predict bimanual
hand function measured by the AHA (Table 14, n=21, p> 0.18 for all models). Yet

linear regression models showed significant associations when using behavioral MM
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scores in the less-affected hand during finger individuation and finger walking to predict
children’s goal performance (measured by COPM satisfaction scores, Figure 7A & 7B;
Table 14, finger individuation: F= 6.6, p= 0.016; finger walking: F= 6.7, p= 0.015).
Specifically, higher MM scores in the less-affected hand during those two repetitive
movements were fairly correlated with worse goal performance (finger individuation,
Spearman’s r=-0.36, p= 0.04; finger walking: Spearman’s r=-0.39, p= 0.03).
Interestingly, linear regression models demonstrated significant associations when we
used the behavioral MM scores in the less-affected hand during finger opposition and
finger walking to predict unimanual dexterity (n=32, finger-thumb opposition: F=4.47,
p=0.04, Spearman’s rho= -0.35, p= 0.048; finger walking: F= 13.01, p=0.001,
Spearman’s tho= -0.5, p= 0.005). However, after removing the only one participant with
a MM score of 3, the regression model did not show a significant association when using
the behavioral MM scores in the less-affected hand during finger opposition to predict
unimanual dexterity (F= 3.2, p=0.08, Spearman’s rho= -0.3, p=0.1).

Table 15 shows results obtained using linear regression models and correlation
analyses to examine the relationship between MM measured by involuntary GF
oscillations and hand function. Although sample size was small for the statistical model,
linear regression models demonstrated that involuntary GF oscillations in the more-
affected hand and its corresponding ratio may predict children’s bimanual performance
measured by the AHA (more-affected hand GF, F= 7.4, p=0.024, corresponding ratio, F=
6.96, p=0.03). Pearson R also showed moderate correlations between involuntary GF
oscillations amplitude in the more-affected hand and children’s bimanual function (n= 11,

GF oscillations in the more-affected hand and AHA, Pearson r=-0.67, p=0.024). No
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significant associations were found between involuntary GF oscillations and children’s
goal performance (measured by COPM, p> 0.08). Similarly, no significant associations
were found between involuntary GF oscillations and children’s unimanual dexterity
(measured by JTTHF, p> 0.16).

Further correlational analyses were performed to examine the relationship
between the strength of MM and children’s improvements in hand function after 3 weeks
of intensive therapy (see Table in Appendix B). No significant linear models or
correlations were found between the behavioral MM scores in either hand and children’s
improvements in unimanual dexterity (linear regression models, p> 0.64; Spearman’s rho
between -0.03 to 0.12, p> 0.52) and bimanual hand function (AHA, linear regression
models, p> 0.17; Spearman’s rho between -0.22 to 0.41, p> 0.07). A significant linear
regression was found when using behavioral MM scores in the less-affected hand during
finger walking to predict improvements in goal performance (COPM satisfaction:
F=4.21, p=0.05; Spearman’s rho= 0.35, p= 0.052). No other significant associations
were found between the remaining behavioral MM scores and children’s improvements
in their goal performance (linear regression models, p> 0.08; Spearman’s rho, p> 0.14).
Similarly, no significant regression models or correlations were found between the
involuntary GF oscillations or their corresponding ratios and children’s improvements in
unimanual dexterity (involuntary GF oscillations in either hand and percentage
improvement in JTTHF, p> 0.22), bimanual hand function (involuntary GF oscillations in
either hand and AHA, p> 0.14), or goal performance (GF oscillations in either hand and

COPM, p> 0.07).
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Figure 7A & 7B. Correlations between Behavioral Mirror Movements Scores and Goal
Performance
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Table 14. Linear regression models and correlations between behavioral MM scores and functional outcome

AHA COPM-satisfaction COPM-performance JTTHF
(n=21) (n=32) (n=32) (n=32)
Spearman's Spearman's Spearman's Spearman's
F F F F
rho rho rho rho
More-affected hand
Hand Opening/closing 0.86 0.19 0.46 -0.05 0.77 <0.001 4.33* -0.26
Finger Opposition 0.37 0.01 1.17 -0.15 0 -0.05 2.11 -0.22
Finger Individuation 0.14 -0.18 1.91 -0.18 0.04 -0.23 0.4 -0.06
Finger Walking 0.04 -0.16 0.98 -0.11 0.02 -0.12 0.56 -0.18
Less-affected hand
Hand Opening/closing 1.41 -0.19 341 -0.33 0.07 -0.17 0.12 0.09
Finger Opposition 0.09 -0.02 2.35 -0.2 0.29 -0.24 4.47* -0.35*
Finger Individuation 0.13 0.03 6.55* -0.36* 1.38 -0.31 2 -0.18
Finger Walking 1.92 0.22 6.7* -0.39* 0.87 -0.3 13.01* -0.5*

* indicates p-value < 0.05



Table 15. Linear regression and correlations between involuntary GF oscillations and functional outcome

AHA COPM-satisfaction COPM-performance JTTHF
(n=11) (n=21) (n=21) (n=21)
F Pearson's r F Pearson's r F Pearson's r F Pearson's r
More-affected hand
GF amplitude 7.40% -0.67* 0.21 -0.1 0.98 -0.22 0.31 0.13
Ratio (I/'V) 6.96%* -0.66* 1.31 -0.17 1.32 -0.26 0.16 0.09
Less-affected hand
GF amplitude 3.12 -0.51 1.31 -0.25 3.49 -0.39 0.96 0.22
Ratio (I/'V) 2.09 -0.43 0.76 -0.2 3.12 -0.38 2.11 0.32

9¢

* indicates p-value <0.05



xiii. The Effects of Age on Mirror Movements in Children with USCP

We examined if age of children affected the intensity of mirror movements in
children with USCP. Linear regression models and correlational analyses showed that
there was no significant relationship between children’s age and the intensity of MM
measured by behavioral MM scores, force transducers, or EMG (linear regression model,
p> 0.1, Spearman’s rho and Pearson’s R, p> 0.15).

Xiv. The Effects of Brain Lesion Type on Mirror Movements in
Children with USCP

We subsequently examined whether brain lesion type influenced the amount of
MM in children with USCP, providing further evidence that the timing of brain lesion
may possibly affect the CST reorganization. There was only one child categorized as
brain malformation, therefore we excluded his data in this analysis. In addition, one child
was categorized as having both periventricular lesion (PVL) and cortical/subcortical
lesion (CSC). Therefore her data were also excluded. Mann-Whitney U test showed that
there were significant higher behavioral MM scores in PVL than those in CSC in the less-
affected hand during hand opening/closing (Figure 8, p=0.04). We did not find
significant differences in the more-affected hand during the same task (p= 0.08).
Similarly, there were no significant differences found in the remaining behavioral scores
in the either hand between different lesion types (p> 0.08).

Independent t-tests showed that there were no significant differences in the
involuntary GF oscillations amplitude and its corresponding ratio in either hand between
different lesion types (involuntary GF oscillations in the more-affected hand, t=-0.53, p=

0.6; involuntary GF oscillations in the less-affected hand: t= -0.54, p= 0.6). Similarly,
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independent t-tests showed that there were no significant differences in the EMG ratios in
either hand between different lesion types (EMG ratio of more-affected/less-affected: t= -

0.05, p= 0.96; EMG ratio of less-affected/more-affected: t=-1.5, p=0.17).

Figure 8. Behavioral Mirror Movement Mean Scores within Periventricular Lesion and

Cortical/Subcortical Lesion

N w
1 1

Mean MM scores in less-affected hand
hand opening/closing

P\I/L CcsC

PVL=periventricular lesion (early trimester lesion)

C/SC=cortical or subcortical lesion (late trimester lesion)

XV. Quantification of Cortical Control of the More-affected Hand and
its Relationship with the Intensity of Mirror Movements

Finally, we investigated whether the amount of mirror movements may be related
to the distribution of the corticospinal connections originating from either M1, providing
further quantitative measurement of the CST connectivity. Instead of using the CST
connectivity pattern, cortical control of the more-affected hand was quantified by the

Laterality Index (LI). The LI was calculated with the following formula:
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LI= # sites controlling the more-affected FDI originating from lesioned M1

# sites controlling the more-affected FDI from both M1s.

Although sample size was small (n=17), we found a trend when we used the
amplitude of involuntary GF oscillations in the more-affected hand to regress the LI
(Figure 9, linear regression, F=4.38, p= 0.054; Pearson r= -0.48, p= 0.054). Specifically,
stronger amplitude in the involuntary GF oscillations had a trend to be associated with a
lower LI. A similar trend was found when we used the amplitude of involuntary GF
oscillations in the less-affected hand to regress the LI (F=4.03, p= 0.063; Person r=-0.29,
p=0.27).

Similarly, we found a trend when we used the ratio of EMG in the more-affected
hand (more-affected involuntary/less-affected hand voluntary) to regress the LI (n=23,
linear regression, F=3.6, p= 0.07; Pearson r=-0.39, p= 0.08). There was still a trend in
the same model even after we removed an outlier (n=22, linear regression, F= 3.2, p=
0.09; Person r=-0.37, p= 0.09).

Finally, we did not find significant linear regression models when we used any
behavioral MM scores to predict the LI (n= 28, linear regression, p> 0.25; Spearman’s

rho, p> 0.29).
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Figure 9. Correlation between Involuntary Grip Force Oscillations and Laterality Index
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IV. DISCUSSION

This study investigated the relationship between mirror movements (MM) and
corticospinal reorganization in children with unilateral spastic cerebral palsy (USCP) by
examining with methods probing the CST connectivity and measures quantifying mirror
movements. Our hypothesis that stronger MM were more associated with an ipsilateral
corticospinal tract (CST) projection was supported by the association between behavioral
MM scores in the more-affected hand during hand opening/closing and TMS-probed
connectivity (Fisher’s Exact Test, p= 0.02). Our hypothesis was also supported by the
significant association between force transducer (FT)-measured MM in the less-affected
hand and DTI-assessed connectivity (p= 0.0498), as well as supported by the significant
associations between electromyography (EMG)-measured MM and DTI-derived
connectivity (present of MM, more-affected hand, p= 0.04; strong MM, less-affected
hand, p=0.02). Similar findings were demonstrated in the logistic regression models,

where we found that behavioral MM was a significant predictor of TMS-probed
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connectivity (p= 0.006), and that FT-measured MM was a significant predictor of DTI-
assessed connectivity (p= 0.005). Thus far, the amount of MM did not change after three
weeks of intensive hand therapy (behavioral MM scores, p> 0.06; involuntary GF
oscillations, p> 0.09; EMG-measured MM, p> 0.28). The occurrence of strong MM
(score> 3) during hand opening/closing and the presence of involuntary GF oscillations
are therefore both indicative of the CST connectivity.

i. Using a Simple Clinical Measure to identify the CST organization

Our data showed exciting results that a simple clinical measure may unfold the
underlying motor system reorganization. This relationship had been demonstrated
indirectly in a few studies (Carr et al., 1993; Farmer et al., 1991). However, Carr et al.
(1999) included both congenital and acquired brain injuries, and Farmer et al. (1999) did
not use behavioral MM assessment. Among the four tasks, hand opening/closing was the
easiest task to perform by children with USCP with their hand impairment. It is possible
that spasticity masked the intensity of MM during finger opposition, finger individuation,
and finger walking due to the dexterity involved (Klingels et al., 2015; Reitz, 1998).
Further, if MM precisely copied the other hand, the range of motion of whole-hand
opening/closing in the voluntary hand was larger than the others. The unintentional
movements were therefore easier to be discerned by the evaluator.

Our behavioral data showed that stronger MM in the more-affected hand were
significantly associated with TMS-probed CST connectivity, but this association was not
found when MM were measured in the less-affected hand. This finding is consistent with
the findings of Staudt et al. (2004), who considered only MM present in the more-

affected hand as an indicator of an ipsilateral CST pattern. Structurally, the ipsilateral
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pathway connects the contralesional motor cortex (M1) and the more-affected hand.
Therefore, unintentional movements occurring in the more-affected hand may
conceivably be a direct representation of an ipsilateral projection. In this study, we also
found a significant association between MM measured by force transducer in the /ess-
affected hand and DTI-assessed CST (p= 0.0498). Meanwhile, we found significant
associations between strong MM measured by EMG in the less-affected hand and DTI-
assessed CST (p= 0.02). Collectively, our results showed that MM in either the more- or
the less-affected hand may be predictive of the CST connectivity. To our knowledge, the
associations between the occurrence of MM in the /ess-affected hand and CST
connectivity has never been reported in the literature.

ii. Children with Bilateral Connectivity may Present with
Characteristics of both Ipsilateral and Contralateral Connectivity

Interestingly, MM in the majority of children with bilateral CST organization
behaved more similarly to children with a contralateral pattern when they were measured
by behavioral assessment, whereas MM in the majority of children with bilateral
connections behaved more similarly to children with an ipsilateral pattern when measured
by force transducer and EMG (see Table 6B, Table 10B). These findings may result
from the fact that children with a bilateral CST pattern still have an ipsilateral pathway,
and that the detection of mirror movements can be measurement specific (Connolly &
Stratton, 1968). Both force transducers and EMG may have the capacity to measure
subclinical mirror activities that the clinical testing was not able to capture (Kuhtz-

Buschbeck et al., 2000; Staudt et al., 2004).
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Children with a bilateral or mixed CST patterns may present with the features of
both ipsilateral and contralateral patterns, which makes the comparison challenging. Our
primary aim was to investigate whether stronger MM were associated with an ipsilateral
CST. Consequently it was logical to group children with bilateral and contralateral
patterns together to answer this research question (as these two groups both preserved the
contralateral CST). At the same time, we had a limited number of participants in each
cell in our contingency table. Therefore we could only use a 2 (CST patterns) x 2 (strong
versus weak MM) table (i.e., Fisher’s Exact Tests) to compare the two methods, rather
than a 3 (CST patterns) x 2 (strong vs. weak MM) table (i.e., Chi-square tests) (Agresti,
2013). Nevertheless, the high specificity of using the force transducer and EMG to
identify those “non-ipsilateral patterns” can be useful when clinicians wish to assign
appropriate therapy or determine the side for brain stimulation therapy and when the
devices are available.

iii. Inconsistency between TMS-probed and DTI-identified CST
patterns

Six children showed inconsistent findings when we probed the CST with two
different methods: TMS and DTI (participants #2, 5, 7, 15, 20, 28). Four children did not
have TMS-evoked muscle responses from stimulating the lesioned M1, but DTI
reconstruction showed presence of a contralateral CST (participants #2, 5, 7, 20, Table 2).
Interestingly, two of these children changed their connectivity from ipsilateral projection
to bilateral projections after intensive training (participants #2, 7). While it is uncommon
for the brain organization to change in this short period of time, it is possible that this

change in the CST connectivity reflects the changes in the cortical excitability after
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intensive hand training. The intensity to elicit a muscle response is usually high in
children (Garvey & Mall, 2008; Rajapakse & Kirton, 2013). These two children
(participants #2, 7) may have lowered the resting motor threshold in the more-affected
MI after training (i.e., increased the cortical excitability), which enabled the anatomically
present contralateral CST to become “active” after training when stimulating with the
same intensity of the TMS machine output. Whereas the functionality of these
contralateral CST is unknown, the presence of contralateral CST detected by DTI
tractography in these four children may elucidate some of the low behavioral MM scores
(see Table 2, behavioral MM scores in the more-affected hand are 0 in participants #7,
#20).

Two children (participants #15 and #28) showed bilateral connections as probed
by TMS, yet they did not show a contralateral tract as measured by DTI. Our methods of
DTI tractography strictly excluded those tracts not going through the cerebral peduncles
as that was our region of interest (ROI) (Thomas et al., 2005). It is possible that the
stimulation evoked muscle responses through pathways other than the corticospinal tract
due to the aberrant motor system organization after early brain lesion (e.g., rubrospinal
tracts) (see paper in Appendix E for discussion). In fact, participant #28 showed longer
MEP onset latency (25.94ms) as compared to those in children with consistent TMS-
probed and DTI-assessed bilateral connectivity (21.14ms) when we examined the
contralateral CST with TMS (lesioned M1 projects to the more-affected FDI). It is
possible that TMS activated indirect pathways projecting to the more-affected hand in
participant #28 (more synapses), whereas our criteria of obtaining CST using DTI did not

evaluate those indirect pathways.
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Three children did not have MEP responses probed by TMS (#19, 24, 27). These
children were relatively younger (6yrs 6 mos- 8yrs 4 mos) as compared to the remaining
participants; their resting motor threshold could be higher. Therefore the minimal
electrical current that was needed to elicit a motor response could be over the maximal
output of the TMS machine. This is a limitation when we used TMS to probe the CST in
children. And this is where DTI assessment can be useful when an anatomically present
CST cannot be identified by using TMS.

In summary, TMS and DTI may measure distinctive features of the CST. TMS
measures functionally active motor pathway (i.e., the functional integrity), whereas DTI
measures anatomically present motor pathway (i.e., the structural integrity). This may
elucidate why TMS-derived connectivity correlated with clinical assessment (behavioral
MM), whereas DTI-derived connectivity correlated with subclinical measures
(involuntary GF oscillations and EMG) (see solid line in Figure 10). In other words,
behavioral MM assessment may provide us information on “functional connectivity”
(probed by TMS), whereas involuntary GF oscillations and EMG-measured MM may
provide us information on “structural connectivity” (assessed by DTI).

iv. Using Additive Measures of MM to predict CST

Current results obtained from logistic regression models showed that the best
fitted model was when we used the behavioral MM scores to predict TMS-probed CST,
and the best predictor for DTI-assessed CST was the involuntary GF oscillations. These
findings are in line with those results obtained from Fisher’s exact tests. Combining MM
measures improved the model fit when we predicted the DTI-assessed connectivity

(Figure 10). This may result from that the three measures of MM detect distinctive
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components of the corticospinal tracts, and that combining measures may increase the
predictive strength. Note that results from the logistic regression models are still
preliminary as we had only 17 subjects with available GF oscillations data. Figure 10 is
still a working schematic diagram as our sample was limited.

Figure 10. Schematic Diagram of Current Findings

CST
Mirror movements Behav. .
MM
— Sig. Fisher’s exact test
---- 8ig. logistic regression models
---- 8ig. variable in the regression model
V. Proposed Clinical Implications

Based on findings of the current study, we propose a preliminary clinical
assessment flow chart (Figure 11). While more clinical trials are still needed to
understand the relationship between children’s responsiveness to intensive hand therapy
or brain stimulation and the CST patterns, this proposed flow chart may be useful when
researchers or clinicians intend to apply these treatment approaches without available
devices to probe the CST connectivity in children with USCP. For example, researchers
may use the behavioral MM assessment (whole-hand opening/closing) as the first step to

determine individual CST organization. Children with mirror movement scores > 3 in the
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more-affected hand would indicate they have at least an ipsilateral CST projection. If the
behavioral MM scores < 2, further evaluation would be needed to distinguish their CST
patterns by examining with force transducers. Presence of involuntary GF oscillations (>
0.3N) examined with force transducers would be indicative of an ipsilateral or bilateral
CST connectivity. Absence of involuntary oscillations (< 0.3N) would be indicative of a
contralateral connectivity. From there, depending on what treatment may be available
(intensive hand therapies or brain stimulation therapies), researchers or clinicians can
further determine the next logical step. For example, intensive bimanual therapy may be
a better treatment approach for children with ipsilateral connectivity (Friel et al., 2016).
Meanwhile, brain stimulation on the contralesional M1 may be a better treatment
approach for children with ipsilateral connectivity. Note that the impact of CST
organization on children’s responsiveness to intensive therapy is still under
investigations.

Figure 11. Proposed Clinical Assessment Flowchart
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Vi. Impact of Brain Lesion Type on the Amount of Mirror Movements

Our findings of relatively higher MM scores in children with periventricular

lesion (PVL) as compared to those with cortical/subcortical lesions (C/SC) are similar to
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a few studies. Klingles et al. (2015) found this relationship only in MM in the more-
affected hand during hand opening/closing. Whereas our results of higher MM scores in
children with PVL than those with MCA are consistent with Klingles et al. (2015), this
association was found in the less-affected hand in this study. This is another significant
finding when mirror movements were measured in the less-affected hand. Whereas
mirror movements in the less-affected hand were considered as “non-specific overflow”
in Staudt et al. (2004), our results demonstrate that the timing of the lesion may also
affect recovery processes of the CST controlling the less-affected hand.

vii. Direction of the Mirror Movements

As mentioned briefly in the Introduction, the direction of the movement overflow
has been controversial in the literature. Our findings of higher behavioral mirror
movements scores in the less-affected hand are consistent with a few studies (Klingels et
al., 2015; Kuhtz-Buschbeck et al., 2000; Woods & Teuber, 1978). We also found a
significantly higher GF oscillations ratio (involuntary/voluntary) in the less-affected hand
than in the more-affected hand. Recently, Klingles et al. (2015) showed more “clear
mirror movements” (score> 2) in the less-affected hand. In our study, the higher intensity
of MM in the less-affected hand can possibly result from the underestimated intensity of
MM in the more-affected hand, which was masked by spasticity.

viii. Lack of Changes after Three Weeks of Intervention

Despite the intensity of hand training that children received (90 hrs over 3 weeks),
the amount of mirror movements did not change after three weeks of intervention. This
is not surprising because our training was not designed to reduce the amount of mirror

movements. Furthermore, if mirror movements are an indicator of the brain corticospinal
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organization as shown in our results, it is unlikely for mirror movements to change given
that they are indicative of the CST connections and that CST organization does not
change commonly. Although we did have a few children who changed their CST
connectivity immediately after intervention, as discussed earlier this change may be due
to changes in the cortical excitability after intensive hand training rather than a structural
change in the corticospinal system.

There are two movement tasks showing a trend of increase in the behavioral MM
scores in the less-affected hand after 3 weeks of intervention: finger opposition and finger
individuation (Table 13, finger opposition, p=0.06, individuation, p= 0.1). It is possible
that this increase in the behavioral MM scores in the less-affected hand resulted from the
improvements in dexterity in the more-affected hand after training.

The grip force oscillations ratio (more-affected MM/less-affected voluntary)
showed a trend of decrease after intervention. To our knowledge, albeit not significant,
this is the first study demonstrating a trend that intensive training, which was not
focusing on reducing involuntary mirror movements, may potentially reduce a certain
amount of mirror movements. It is possible that our sample size underpowered the
results (n=14). The changes in the amount of MM after intensive training should be
further explored in future studies.

ix. Temporal De-synchronization in the Grip Force Oscillations

The latency between the two hands measured by GF oscillations was partially
consistent with the findings in Kuhtz-Buschbeck et al. (2000). The consistency between
their and our findings was that the mirroring grip force oscillations in the less-affected

hand preceded under the condition when the more-affected hand was voluntarily pinching
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(-32ms in their Table II, -14ms in Table 5 here). It is possible that there are differential
levels of intra-cortical inhibition modulating the more-affected hand and the less-
affected, which results in this time lag between the voluntary and involuntary
movements. Unfortunately, we did not test the intra-cortical inhibition modulating the
less-affected hand. In addition, we had only 14 subjects for this measure and the latency
was variable among participants. More research studying intra-cortical inhibition and/or
facilitation and their effect on movement lateralization in children with USCP is needed
to elucidate this de-synchronization between the two hands.

X. Relationship between Mirror Movements and Hand Function

We did not find significant correlations between bimanual skills and the intensity
of mirror movements as in Kuhtz-Buschbeck et al. (2000). Yet the results of bimanual
hand function (measured by AHA) from a third of our participants (n=11) are still not
available. Thus, we still cannot draw a conclusion on the impact of MM on bimanual
function measured by the AHA as of now. Nevertheless, MM appeared to disturb
children’s goal performance, as moderate correlations were found between the behavioral
MM scores in the less-affected hand and COPM (Figures 7A and 7B, finger individuation
and COPM, r= -0.36; finger walking and COPM, r= -0.39). Most of the goals are
asymmetrical bimanual tasks (e.g., tying shoes, cutting paper with scissors, etc.). It is
possible that the symmetrical nature of mirror movements hampered functional goal
performance. The significant correlations we found between higher behavioral MM
scores in the less-affected hand and unimanual dexterity measured by JTTHF may just
reflect the better unimanual capacity in the more-affected hand to perform finger

opposition and finger walking after training (i.e., children had better unimanual function
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in the more-affected hand; more able to individuate their more-affected fingers, thus
induced higher MM scores in the less-affected hand). The asymmetry of the two
corticospinal tracts had been shown to be a good predictor of unimanual capacity (Duque
et al., 2003; Friel, Kuo, et al., 2014). We conclude here that the initial severity of the
corticospinal injury may better predict children’s unimanual capacity, and we showed
that mirror movements hampered functional goal performance in this study.

Xi. The amount of Mirror Movements is not Age-dependent in Children
with USCP

Our findings that the amount of MM was not age-dependent in children with
USCEP are consistent with several studies (e.g., Carr et al., 1993; Kuhtz-Buschbeck et al.,
2000). This clearly distinguishes the differences between physiological MM and
pathological MM and highlights different underlying mechanisms. Decrease in the
amount of physiological MM in typical development depicts the maturation of the
transcallosal pathways (increase the inhibition of those unintentional ipsilateral
movements) (Mayston et al., 1999). The lack of significant associations between age and
MM in this study suggested that the mechanisms underlying mirror movements are
different in children with USCP and in typical development. In our study, we cannot rule
out the possibility that the ipsilateral cortical control of the more-affected hand and
decreased interhemispheric inhibition (from contralesional to lesioned M 1) may both
contribute to the occurrence of mirror movements in children with a bilateral
connectivity. Further investigation using interhemispheric inhibition (IHI) or ipsilateral
silent period (iSP) protocols to assess the inhibition capacity by using TMS may further

elucidate the mechanism underlying MM in children with bilateral connectivity.
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xii. Limitations and Future Considerations

As the first study to compare the CST connectivity with mirror movements using
a comprehensive battery of measures, we have a few limitations. First, we did not control
for voluntary grip force oscillations output. This may affect the amplitude of the
involuntary output as Todor and Lazarus (1986) reported in typically developing
children. Presumably, we could provide visual feedback for the amplitude of the
voluntary GF output; however, it is challenging for children with USCP to control for a
certain amount of force output, especially when pinching with the more-affected hand.
The percentage of maximal voluntary contraction (% MVC) was not different between
the two hands (p= 0.13), between the pre-test and the post-test (p> 0.15), and between the
ipsilateral and the contralateral/bilateral groups (p= 0.06 in the less-affected hand, p=0.15
in the more-affected hand). Nevertheless, the uncontrolled voluntary GF oscillations
amplitude (higher output in the ipsilateral group than that in the contralateral/bilateral
group in either hand) may potentially account for certain variances between the ipsilateral
and contralateral/bilateral groups, and this is our major limitation.

The second limitation was that we had a small number of subjects in the
contralateral connectivity (n=4). Although sample size calculation indicated that 18
subjects would be sufficient for the grip force oscillations measure, the limited sample
number in the contralateral connectivity may under-power the findings. This is a similar
issue as when we compared TMS-probed connectivity with behavioral MM scores. As
discussed earlier, the small number of participants also posed statistical challenges when

we chose the statistical model (Fisher’s exact rather than a Chi-square test).
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Nevertheless, this limitation is hard to control for because approximately 50% of children
had an ipsilateral pattern (Lotze et al., 2009).

The third limitation is that we did not randomize the task order of the behavioral
MM assessment. It is possible that children showed less frequent MM in the last task
(finger walking) due to fatigue.

Finally, we faced challenges when characterizing children with bilateral
connectivity. As discussed, MM in children with bilateral CST connections sometimes
behaved more similarly as children with a contralateral pattern (i.e., behavioral MM
assessment), and they sometimes behaved more similarly as those with an ipsilateral
pattern (i.e., involuntary GF oscillations and EMG). Although quantification of the
cortical control of the more-affected UE was attempted (i.e., the Laterality Index), we
only found trends rather than significant associations. Future studies may use other
methods for quantifying cortical control of the more-affected hand. For example,
researchers can take the amplitude of motor evoked potentials (MEP) obtained from
stimulating both M 1s into consideration.

In conclusion, we found mirror movements to be present (scores >1) in about
70% in the more-affected hands when measured with whole hand opening and closing in
children with USCP. Similar incidence was found when MM was measured with the
force transducer and EMG while children performed pinching with the less-affected hand
(74%, 79% respectively). Strong MM (scores > 3) in the more-affected hand assessed by
hand opening/closing were associated with the TMS-probed CST connectivity. Force
transducer measured MM in the less-affected hand and EMG-measured MM were

significant associated with DTI-assessed connectivity. Brain lesion type may affect the
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intensity of MM. Meanwhile, the amount of MM did not change after 3-weeks of
intensive hand therapy. The associations revealed in this study may help researchers and
clinicians understand the relationship between the CST connectivity and its behavioral
manifestation (mirror movements) in children with USCP. Such information may further

guide therapeutic strategies in a wider range of children with USCP.
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APPENDIX A
Pilot data

Table 1. A 2x2 contingency table summarizing TMS-identified CST connectivity and
motor performance scores (Woods & Teuber, 1978) of the mirror movements.

MM scores 3-4*

MM scores 0-2

TMS-identified ipsilateral
connectivity

3

2

TMS-identified contralateral or
bilateral connectivity

*MM scores are based on opening/closing hand in the more-affected (involuntary)

hand

Table 2. A 2x2 contingency table summarizing TMS-identified connectivity and force

amplitude of the mirror movements.

GF >0.3N* GF <0.3N
TMS-identified ipsilateral 4 0
connectivity
TMS-identified contralateral or
. . . 2 4
bilateral connectivity

*GF in the more-affected (involuntary) hand
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APPENDIX B

Table. Regression and correlations between Behavioral Scores, Grip Force Oscillations, and Functional

Improvements after Intervention

COPM- COPM-
AHA satisfaction performance JTTHF
F r F r’ F r F r

More-affected hand

Hand Opening/closing 2.05 -0.21 0.45 0.09 0.08 -0.12 0.004 -0.07

Finger-thumb Opposition  0.61 -0.04 0.51 0.09 <0.01 -0.06 0.17 0.11

Finger Individuation 0.01 0.12 0.02 -0.02 1.37 -0.22 0.07 -0.01

Fingers Walking 1.69 0.41 1.67 -0.18 3.26 -0.27 0.01 0.02
Less-affected hand

Hand Opening/closing 0.12 -0.22 1.3 0.08 0.12 -0.12 0.004 -0.03

Finger-thumb Opposition ~ 0.29 0.07 0.91 0.14 0.06 -0.06 0.22 -0.03

Finger Individuation 0.09 0.02 1.73 0.15 0.28 0.03 <0.001 <0.01

Fingers Walking 0.03 0.11 4.21%* 0.35 0.18 0.1 0.06 0.12
More-affected hand

GF amplitude 0.26 -0.17 3.58 0.4 2.07 0.31 0.15 0.087

Ratio (I/V) 0.38 -0.2 1.96 0.31 0.96 0.22 0.15 0.089
Less-affected hand

GF amplitude 2.02 -0.43 2.72 0.35 2 0.31 1.42 0.26

Ratio (I/V) 2.65 -0.48 0.59 0.17 1.27 0.25 1.6 0.28

*: Pearson correlation coefficient was performed for GF data and improvements, Spearman's rho was performed

for behavioral MM scores.



APPENDIX C
Literature Review

I. Introduction

Successful performance of motor tasks requires not only proper movement planning and
execution, but also the capacity of inhibiting unnecessary and involuntary movements (Lazarus
& Todor, 1991). Mirror movements are defined as unintentional imitation or copy of voluntary
movement of the contralateral limb (Woods & Teuber, 1978). Conceivably, it could negatively
impact effective performance of asymmetrical bimanual activities (e.g., typing or unscrewing a
bottle cap). Early studies in children with unilateral spastic cerebral palsy (USCP) focused on
studying the quality of mirror movements and its relationship with the timing of the brain lesion
(Woods & Teuber, 1978), the relationship between the degree of mirror movements and
corticospinal reorganization (Carr, Harrison, Evans, & Stephens, 1993; Farmer, Harrison,
Ingram, & Stephens, 1991), or aimed to quantify mirror movements using objective
measurement such as force transducers (Kuhtz-Buschbeck, Sundholm, Eliasson, & Forssberg,
2000). These studies probed into the pathological mechanisms underlying mirror movements or
sought to quantify mirror movements in children with early brain injury. Only until recently
have there been studies investigating the impact of mirror movements on functional bimanual
activities (Adler, Berweck, Lidzba, Becher, & Staudt, 2015; Islam, Gordon, Skold, Forssberg, &
Eliasson, 2011; Klingels et al., 2015; Sukal-Moulton, Murray, & Dewald, 2013). In this review,
I aim to first discuss two possible neurophysiological mechanisms of mirror movements, and
then review studies focusing on the functional impact of mirror movements on unimanual and
bimanual hand function. Finally, I will also discuss how the studies thus far may inform

researchers and clinicians on therapeutic considerations for children with USCP.
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I1. Neurophysiological Mechanism of Mirror Movements

Two primary neurophysiological mechanisms have been proposed thus far in the
literature to elucidate mirror movements in children with CP: a) an ipsilateral corticospinal tract
(CST) projecting from the less-affected motor cortex (M1) to both upper extremities (UEs) (Carr
et al., 1993; Farmer et al., 1991), and (b) co-activation of bilateral M1 resulting from deficiency
of interhemispheric inhibition (IHI) (Koerte et al., 2011). These mechanisms are discussed in
detail below.

An ipsilateral corticospinal pathway projecting to bilateral upper extremities (UEs) serves
as the primary neurophysiological mechanism underlying the occurrence of mirror movements in
children USCP. In their seminal study, Carr and his colleagues (1993) used Transcranial
Magnetic Stimulation (TMS), electromyography (EMG), and cutaneomuscular reflexes to study
the pattern of corticospinal tract reorganization and hand function outcome, including mirror
movements. Their Group A consisted of patients with USCP with intense mirror movements
(score 3 or 4 on a 0-4 scale, Woods & Teuber, 1978). The physiological findings probed by
TMS (bilateral MEP responses from stimulating the unaffected M1), significant cross-correlation
analysis from bilateral muscle recordings (which indicates presence of common descending
motor volley to homologous FDIs), and concurrent cutaneomuscular reflex recordings from both
hands (when stimulating the unaffected hand) all suggested that a branched ipsilateral CST
innervating homologous hand muscles may underlie the presence of strong mirror movements in
this group of patients (same EMG findings in Farmer et al., 1991). The rest of the participants (a
combination of congenital or acquired brain injury) did not have this intensity of mirror
movements (scores 0-2); nor did the neurophysiological findings demonstrate a branched

ipsilateral pathway (no concurrent findings from homologous EMG or nerve reflexes). This
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relationship between a branched ipsilateral motor pathway and bilateral upper extremity
projections in early developmental processes was demonstrated in a feline model of USCP (Friel
& Martin, 2007; Martin & Lee, 1999), and was further demonstrated in several
neurophysiological studies in children with USCP probed by TMS (Eyre et al., 2007; Eyre et al.,
2001; Staudt et al., 2004).

It was showed that the CST development is driven by activity-dependent competition
(Friel & Martin, 2007; Martin & Lee, 1999) and motor experience (Martin et al., 2004) in the
feline model of USCP. Perinatal brain injury in this model disrupts typical development of
axonal connections. Projections from the injured M1 lose their competitive equality with the
opposite M1. In contrast, projections from the undamaged M1 secure a competitive advantage
over the injured M1. The axons projecting from the damaged M1 grow sparsely and have an
aberrant distribution (synapsed with neurons in the dorsal zone in the gray matter, rather than at a
typical intermediate zone), whereas the axons projecting from the undamaged M1 make
functional connections with bilateral spinal cord gray matter. In a recent study, Serradj et al.
(2014) showed that an ipsilateral projection and a common cortical origin for both forelimbs may
result in atypical bilateral movements during exploratory behaviors in EphA4 (spinal cord
midline axon repellent protein) knockout mice. This study creates as a great animal model for
studying mirror movements in children with unilateral brain injury.

The mechanism underlying animal model of USCP described above delineates the CS
reorganization processes in some children with USCP. By using TMS, Eyre and her colleagues
(2001) showed that at ~6 months of age, stimulating the less-affected M1 in children with USCP
often elicits motor evoked potentials (MEPs) on both UEs. Stimulating the more-affected M1

with TMS often elicits contralateral MEP with decreased amplitude or no MEP responses. By 24

85



months in children with USCP, probing the less-affected M1 induced bilateral MEPs with similar
onset latencies, whereas stimulating the more-affected M1 induced no MEP responses.
Approximately 50% of children with USCP have their more-affected UE controlled only by the
ipsilateral CST projecting from the less-affected M1 (Lotze et al., 2009). Similar in
methodology, Staudt and his colleagues showed that an ipsilateral CST reorganization may be
associated with the presence of mirror movements (Staudt et al., 2004; Staudt et al., 2002). A
refined hypothesis for this relationship by this group (Staudt et al., 2004) suggested that only
mirror movements in the more-affected hand appeared to be a clinical sign of an ipsilateral
pathway; whereas mirror movements in the /less-affected hand may be found in children with all
types of CST reorganizations (ipsilateral, contralateral, or bilateral). The direction of the
movement overflow is more evident in the more- or less-affected hand is still controversial and
may be sensitive to methodology (Kuhtz-Buschbeck et al., 2000; Staudt et al., 2004; Woods &
Teuber, 1978). However an ipsilateral cortical origin innervating both UEs is a common
mechanism discussed in the above studies.

A second potential hypothesis for the mechanism of mirror movements— co-activation
of bilateral M1s— has been shown in physiological mirror movements in typically developing
children (Mayston, Harrison, & Stephens, 1999), congenital mirror movements (Cohen et al.,
1991), and in children with bilateral spastic cerebral palsy (CP) (Koerte et al., 2011).
Physiological mirror movements are present in typically developing (TD) children and decline
by ~ 8 years of age (Connolly & Stratton, 1968; Mayston et al., 1999; Wolff, Gunnoe, & Cohen,
1983). Mayston and her colleagues (1999) studied the mechanism of physiological mirror
movements by means of EMG, cutaneomuscular reflexes, and TMS. Their results with no

significant EMG cross-correlation analysis during bilateral fingers contraction rejected the
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hypothesis that a common motor input is linked with the occurrence of mirror movements in TD
children. Rather, the increased cortical activation in the M1 contralateral to the mirroring hand
during voluntary index finger abduction of the opposite hand (measured by cutaneomuscular
reflexes) and variable IHI findings (mostly lack of interhemispheric inhibition) in children
suggested that bilateral M1s may be both active during unilateral movements. A limitation of
this study is that the authors did not examine the cortical control of either hand (i.e., corticospinal
connectivity) by using TMS. Therefore, they could not reject the possibility that both
insufficient interhemispheric inhibition and a common ipsilateral motor representation may
concurrently underlie physiological mirror movements in development. More recently, Koerte
and her colleagues (2011) investigated mirror movements (measured by both behavioral testing
and force testing), the interhemispheric inhibitory competence (measured by ipsilateral silent
period, iSP, using TMS), and fiber tractography (measured by Diffusion Tensor Imaging, DTT)
of the transcallosal and corticospinal pathways in children with bilateral spastic CP and healthy
TD children. Although this is a small-scaled study (n=7 in bilateral spastic CP; n=12 in controls)
and the difference in the iSP between the two groups did not reach statistical significance, they
concluded that the decreased fiber integrity in the transcallosal pathways (but not the CST) and
the weaker interhemispheric inhibition may possibly cause the increased intensity of mirror
movements in children with bilateral CP. It is important to note that the underlying mechanism
for the occurrence of mirror movements could be different in different subtypes of CP, however.

These two possible neurophysiological mechanisms may explain the presence or the
intensity of mirror movements in children with USCP. Thus far, most studies of children with
USCP favored the first hypothesis that an ipsilateral CST projection may be the

pathophysiological origin for the occurrence of mirror movements. Future studies using a
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combination of neuroimaging (such as DTI) and quantitative measurement (e.g., using a force
transducer) may delve further into the anatomical structures of CST and its relationship with the
intensity of mirror movements.

ITI. Functional impact of mirror movements in children with unilateral spastic
cerebral palsy

It has been demonstrated that patients with mirror movements in the non-affected hand
have worse hand function than those without (measured by Fugel-Meyer) in the adult stroke
population, and the presence of mirror movements has been suggested to be associated with the
processes of the neuroplastic recovery after stroke (Nelles, Cramer, Schaechter, Kaplan, &
Finklestein, 1998). The incidence of mirror movements might not only reflect the motor system
reorganization, but the behavioral manifestation in itself may also affect functional performance
in USCP. I will discuss studies investigating the functional impact of mirror movements in
children with USCP below.

The study by Kuhtz-Buschbeck and his colleagues (2000) suggested that mirror
movements may disturb bimanual functional skills. They found significant correlations between
the amount of mirror movements in either the more-affected or the less-affected hand (measured
with force transducers) and the scores of bimanual function (measured by 6 bimanual tasks
including carrying a tray, opening a bottle, cutting a sausage with a knife, holding and cutting
paper with scissors, buttoning, and tying a knot; total scores range from 0-18). Of course this
does not mean causation. In addition, for participants with very mild amplitude of mirror
activity in that study, the distribution of the bimanual scores appears highly variable (scores
ranged from 8-18 points for those children with mirror activity close to 0). Therefore, it is

possible that other factors also contribute to the performance of those bimanual activities.
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Islam and his colleagues (2011) were the first to directly test the impact of mirror
movements on an asymmetric bimanual task in children with USCP. Participants were instructed
to perform two tasks: 1) held grip devices in both hands and then placed the smaller device on
top of the bigger device, and 2) held devices in both hands and then compressed a device with
one hand repeatedly. Results from the first task showed that temporal coordination of bimanual
grip force (GF) coordination was impaired in children with USCP as compared to TD children.
Specifically, USCP decreased their GF in the releasing hand prior to an increase of GF in the
holding hand, and the magnitude of GF increase in the holding hand in children with USCP was
significantly smaller than that in TD children. Findings from the second task showed that there
was only one subject (out of two with strong mirror movements that they conducted analysis for)
decreased slightly in the grip force (GF) of the holding hand immediately after the decrease in
the GF of the releasing hand. They concluded that there was insufficient impact of the presence
of mirror movements on grip force modulation during the task. However, note that the primary
goal for the study was to investigate the coordination of fingertip forces during the first bimanual
task. Participants in their study were required to be able to perform the task successfully, and
this criterion may have excluded those children with stronger mirror activities. Researchers
should be cautious that the conclusion of this study that the presence of mirror movements
having insufficient impact on force modulation could only be applied to that specific task and
participant sample.

The study by Adler and her colleagues (2015) was the first study to directly investigate
the impact of mirror movements on several hand function outcome measures. They showed that
mirror movements have negative impact on the speed component of a new assessment developed

in the study, Bimanual Activities Negatively Influenced by Mirror Movements (BANIMM).
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This test assessed the time to complete five bimanual activities, including opening a chocolate
bar, poking a straw into a drinking package, unwrapping a piece of candy, opening a bag of
chips, and twisting off a cap of a full plastic bottle. These items were selected from findings of
score differences on a questionnaire inquiring the speed and quality of children’s performance on
33 activities of daily living (ADL) between children with and without mirror movements. Those
five items were selected based on the magnitude of Z-score differences and easiness to measure
the end of each task. Results from a multivariate analysis statistical model showed that mirror
movements have significant negative impact on the time to complete the BANIMM, as well as a
trend of a negative impact of mirror movements on the bimanual hand function scores measured
by Assisting Hand Assessment (AHA). This study was the first to compare children with and
without mirror movements using a timed functional measure. They were able to show that
children with mirror movement demonstrated worse bimanual function (slower in the time to
complete the BANIMM) than those without mirror movements. Future studies using
quantitative measures of mirror movements (e.g., force transducers and/or EMG) may adopt
similar statistical models to systematically examine the relationship between the amplitude or
scale of mirror movements and its impact on hand function.

Klingles and colleagues (2015) investigated 78 children with USCP on how mirror
movements may be correlated with children’s hand function and brain lesion type. They found
stronger mirror movements in the /ess-affected hand while performing fist opening/clenching
(measured by Woods & Teuber criteria) were slightly to moderately correlated with worse
muscle strength (measured by wrist strength, r= -0.35), worse unimanual dexterity (measured by
Jebsen Taylor Test of Hand Function, r= 0.4), and worse bimanual hand function (measured by

Assisting Hand Assessment, r=-0.4). In addition, more mirror movements in the more-affected
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hand while fist opening/clenching were found in children with brain malformation and
periventricular lesion, as compared to those having cortical-subcortical, and postnatally acquired
brain lesions. Specifically, children with earlier brain lesion showed more intensive mirror
movements. This study is the first to explore mirror movements and its relationship with hand
function using an exhaustive list of assessments, including muscle strength, muscle tone, and
standardized hand function measures. A major limitation of this study is its lack of using TMS
to identify the CST organization, as a large component of the discussion was focused on the
relationship between lesion time and CST reorganization. The impact of lesion time on the
occurrence of mirror movements was already demonstrated by Woods and Teuber (1978) and
Sukal-Moulton et al. (2013), and the relationship between lesion type (which implies lesion time)
and the CST organization was previously demonstrated by Staudt et al. (2002). The correlations
between mirror movements in the less-affected hand and hand function at different ICF levels
(body and activity levels) reported in this study further supports the notion that mirror
movements may negatively impact hand function in children with USCP.

IV. Conclusions and Future Considerations

In summary, two neurophysiological mechanisms have been proposed to underlie the
occurrence of mirror movements: a) an ipsilateral CST projecting from the less-affected M1 that
innervates bilateral UEs, and b) insufficient interhemispheric inhibition between the two M1s.
The first hypothesis has more support in the literature in children with USCP (Carr et al., 1993;
Farmer et al., 1991; Staudt et al., 2004) and is also supported by animal model of CP studies
(Friel & Martin, 2007; Martin & Lee, 1999; Serradj et al., 2014).

Earlier studies focused on examining the relationship between CST and mirror

movements and quantifying mirror movements using different measures, such as behavioral
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measure (Woods & Teuber, 1978) and EMG (Carr et al., 1993; Farmer et al., 1991). They also
aimed to establish the relationship among corticospinal tract reorganization, the timing of brain
injury, and performance of mirror movements. They found that children with strong mirror
movements had a branched ipsilateral CST (Carr et al., 1993), and the timing of brain injury
would affect the intensity of mirror movements (Woods & Teuber, 1978). Recent studies sought
to investigate the impact of mirror movements on either unimanual or bimanual hand function.
Thus far, the reviewed studies showed negative impact of mirror movements on both unimanual
and bimanual hand function measured with force transducers during task performance (Islam et
al., 2011; Sukal-Moulton et al., 2013), and by performing correlation (Klingels et al., 2015;
Kuhtz-Buschbeck et al., 2000) and multivariate analyses (Adler et al., 2015).

It was already shown that children could suppress mirror movements (suppressed to 35%
of baseline level in the less-affected hand; 50% of baseline level in the more-affected hand)
when they paid attention to the involuntary output (showed as visual signals), although force
output was also reduced in the voluntary hand (Kuhtz-Buschbeck et al., 2000). If mirror
movements indeed have negative functional impact as suggested by the reviewed studies, the
next logical step would be to search for an appropriate treatment for reducing it without
sacrificing the function of the voluntary hand. As the amount of mirror movements might be
specific to outcome measures, future studies should consider using comprehensive measures,
including TMS, DTI, EMG, force transducers, and clinical testing (such as motor tasks in Woods
and Teuber, 1978) to thoroughly investigate the occurrence and the amplitude of mirror

movements, and their relationship with CST reorganization in children with USCP.
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Abstract

Background. Intensive bimanual therapy can Improve hand functlon in children with unilateral spastic cerebral palsy (USCP).
We compared the effects of structured bimanual skill training versus unstructured bimanual practice on motor outcomeas
and motor map plasticity in children with USCP. Objective. WWe hypothesized that structured skill training would produce
greater motor map plasticity than unstructurad practice. Methods. Twenty children with USCP (average age 9.5; 12 males)
recelved therapy In a day camp setting, & hiday, 5 daysfwesk, for 3 weeks. In structured skill training (n = 10), children
performed progressively more difficult movements and practiced functional goals. In unstructured practice (n = 10),
children engaged In bimanual activitles but did not practice skillful movements or functional goals. Ve used the Assisting
Hand Assessment (AHA), Jebsen-Taylor Test of Hand Function {JTTHF), and Canadian Cccupational Performance Measure
(COPM) to measure hand function. Ve used single-pulse transcranial magnetic stimulation to map the representation of
first dorsal Interosseous and flewor carpl radialls muscles bllaterally. Resuits. Both groups showed significant Improvements
In bimanual hand use (AHA; P < .05) and hand dexterity (|TTHF, P < .001). However, only the structured skill group
showed Increases In the size of the affected hand motor map and amplitudes of motor evoked potentials (P < .01). Most
children who showed the most functional iImprovements (COPM) had the largest changes In map size. Condustons. These
findings uncover a dichotomy of plasticity: the unstructured practice group Improved hand function but did not show
changes In motor maps. Skill training 15 iImportant for driving motor cortex plasticicy in children with UISCP.

Keywords
rehabilitation, pediatric, transcranial magnetic stimulation, neuroplasticity, hemiplegla

Introduction

Umilateral spastic cerebral palsy (USCP) 15 caused by dam-
age to the developing brain within the first 2 vears of life.
USCP resulis in weakness and motor deficits on one side of
the body. Improving hand function is a main goal for most
children with USCP." Intensive bimanual therapy improves
hand function in children with USCP*® In our intensive
bimanual training model (Hand-Arm Bimanual Intensive
Therapy; HABIT), children spend 3 weeks wusing both
upper extremities in play-based activities, 6 h'day.* Task
difficulty svstematically increases as motor proficiency
progresses, further enhancing 1'1:1'1]:r11:|-».-vemvenl.'T We recenthy
showed that HABIT improves unimanual skill, bimanual
hand use, and functional hand wse.® Given the functional
impact of training, it is imponant o determing how train-
ing affects the brain.
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Skill training drives plasticity of the motor system.” "
Skill training involves progressively greater task difficulty,
whereas unskilled use of the hand involves repeating a
movement that can be done without leaming and does not
increase in difficulty.” Animal models of USCP® and
stroke'*"* have demonstrated the importance of skill train-
ing in rehabilitation. Skill training improves motor out-
comes and expands the motor map of the affected ex tremity,
while repetitive unskilled use of the affected extremity does
not produce map changes or motor recovery.™' The brain
circuits that underlie motor control in USCP have been
well-characterized in an animal model.'® Specifically, work
in the USCP model demonstrated that skill training, but not
unskilled motor use, drives plasticity of cortical motor maps
and corticospinal connections.” This study leverages our
understanding of critical ingredients in USCP rehabilitation
in the animal model to test whether skill training changes
motor maps and hand function in children with USCP.
Several studies have shown that constraint-induced move-
ment therapy produces changes in motor contex physiology
in children with CP”""? and stroke patients.”™* Although
several studies have examined the effects of constraint and
bimanual therapies in children with USCP5** to our
knowledge, this study is the first to specifically examine the
critical ingredients that drive motor cortex plasticity associ-
ated with bimanual training in children with USCP.

We compared the effects of bimanual therapy that incor-
porates structured skill training versus unstructured play-
like hand use on manual skill in children with USCP. Each
group received 90 hours of therapy, 6 hours/day, 3 weeks.
During training, children actively used both hands in play-
based activities. Structured skill training incorporated 3 key
components: (a) progression of task difficulty, (b) repeated
practice of isolated movements that are components of a
more complex task, and (c¢) repetition of functional goals,
such as tying shoes. Children in the unstructured practice
group performed bimanual movements during play, but did
not progress skill of activities, nor practice isolated move-
ments or functional goals. In the structured skill training
group, task difficulty was increased by imposing greater
spatial or temporal constraints, or by providing tasks that
required increased skilled use and problem solving.* An
example is placing a game board farther away from the
child, to encourage a farther reach as a child’s arm exten-
sion increased. In the unstructured practice group, no con-
straints were placed on how a child completed an activity
(eg, game board kept in close position).

We used single-pulse transcranial magnetic stimulation
(TMS) to assess topography and excitability of the motor
cortex map of the affected hand before, immediately after,
and 6 months after training. We hypothesized that struc-
tured skill training, but not unstructured practice, would
drive changes in size and excitability of the motor map.

Methods

Participants

We recruited participants from regional clinics, our website
(http://www.tc.edu/centers/cit/), ClinicalTrials.gov
(NCT00203006), and online communities. Inclusion criteria
were the following: (a) congenital USCP, (b) ability to lift aims
15 cm above table surface and grasp light objects, and (c)
cognition similar to their age-specific peers in school.
Exclusion criteria were the following: (a) health problems
that would interfere with panticipation, (b) history of sei-
zures after 2 years of age with active use of antiseizure
medications, (¢) uncorrected visual problems, (d) severe
spasticity (Ashworth 23), (e) surgery on more-affected
hand within 1 year, (/) botulinum toxin in upper extremity
within 6 months, and (g) nonremovable metallic objects in
body. Informed assent was obtained from participants and
consent from caregivers. Procedures were approved by the
institutional review boards of Teachers College, Columbia
University, where hand training was performed, and the
New York State Psychiatric Institute, where brain imaging
and motor mapping were acquired.

Interventions

Day camps were conducted at Teachers College, Columbia
University, during summers 2010 to 2012. Eighteen chil-
dren were randomized to either structured HABIT (n = 8,
structured skill group) or unstructured bimanual play (n =
10, unstructured practice group), performed in separate
rooms. Motor outcomes from these children have been pub-
lished in a larger randomized clinical trial that included 22
children.® Eighteen of the children in the randomized clini-
cal trial also participated in this TMS mapping study. Two
teenagers (ages 15, 17) were assigned to the structured skill
group because they were self-motivated to maximize skill
demand of activities. This balanced group size at 10 each.
Clinical characteristics did not differ between groups (Table 1;
x’ P > .05). Details of materials, methods, randomization,
location, and adherence are presented in Supplementary
Materials.

Intervention Description

Procedures. All interventionists, parents, children, and
motor skill assessors were blinded to therapy group and
study hypotheses. Children were randomized to receive
structured or unstructured HABIT. Participants engaged in
age-appropriate bimanual training 6 hours/day for 15 days
(90 hours). In both groups, activities were chosen that
required use of both hands. If a child stopped using one
hand during therapy, interventionists immediately reminded
the child to use both hands.
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Table I. Bazeline Participant Characteristics.

Characteristics

Structured {n = 10)

Unstrucoured {n = 10)

Mean age in years, months (SCY)
Gender
Male
Femala
Paretic upper extremity
Right
Left
Lesion location
Right
Left
Laterality of motor map by TMS
Contralateral
Bilateral
Ipzilateral
Rare
Asian
Caucatian
Hispanic
Mized
Manual Abilicy Classification System
|
I
I
Bazeline AHA, mean (301, logits
Baseline [TTHF, mean (30}, seconds
Baseline COPM Ferformance, mean (30
Baseline COPM Satisfacton, mean (30}

9.1 (3.5) 211 (25)
& (60%) & (60%)
4 (40%) 4(40%)
& (60%) 6 (60%)
4 (40%) 4(40%)

4 4

6 6
1(10%) 3(30%)
5 {50 I {10%)
4 (40%) & (B0%)
0 | (10%)
9 (90%) 7 (70%)
1 {105 I {10%)
0 | (10%)
1 (20%) 2 (20%)
£ (50%) 6 (60%)
3 (30%) 2 (20%)
585 (8.3) £33(11.5)
2847 (239) 2252 (166)
16 (18) 11 {09)
12(22) 36(15)

Abbreviations: 50, standard deviation; AHA, Assisting Hand Asseszment; [ TTHF, Jebeen-Taylor Test of Hand Function; COPM, Canadian Oocupational

Performance Measure.

Table 1. Similarities and Differences Between Treatment Groups.

Treatment Characteristic Structured Unstructured
Treatment duration %0 hours 20 hours
Ratio interventionist to child At least |1 At laast |
Homework (| houriday) during training and for & months after toraining Yes Tes
Focus on bimanual practice Yes Tes

Skill progression during therapy Tes Mo
Practiced shaping of movements Yes Mo
Practiced functional goals Yes Mo

Structured HABIT This group consisted of 10 children.
Structurad HABIT** differed from unstructured bimanuwal
traimng in 3 ways (Table 2} (a) progression of task diffi-
culty, (F) repeated practice of 1zolated movements, and ()
practice of functional goals.

Progression of task difficulty. Task difficulty was praded
by either increasing the temporal and spatial complexity of
the movements or by increasing the complexity of how the
affected hand was used.

Repeated proctice of 1solgted movements. Par-task prac-
tice (shaping) emphasized practice of a single movement
component. Task performance, time on task, and number of
repetitions were logped.

Practice of functional goals. Play goals, such as drib-
bling a basketball, and activity of dailv living goals, such
as tying shoes, were determined by the participant and
their family before training. Goals were practiced during
training.
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Unstructured Bimanual Training. Children (n = 10) were
engaged in mtensive use of both hands, without focus on
skill. Bimamual activities were selected according to the
chald's interest. Interv entionists were trained only o provide
activities that required use of both hands in a playful comtext.
They were told that the emphasis was on having fun rather
than rehabilitation. The supervisor ensured interventionists
provided no increase in task complexity, no guidance on
how to use the affected hand, and no gradation of task
demands. The panticipants did not practice functional goals
of pan-task practice of movement Components.

Behavioral Measures

Participants were evaluated prior o treatment, within 2
days after treatment, and & months later by a physical thera-
pist blinded to group allocation. Three outCome Measures
were used 0 quantify unimanual capacity, bimanual perfor-
mance, and functional goals, based on the International
Classification of Functioming, Disability, and Health.

We quantified uwmilateral dexterity using the Jebsen-
Taylor Test of Hand Function (JTTHF).™ Participants use
one hand to perform functional movemenis, including flip-
ping cards, mampulating/placing small objects, simulated
gating, checker stacking, and mamnipulating cans. The out-
come 15 the time (seconds) to perform movements.

To quantife how the hands function together, we
emploved the Assisting Hand Assessment {AHA). ™3 The
AHA guantifies the effectrveness of assisting hand use in
performing bimanual activities in children with unilateral
upper limb disabilites. The AHA has excellemt validity,
reliability (0.97-0.99), and responsiveness o change ™
The test was videotaped and scored off-site by an experi-
enced blinded evaluwator. Scores were computed as trans-
formed logits (AHA units).

To measure performance and satisfaction levels in func-
tional goals, we emploved the Canadian Occupational
Performance Measure (COPM).3! The COPM is a standard-
zed measure that identifies poals and detects changes in
self-care, productivity, and leisure performance areas.
Through imterview, the caregiver identified the child’s func-
tional zoals and ranked theirr importance. Thew rated satis-
faction and performance of each goal (maximum 5). Mean
performance and satisfaction scores were analveed. Both
groups of children set goals, but only the structured growp
practiced goals during the intervention.

TMS Motor Mapping

We wsed single-pulse TMS to evoke movements of selected
digit and wrist muscles of the affected hand to address
whether trainmg changed the motor map. We measured
motor responses with surface electromyography (EMG) of
the first dorsal mterosseous (FDI) and flexor carp radialis

{FCR) muscles bilaterally. TMS details are presented in
Supplementary Materials.

Each child’s TMS map was colocalized to their siruc-
tural magnetc resonance imaging (MR, to allow motor
mapping that was consistent between each time point.
Details are presented in Supplementary Materials.

TMS-evoked motor responses were recorded with sur-
face EMG electrodes. Electrodes were connected o a
Braimmvision ExG  amphfier (NewroConn, [lmenaw,
Germany). TMS pulses were first delivered to the affected
hemisphere to search for an EMG response {motor evoked
potential [MEF]) of the affected FDL If an MEP of the
affected FDI could not be elicited in the affected hemi-
sphere, the uninjured hemisphere was probed for MEPs of
the affected FDI. In all cases, if an MEP of the affected FDI
or FCR was not found in the injured hemisphere, it was
found in the uminjured hemisphere.

We determined the threshold for provoking an MEP. The
TMS coil was held at the location that provoked the larpest
FDI response (“hotspot”™). MEPs were evoked beginning at
a suprathreshold stmulus intensity. Stmulator cutput was
lowered at 2% increments. The lowest sHmulator output at
which MEP responses of the affected FDI could be elicited
from 5 of 10 pulses was defined as the motor threshold
{MT). An MEP was categorized as a response if the latency
between the TMS pulse and MEP onset was less than 40 ms,
and if the amplitude of the MEP was at least 30 pV.

Adfter the MT was determined, a circular grid was super-
imposad onto the child’s MEI using Brainsight. The gnid
was centered at the affected FD hoispot. Grid spacing was
I cm. The grid consisted of 5 Concentric nngs, resulting in
a pnd with a 5 cm radius (Bl prid pmnts). Single TMS
pulses (3-6 per site when an MEP was found, 1-2 per site
when no MEP was found) were delivered to each grid point,
starting at the hotspot and moving concentrically along the
ond, ending at the outermost ring. Stmuli were delivered at
an imtensity of 110% affected FDI MT, frequency <i0.1 Hz.
This intensity has been used previously to map stroke
patients after constraint therapy.’” Average MEPs per site
were calculated using peak-to-peak amplitwde.

TMS maps were done before training, within 2 davs of
the end of training, and & months after traimng. For each
child, the same intensity of stimulation {110% pretraining
resting MT) was used in all TMS sessions. TMS data analy-
ses methods are presemted m Supplementary Materials.

Statistics

Statistics were performed uwsmg SPSS (IBM, V21
Intention-to-treat analvses were conducted. Missing data
{one t-month follow-up, unstructured eroup) were mterpo-
lated based on the proup average for the &~month ime poini.
A2 (group) = 3 (hmey ANOVA with repeated measures was
performed on all measures. We performead post hoc anaheses
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Figure |. Changes in ckill of the affected hand after intensive bimanual training.
Structured and unstructured groups iImproved equally well In bimanual wse of the affected hand (A). movement cpeed of the affected hand (B),
performance of functional goak (C). and satsfaction of performance of functional goals (D). Asterisks indicate within-group differences from baseline

o postnterventon time point. *F < 05, =P < 0]

when a main ANOVA effect was found, cormecting for mul-
tiple comparisons (Bonferroni). The group = (est session
interaction effect tested if improvements along test SESSI0NS
differed between groups. Linear regression éx amined asso-
ciations between behavior and TMS measures.

Results

Changes in Hand Function After Bimanual

Training

Hand function data from the 18 children randomized to
group are published as part of a randomized clinical trial®
Changes in bimanual hand use were measured with the
AHA (Figure 1A). AHA improved after traming (F[2, 17] =
403, P = 037, |.9-umt improvement pre-post raining,
reqmined at 6 months), though not a chimealky meaning ful
difference. There was no interaction between training type

and AHA improvement (F[2, 17] = 0.57, P = 57). Both
groups improved egually well in bimanual wse of the
affected hand. Changes in unimanual dexterity were assessad
with the JTTHF. There was an overall improvement m the
JTTHF in the affected hand after raining across all subjects
4 clinically meaningful amount (Figure 18; F[2, 17]=8.74,
P 001, 17% improvement pre-post traming, retained at 6
maonths). There was no interaction between traiming type
dnd JTTHF improvement (F]2, 17] = 0L0&, P = 52). Both
proups improved egually well in unimanual performance
with the affected hand.

Improvements on functional goals were measured with the
COPM. There was an overall improwvement i COPM-
Performance (Figure 1C; FT2, 17] = 4219, P .001). There
was a trend toward a sigmificant interaction between COPM-
Perfurmance and traming type (F]2, 17]= 3.2, P= 068). The
structurad skill group trended toward prester improwement
than the unsirectured group in functional use of the affected
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Figure 2. Coronal MRI slices showing a cross-section of each
child’z lezion.

Thie color of the frame surrounding the MR indicates the C5T lateraligy
of the child (black = contralateral, white = bilateral. gray = Ipsilateral).
Thie yellow asterisk Indicates the side of Injury.

hand. There was also an overall improvement in COPM-
Satisfaction (Figure 1D; FT2, 17] = 13.77, F < .001) but no
interaction between COPM-Satisfaction and training type
(F12, 17]= 1.76, P= 20). Both groups improved a clinically
meaningful amount in COPM-Performance and Satisfaction.

Improvements in all measures were maintained 6 months
after therapv, as there were no statstcally significant
changes between the immediate postiraining and 6 months
poSHTaINng measures for either group.

Laterality of Motor Map Controlling the
Impaired Hand

We determined the location of the motor map of the affected
hand (Table 1, Figure 2). Chaldren were categorzed as con-
tralateral if 100% of TMS responses in the affected hand
resided in the same hemisphere as the lesion. Children were
cateporized as ipsilateral if 100% of TMS responses in the
affected hand resided in the opposite hemisphere as the

lesion. There was no difference in the distribution of hand
map laterality {contralateral or ipsilateral to affected hand)
between the 2 groups (Table 1, Fisher's exact, P = .85).
Latency of MEP response was not different for contralateral
or ipsilateral responses across all subjects (P> 3).

Six children (5 structured, | wnstrectured) had motor
maps of the affected hand in both hemispheres—that s,
bilateral motor maps. There was a strong asyimmetry in map
swe of the 2 sides. In 5 of the & cases (4 structured, 1
unstructured), the map n the injured hemsphere was
approximately double the size of the map in the other hem:-
sphere (ratio, ijured-uninjured hemispheres = 1.95, 53D =
0.11. For these cases, we used the map in the injured hem:-
sphere for analysis. In the remaining child with bilateral
maps (structured group), the map of the affected FDI and
FCR was 4.75= larger in the uninjured hemisphere than the
injured hemisphere, and the map m the wninjured hem:-
sphere was used for analvses.

Changes in Motor Maps After Bimanual

Training

We examined changes in motor maps after stroctured skill
traimng of unstructured practice. Figure 3 shiws represen-
tative motor maps from one child per group. Map size
increased o the structured (1A-1C), but not the unsirec-
tured group (2A-C).

A fter traiming, there was a signi ficant interaction beteeen
map size (FDI+ FCR) of the affected hand and traiming tvpe
(F[2, 17]= 4.7, P = .036). There was a significant increase
in map se of the affected hand in the structured skill group
(pre-post traming P = 009, 23_3% increase; pretraimng to 6
months postiramming P = 047, 34.9% increase) but not in the
unstructured practice group (P > 3; <10% mcrease; Figure
3D-E). Map size of the affected FDI increased significantly
in the structured skill group (pre-post training P = 046,
27 4% incTease; pretraming to & months postiraiming P =
.03, 34.2% increase), but not in the unstructurad group (F =
.2). The map size for the affected FCR did not change sig-
nificantly in the structured skill group immediately after
tramming (P = .85, 6.1% increase) but was significantly
creater than baseline 6 months after waining (P = (49,
42 2% mcrease). In the unstrecturad group, FCR map sie
did not change after training (P > .3).

Amplitede of motor responses to TMS increased signifi-
cantly (Figure 4) after structured skill tramng but mot
unstructured practice (Figure 4D-E). There was a sipmifi-
cant interaction between average MEP of the affected FDI
and treatment group (FT2, 17] = 4.21, £ = .033). The strac-
tured skill group showed a significant increase in FDI MEP
sze from pretraining to & months postiraining (P < 0001,
19% increase), though not from pretraming to immediateby
follerwing or immediately follow ing to & months later. There
was no sigmficant change m FDI MEP size in the unstruc-
tured practice group (P = .B). There was a significant
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Figure 3. Changes in motor maps after training.

Colored dots represent movement evoled by TMS at that siee. (A1-CI) Structured skill training, represen@ative maps of the affected hand from one
child. {A2-C2) Unstructured practice, representative maps of the affected hand from one child. (D) Quantfication of map changes. The size of the
meotor map of the affiected hand Increased significantdy only In the structured training group (*F < 05).

interaction between average MEP of the affected FCR and
group (F]2, 17]=4.%6, P= 01%). The structured skill group
showed a significant increase in FCR. MEP size from pre-
training to 6 months postiraining (& < 001, 78.1%
increase) but not pretraming o immediate postiraimnge.
There was no significant change in FCR MEP size m the
unstructured practice group (> 9).

Plasticity of Ipsilateral Versus Contralateral
Maps

We determmned the location of the motor map of the affected
hand {Table 1). There was no difference in the distribution of
hand map laierality (coniralaieral or ipsilateral to affected
hand) between groups (Fisher's, P = .85). Represeniative
maps are shown in Figure 2 {coniralateral) and Figure 3 {ipsi-
lateral)y. Both ipsilateral and contralateral maps expanded afier
structured skill HABIT (F]2, 8] = 4.6, P = 048). The magni-
tude of map changes were not different in children with an
ipsilateral versus contralateral CST (FT2, 7]= 032, P= T74).

Associations Between Map Changes and Hand
Function Changes
Chaldren m the structured skill group who showed the most

improvement i COPM-Performance also had the larpest
changes in hand map siee (Supplemental Figure 1, FT1,8]=7.3,

P= 013,r= 54, /= 30). Children with larger improvements
in JTTHF showed larger expansions of the hand motor map
(F[1, 8]= 5.6, P= (45, r= 64, r = 41). There was not a sig-
nificant association between hand map change and improve-
ment in the AHA (F= .95, r= 02). In the unstrectured proup,
there were no sigmificant associatons between map changes
and JTTHE, AHA, or COPM changes (P > .3, r< 35).

Importantly, baseline hand function and amount of
recovery was niot related to whether the child’s map of the
impaired hand was located in the injured or uninjured hemi-
sphere (JTTHF FT1, 18] = 4.82, F=.10; AHA, FT1, 18] =
1.4, P=24; COPM Performance, FT1, 18] = 0.42, P = 48,
N0 INteTactions).

Stability of Motor Maps in the Absence of
Intervention

We show the stabilite of motor maps in the absence of mnter-
vention { Supplementary Materials).

TMS Safety Outcomes

Of the 70 TMS sessions conducted in this study, 2 partici-
pants reported mild headache after 4 (5.7%) of the sessions,
3 participants reported discomfort in the headband vsed for
neuronavigation after 5 (7.1%) of the sessions, and 2 par-
ticipanis reported discomfort with sitting for an extended
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Figure 4. Changes in magnitude of motor evoked potentiale in TMS maps after structured ckill training.

(&1-C1) Mape of the affected hand located contralateral to the affected hemizphere in a representative case. Red color indicates stronger MEP
response. (A2-C2) Representative maps of the affected hand In a representative case from the unstrectured practice group. (D-E) MEP amplitude of
the representation of the affected FDI Increased significanty after structured but not unstructured training (*F < .05).

pericd of tme after 3 (4.3%) sessions. All side effects
resolved without treatment withon | hour after TMS. No
serious adverse events occurred.

Discussion

This 15 the first study, t0 our knowledge, to examine the
critical ingredients of bimanual training that drive changes
in motor conex physiology m children with USCP. We
compared bimanual structured skill traming and wnstruc-
tured practice. The study uncovered 3 main findings: {a)
skill training increased the size and sirength of the motor
map of the affected hand, {5y unimanual skill of the affected
hand and performance of functional goals were cormelated
with increased map size, and (c) Motor maps were plastic
whether they resided in the hemisphere contralateral or ipsi-
lateral to the affected hand.

Cnr findings are consistent with studies showing that
repetitive practice of a specific motor skill drives map plas-
tcity. ~12* 2 In animal models of stroke and USCP, and in
human stroke patients, constraint of the unaffected fore-
limb, plus skill traming of the affected forelimb, can
improve motor skill and expand the motor map of the
affected limb.2"2** In human stroke patients, the magni-
tude of map expansion was comelated with iMprovements
in skill.*' Training has also been shown o increase MMRI
activations in secondary motor and cerebellar regions.*

Importantly, constraint alone, withowt skill traming, does
not change motor maps.™"'

Though further work is needed t0 uncover the mecha-
nisms of cortical plasticity associated with skill-basad new-
rorehabilitabion, work in ammal models has determined that
skill trammuing, but not unskilled motor activity, INCTeases
densities of syvnapses, dendritic arbors, and spmes in the
motor networks.”™ These changes are associated with
increases in neurotrophin expression® and increased den-
sity of spinal interneurons.”

We found that strectured and unstructured therapy both
resulted in equal improvements in uumanual movement
speed and bimanual wse. [ 15 possible that the 2 groups had
differences in movement kinematics or other more detailed
messures of movement quality, since the clinical outcome
messures we used do not quantify the quality of move-
memnis. Further studies should examine kmematics of motor
recovery in children with USCP.

We found that functional gains and changes n corbcal
plasticity were independent of hemisphere of control, that
i8, ipsilateral or comralateral to the affected hand.
Constraint-induced movement therapy studies i children
with USCP sugpested that in chaldren with ipsilateral con-
trol of the affected hand, improvements m movement
speed™ and changes in M1 excitability” were less robust
than for children with a contralateral CST. However, we
found that ipsilateral control of the affected limb showed
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similar amounts of plasticity as coniralateral control.
Ipsilateral pathw avs have the capacity t0 be adaptive, func-
tional, and plastic,*** though a larger study is needed to
better understand differences in plasticity of different hem:-
spheres of conirol.

This study uncovers a dichotomy of newroplasticity. The
unsiructured practice group, which improved hand func-
tion, did not show motor cortex plasticity m TMS maps.
The high dose {20 hours) may have washed out group dif-
ferences. Lower dosages could result in differences between
groups. While we did find a positive association between
functional gains and cortical plasticity, it 15 possible that
with lower doses, associations betwesn MOMOT OulCOTEes
and plasticity would be more apparent in the stroctured skill
group than the unstrectured growp.

Changes in motor function can occul without causing
changes in motor maps.™® Some improvements in motor
skill can be driven by existing motor networks, while maore
robust changes i motor skill are associated with rewiring
of motor pathways.* It is also Hkely that plasticit occurred
in brain regions other than M1, such as secondary motor
areas, sensofy networks,”™ ™ subcortical brain structures,™
and spinal intermeuronal systems. =5 It is likely that plas-
ticity i these svstems underlies the motor imMprovements
seen in the wunstrectured practice group. Further studies,
specifically those that can measure plasticity in different
brain regions, are needed to examine plasticity in other sys-
tems during rehabilitation.

The relative timing of motor map changes and improwve-
ments in motor skill has been studied in animal models of
stroke and USCP. Behavioral improvements afier infarct
plateausd before changes i motor maps could be
detected.”™™ In contrast, in USCP, map changes were
found after pharmacotherapy™ or constraint-induced
movement therapy” that preceded motor recovery. It is
possible that imensity of the structured skill group was
sufficient to drive motor map plasticity, but that a longer
duration of unstructured practice may have been needed o
change motor maps.

The curent findings show that skill traming 15 a critical
ingredient for driving motor cortical plasticity in children
with UUSCP. While both groups improved in clinical out-
comes, the strectured skill traiming group showed the most
improvement in functional gains. This work and other evi-
dence™ indicate that skill training is an important ingredient
in neurorehabilitation sirategies.

Limitations

This study has several limitations. The relatively low Num-
ber of participants limits generalizability. While we did
match groups on baseline JTTHF and age, there were differ-
ences between groups in the distribution of CST projection
patterns. Second, this stwdy onby measured M1 plasticity.

Methods that examine cortical plasticity throughout the
brain, such as functional MEI and electroencephalo graplhy,
can determine other locations of plasticity associated with
hand rehabilitation. We discuss challenges of applving our
methods to children with USCP in Supplemental Materials.
Finally, climical outcomes reported here measure indirect
aspect of movement quality. Further study of movement
quality 15 neaded to explore the relationship between corti-
cal plasticity and rehabilitation outcomes.

Conclusions

Structured and unstructured bimanual traming improved
hand function in children with USCP. Skill training pro-
duced sironger improvemenis in functional goals. There
was a dichotomy between these improvements and cortical
plasticity. Only skilled training indueced motor map plastic-
itv. Furnther work is needed to examine the interplay bebween
cortcal physiology and motor skill improvements.
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ABSTRACT

Aim: The aim of this study was to determine whether diffusion tensor imaging (DTI) can be an
accurate assessment for identifying the corticospinal tract (CST) projecting from the more-
affected motor cortex in children with unilateral spastic cerebral palsy (USCP). Method: Twenty
children with USCP participated in this study (16 males, 4 females; mean age= 9y, 2mo (SD=
3y, 2mo), MACS level= I-1II). We used DTI tractography to reconstruct the CST projecting
from the more-affected motor cortex (M1). We mapped the motor representation of the more-
affected hand by stimulating the more- and the less-affected M1 measured with single-pulse
Transcranial Magnetic Stimulation (TMS). We then verified the presence or absence of the
contralateral CST by comparing the TMS map and DTI tractography. Fisher’s exact test was
used to determine the consistency between findings of TMS and DTI. Results: DTI tractography
successfully identified the CST controlling the more-affected hand (sensitivity=82%,
specificity=78%). Interpretation: Contralateral CST projecting from the lesioned M1 assessed
by DTI is consistent with findings of TMS mapping. Since CST connectivity may be predictive
of response to certain upper extremity treatments, DTI-identified CST connectivity may
potentially be valuable for determining such connectivity where TMS is unavailable or

inadvisable for children with seizures.
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What this paper adds:
* DTI can be used to accurately identify CST projections from the lesioned M1 in children
with USCP
* DTI potentially increases availability of methods to determine CST organization in

children with USCP.

Running foot: DTI in children with hemiplegia
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Cerebral palsy (CP) is the most common cause of motor deficits in children. Unilateral
spastic cerebral palsy (USCP), the most common subtype of CP,' is characterized by motor
deficits lateralized to one side of the body. Studies using magnetic resonance imaging (MRI)
showed that the etiology may include middle cerebral artery occlusion or hemorrhage, hypoxic-
ischemic encephalopathy, brain malformation, and periventricular leukomalacia.”> USCP may
also result from other causes of brain abnormality, such as prematurity* or sinovenous
thrombosis’. Damage can affect the cerebral cortex, subcortical structures,”* and the descending
corticospinal tract (CST).>” The CST is the primary motor pathway descending from the motor
cortex (M1) innervating muscles controlling skilled voluntary movement.>’

In typical developing infants, the CST axons project bilaterally from M1 to the spinal cord
prenatally.® Throughout the first 6 months of life, the ipsilateral CST is pruned, reinforcing the
crossed contralateral CST sprouting into the spinal cord. A typical contralateral CST connection
is established by 1-2 years of age.”'* Perinatal brain injury can disrupt this typical course of
activity-dependent refinement. In children with USCP, damage to the more-affected M1
weakens the contralateral/crossed projection.'' The ipsilateral CST projecting from the less-
affected M1 is hence strengthened.®’ Transcranial Magnetic Stimulation (TMS) can be used to
assess this cortical control of the upper extremity (UE).* *'* Approximately fifty percent of
children with USCP have their more-affected UE controlled by the ipsilateral CST."
Consequently, the less-affected M1 controls bilateral movements whereas the more-affected M1
controls no movement in these children. Stimulating the less-affected M1 with TMS in this
group of children with USCP often elicits muscle responses on both UEs, while no responses are

observed when stimulating the more-affected M1."
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Constraint-Induced Movement Therapy (CIMT) has been shown to improve hand function

and can produce long-term improvements in children with USCP.'* "°

However, it is costly
(thousands of dollars per child) and time consuming (60-90 hours).'® It is therefore imperative to
target CIMT to children who are most likely to benefit. CST connectivity or “rewiring” (i.e.,
which M1 controls the more-affected UE) in children with USCP may be used as a biomarker to
stratify patients before prescribing particular therapies.'” Kuhnke and colleagues'® demonstrated
that children with an ipsilateral CST (absence of a contralateral CST) responded less than
children with a preserved contralateral CST in the speed component of the Wolf Motor Function
Test after CIMT. A recent review proposed using individual CST rewiring as a method to
predict hand function and treatment outcome in children with USCP."” These studies suggested
CST connectivity should be carefully examined for targeting treatments based on individual
pathology. TMS is a traditional neurophysiological method to examine CST connectivity and

its function in children with USCP.* > '?

Unfortunately, TMS poses a risk in children with
seizure disorder, a highly concomitant disorder (35%) in children with CP.! DTI tractography is
a neuroimaging method of reconstructing white matter tracts and allowing further investigation

of pathway integrity.'*’

The benefit of using DTT to assess a preserved contralateral CST is that
it typically takes a short period of time to administer (~10 minutes) and does not pose a risk to
children with seizure disorders. The aim of this study was to investigate whether DTI can be an
accurate assessment to identify the presence or absence of a contralateral CST in children with

USCP. We hypothesized that DTI can be an accurate assessment for identifying the contralateral

CST projecting from the more-affected M1 to the more-affected UE.
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METHOD

Participants

We recruited participants from our website (www.tc.edu/centers/cit/), ClinicalTrials.gov

(NCT003050006), and online support groups. Participants were a convenience sample
participating in our clinical trials.”’ The inclusion criteria for the parent trial were established
based on our prior trials'*: 1) diagnosed with congenital USCP, 2) the ability to lift the more-
affected arm 15 cm above a table surface and grasp light objects, 3) mainstreamed in school, 4) the
ability to follow instructions during screening and complete the physical examination. Exclusion
criteria of the parent study included: 1) health problems unassociated with CP, 2) current/untreated
seizures, 3) visual problems, 4) severe spasticity at any joint (Modified Ashworth score >3.5), 5)
orthopedic surgery on the more-affected UE within the previous year, and 6) botulinum toxin
therapy in the UE within the last six months. Children who met the following additional criteria
were recruited for this study: 1) aged between 6-17 years, 2) ability to comply with TMS and
MRI procedures. Additional exclusion criteria were: 1) history of seizures after 2-years-old, 2)
non-removable metallic objects in the body, 3) claustrophobia, and 4) family history of epilepsy.
Informed assent/consent was obtained from all participants and their caregivers. The study was
approved by the Institutional Review Boards of Teachers College, Columbia University, the New

York State Psychiatric Institute, and Burke Medical Research Institute.

Procedures
Magnetic Resonance Imaging Protocols
Each child received a structural MRI scan and a DTI scan (in the same session). The

structural scan was used in the TMS experiment to co-register stimulation sites with brain

111



landmarks, using a stereotaxic system (Brainsight, Rogue Research, Montreal, Canada). The
structural scan was also used for examining lesion location.”” The DTI scan was used to
reconstruct the CST and to obtain fiber characteristics.

T1-weighted MRI was performed on a 3T scanner (Philips, Netherlands) in the Columbia
University Medical Center. Children were positioned head-first supine. For the structural scan,
165 slices were taken at the resolution of 256x256 pixels. For the DTI scan, 75 slices were taken
at the resolution of 112x112 pixels. An echo-planar imaging (EPI) sequence was used (TR=
7638.99ms, TE= 68.56ms). A protocol of 55 diffusion directions was applied (b value=

800s/mm?).

DTI Tractography

We used DTI Studio (Johns Hopkins University, Baltimore, MD) to reconstruct the
contralateral CST of the more-affected UE. We first created an image to mask the background
noise at the threshold of 30dB, by using standard linear-regression for tensor calculation. We
then excluded noisy images containing movement artifacts for every child by visually inspecting
the original images using the Apparent Diffusion Constant (ADC) function.”> An average of 457
slices (SD= 192, 11.1% of the number of images taken for each child) were excluded. We used
Fiber Assignment by Continuous Tracking (FACT) method for fiber reconstruction. Fiber
tracking started with the Fractional Anisotropy >0.3 and stopped with the FA<0.25 or if tract
turning angle >70°.

We placed the first seed at pre- and post-central gyri of the more-affected hemisphere (a
circular region of interest (ROI), 25cm?, centered at the central fissure) to reconstruct the

contralateral CST on the DTI color map (same size/location for each child, FigurelAl, “OR”
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function in DTI Studio).** The size of this ROI was determined based on our recent findings *.
The seeded slice was always in the axial plane (average= 12.4 slices, SD= 2.1 slices below the
first axial slice that showed visible cortex), examined in a cranial-caudal direction. Since central
fissure was not always easily identified on a DTI color map of the lesioned M1, we cross-
referenced with the FA map for precisely localizing the seed. An example of the obtained fiber
after seeding the first ROI can be found in Figure1B1. Then we placed a second seed at the
pyramidal tract at the lower pons level on the more-affected side (see Figurel A2, an anterior
blue-coded area where the CST typically passes through, “AND” function in DTI Studio).® **2¢
An example of DTI tractography result after combining the two seeds can be found in

Figure1B2. Our criteria strictly excluded fibers that do not pertain to a “conventional” CST.

This first tractography approach was independent of TMS findings.

Transcranial Magnetic Stimulation Motor Mapping

TMS experiments were conducted at the New York State Psychiatric Institute. We used
single pulse TMS (Magstim 200 stimulator, 70 mm figure-of-eight coil) to assess the cortical
control of the more-affected UE. Frameless stereotaxy (Brainsight, Rogue Research, Montreal,
Canada) allowed for on-line tracking of the position of the TMS coil relative to a child’s MRI.
We used an electromyography (EMG) recording system (Brainvision, Morrisville, NC) during
TMS stimulation for simultaneously recording bilateral muscle responses using surface
electrodes over the first dorsal interosseous (FDI) and flexor carpi radialis (FCR) muscles.” We
mapped the motor representation of the more-affected FDI and FCR by probing the more- and
the less-affected M1 (as in Figure 2). Details of TMS mapping procedures are presented in

Online Only materials.
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TMS Data Analysis

TMS-induced EMG data were imported into MATLAB (Mathworks, Natick, MA). A
MATLAB script was written to measure the MEP amplitude for each muscle. Investigators
identified the onset and offset of the MEP. For each grid point in the map, the average MEP
strength was calculated. Each grid point was categorized as a digit (FDI), wrist (FCR), or a

combination of the two muscles by the presence or absence of an MEP at that site.

CST Fiber Characteristics Assessed by DTI

We obtained CST fiber characteristics by using a second approach (independent of the first
approach). We first seeded at TMS-derived motor area on the DTI color map. We then excluded
fibers that do not pertain to the CSTs (e.g., fibers passing through corpus callosum, cerebellum,
and medial lemniscus at the pons). This second approach allowed us to obtain fiber
characteristics more precisely by using individual motor maps. Figure 2 shows examples of using
individual TMS-derived motor map to reconstruct CSTs for studying corticospinal fiber

characteristics.

Statistical Design

We used SPSS (version 19, IBM, NY, USA) for statistical analysis. Two-sided Fisher’s
Exact Test was used to determine the consistency of TMS and the first DTI tractography
approach for determining the presence or absence of a contralateral CST. We calculated the
sensitivity and specificity of using DTI as an assessment to identify the contralateral CST. We

used paired t-tests to determine if the DTI measures of the more-affected CST were significantly
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different from those of the less-affected CST. P-values <0.05 were considered statistically

significant for the study.

RESULTS

Twenty children with USCP (age range= 6y,1mo-17y,1mo, mean age= 9y, 2mo, SD= 3y,
2mo) who met inclusion criteria participated in the study. Clinical characteristics of all
participants are summarized in Table I. In addition, we show the stratification of participants by
TMS-identified connectivity: 9 children (45%) had CST projecting from the less-affected M1
(ipsilateral connectivity), 2 children (10%) had CST projecting from the more-affected M1
(contralateral connectivity), and 9 children (45%) had CST projecting from both M1s (bilateral

connectivity).

DTI is an accurate assessment of contralateral CST connectivity

Table II summarizes the consistency between the two methods under study: TMS vs. DTL
Each participant was categorized into one of the four categories by verifying whether there were
TMS-derived muscle responses by probing the more-affected M1, and by examining the
presence or absence of the CST projecting from the more-affected M1 using DTI tractography.
Fisher’s Exact Test showed that DTI is an accurate assessment of CST connectivity (p=0.02).
When using TMS as the standardized assessment, the sensitivity of using DTI for assessing CST
connectivity was 81.8%, and the specificity was 77.8%. Two participants with bilateral
connectivity (examined by TMS) showed discrepancy between the two methods in their
contralateral CST (Table II, upper right cell, TMS “yes”, DTI “no”). Stimulating the more-

affected M1 using TMS-induced motor evoked potentials (MEP) in the more-affected UE in
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these two participants. However, their CST passed through the medial lemniscus at the pons
after we placed the first seed on the M1 (see figure in Online Only Material).** ** Therefore we
considered these as tracts other than the CST for these two participants. Two other participants
did not have a TMS-evoked MEP from stimulating the more-affected M1, yet a visible CST

projecting from the more-affected M1 was visible (Table II, TMS “no”, DTI “yes”).

Integrity of the more-affected CST is compromised

We investigated the differences in CST fiber integrity between the more- and less-affected
sides in children with bilateral connectivity using the second tractography approach. Significant
differences between bilateral tracts could provide neuroanatomical evidence of a compromised
CST descending from the more-affected M1 in the mild to moderate form of children with USCP
in this study (MACS level I-III). The DTI measures of nine children with bilateral connectivity
were used to investigate this comparison. The DTI measures examined included FA, fiber
volumes (mean number of fibers/voxel), Radial Diffusivity (DR, (A2+A3)/2)), and Mean
Diffusivity (MD, (A1+A2+A3)/3)) (Table III). Two-tailed paired t-tests demonstrated that the
DTI measures of the more-affected CST were significantly different from those of the less-
affected CST. Specifically, the values of the ipsilateral FA and volume were higher (indicating
better integrity) than those of the contralateral side (p<0.01). In addition, the ipsilateral DR and

MD were lower than those of the contralateral side (both p<0.01).

DISCUSSION

DTI Tractography can Identify the Contralateral CST in USCP
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The primary aim of this study was to investigate whether DTI tractography can accurately
and independently identify a preserved contralateral CST in children with USCP. Identifying the
presence/absence of a contralateral CST controlling the more-affected UE may help in clinical
decision making regarding treatment outcome and determining the location for brain stimulation
treatments (e.g., stimulating the more-affected M1 for children with a preserved contralateral
CST; stimulating the less-affected M1 for the absence of a contralateral CST). Compared to the
findings of TMS mapping, DTI tractography is sensitive (81.8%) and specific (77.8%) to identify
the contralateral CST in children with USCP. Although two DTI tractography approaches were
used, we compared findings of TMS mapping with the presence/absence of the contralateral CST
derived from the first approach. Our finding of the consistency between the two methods
suggests that DTI can be used to assess a contralateral CST, especially for children who cannot
receive TMS. We propose that DTI tractography can be used clinically as a tool for determining
the CST connectivity in children with USCP.

Two participants (bilateral connectivity measured by TMS) showed inconsistency between
DTI and TMS in the contralateral CST (Table II, TMS “yes”, DTI “no”). DTI tractography
showed that these fibers originating from the more-affected M1 passed through the medial
lemniscus, but not the anterior pyramidal tract at the lower pons.** The clinical characteristics of
these two cases cannot explain their disorganized CST (case 1: age= 8y11mo, MACS= level III,
lesion type= cortical/subcortical, case 2: age= 17ylmo, MACS= level 11, lesion type=
cortical/subcortical). Nor did their TMS results show any discrepancy in MEP onset latency as
compared to other children with bilateral connectivity (independent t-test, t= 0.05, p= 0.966).
The inconsistency between TMS and DTI in these two participants suggests that reorganization

in the motor system may be variable and not always be measured by a single method. An
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example case showing incongruence of TMS and DTI outcomes is shown in Online-Only
materials.

Two other participants (ipsilateral connectivity measured by TMS) did not have TMS-evoked
MEP responses from stimulating the more-affected M1, yet a visible CST projecting from the
more-affected M1 was reconstructed (Table II, TMS “no”, DTI “yes”). These two cases both
had brain lesion type categorized as periventricular leukolamacia (PVL) with MACS level 11
(case 3: age=10y, 1m, case 4: age=14y, 1mo), although this combination (PVL and MACS level
IT) consisted of 35% of our participants. Children’s tolerance for high intensity stimulation is
sometimes low, and the motor threshold for the more-affected M1 is typically high in children
with USCP.” It is possible that the stimulation intensity was not strong enough to activate their
CSTs projecting from the more-affected M1 (tested up to 85% TMS device output; stopped due
to children’s intolerance), despite the CSTs being anatomically present.

Fiber Integrity in the More- vs. Less-affected CST

Our results comparing the fiber integrity of the more- vs. the less-affected CSTs showed
differential characteristics of the ipsilateral and the contralateral CSTs in children with bilateral
connectivity (t-tests, p<0.05). Previous studies™’ used MRI cross-sectional areas of the cerebral
peduncles to compare the integrity of two CSTs and one study” used DTI tractography to
directly compare the two CSTs in children with USCP. Our study added evidence that the two
CSTs present differential fiber integrity projecting from bilateral M1s in children with USCP
with MACS level I-11I. This second approach allowed precisely seeding individualized ROIs
since motor map location can be variable in children with USCP.

Limitations
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The results of this study may not be generalizable in the clinical setting, as variability exists
in DTT acquisition protocols. Our imaging protocols contained 55 diffusion directions. However,
this level of precision may not be achievable in every MRI facility, particularly in the clinical
setting. Second, we did not include the CSTs originating from the less-affected M1when
comparing the two methods, given it was challenging to determine where those fibers descend to
(could control either hand). This is a technical limitation of using brain DTT as it only captures
images caudally to the junction of medulla and cervical spinal cord. Even if DTI of the cervical
spine is available, tractography can be challenging when fibers are crossing.”* In addition, our
sample encompassed children with mild to moderate levels of hand function impairments
(MACS level I- IIT). Conceivably, children with more severe impairment (e.g., MACS IV or V)
may demonstrate a more disorganized CST, making DTI maps more difficult to define. Whereas
the CST in severely affected children may be present, highly disorganized fibers would be more
difficult to reconstruct. It would be ideal to compare our data to typically developing children or
children whose lesions were postnatal. Lastly, due to the small number of the available
contralateral CST in our participants, we were unable to perform correlation analysis between
DTI-derived fiber characteristics and hand function measures. We propose further studies to

recruit a larger sample and age-matched controls to study this relationship.
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Tables

Table 1. Partcipant Demographic and Clinical Characteristics

Mean age (SD) (years, months) 9,2 (3,2)
Gender
Male 16
Female 4
Paretic hand
Right 10
Left 10
Lesion type
Right 10(0°, 5°, 59
Left 10(0°%, 6°, 4°)
Bilateral 0
Race
White 11
Hispanic 4
Mixed 3
African American 1
Asian 1
MACS*
I 3
II 14
11 3
CST Connectivity of the more-affected UE®
Ipsilateral 9
Contralateral 2
Bilateral 9

“brain malformation, "abnormality of periventricular white
matter,

‘cortical/subcortical lesion, “Manual Ability Classification
System,

didentified by TMS motor mapping.
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Table II. 2x2 Contingency Table Summarizing Consistency between TMS & DTI

Contralateral
Corticospinal Tracts
detected by: DTI

Yes® No!
Yes® 9 2 11
TMS-evoked muscle
responses by probing
the more-affected M1 b
No 2 7 9
11 9 20

Table III. Comparison of DTI measures of participants (n=9) with bilateral connectivity

Ipsilateral Contralateral t-value p value®
CST (SD) CST (SD)
Fractional Anisotropy (FA) 0.533 (0.031) 0.495 (0.017) 4.121 0.003*
Volume (mean of fibers/voxel) 12.193 (2.289) 8.058 (2.490) 4.303 0.003*
Mean Diffusivity (MD)* 0.781 (0.011) 0.838 (0.051) -3.646 0.007*
Radial Diffusivity (DR)" 0.518 (0.023) 0.583 (0.034) -4.813 0.001*

a: unit=10-3 mm’s, b: 2-tailed paired
t-test, * indicates p value <0.05
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Figures

Affected Front of head Affected Front of head
hemiphere ¢ hemiphere T
|

\ \

Figure 1. A1-A2: Yellow circled regions show the two seeds in DTI color map, axial
slices. A1: ROI1: 25cm’ circular region seeded at pre-central and post-central gyri of the
more-affected M1. A2: ROI2: seeded at pyramidal tract at the pons. B1-B2:
Reconstructed tracts (red fibers) after seeding the ROIs. B1: Reconstructed tracts after
seeding ROI1. B2: Reconstructed tracts after combining ROI1 & ROI2.
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Figure 2. A1-A2: Color dots represent TMS motor map of the more-affected hand (red-
FDI, green- FCR). Al: A participant with TMS motor map (color dots) on the less-
affected M 1. B1: An ipsilateral corticospinal tract (red fibers) after DTI tractography by
seeding TMS motor map on the less-affected M1 (ROI seeded based on the area of color
dots in Al). A2: A participant with TMS motor map on the more-affected M1. B2: A
contralateral corticospinal tract (red fibers) after DTI tractography by seeding TMS motor
map on the more-affected M1 (ROI seeded based on the area of color dots in A2).
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Abstract

Bockground. High-intensity training alms to improve hand function in children with unilateral spastic cerebral palsy (LISCP).
However, the extent to which skill training Is required Is not known. Objectives. To compare the effects of Intensive bimanual
training with and without structured progression of skill difficulty, on manual dexterity, bimanual hand use, dally functioning,
and functional goals In children with USCP. Method. Twenty-two children were randomized to structured practice group
{SPG) or unstructured practice group (UPG), and recelved & hid training during |5 days. Children from the 5PG were engaged
In fine and gross motor bimanual activities, with skill progression and goal training. Children from UPG performed the same
activitles without skill progression or goal training. Participants were evaluated before, Immediately and & months after training
by a physical therapist blinded to group allocation. The primary cutcomes were the Jebsen-Taylor Test of Hand Function
{JTTHF) and Assisting Hand Assessment (AHA). Secondary outcomes Included the Canadian Occupational Performance
Measure (COPM), Pediatric Evaluation of Disability Inventory (PED). and ABILHAMD-Kids. Resufts. Both groups showed
similar Improvements In the |TTHF, AHA, ABILHAMND-KIds, COPM-satisfaction, and PEDI (P < .05). A significant Interaction
In the COPM-performance scale (P = .03) showed superior Improvements of the SPG immediately, but not 6 months, after
the intervention. Conclusions: Children from both groups demonstrated iImprovements In dexterity and functional hand use.
This suggests that for Intensive bimanual approaches, Intensive training at such high doses may not require structured practice
to elicit Improvements. However, there may be Immediate added benefit of Including goal training.

Keywords
upper extremity, hand, hemiplegia, cerebral palsy, bimanual training, Intensive rehabilitation, training Ingredients, constraint-
Induced movement therapy, goal practice, hand-arm bimanual Intensive training (HABIT)

Unilateral spastic cerebral palsy (USCP) 1= characterized by
motor impairments mainly lateralized to one side of the
body, with the resulting impaired hand function affecting
functional activity and paricipation. Increasmg evidence
supports the use of 2 treatment approaches based on motor
learming principles, constraint-induced movement therapy
(CIMT) and intensive bimanual tramning. CIMT involves
phvsical restraint of the less-affected upper extremity (UE)
along with intensive, skilled practice of the more-affected
hand."" Bimanual training involves practice of functional
and play activities requiring the use of both hands.'™"
Hand-arm bimanual mtensive traimng (HABIT) is a highly
structured form of bimanual training.'™"™"*" Both CIMT
and HABIT were designed with the idea that intensity of
fra:'m'ng]lﬂ and progression of skill Iji.fﬁfﬂ.lli}'!d are essential
i improve motor function. They include pant and whole

practice, and modifying tasks to elicit desired movements
and to ensure successful use of the more-affected hand. ™+~
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Recently, several randomized trials have shown both appro-
aches result m improvements in unimanual and bimanual
measures, '+

There is evidence 0 suggest that the behavioral demands
of the tasks and motor skill traiming may elicit cortical reor-
ganization™ underlying concurrent functional cutcomes.
For optimal efficacy, it 5 believed that training must be
challenging, involve progressive increase of behavioral
demands and active participation. Stedies of skilled training
in animals show plasticity of UE cortical representation,
whereas those animals receiving unskilled traming (repeti-
tion only) did not.*** Friel et al*” investigated mechanisms
for restoring motor function after wnilateral corticospinal
svstem damage in cats during early postnatal development.
They compared skilled practice of the affected limb in a
reaching task along with resiraint of the unaffected forelimb
limb in cne growp of cats (analogous to CIMT) with restraimt
only {analogous to forced use®) in another group. The
skilled tramming group had improvements in motor skills of
the affected limb along with expansion of the motor map,
wheress the restraint-only proup did not demonstrate plastic
changes. Thus, skilled training is an imponant element in
ammal models of rehabilitation.

In humans, the extent to which skill training s required
during intensive traimng is not well-understood. Uswatte
et al** found similar outcomes of shaping and task-practice
without skill progression during CIMT in adult stroke
patients” hand funchon. The extent to which skilled practce
15 required for pediatric UE rehabilitation approaches is not
known. One precision grip study in children with USCP
demonsirated that task repetitions alone could lead to better
motor performance of this task.™ It &5 conceivable that
intensity alone may be the kev element to IMprovements in
hand function; that is, at sech high doses, specific compo-
nenis may not be important.

In the present study, we compare the effects of intensive
bimanual training with and without strectured progression
of skill difficulty, on mamual dexterity (Jebsen-Tavlor Test
of Hand Function, JTTHF) bimanual hand use {(Assisting
Hand Assessment, AHA), daily functioning (ABILHAND-
Kids, Pediatric Evaluation of Dhsability Inventory, PEDI)
and functional goals (Canadian Occupational Performance
Measure, COPM) in children with USCP. We hypothesized
that children in the structured practice group (SPG) would
have greater improvements compared to children in the
unstructured practice group (UPG) on all measures.

Method
Farticipants

Participants were recruited from area clinics, our Web site
(hitp/ fwww.tc.edu/'centers/cit’), and online suppont groups.
Potential participants were first screened wia e-mail/

telephone. Those between the ages of 6 and 13 vears with
congenital hemiplegia were invited to receive an on-site
physical examination or an examination videotaped by their
physical’'occupational therapist. The inclusion criteria were
established based on prior HABIT trials'": (1) the ability
to lift the more-affected arm 15 cm above a table and grasp
light objacts, (2) mamstreamead in school, and (3) demon-
strated ability to follow instrections during screeningtest-
ing. Exclusion criteria incleded (1) health problems
unassociated with cerebral palsy, (2) current/untreated sei-
zures, (3) visual problems interfering with treatment'test-
ing, (4) severe muscle tone at any jomnt (Modifhied Ashwonth
score =>3.5), (5) orthopedic surgery on the more-affected
hand within 1 wear, and {(6) botulinum toxin in the more-
affected UE within the past & months or intended treatment
within the studv period. Informed consent was obtained
from participants and caregivers. The studv was approved
by the Teachers College Institutional Review Board.

Procedures

General Procedures. Three bimanual fraining day-camps
were conducted at the wniversity from July 2010 to July
2012. Participants {6-8 each camp) were randomized offsite
using concealed allocation stratified by age and JTTHF
screening score, into an SPG and UPG. Each camp had 3 to
4 children per group, each group separated in different
TOOIME.

Participants in each group were engaged in treatment 6
hid for 15 consecutive weekdays (90 howrs) during school
recess by tramned interventionists. These included graduate
students in kinesiology/neuroscience, speech pathology,
and psychology, and undergraduates. The nterventionists
were not aware of the study hypotheses or that different pro-
cedures would be camried out in each room. The preireat-
ment training, administered by the supervisors, was
standardized during a 2-hour session based on established
manual of procedures, before inteTventiomsts were assigned
to a group and child. Growp training focused on procedures
common to the 2 groups, strategies to engage children in
use of hands, safety and data logging procedures. Additional
tramming was provided specific to each group during the
interventions and daily team meetings. Interventionists and
children in each room were kept partitioned at all times, and
interventionists wereg instructed not to discuss the camp
with each other cutside of treatment hours. The 2 treatment
rooms had supervizors, who were not binded to the study
hypotheses, and were responsible for ensuring treatment
fidelity. The SP(G was supervised by a physical therapist
who modeled and ensured uniformity of treatment. The
UPG was supervised by a nonclinician who ensured that
interventionists did not provide structured practice or grad-
uation of task complexity. Emphasis in this group was to
engage children t0 use the more-affected hand in play

Crwricmsd #om o ssgepob.com by guet on Fabeary 8, 2018
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activities. Both groups were monitored by an occupational
therapist and a nonclinician who followed all the activities,
to avoid possible confounds in the specificities of each
training modaliey (ie, skill progression).

Room design permutted panticipanis t0 work mdividualby
with ther imterventionist or n groups  (1:]
interventionist-partcipant  raco).  Imervenbonists were
paired with children prior to0 randomization based on age,
eender, and caregiver input. Interventionists avoided verbal
prodding to use the more-affected hand, and instead pro-
vided tasks necessitating the wse of both hands and estab-
lished rules prior to each activity, allowing the child o
choose which hand to use for different components of a
bimanual activity. Caregivers were instructad to engage
participants in bimanual activities for | h'd during and for 6
months follewing the intervention and document practice
using home activity logs. No information regarding traiming
of functional goals at home or skill progression was pro-
vided for either group.

Structured Practice Procedures. Children from the SPG were
engaged in age-appropriate fine and pross motor bimanual
activities using motor leaming approaches consistent with
HABIT® Activities were selected by considering the role
of the more-affected hand mcreasing in complexity from a
nondominant passive assist (eg, stabilizing paper while
drawing) to active mampulator (eg, rearienting paper while
cutting) using increasmnghy complex bimanual coordination
and panticipants” interests. Task demands were graded and
participants were engaged in active problem solving.
Children participated in whole and part task practice.
Whole task practice involved sequencing Successive mowve-
ments within the context of tasks (eg, card games). The
activities were performed continuously for at least 15 to 20
minutes. The spatial and temporal coordination of targeted
mirvements were practiced within the context of completing
the task. Pant task practice™™ required breaking down
motor skills mto smaller components (eg, plaving-card
tuming t0 promote forearm supination), while increasing
repetitions and skill requirements. This served to provide
specificity' mtensity of treatment by requiting 45 many tar-
ceted repetitions as possible over repeated 30-second inter-
vals. Part practice included both bilateral symmetrical (eg,
reaching toward object(s) with both hands) and asyvmmeiri-
cdl {eg, pulling apant objects) movements. Task difficulty
was graded by varving the spatial and temporal constraints,
of by providing tasks that require progressive skilled use of
the more-affected hand as performance improved. Task-
and age-specific knowledge of results were prowvided for
encouragement.” Supervisors instructed interventionists
regarding the main focus of the treatment (eg, reaching) for
each chuld based on his or her pronounced movement defi-
cits, interests, and potential for improvement. Actvity logs
were collected, which included activities performed, time

on task including partwhole practice, the number of repeti-
tions, task performance and skill progressions.

Practice of functional goals established by caregivers
wias based on children’s interests and abilities. Goal training
was performed up to 30 min'd during camp. With the excep-
tion of poals, tested task items were never rained.

Unstructured Proctice Procedurss. Children from the UPG
were engaged m age-appropriate fing and gross motor
bimanual play activities (with the exception of functional
goal practice) wirh the same activities without am adapia-
HOns or progression. As in the SPG, rules were established
requiring use of their more-affected hand. Activities were
selected from the same battery of choices as that of the
SPG, according o child’s interest and willingness to use the
more-affected hand. Interventionists were trained onby to
prowvide activities that require the use of both hands in a
playful and enjovable context. Thus, the aim of the unstruc-
tured training was to provide children oppontunities to use
their more-affected hand in bimamual play activities, with-
out considering how this hand was used or how use could be
improved or challenged. Interventonists were specifically
told “these children receive excessive therapy duning the
wear, and that our purpose was to provide a fun, supportive
emvironment to avoid frustration or perception that activi-
ties were therapeutic.” Thus, the fiscus of traimmg was only
to keep the more-affected hand involved in the performance
of the activities. Supervisors ensured that no increase m
task complexity, verbal prompts how to use the more-
affected hand or gradation of tasks demands were provided.
Such supervision happened throughout the intervention and
in daily meetings with interventionists. Activity logs were
collected, which included activities performed and the time
spent in these activities.

Measures

Participants were evaluated directly prior «o treatment (pre-
test), within 2 days (“immediate™) and 6 months afier reat-
ment by a phvsical therapist blinded to proup allocation
(verified following testing). Two primary cutcome mea-
sures were used o quantifv bimanual and vnimanual out-
comes under the Imemational Classification of Functioning
and Health (ICF) “activity and panticipation” domain. *

The AHA version 4.3* quantifies the effectiveness with
which a child with unilateral dizability uses his or her
affected (assisting) hand in bimanual activity. The AHA has
excellent validity/reliability.® The test was videotaped and
scored offsite by an experienced evaluator blind to group
assignment. Data were reported in logit-based units
(AHA-units).

The ITTHF is a standardized test of simulated functional
tasks quantifving the tme o complete a battary of uliman-
ual activities.® The activities include Aipping index cards,
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object placement, simulated eating, stacking checkers, and
manipulating empty and full cans. Reliability for chaldren
with nonprogressive hand disabilities is I:ligr,l't.r'r

Four secondary measures were also used (ICF “activity
and participation domain™).

To establish/evaluate children’s functional goals we con-
ducted the COPM with caregivers. The COPM identifies
and measures changes in functional problems considerad
relevant by chients through interview, and is valid'reli-
able **" The most relevant functional goals to be accom-
plished are defined, ranked in importance, and rated on
performance and satisfaction.™*" In this study, caregivers
selected the goals and rated the chuld's performance and
level of satisfaction since these are abstract concepts for
children of this age.

The ABILHAND-Kids is a valid'reliable questionnaire
assessing manual ability of children.*! The test comprises a
list of manual activities m which the caregrvers score the
amount of difficulty children with cerebral palsy may expe-
rience during their performance in activities of daily living
that required hand uwse. Data were reported in logi-based
units.

To assess children’s daly functioning, caregivers werg
imterviewed using the PEDI, a valid'reliable test™ focusing
on child’s functioning in daily living activities at home.®
Children’s self-care functional skills and caregiver assis-
tance were assessed.

A subset of 13 children (7 in SPG, 6 in UPG) wore an
activity monitor (Mamufacturing Technology Inc, Fort
Walton Beach, FL, #7164; 5.l cm = 2.6 cm = 1.5 cm, 42.9
o} om each wrist during a continuous 3-hour period incamp
on the seventh or eighth intervention day to determine how
much the children in each group moved. The units sample
(10 Hz) and store summed values in memory, and data are
downloaded to a personal computer. The number of accel-
erations is measured as activity counts (0.01664 ¢ for an
acceleration of 2.13 g directed parallel to the x-axis with a
frequency of 0.75 Hz), which were used to determine the
percentage of time each hand was used.™

Statistical Design

Sample swe calculations were performed based on JTTHF
scores derived from an earlier HABIT trial.” A mean
decrease from 380.84 to 249 58 seconds (131.25 + 121 86
seconds) for the HABIT group was reported. With sipnifi-
cance level = .05, 1 — =080, pl —p2= 13125 and o =
121.86, and estimated 10% dropout, 11 participants in each
group were required. Intention-to-treat  principles were
emploved.

A2 (group) = 3 (test sessions) analysis of vanance with
repeated medsurss on test sessions was performed using
SPSS 15 for all measures except the COPM. Since goal per-
formance mav be influenced by development and practice

in ongoing care {follow-up), a 2 {group) = 2 (pre/post) anal-
vsis of performance was performed on the COPM. The
owverall group-by-test 835100 inreraction tested whether the
pattern of change between sessions vared across groups.
MNewman- Keuls post hoc tesis were used to compare pretest
and each of the posttests.

Results

Patient Flow

Patient flow is shown in the CONSORT diagram (Figure 1),
During recruitment (June 20010-2012), 86 individuals were
screened. Ultimately, 22 qualified individuals agreed to par-
ticipate and were randomzzed into the SPG and UPG (see
Figure 1 legend for details). One child from the UPG proved
t0 have developmental dvspraxia and was not provided the
intended treatment (ie, requiring sequential instructions,
analogous to part practice) and the AHA was not usable.
The child and the maiched pair from the SPG were excluded.
Thus, 20 participants {10 per group) completed the stwdy.
Table 1 describes participant characteristics. There were no
significant group differences in baseline scores for any
MEeasure.

Treatment Characteristics

Activity logs showed both groups spent more than 90% of
time engaged in activities that required the use of the more-
affected hand (SMG, 94.3%; UPG, 98.9%). In the SPG,
whole task practice accounted for 87.8% of the time, and
the remaining 12.2% comprised part task practice. Only
whole practice occurred for the UPG. The acceerometry
data for the subset of children who wore it indicated that on
average the less-affected hand moved 79% and the more-
affected hand moved 74% of the time for the SPG, and the
less-affected hand moved 82% and the more-affected hand
mowved 68%, for the UPG (P > .05, pared r test between the
SPG and UPG). Thus, there was no difference in the amount
of more-affected UE use between groups.

On averape, activities for the SPG progressed in diffi-
culty 554 times (standard deviation [SD] = 35.4, range =
11-117} throughout the intervention. Skill progression was
not reported or observed for the UPG.

Manual Dexterity and More-Affected Hand Use
in Bimanual Activities

For the JTTHF, there was a 65.9-second (28.1%) and a
77 4-second (33.2%) decrease in time for the SPG and
UPG, respectively (Table 2, Figure 2A). Newman-Keuls
post hoc tests revealed a significant improvement between
the pretest and immediate posttest that was maintained at &
maonths. For the AHA, there was an mcrease of 2.3 and 2.8
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86 Assessed for Eligibility

19 Excludad

40 navallabler

uriwilling to participate

17 Completed Physical
Soreening Examination

5 Exchuded

2 Unavallablas

unwilling to participate

22 Randomized

11 Allocated to
Urstructured Group

10 Comiplated Intended
Treatment

10 Completed
& Month Followup

11 Allocated to
Structured Group

11 Completed Intended
Traatment

10 Comiplatad
& Month Followup

Figure |. COMSORT flow diagram showing progress through the stmges of the swdy, including flow of participants, withdrawals,
and inclusion in analyzes. A towml of B6 individuals potentially met the study criteria and were invited to undergo physical screening.
Twenty-two children qualified for the study and were randomized into the structured practice group (5PG) or unsoructured practice
group (UPG). One child from the UPG proved to have apraxia and was not provided the intended treatment. The child and the

matched pair from the SPG were excluded.

AHA-umits for the SPG and UPG, respectively (Figure 2B,
Table 2). Post hoc tesis revealed a signuficant improvement
between the pretest and immediate posttest, but a retum o
baseline levels at 6 months, which was uncorrelated with
ape. There were no group < iest session imberactions for
either measure.

Functional Goals and Daily Functioning

The majority of goals were bimanueal (remaining goals were
umimanual with the more-affected hand). Most of the goals
comprised selfcare activities (eg, dressing, grooming, and

eating ), follewed by play (eg, ball activities). At camp, the
SPG spent on average 370 minuies practicing goals whereas
the UPG did not practice goals. At home, children spent 165
and 184 minutes for the SPG and UPG, respectively, prac-
ticing goals. Both proups presented sipmificant improwe-
ments after the mtervention on satisfaction and on
performance, but there was a significant proup = test ses-
510N interaction, with greater improvement for the SPG
(Table 2). This difference was no longer present at & months
(paired ¢ test). There was no correlation (Pearson) bepween
the amount of home practice of goals and COPM
IMPTOV EMETH.
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Table |. Baczeline Participant Characteristics.

Characteristics SPG(n=10) UPG(n=10)
Mean age (DY) years, months 861, 5) 8315
Gender, n (%)

Male & (600 & (600

Female 4 (40) 4 (40)
More affected hand, n (%)

Right 7 (700 7 (700

Laft 3 (300 3 (300
Lesion location (type)

Right 30t 219 30" 15 1

Left T(I%EE 19 708 &8 19
Race, n (%)

Caurasian 8 (80) 7 (700

African American 110} 0 (0)

Hispanic 110} 2 (200

Mixed 0(0) 110}
MALCS

1 2 1

I 6 7

m ) )
Baseline JTTHF, mean (5D, 233 (159) 234 (188)

seconds
Therapy

FT 10 7

aT 10 ]

Abbreviations: 5PG, structured practice group; UPG, unstructured
practice group; 50, standard deviation; MACS, Manual Abilicy
Classification System; [TTHF, Jebsen-Taylor Test of Hand Function
FT, physical therapy recetved off-site (number of indriduals); OT,
occupational therapy recetved off-site (number of Indviduals).
"Digorder of cellulbr migration.

“Abnormality of pertventricular white matter.

Cortial'subcortical lesion

For the ABILHAND-Kids, both groups presemed sig-
nificant improvement with no group = test S2ssion interac-
tions. Both groups mproved on the functional self-care
skills and caregiver assistance scale of the PEDI, with no
significant interaction. Post hoc tesis indicated sipnificant
improvements for the functional self-care skills at immedi-
ate posttest that were maintained at 6 months. However, the
caregiver assistance scale was only sigmificantly higher at
the f-month follow-up.

Control Group

It is concetvable that the similar improvements were simply
because of repeating the tests over a 3-week penod. To
determine whether that was likely the case, we subsequently
conducted the tesis twice, 3 weeks apart, i a group of 10
(nonrandomzzed) children with USCP (mean age = 8.9
wgars, 5 males, 5 females) who did not receive treatment.
There were no significant changes in the AHA (test 1 = 65.5

AHA-units [sd = 12.4]; test 2 = 64.8 AHA-units [SD =
14.3]), JTTHF (test 1 = 4%6.1 seconds [SD = 306.6]); test 2
= 465.8 seconds [SD = 315.9]), ABILHAND-Kids (test 1 =
1.6 logits [SD= 1.3]; test 2 = 1.6 logits [SD = 1.1]), PEDI
functional skills self-care (test | = 61 [SD=T7.57]; test 2=
63.3 [5D = 6.93]), or PEDI caregiver assistance (test 1 =
357 [SD=3.2], test 2= 367 [sd=5.T]).

Discussion

To our knowledge, this study 15 the first t0 cOmpare compo-
nents of pediatric intensrve bimanual rehabalitation proto-
cols. Children from both the SPG and UPG demonsirated
improvements in dexterity and functional use of the hands.
This suppests that at least for such intensive bimanual
approaches, ramng my not require structured practce to
elicit improvements in clinical measures, and that the
emphasis can be placed on fun activities that require use of
both hands. However, considering that the SPG showed
Superior improvements in functional goals, there may be
added benefit of including goal trainimg. These findings are
discussed in relation to other treatment approaches and new-
roplasticity in amimal and humans.

Similar dexterity improvements for both groups did not
suppornt our hypothesis of greater improvements for the
SPG, and are not in agreement with animal model studies
that point to the importance of skilled training in the acqui-
sition of motor skills. ™ However, in a study in which
squirrel monkeys were exposed 0 a reaching task that did
not imvoblve skilled traiming, the amimals showed improve-
ments in the number of pellet retrievals and increase in
speed to retrieve them. ™ Thus, it is possible that even with-
out skilled traiming, intensive use of the more-affected hand
leads o improvements in the speed to perform unimanual
tasks. ™ Improwvements in both grouwps are analogous to the
similar improvements in the amount and gualite of more-
affected hand wse between a group of adults with hemipa-
retic stroke submitted to CIMT regardless of whether
ghaping was used™ However, as acknowledged by the
authors, it is not possible w0 conclude that skilled training is
not relevant as the task practice group was submitted to
some elements of shaping, such as verbal feedback and
information related to the individual’s performance. ™ In the
present study, we carefully monitored children’s activities
during play activities from both groups. However, it was
not possible 0 Monitor every interaction of to avoid verbal
feedback and encourarement.

This study sugeests that bimanual structured practice
may not be essential for improvemems. The structure of
intensive protocols i1s not well described in the literature.
Some authors describe protocols comprising 1 intervention-
ist to 2 children,'* " or combining caregivers’ and therapists
actions,* which may reduce the amount of skilled training.
MNevertheless, these studies report improvements in hand
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Table 1. Results.

Test Sassion
Effect P Value  Interaction
Pretest Immediate Follow-up  &-Month Follow-up Change Score 4 F Value (n%)

AHA [AHA-units)

SPG 61.9 (554, £8.4) 64.7 (56.0, 72.4) 614 (55.4, 89.4) 2.3 {-0.9, 5.5 — —

PG #3.8(57.3,703) 65.6 (5B.4, 748) £3.0 (56.0, 70.0) 1.8 (-0.4, &0) — —

Mean 629 (58.2, 67.5) 654 (596, 71.2) &1T (577, 67.7) 15 (0.4, 47) P< 05 (217) P=_.48(020)
JTTHF

SPG 21348 (1260, 243.6) 1689 (BL7,255.1) 1826 (947, 2704) —65.9 (—1085, -23.3) — —

UPG 2334 (1247, 3427) 1560 (69.8, 242.7) 1614 (745, 2503)  -77.4 (—120.0. -348) — —

Mean 2342 (1572 310.0) 1625 (1015, 223.4) 1725 (1104, 2346) 717 (1010, —42.3) P= 001 (462) P= 792 (.007)
COPM-Performance

SPG 36 (27, 44) 69 (6.1,7.7) 6.8 (6.0, 7.5) 3.3 (24, 43) — —

UPG 32(24.41) 5.1 {4.3,59) 6 (5.3, 6.8) 1.9 (1.0, 18) — —

Mean 3.4 (228 4.0) 6.0 (5.4, 6.8) &4 (5.9, 69) 2619 13) P 001 (528) FP=.031(067)
COPM-Satisfaction

SPG 47 (34, 60) 832 (7.3,9.1) T&LTT 35 {12, 48) — —

UPG 38 (25,50) 5.9 (49, 68) 6.2 (5.5, 7.0) 2.1 {0.B, 3.4) — —

Mean 47(33,51) Ti64,7.7) 6.6 (61, 7.1) 28(19 17) P <001 (928) P=.131(022)
ABILHAMD-Kids

SPG 1.7 (0.8, 1.5) 25 (115, 35) 31.0(220,39) 0.8 (0.0, 1.6) — —

UPG 1.4 (05,22) 1.9 (0.9, 2.9) A2 30 05{-03,1.3) — —

Maan 1.5 (0.9, 2.1} 22(11529) 260119 32) 0.7 (0.1, 1.3) F= .0l (246) P= 667 (0I7)
PEDC: Salf-care

SPG &5 (61.2, 58.8) 69.5 (66.2, 72.8) 70.3 (67.0, 73.6) 45(278,6.2) — —

UPG  &10(57.2 648) 639 (606, 67.2) &7.2 (64.0, T0.5) 29 (1.2 48) — —

Mean  £3.0 (60.3, 65.7) A5 (4.3, 85.1) EBB (664, TI1) 37 (15 49) P < 001 (540) P= 358 (.025)
PEDI: Caregiver acsictance

SPG 339 (30.2, 37.48) 337 (30,0, 37.4) I7.1 (343, 39.9) -0.2 {-15,2.1) — —

UPG  28.9(25.2 324) 31.2 (27.5, 3439) 344318 372 2.3 (0.0, 4.8) — —

Maan 314 (228 340) 315 (29.8, 35.1) 358 (338, 37.8) 0.9 (-0.7, 1.8) P = 001 (449) P =240 (042

Abbreviations: 5PG, structured practice group; UPG, unstructured practice group; [TTHF. Jebsen-Taylor Test of Hand Functior; AHA, Aszisting Hand
Azgezsment; COPM, Canadian Ocoupational Performance Measwre (performance and satsfaction scalesy, PEDI, Pediatric Evaluation of Disabilicy

Inventory (functional ckills and caregiver assistance scales).

function.'** The high intensity in both groups seems to be
the main contributor to the similar improvements in dex ter-
ity as the {albeit nonrandomized) post hoc control group did
not demonstrate changes in the same measures. Only part
practice, skill progression, and goal training differed.
Intensity 15 considered an important ingredient in motor
learning, as it leads to repetitions of movements and the
development of new motor strategies.™ Thus, in intensive
protocols the amount of practice is seemingly more imMpor-
tant than what is practiced. However, these resulis may be
dose dependent, as it is possible that at lower intensity,
other components (eg, specificity of traming) may be more
important."” The low number of movement repetitions
resulting from wsual and customary schedules of phvsical’
occupational therapy mav partly explamn the lack of evi-
dence for these approaches.* Thus, it is possible that skilled
practice 15 important in such low dose interventions.

One unexpected result was the lack of maimmtenance of
AHA increases at the 6-month follow-up. Although it seems
conirary to previous studies documenting persistent changes
on this outcome following CIMT or HABIT, '™ the lack
of retention may be because of the age of the participants,
who were generally older than those from other studies.
Eliasson et al* reported no change inAHA following CIMT
in & to 17-vear-old children. We concur with their supges-
tion that changes in bimanual function are harder o achieve
in older children.* It is possible that at older ages, dex terity
(eg, JTTHF)} and functiomal wse (eg, COPM, PEDI,
ABILHAND-Kids) may improve and be maintained, but
children may have well established their own strategies to
use the more-affected hand m the performance of bimanual
activities, and that this strategy 18 more difficult to change.
CGoal performance was the only measure to improve differ-
entialty, that is, greater imitial gains for the SPG. These
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Figure 2. (A) Mean t standard error of the mean (SEM) scaled logit scores on the Assisting Hand Assessment (AHA); higher scores
represent better performance. (B) Mean = SEM time to complete the 6 tmed items (writing excluded) of the Jebsen-Taylor Test of
Hand Function. Faster times correspond to better performance. The potential maximum allowable time to complete each item was

180 seconds, resulting in a maximum score of 1080 seconds.

results comoborate studies that found superior improve-
ments on goal performance when goals are practiced.” If
the 6-month follow-up data are compared, the differences
were no longer significant. As children from the SPG had
the opportunity to practice some of the goals and this prac-
tice involved skill progression, it is possible that structured
training contributed to the development of strategies to per-
form relevant functional goals.” Such information confirms
the need of specific and direct training for the accomplish-
ment of goals related to the use of hands by children with
USCP, but the end result over a longer period may not
differ.

Limitations

Although the interventions were administered in separate
rooms and the groups and interventionists were blinded to
the study questions, as mentioned above it is not possible to
ensure that skill progression did not occur in the UPG. It is
possible that children from either group could have been
self-motivated to challenge themselves. However, the chil-
dren, interventionists and families were not aware of the
differences in the protocols provided for each group.

It is also possible that when caregivers selected goals
for the COPM, they might be aware of the functional
activities that are relevant to their children. This may have
motivated goal practice despite that caregivers from both
2roups were not instructed to practice these goals at home
and no information in how to progress performance of
these goals was offered during the intervention period. On

average, goal practice totaled ~3 hours, which is a small
fraction of the amount of treatment time. Moreover, the
children and interventionists from the USG were not
aware of the goals. Furthermore, it is possible that there
were indeed differences between groups that either was
not measured (eg, ICF body structure and function level)
or that the employed measures were not sensitive enough
to detect. Finally, the study may have been underpowered
to detect group differences. However, as indicated by the
0 values (Table 2), the differences in changes were
extremely small (favoring the UPG) and would require an
extremely large sample size for this difference to be statis-
tically significant, which would bring the clinical signifi-
cance of such changes into question.

Clinical Implications

The present study shows that the intensive nature of biman-
ual practice seems to be the main contributor for improve-
ments in manual dexterity. It is not known whether these
findings would hold true at lower dosages. It may be possi-
ble to combine interventions that involve bimanual play
with specific functional training. This may reduce the costs
of the provision of high-intensive interventions without
compromising the benefits. This possibility needs to be
tested in a larger cohort of children.
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Abstract

Bockground. Constraint-induced movement therapy (CIMT) promotes hand function using Intensive unimanual practice
along with restraint of the less-affected hand. CIMT has not been compared with a treatment with equivalent dosing
frequency and Intensity In children with cerebral palsy (CP). Objectives. The authors report a randomized trial comparing
CIMT and a bimanual intervention (hand-arm Intensive bimanual therapy; HABIT) that maintains the Intensity of practice
assoclated with CIMT but where children are engaged In functional bimanual tasks. Methods. A total of 42 participants with
hemipleglc CP between the ages of 3.5 and 10 years (matched for age and hand function) were randomized to recelve
90 hours of CIMT or an equivalent dosage of functional bimanual training (HABIT) conducted In day-camp environments.
A physical therapist blinded to treatment allocation tested hand function before and after treatment.The primary outcomes
were changes In Jebsen-Taylor Test of Hand Function (JTTHF) and Assisting Hand Assessment (AHA) scores. Secondary
measures included the Goal Attainment Scale (GAS). Results. Both the CIMT and HABIT groups demonstrated comparable
Improvement from the pretest to Immediate posttest In the |TTHF and AHA, (P < .0001 ), which were maintained at & months.
GAS, however, revealed greater progress toward goals for the HABIT group (P < .0001), with continued Improvement
across test sesslons for both groups (P < .0001). Conclusions. Both CIMT and bimanual training lead to similar Improvements
In hand function. A potentlal benefit of bimanual training Is that particlpants may Improve more on self-determined goals.
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improved function. Children with hemiplegic CP have
impaired bimanual coordination above and bevond their uni-
manual impaimments,">" which may underlie some func-
tional limitations. Funthermore, studies of CIMT (including
our c:rv.-n}l"'w have not compared it with other, equally

Introduction

Cerebral palsy (CP) is the most common pediatric phy sical
disability, with congenital hemiparesis comprising one of
the most common forms.' Strong evidence supporting any
upper-extremity treatment approach is lacking. > Yet there

i5 increasing evidence that hand function in individuals with
CP does improve during development®® and with intensive
]Jra;:li{:e.”

One means to achieve intensive practice is constraint-
induced movement therapy (CIMT), involving concurrent
phrsical restraint of the less-affected hand and unilateral
training of the hemiplegic hand.*"" There is iNCreasing evi-
dence supporting the efficacy of pediatric CIMT,>'*" and
its clinical use is proliferating.

Mevertheless, CIMT is potentially invasive," and it is
uncertain whether improved hemiparetic hand use resulis in
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intense treatments. Thus, it is unknown whether similar
improvements in hand function can be achieved with an
equally intensive bimanual treatment.

We report & randomized clinical trial comparing CIMT
and a bimanual imtervention (hand-arm intensive bimanual
thetapy, [-Ll’.BIT}m' that maintains the same dosing fre-
quency and intensity and the progressive sk-specific prac-
tice associated with CIMT, but children are engaged in
functional bimanwal rather than unimanual tasks. HABIT
has a proposed neuroscientific rationale' and is a formal-
ized approach that has an equal amount of personal interac-
tion and intensity as CIMT, encourages functional ga.ius,”
and has preliminary evidence suggesting efficacy.’™*" Yot
himameal training is different from CIMT bacawse of the type
of activities practiced. Based on theories of motor leaming
{practice specificity), ™" we hypothesized that the uniman-
ual training associated with CIMT would lead to greater
improvements in unimaneal dexierity, whereas bimanual
training would lead to greater improvements in bimameal
hand wse and goal attainment.

Method
Participants

Participants were recruited from clinics in the NYC area,
our Web site (hopfwww. icedw'centers'cit'), Clinical Trials.
coy (MCTO03050M), and online support groups. Potential
participanis were first screenad via e-mail and/or telephone.
Those between the ages of 3.5 and 10 years with congenital
hemiplegia were invited to receive an on-site phy sical exam-
ination or an examination videotaped by their physical or
occupational therapist. The inclusion criteria were estab-
lished based on prior CIMT and HA BIT trials™ ™ (1) ability
to extend wrist =20 and fingers at the metacarpophalan-
geal joints =107 from full flexion, (2) the ability to lift the
more affected arm 15 cm above a @able surface and grasp
light objects, (3) =50% difference in the Jebsen- Taylor Test
of Hand Function {JTTHF) score between the 2 hands and
a time below the maximum possible (1080 5) of the paretic
hand, {4y mainsireamed in school and a Kaufman Brief
Imtelligence test score =70, and (5) demonstratad ability o
follow instructions during screening and complete the test-
ing. Exclusion criteria included the following: (1) health
proflems unassociated with CP, (2) cument’unireated sei-
gures, (3) visual problems interfering with treatment’
testing, (4} severe muscle tone (Modified Ashworth score >
3.5), (5) onthopedic surgery on the paretic hand within
| year, (&) bomlinum toxin therapy in the wpper extremity
within the past 6 months or intended treatment within the
study period, and (T) balance problems precluding wearing
a sling. Informed consent was obinined from participants
and caregivers. The study was approved by the University
Institutional Review Board.

Procedures

General intervention procedures. CIMT and HABIT proce-
dures share in common intensive progressive sk practice
basad on modor leaming approaches. They differ in that CIMT
requires hand restraint and progression of unimanual tasks,
whereas in HA BIT, there is absence of restraint, and tasks
are progressed bimanually. We first describe the common
procedures fillowed by procedures specific to CIMT and
HABIT.

Six HABIT and CIMT day camps were conducted at the
University from July 2007 w 2009 The day camps were
held in 2 separate rooms. Panicipants in 1 room received
CIMT, and the other received HABIT; 2 io 5 children par-
ticipated in each treatment at each camp. Participanis were
engared in meament 6 h'd for 15 consecutive weekdays
{adjusted for holidays; 90 hours, making up amy missed
hours) during school recess by irained interventionisis. Eight
of the interventionists {out of 42 interventionist'child pairs)
were physical or occupational therapists (FT/OT; 3 in the
CIMT group and 5 in the HABIT group). The remaining
interventionists were gradeate smdents in Kinesiology,
Meurnscience, Speech Pathology, or Psychology programs
and undergraduztes. Despite a higher level of knowladae
and awareness of how (o interact in a therapeutic manner,
the PTAOT interventionists were required to provide only
the specific procedures related o CIMT/HABIT and were
restrained from using other treatment modalities. The
expecied outcomes were nit discussed with inlervention-
ists. The pretreatment training, administered by the supervi-
s0rs, was standardized based on the established manual of
procedures for each meatment and reinforced by supervisors
and during daily meetings. Each room was always super-
vised by additional experienced PTe0Ts, who modeled and
ensured uniformity of reatment.

Paricipants worked individually with their iniervention-
ist or in groups (1:]1 interventionist o panmicipant ratio
always maintained). Interventionists were paired with chil-
dren prior io randomization using family-centered approaches
considering caregiver and superyisors” best judgment based
on the childs age and gender. Emphasis was placed on
making participation enjoyable. With the exception of goals
{see the following), tested task items were never traimed.
Children participated in whaole and pan task practice. Whole
task practice imvolved sequencing swccessive movements
within the context of tasks {eg, card games). The activities
were performed continuously for at least 15 @0 20 minutes.
Targeded movements and spatial and temporal coondination
were practiced within the context of completing the task.
Part task practice (analogous to “shaping™)™" required
breaking down motor skills into smaller components (eg,
playing-card tuming {0 promote forearm supination j while
increasing repetitions and skill requirements. It also increased
intensity of treatment by requiring as many repetitions as
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possible over repeated 30-= intervals (typically a minimum
of 5 intervals).

Task difficulty was graded by varying the spatial temporal
constrainis or by providing tasks that required progressive
skilled wse as performance improved. Task difficulty was
increased when the participant was successful on 7 of 10
repetitions. Task performance was recorded, and task-
and age-specific knowledge of results was provided for
encouragement %

Supervisors instructed interventionists regarding the
main focus of the reatment (eg, supination) for each child,
based on histher pronounced movement deficits, interesis,
and potential for improvement. Data activity logs were col-
lected, which included activities performed, time spent in
partwhaole practice, and the number of repetitions.

Caregivers were instructed to engage participants in home
practice (unimanual without restaint for CIMT and biman-
ual for HABIT) for 1 hid during and for & months following
the intervention and document practice using activity logs.

CIMT procedures. CIMT was modified io be child focused
{for details see Gorden et al™). Participants® less-affected
hands were restrained with slings, and unimanual activities
ware performed with the paretic hands. The sling was strapped
o participants” trunks with the distal end sevan shut and was
continuously wom except when inileting or during breaks
{not =15 min'd).

Participants performed fine-motor and manipulative gross-
moior activities that elicit peneral movements of interest
and that incleded a range of age-appropriate, unimanual
functional and play activities. The mterventionist provided
assistance where appropriate. For example, during scissor
use, the child cut paper while the interventionizt held and
rotated the paper.

HABIT procedures. HARIT™ did not use a phyy sical restraint,
but imstead, participanis were engaged in age-appropriate
fine- and gross-motor bimanwal activities using motor leam-
ing approaches ™ A ctivities were selected by considering the
tole of the paretic hand, increasing in complexity from a non-
dominand passive assist (eg, stabilizing paperwhile drawing)
o active manipulator (eg, reorienting paper while cuiting)
using increasingly complex bimameal coordination and par-
ticipants” interests. Task demands were graded, and partici-
panis were engaged in active problem solving.

Interventionists avoided werbal prodding to uwse the
paretic hand and instead constrained the environment by
providing tasks necessitating the use of both hands w elicit
desired movemenis. Part practice included both bilateral
symmetrical { eg, reaching toward object[s] with both hands)
and asymmetrical (eg, pulling apan objects) movements.

Measures

Participants wers evaluated directly prior to reatment (pre-
test), within 2 days (“immediate™), and | and 6 months afier

tregtment by a physical therapist blinded to group alloca-
tion (verified following testing). Two primary outcome
measures were used to quantify unimanuwal capacity and
bimanual performance under the Intermational Classification
of Functioning and Health (ICF) “activity and performance”
domain.™

The Assisting Hand Assessment (AHA , version 43,
quantifies the effectiveness with which a child with uni-
lateral disability uses his/her affected (assisting) hand in
bimamwal activity. It has excellent validity and reliability
{interrater = 57, intrarater = 993" The test was videotped
and scored off-site by an experienced evaluator blinded to
group allocation.

The JTTHF is a standardized test of simulated functional
tasks quantifying the time to complete a battery of uniman-
ual activities.™ The activities performed with the paretic
hand include fipping index cards, object placement, simu-
lated eating, stacking checkers, and manipulating empty
and full cans. Reliability for children with stable hand
disabilities is high (.95-99). To determine whether the
less-affected hand was affected by the restraint {CIMT) or
use (HABIT), we also measured the JTTHF for this hand
before and immediately after CIMT/HARBIT.

Three secondary measures were also used. The dissoci-
ated movements (ICF “body function™) and grasp (ICF
“body function™ and “activity and performance™) subtests
of the Quality of Upper Extremity Skills Test (QUEST)*
were usad to characterize dissociation of distal and proxi-
mal upper-exremity movemeanis and attainment of specific
grasp patterns of the 2 hands {ICF activity and performance
and body function'struciure). The sum score for bodh hands
is convened o a standardized score (maximum = 100

The Goal Attainment Scale (GAS; ICF “activity and per-
formance™ and “participation™) was used to guantify progress
om established goals before group assignment {1 functional
and 1 play goal defined by caregivers andior older pamici-
paniz). Goals were assessed for appropristeness based on
are and current abilities and scaled off-site by a physical
therapist The goalswere practiced up io 30 min'd. However,
becawse emphasis was placed on embedding practiced move-
menis imto fun activities rather than providing “goal-maining™
ax iz often done in raditional cccupational’phy sical therapy,
interventionisis weare given latitude as to how much taining
was provided (if at all) within the 30-mimne limit. The
CIMT group was unable to practice bimanual goals and,
instead, practiced unimanual movement coOmMponents com-
prizsing the goal. Goal achievement" was rated by the care-
giver and verified by a physical therapist. Scores were
transformed to standardized T scores (mean = 50; standard
deviation = 10)*:

T:jﬂ.sz'xl'_

1||n—np+n’p‘
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where x is the attainment score, n the number of scales, and
Pihe mtfpac,had comelation of scales (P = 3). A Tscore of 50
indicates that goals were attained.

Children wore activity monitors  (Manufacturing
Technology Inc, Fort Walton Beach, Florida, #7164; 5.1
cm = 2.6 cm = 1.5 cm, 42.9 gf"nn their wrists during the
AHA test sessions. The units sample (10 He) and store
summeed valwes in memory and data were downloaded o a
PC. The number of accelerations is measured as activity
counts (001664 g for an acceleration of 2.13 g directed
parallel to the x-axis at 0.75 Hz), which were used to dater-
mine the percentage of time each hand was used while per-
forming AHA activities !

Statistical Design

Sample size calculations were performed based on AHA
scores derived from an earlier HABIT trinl® A mean
improvement of 0094 + 054 logits for the HABIT group
was reported. With e = .05, 1 — = 080, and an estimatad
0%, dropout, 21 participanis in each group were reqguired.
Intention-to-treat principles were used.

A2 {Group) = 4 {Test Sessions) ANOWVA with repeated
MEasures on test sessions was performed on raw and log-
transformed AHA, JTTHF, QUEST, and acceleromseiry
data using SP55 15. Since the findings were qualitatively
similar, only analyses of raw data are reported. The over-
all Group = Test Session interaction tested whether the
time course differed between treatment groups. Planned
comparizons wera used between the pretest and each of
the posttests and the immediate postiest with the 1- and
f-month posttest. Bonferroni comections were used,
resulting in a significance level of P < .01, A 2 {Group) =
3 (Posmesis) ANOWVA with repeated measures on post-
tests was performed on the GA S T scores, with the group
factor indicating whether one group had greater goal
atainment.

Results
Patient Flow

Patient flow i shown in the CONSORT flow diagram
{Figure 1). During recruitment (June 2007-2009), 183 ndi-
viduals were screened. Ultimately, 44 qualified individuals
agread to panicipate and were randomizad into the HABIT
or CIMT group {see Figure 1 legend for details). Panticipants
{410 in each camp) were mndomized offsite using con-
cealed allocation siratified by age and JITTHF screening
score. A total of 42 participants (21 in each group) com-
pleted the study. Table | describes participant characieris-
tics. There were i significant group differences in baseline
scores for any measure (Table 2).

Treatment Characteristics

Participants in the HABIT and CIMT groups completed
all ® hours of treatment and averaged 79% and B1% of
the time in structured practice, respectively (remaining
time was spent in transitioning berween tasks, twoileting,
aic). Children spent 17% and 16% of the practice time,
respeciively, in part practice, with the remainder in whole
practice. Direct observation by the superyizors and moni-
toring of daily logs confirmed that both treatment prodo-
cols were completely adhered o and only the intended
treatments were received. Home logs indicated that chil-
dren averaged 286 minutes of the requested 360 minwk
engaging in home practice during the 6 months following
the intervention.

Mo adverse events were reponed. Participants stopped
wsal and customary care (UCC) during the treatment but
resumed afterward (proportion receiving therapy was simi-
lar between groups: P o= 05, Table 1). There were no
changes o preexisting therapy.

Quality and Amount of Movement

Table 2 shows the means for the HABIT and CIMT groups
at each time point and the pretest to immediate postiest dif-
ference for all measures. For the JTTHE, there waz a 141.7 &
(37.8%) and a 131.2 5 (34.3%) decrease for the CIMT and
HARIT groups, respectively (Figure 24 ). Similarly, the AHA
scaled logit scores improved 2.24 and 3.0 points for the
CIMT and HA BIT groups, respectively (Figure 2B ). Planned
comparisons revealad that the changes were atiributed 1o dif-
ferences berween the pretest and immediate postiest that
werne maintained over the 6 months. There were no Group =
Test Session interactions for either primary measure.

There was no difference in the less-affecied hand JTTHF
for either group {CIMT change score = 6.1, 95% confidence
interval [CI] = —3.5, 15.7; HABIT change score = 5.2, 95%
C1=—02K, 11.3; P > .05 in both cases).

To account for the asymmetric distribution of right- and
left-zside hemiparesis across the 2 groups, we repeated the
analyses adding side as an additional factor. There was no
effect of side or group interaction for either measure.

A main effect of testing session was also seen for sec-
ondary measures (QJUEST dissociated movements and
grasp subtests, amd the accelerometry, Table 2) for both
treatments. JUEST changes were largely a result of
increased scores for the paratic hand (P < ], not shown
separately in Table 2). However, scores for the less-
affecied hand increased slightly (raw score pretest to
immediate posttest across both groups, 23.3 w0 23.9) for
the grasp (P = .001) but not for the dissociated movements
subtest. Accelerometry resulis indicated that the less-
affected hand moved -91% and the paretic hand -64% of
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Figure 1. COMSORT flow diagram showing progress throwgh the stages of the study, iIncluding flow of participants, withdrawals, and
ncluion i anabyzes. A totzl of 183 indwiduzk were screened wa telephonafe-maill, and 35 of these were excleded for the following
reacons: oo old (n = 11}, too young (n = 35), poor cognition (n = 1 1), wrong diagnosis (n = 22), botulinum toedn treatment within prior &
mionths or plnned within study perod (n = Z), uncontrodible setzures (n = 7), prior CIMT within & monthe (0 = 5), surgery {n = 1),and
dizease too severs (n = 1A ozl of B8 individuals potentially met the study critera and were invited to underge physical screening, 27
individuzals choss not to undergo physical screening. OF the remaining &1 individualz, 9 were excleded on the basks of the physical eame
too severs (no= B) and too mild {n = 1) OF thase indriduzls who qualfied, 8 chose not to participate: not avallable during day-camp
pertod (n = 5) and hardehip zesociated with participating (n = 3). Ultimacely, 44 of the remaining indrdduale agreed to pardcipate and
were randomized Into the HABIT or CIMT group. One pardcipant dropped out after randomization {unaware of group allocation), and
another waz excluded after the Intervention for iInability to comply with testng procedures. A toml of 21 indviduzals from each group
completed the Intervention and subseguent posttects. Abhbrevations CIMT, constrant-Induced movement therapy; HABIT, Hand-Arm
Intensive Bimanual Therapy.

the time for each group at baseline. Hand use increased unchanged for the less-affected hand. The changes did not
~-14% for both groups (ie, making up half of the baseline correlate with AHA scores changes (r = —0.041) but did
difference]) for the hemiparetic hand, whereas it remained correlate with JTTHF changes (r=0.48; P = 001).

Ceranion sied from nod Ahgapat. oo By pusst o Febnary 3 20 E
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Table I. Baseline Participant Characterktics

Characterictics CIMT (n=21) HABIT [n=11)
Mean age (S01). years, £3(27 a4(1L1D

months
Gender

Male 9 (43%) 11 (52%)

Feale 12 (57%) 10 (48%)
Paretic hand

Fught 15 {71%) 5 (43%)

Left & (29%) 12 (57%)
Lesion locnon® {type)

Rw 5[|‘h1|:ld{r} a{lhl:#.i“

Lefe B(3E2=340m T(raraim

Bilaterz| Fipfofifom 1fitoion
Race

WWhite 15 [71%) 12 (57%)

African Amencan 3 (14%) 4(19%)

Hizpanic 2 (10%) 4(19%)

Azan I (5%) | (5%)
MACS

I 2{10%) 3(14%)

I 18 (85%) 17 (B1%)

n I (5%) I (5%)
Baseline [TTHF, mean (50,2 375 (154) 14l (128)
K.EIT, mean (507 6.7 (20.7) 393 (16.5)
plzny 10 (0.B3) 3415
Controlled safrures 3 (14%) 7(33%)
Thierzmy

FT 0 (95%) {1 00%)

oT 20 (95%) 18 (B5%)

Abbreviations: CIMT, constraint-nduced movemnant tharapy: HABIT,
Hand-Asm Intansive Bimareal Therapy; S smndard daviation; MACS,
Mareal Abliy Chassfication Syston [TTHF, Jebsen-Tador Test of

Hand Function; KBIT, Kawiman Brief inteligonca Test; 1P, 1 point
discrimiration (awerape of thumb and Indax(; PT, physical therapy recatved
aff-stta (number of Indvdualksk OT, cooupatonal tharapy recaived off-site
({number of Individials).

MR from 12 chiidinen were nat availble.

Brain maiformation.

“Abmormality of parventricubr white maner

“Corticalfsubeortical lasion.

*MNonprogressiva postnatal braln Injary (CIMT dhild, left precontral gyrus,
right corona radixta; HARIT child, bibtoral swelling, more pronownced on
right, minimal along bady of left ventride)

'Ot of 30 participants, |7 were undetarmined becursa of aga.

Goal Attainment

(Goal characteristics and artainment are described in Tabla 3.
The majority of goals were bimanual {remaining goals were
unimanual with paretic hand). All goals were relatad to the
ICF *activity and performance”™ domain. The HABIT group
spent more intervention time practicing goals than the
CIMT group, but home time practice of goals did not sig-
nificantly differ between groups.

Both groups achieved (T score of 500 or exceeded their
axpected level of goal performance and continued to improwve
across test sessions. However, the HARIT group made

greater progress than the CIMT group, as indicated by =ig-
nificant group differences in their T scores across all test
sesgions | Tablz 3. The combined amount of camp and home
practice time did not comelate with GAS T scores (r=0.06)
at immediate postiest.

Approximately 25% of the identified goals were not prac-
ticed in either group during the interventions or at home.
However, the T scores for these unpracticed goals were sig-
nificantly higher for the HABIT group {Table 3). These
scores appeared o improve across test session, but the
improvement and interaction with group was not statisti-
cally significant.

Predictors of Improvement

Participants with higher initial JTTHF =cores had greater
absolute (r = 0.69), but not percentage change in, JTTHF
scores for CIMT and HABIT. Neither age nor any other
wariable was related o primary measure improvement for
either treatment.

Finally, in the present study, only & of the 42 panticipants
were assigned a physical or occupational therapist for the
intervention. There was liile difference in AHA or JTTHF
changes (8= evidenced by small mean differences and over-
lapping distributions) regardless of whether the interven-
tionist was a PT/OT or not {PT/OT AHA change scome =
1L.37, 95% CI = —L.11, 3.86; non-PT/OT AHA change
score = 2,91, 95% CI = 1.47, 435; PT/OT JITTHF change
score = 118.9, 95% CI = 48.8, 189.0; non-FT/OT JTTHF
change score = 140.6, 95% C1=98 4, 182.9). Similar ahsences
of differences were observed for the secondary measures.

Discussion

Bimanual waining and CIMT resulted in similar improve-
ments in the primary measures, which did not suppont our
hypothesis of specificity of training. This suggesis that
improvements in hand function asseciated with CIMT can
b achieved with an equally intensive bimanual approach.
However, there was specificity of training for goal atain-
ment, whereby the HABIT group made better progress on
established goals and transfer 0 unpracticed goals. These
findings have important implications, given the increasing
popularity and potential invasiveness of CIMT. It is impor-
tant to mode that our resulis suggest that intensive progres-
sive task-specific training improves hand function.

Both CIMT and Bimanual

Training Improve Hand Function

In Bﬁ'ﬂmE‘m with our guasimndomized CIMT/HARBIT
trial, ~ there were significani changes in all measures fiol-

Irwing CIMT and HABIT. The partial r|: {Tahles 2 and 3)
indicated that 26% and 48% of the variance in AHA and

v, Sl
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Table 1. Resule
Change Soora Tt Session Intaraction
Immedimo Postwest |-Momth Postiest &-Month Postiost  (Protest oo Immedate Efect P¥alue F¥aluo
Pratast (95% C1) (95X ) [sxan @5l Posoest) (35 ) [Partsall ') Partsal )
AHA (Lagrs)
OMT 038 (-04L01.17) 080001, 1.58) 050 (DI, | £7) 1106 (035, 1.74) 047 (.08, 0.7¢) — —

HART 038 [-0410L17T) 094 (006 172) 0.5 (D21, 1.78) 099 (030, 169y 0.55 {023, 0.5 — —

Mean 038 [-020,080) QBT (020, 1.4D) 054 (040, 1.50) 102 (0.0, 130y 0.47 (0.25,0.73) Fo DDOI 260) P = BO& {008}
[TTHF [5)

T 3748 (2689, 480.8) 2300 (I540,3113) 2070 (146.1, 2681} 2210 (I150.1,751.8) 0407 [-1954, 88.0) — —

HABIT 3808 (2750,4867) M94(IT05.3287) D3a9(1760. 1979 I217(I519.1505) 1311 {-I1B50, -175) - —_

Maan 3778 (3061, 4495) 414 (1677, 1950) 22201805 253.6) 2218 (17192698 1365 (1740, 905 P« 0DO0I (4500) P BET (006}

OMT  &5.3 [51,49) TIE (75,81} TTR (75,81} TO.0 (76,83} 123 (9,15 — —

HART &3] [50,67) T8 (75, 81) Tod (T4, 79 778 (75.81) 152 {12, 18] — —_

Mean £4.2 [0, T0) TELO (76, BO) TT.1 (76, 79) TH4 (77,80} 138 {12, 1&) P D001 (774)  P= 345 (027
QUEST—Dissodatnd Movement {smndardized soores)

OHT 857 (B1.4,88.8) 903 (281, TLE) 913 (BR0,925) B (2L, 90EY SI{LY.ET) — —

HART 877 (B4.1,913) 912 (290, 93.4) B0 (B2, 91I) B0 (2R, 9IE) 140169 — —_

Mean BE.5 [B4.1,89.0) P08 (292 Y13 910 (B2.5,9L5) WO (2R, 9ILEY 43 (1.9, 68) F< 0001 {200) P- 269 (026}
QUEST—Grasp {sandardized soores)

OHT &35 (534, 754) BO.E (75.8, BI.4) BI.2 (7&B,B5T) THE [TLE, BLO} TLT &1, 161 — —

HART  &B.6 (517, T45) T34 [T4.6, BLT) TO9 (755, 844) TE3 [ToLl, 13y 108 {58, 15.8) — —

Mean 9.0 (650, 730) BO.0 (768 H1.3) B0 (776, B1E) TI5 (13,817 110 {75, 145) P D001 {359)  P= 548 (005}

Abbresations: CIMT, conetraing- ndused mosement thirapy: HASIT, Hard- Arm Intenst. Bimans) Tharmgy, | TTHE jben- Tagor et of Hard Funetion: AHA_ Asiming Hand
Azzasmment; GUEST, Chality of Upper Extremity Skilz Test; Mean, repremnis the average for the CIMT and HABIT groups.

A B
i CIMT
500 - B2 —#- HAET
450
a0 - B0
E g -
¥ £
o
~ 3 =
-] g
) 250 B =]
i :
E
2 150 4 =
1
52
50 |
o T T T T 50
Pretest  immediate 1-Month  6-Month Pretest  Immediste 1-Month  S-hanth

Figure 1. A Mean + standard error of the mean (SEM) time to complate the & dmed rtame (writing excluded) of the Jabsen-Taylor Tact of
Hand Function Faster dmes correspond oo better parformance. The maximum allowable time to complete each item was 180 ¢, resultng In
2 madmum score of 1080 5. B. Mean + 5EM ecaled log scores on the AHA; higher scores represent better performance. Abbreviations:
CIMT, constraint-induced movement therspy, HABIT, Hand-Arm Intenstve Bimanusal Therapy; AHA Assining Hand Assessment

JTTHEF, respectively, and up to 77% for secondary mea- accident (CVA) interventions.”— The robust JTTHF
sures, is attributable to the treatments. Similar findings changes for both treatments {137 s} were nearly twice those
have been reponted following adult stroke cerehral vascular reponted inm A 13-year follow-up study of hand function

Dicrvnios oied “roem red s gacat oo by gt on Febnarp @ S0A D

143



Gordon et ai £99
Table 3. Goal Atzinment Scale
Mumber of

Goal Category Goak

Unimanuzl & (17.0%)

Birmnanual 36 (83.0%)
Functional goal type

Ciressing 6 (620%)

Eating 12 (2B.4%)

Improve object I(TI%)

manipulation

Crther 1 (23%)
Flay goal type

Ball play 19 (45.2%)

Computerivideo game & (14.7%)

Sclesors S{11.9%)

Orthar® 12 28.7%)
Zoal Practice (minwtes) Intarvention Horms

CIMT TO.E (78.7) 121 (221)

HARIT 138.0 (98.7) 259 (313

tTest t=245P =05 t=L&P=.11

Immediaze I-Month &-Month Group Effect  Test Session Interaction
Postiest Postiest Postiest Pyalue Effect PValue PValuse
{B5% C1T) (955 CI) {953 CI) {Partal n {Parttal v%) {Partal 0

GAS (T score—all goak)®

CIMT CILO(4TE 544) E45(51E 576 E9.0(55.8.623) — — —

HARIT 59.1 (55.6,627) &1.3(5A1.64.4 &3.8 (6056700 — — —

Mean S50 (526,575 579(557.60.1) &1.3(SB9.637) P<.001 (264) P<.001(235) FP=.412(022)
GAS (T score—unpl

CIMT 475 (319.4.55.6) 495(429.56.1) 595 (535.655) — — —

HARIT 60.0 (50.3,65.7) 607 (5L, 68.6) 614 (54.2.687) — — —

Mean SIB (474, 60.1) 55.0(50.0.60.3) 405 (S5.8.652) P05 (258) P=AF6(I5B) F=.174(110)

Abbrevations: CIMT, constraint-dnduced movemnant tharapy: HABIT, Hand-&rm Intensive Bimanual Therapy; Cl, confidence Interval; GAS, Goal

Arfainment Sale.

oxher play activities Inchuded bralding kair, holding a ook ar cards, playing with Legas, dressing a doll, and wsing a remiorte car:
bﬂ.qu,nnfﬁmcﬁ:m]mdphy?:mrnsﬂmn.mfm’:mdmmndﬂw CMT and HABIT groups.

development in CF* Yot these improvements were achieved in
just 3 weeks and were main@ined at the & month follos-up.
Since early development of conticospinal tract {C8T) is
activity dependent, prolonged movement restraint in the
developing infant could conceivably affect the resoained
hand. " Treamenis that podentially promote rebalancing
M1 excitability, such as bimanual practice or inhibiting
contralesional M1 using transcranial magnetic stimula-
tiom,™ may facilimte recovery. Our findings indicate that
bimanual training is an effective alternative to CIMT.
Intensive approaches such as CIMT may be additive
over repeated exposures*! Thus, emphasis should be placed
on providing treatment ina child-friendly manner. There could
also be an additive effect of combined (CIMT/bimanual)
ingredients. Combined treatment showed improvement com-
pared with a group of participants who received the same

cumulative amount of an altermnative reatment, althowgh
the dosing schedules were different* Our findings of simi-
lar improvements in hand function for both treatments may
indicate that both dosing schedule and imtensity may be
importani.

Bimanual Training and Goal Attainment

Bimanual traiming affords leaming strategies that have
direct impact on daily routines. Although both groups
achieved expected goal performance, the attainment was
higher for the HABIT group at all test sessions. Goal
attginment continued o improve for both groups across
test sessions, with the CIMT group appearing to make
greater contineed gains at the &-month postest (but P = 05}
Mot surprisingly, most goals were bimanual because

Cicraniboa 5 freems Mt A AL 2T By puant o Fabruany 3 SO0rE
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participants had a well-functioning dominant hand.
Performance of bimanual activities in hemiplegic CP is a
complex process influenced by internal and external fac-
tors, with strategies chosen based on the least negative
alternative* Thus, improved bimanual performance is func-
tionally important, and bimanueal training allows direct
practice of these goals.

It would not be swprising that goals that are practiced
more improve mone. However, despite the greater goal prac-
tice in the HARIT group, this was not the case because the
amoumt of practice did not comelate with GAS improvemenis.
It i= particulary interesting that there was greater improye-
ment even for unpracticed goals for the HABIT group. Thaes,
thiere was better trans fer of practice from other bimanual skills
to poal achievement This transfer could be a resuli of
improvemenis in the ability to coondinate mov ements between
the 2 hands and'or increased problem solving (identified as
important for plasticity)™ required during bimanual perfor-
mance, given the increased degrees of freedom. Accordingly,
action planning in children with hemiplegia may improve fol-
lewing a combined CIMT bimanal maining.

Therapeutic Considerations

Une potential advantage of CIMT is that the restraint
allows the interventionist to focus solely on the more
affected hand. Our protocol relies on a 1-to- 1 interven-
tionist to child ratio. In the absence of this possibility, the
resiraint may result in greater intensity because partici-
panis would have no choice but (o use their more-affected
hand {ie, forced use). However, the resiraint would pre-
chude opponunity to practice functionally meaningful {biman-
waly moy emenis.

The similar improvements regardless of whether or not
interventionists were clinicians suggest that the 1-wo-1 ratio
can be maintained in an economically feasible manner. The
similarity is likely a result of the fact that preinteryention
training is standardized, and clinicians were required to
closely adhere to standardized procedures and not admimnis-
ter therapeutic technigues incompatible with motor learning
approaches used by HABRIT and CIMT.*® Both treatments
were supervized by PT/OTs, who maintined the integrity
of the standardized mining, which may have further reduced
differences.

Limitati
There may be individual differences that make | reament mone
effective for a given individual or yield a response difference
thai depends on the hemiparetic side. There was an unagual
distribution of side of hemiparesis in each group. However,
when this was taken into account, the results did not change.

It is conceivable that the measures used are not sensitive
enough to detect subtle differences between treatment

cutcomes. For example, there could be differential changes
in the spatial-temporal coordination of the hands that can
only be determined kinematically. Furthermore, although
the sample size was fairly large for a physical rehabilitation
study, differences may emerge with a larger and more diverse
sampla.

Wi did not mpdomize interventionist assignment or
include a no-treatmentCC group. Howev er, fior the latter,
nearly all the improvemeant occurred at the immediate poss-
test Although we only had | pretest, the JITTHF during
screening (-1 month prior) and st pretest did not s'Eniﬁ-
cantly differ Furthermore, earlier studies of CIMT*™ and
HABIT* indicate that these measures do not change over
& months in a UCC group.

Finally, treatment efficacy may differ at lower dosages
(ig, the 90 hours may wash out differences). In fact, an
earlier 60-hour HARIT study found that hand function began
i0 refumn toward baseline at 1-month posties,”’ whereas
we did not find this following &0 hours of CIMT™ (albeit
using different measures) or for either 90-hour treatment
here.* Further research is required to establish both opti-
mal ingredients, dosage responses, and feasibility in real-
warld settings.
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Development/Plasticity/Repair

Using Motor Behavior during an Early Critical Period to
Restore Skilled Limb Movement after Damage to the
Corticospinal System during Development

Kathleen Friel,'* Samit Chakrabarty,”* Hsing-Ching Kuo,'* and John Martin®4

Departments of 'Psychiatry and *Neurascience, Columbia University, New York, New York 10032, 2Department of Bicbehavioral Sciences, Teachers
College, Colambia University, New York, New York 10027, *Department of Physiclogy, Pharmacology, and Nearoscience, City College of the City University
of Mew York, New York, New York 10031, and *Institute of Membrane and Systems Biclogy, University of Leeds, Leeds, L52 9]T, United Kingdom

This study Investigated the requirements for restoring motor function after corticospinal (C5) system damage during early postnatal
development. Activity-dependent competition between the C5 tracts (C5Ts) of the two hemispheres 15 imperative for normal develop-
ment. Blocking primary motor cortex (M1) activity unilaterally during a critical perlod [postnatal week 5 (PW5) to PW7] produces
permanent contralateral motor skill impalrments, loss of M1 motor map, aberrant CS terminations, and decreases in CST presynaptic
sltes and spinal cholinergic Interneuron numbers. To repalr these motor systems Impalrments and restore function, we manipuolated
motor experience In three groups of cats after this CST injury produced by Inactivation. One group wore a Jacket restralning the imb
Ipsilateral to inactivation, forcing use of the contralateral, impaired limb, for the month after M1 Inactivation (FWE -FW13; “restraint
alone®). A second group wore the restraint during FWS -FW13 and was also trained for 1 hid In a reaching task with the contralateral
forelimb (“early training™). To test the efficacy of Intervention during adolescence, a third group wore the restraint and recetved reach
training during PW20 -PW24 (“delayed training”). Early training restored C5T connections and the M1 motor map, Increased cholin-
ergic spinal interneurons numbers on the contralateral, relative to ipsilateral, side, and abrogated limb control iImpatrments. Delayed
training restored C5T connectivity and the M1 motor map but not contralateral spinal cholinergic cell counts or motor performance.
Restraint alone only restored CST connectivity. Our findings stress the need to reestablish the integrated functlons of the C5 system at

multiple hierarchical levels in restoring skilled motor function after developmental injury.

Introduction

The corticospinal (CS) system integrates motor systems informa-
tion to regulate spinal motor circuits for skilled limb control
[ Lemwon, 2008}, C5 systemn damage typically produces debilitating
weakness or paralysis and, especially during development, mal-
adaptive control {Volpe, 2009). How can we leverage knowledge
of normal CST development to restore motor function after early
postnatal injury? Two key determinants for establishing CST
connections between motor cortex (M1) and spinal cord are CS
systemn activity (Martin and Lee, 199% Friel and Martin, 2007)
and early motor experiences {Martin et al., 2004). By manipulat-
ing C5T activity, we demonstrated the importance of activity-
dependent competition between the developing CSTs from each
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hemisphere. Asymmetric levels of activity on the two sides during
an early critical period leads to aberrant bilateral development of
CST spinal terminations (Martin et al., 2009). This results in
reduced efficacy of M1-to-contralateral spinal motor circaitry
(Chakrabarty et al., 200%9a; Chakrabarty and Martin, 2010} and
skilled motor impairments {Friel et al., 2007). These circuit im-
pairments are similar to those in hemiplegic cerebral palsy, a
developmental motor disorder affecting 1-32 in 1000 births {Him-
melmanmn et al., 2005).

The circuit and skill impairments produced by perinatal
activity imbalance are permanent if left untreated. However,
manipulating CS system activity after CST developmental im-
pairment, by M1 inactivation or CST electrical stimulation, re-
pairs aberrant ST spinal circuitry and abrogates movement
errors (Friel and Martin, 2007; Salimi et al., 2008). The repair
mechanism is activity-dependent competition. Electrical stimu-
lation of the impaired CST gives it a competitive advantage to
secure more connections. Inactivation of the unimpaired CST
removes its competitive advantage.

The goal of this study was to harness activity-dependent com-
petition to repair CST circuitry and restore function by altering
behavioral experiences. We manipulated competition behavior-
ally at two treatment levels. By using constraint of the ipsilateral
limb, we intended to reduce the competitive advantage of that
limb and its associated control circuitry and to provide a compet-
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itive advantage to the impaired contralateral limb and its control
circuits. By combined contralateral limb constraint plus im-
paired limb reach training, we augment the competitive advan-
tage to the behaviorally impaired limb. We chase these two levels
ter help inform therapies for humans with developmental motor
impairments, because many patients with developmental motor
disorders can receive limb restraint buat are too impaired to en-
gage in skilled training. We applied these manipulations imme-
diately after establishment of aberrant CST circuitry after M1
inactivation [ postnatal weeks (PW) of age| and during adoles-
cence {older than PW20). We examined performance of all ani-
mals in a visually guided locomotor task dependent on CST
contred and, in trained animals, reach acouracy. CST outcomes
were spinal axon termination pattern, varicosities, and M1 rep-
resentation. We also studied choline acetyltransferase (ChAT)
expression in spinal interneurons, which we showed is under
activity-dependent C5T developmental regulation (Chakrabarty
et al., 2009a).

Ohur findings stress the need to reestablish a normal CST spinal
termination pattern and M1 motor map and to increase cholin-
ergic spinal interneuron mambers on the contralateral, relative to
ipsilateral, side to restore skilled motor function after develop-
mental injury. This was only achieved by combined constraint of
the unaffected limb and early training of the affected limkb.

Materlals and Methods

All experimental procedures were approved by and conducted in accor-
dance with the Institutional Animal Care and Use Committees of Co-
lumbia University, the Mew York State Psychiatric Institute, and The City
College of the City University of Mew York. Cats were purchased from an
Asspriation for Assessment and Accreditation of Laboratory Animal
Care-aocredited sapplier. Kittens of either sex were defivered in litters of
four to five, with a lactating mother, at PW4.

CGeneral surpical procedures. For all surgical procedures, animals were
given atropine (004 mg'kg, L.m.) to reduce oral secretions. Animals were
anesthetized with a mixture of acepromazine (0.03 mg'ke, im.) and
ketamine hydrochloride (30 mgfkg, i.m.). For osmotic minipomp inser-
tion and tracer imjection procedures, animals were maintained in an
areflexive state with 1-2% isoflorane. For intracortical microstimulation,
anesthesia was maintained with ketamine hydrochloride as needed, typ-
ically 10 mg-kg ' -h ™' intravenouasly.

Amimals were given a broad-spectrum antibiotic (Cephazolines 25
mg-kg~'-d ', im.) before surgery, immediately afier surpery, and
twice daily for 2 d after surgery. Likewise, an analgesic ( Burprenorphines
003 mg-kg ' -d 7", Lm.}) was given immediately after surgery and
twice daily for 2 d after surgery. Animals were kepl in a warming incu-
bator until they recovered from amesthesia. Kittens were then returned to
their home cage, with their mother and littermates. Cats typically re-
sumed mursing within 4-6 h after surgery and were given supplemental
milk (KMR feline milk replacement) as needed to ensure adequate
weight gain.

M1 activiry blockade. To block M1 nenral activity, the GABA, agonist
muscimal (10 ma in sterile saline; Sigma) was contimiously infused
using an csmotic minipomp (Alset model 2002) (0.5 pl'h) into the cen-
ter of the left M1 forelimb representation, located primarily in the lateral
sigmioid gyrus {Chakrabarty and Martin, 2000}, as in oor previons shad-
ies (Martin et al., 199%; Friel and Martin, 2005; Friel et al., 2007). A 28
gange hypodermic needle cannula {Alwet), beveled at the tip, was con-
nected with vinyl mbing (size 4; Scentific Commodities) to the pump.
The cannula was inserted 1.5 mm below the pial surface, to the approx-
imate location of pyramidal cell bodies. The canmaka was fived to the skull
with screws and dental acrylic cement. Nenronal activity was blocked in
left M1 from PW5 to PW7. The osmotic pamp delivered muscimaol for 2
wiks,

We have shown using the metabolic marker cytochrome oxidase that
this infusion maximally inhibits a 2.5-3 mm patch of cortex at the infia-
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siom site and bess inhibition for am additional 4-5 mm (Martin et al.,
19849, This imactivation also produces a reduction in the kevel of neuropil
immunostaining of the calcium binding protein parvalbomin over ap-
proximately the same distance as observed for the cytochrome oxidase
reduction (Friel et al., 2007) (for the location of maximal activity marker
reductions im relation to the M1 motor representations, see Fig. 74). In
previons studies, we verified that the infosion did not prodoce a lesion by
comparing, within the infused and non-infused cortex, cell body density,
the distribution of newrofilament-F (SM1-32) immunoreactivity, and
parvalbamin cell body staining (Martin et al, 1999; Friel et al., 2007).

Paost-inaceivation treaemenss. The osmotic minipomps that delivered
muscimal were removed at the end of PWT. The goal of this study was to
determine the effects of different post-inactivation treatments on C5
system anatomy, physiology, and fanction. After M1 inactivation, ani-
mals were assigned o one of three treatment groups: (1) restraint of
unimpaired forelimb limb and training of impaired forelimb in the
maonth immediately after the M1 inactivation (FWS-PWI13) ("early
traiming”); (2} restraint of unimpaired forelimb limb in the month im-
mediately after the M1 inactivation (PWE-PWI3) ("restraint only™ )
and (3) restraint of unimpaired forelimb imb and training of impaired
forelimb 3 months after the M1 inactivation (FW20-FW24) ("delayed
training”).

[Tackey resermine. Animals wore a soft mesh jacket to prevent wse of the
limb ipsilateral to inactivation (left). The jacket fit over the animal's head
and fit snugly around the torse of the animal. The jacket had a mesh
sleeve that was fitted over the animal’s left forelimb (ipsikateral to the M1
inactivation). The distal end of the sleeve was secared to the torso of the
jacket, thereby preventing any purposeful movements. The jacket had a
hale near the animal's right shoulder through which the animals right
forelimb was placed. Thus, when the animal was wearing the packet, it had
unrestrained nse of the forelimb contratateral to M1 inactivation and was
mot able to use the arm ipsilateral to M1 inactivation. Animals walked on
three limbs. Within | d, animals exhibited acclimation to the jacket, ably
mabilizing to eat, drink, and move abowt the cage. All animals wore a
jacket for the prescribed period, which was 23 hid for 4 weeks. The jacket
was removed for 1 h each day. For animals in the trained groaps, they
performed a reach task during most of this period; the rest of the time was
spent in the cage. For the restraint-only group, they were free to walk
about in their cage during this hour. Performance on the horzontal
ladder-walking task was tested two times each week during the treatment
period, during the | h when the cats were not wearing the restraint.

Forefimb renching task. The animals in the early (FWE-FWI13) and
delayed (PW2Z0-PW24) training groups were trained in a forelimb
reaching task. Animals were not provided food in their home cage on the
days of training. For the reaching task, animals were placed in a 36
36 = 50 cm box. Five sides of the box were made of mesh plastic; one side
was open. A metal gnid was affixed to the box so that the grid blocked the
apen side of the box from 10 cm above the box floor to the top of the box.
This left a 10 cm opening between the metal grid and the box floor. A flat
surface (“reaching surface™) was placed on a 5-com-high platform ontside
the box and placed up against the opening in the box under the metal
grid.

Draring training, cats were placed in the box Before cats were placed in
the box, the jacket was removed so the animal could use all four limbs for
postural sopport. The reaching surface was placed up against the opening
in the box under the metal grid. A 5 mm cube of food (beef or tana) was
placed on the reaching surface — 13 cm from the metal grid. The clear-
ance between the reaching platform and the bottom edge of the metal
grid was sufficient for the cats to reach to the platform and retrieve the
meat Cats would retrieve the food cubes, one by one. After the cat re-
trieved ome cube, the experimenter would place another cube on the
reaching platform.

Cats were trained to reach with the contralateral, impaired forelimi
[right comtralateral to the M1 inactivation). They were discouraged from
reaching with their ipsitateral unimpaired limb by quickly removing the
fiond a5 they began their reach, so they did not receive positive reinforce-
ment. Cats were not exposed Lo the reaching task before or during the
cortical inactivation, because even normally developing cats younger
than 7 weeks of age are not capable of performing the task. Typically,
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early in training, cats wounld initiate each reach with their unimpaired
(left) forelimb. If so, the experimenter would remove the food cobe or
block the path between the unimpaired forelimb and the food. Early in
training, all attempted reaches with the impaired forelimb were rewarded
by the experimenter placing the meat close to the cat’s mouth. Within
one to three sessions, cats learned that reaching with the impaired fore-
limb was necessary for reward and would successfully retrieve the meat
with its impaired forelimb. Cats were trained for 30 min, two times per
day, 5 dfweek, for 4 weeks. All cats made --4000 total reaches during
training [average * 5E, 3866 = 105).

Horizoneal ladder-walking rask. We examined animals’ performance
while walking on a horizontal ladder (88 cmlong = 18.4 cm wide; 009 cm
square mngs: & cm mng interval) (Friel et al., 2007). All animals in all
treatment groups were tested on the ladder-walking task 2 df'week during
the period of intervention (FWE W13 or PW20-FW24). Animals were
mot tested before or during the period of cortical inactivation becanse cats
younger than 7 weeks of age are not capabde of performing the task.
Ladder walking was tested twice a week, on 2 consecutive days. Rung
spacing was & cm. Cats were placed on a platform at one end of the ladder,
and meat cabes were placed at the other end. Testing was videotaped.
During testing, the cat walked across the ladder from the start platform to
the food reward. After the cat traversed the ladder in one direction, the
fioned reward for the next trial was placed on the other end of the ladder,
requiring the cat to traverse the ladder in both directions. This ensured
that both sides of the cat were captared on film. To prevent cats from
MEemOTiEing rung position, we placed them at different positions on the
platform for each trial, while keeping the distance between mngs con-
stant. This resulted in their starting to step on the mungs with either
forelimb. Moreover, the first ladder mung that was steppeed on differed
from trial-to-trial. We showed previously that control animals adjusted
their step distance in acourate proportion to sarprise changes in mng
distance (Friel et al, 2007).

In each testing session, cats comgpleted 20 passes across the ladder. In
each pass, cais made an average of four steps, providing —80 steps per
session for analysis. Testing took - 10 min per session. For the restraint-
anly group, ladder testing was performed during the | h when the cat's
jacket had been removed. For the reach training groups, ladder testing
was done immediately after reach training, before the jacket was placed
back on the animal. We showed previously that this testing frequency
provided sufficient trials for analysis and did not result in a training
effect. When animals were tested om the ladder-walking task for up to 4
manths using this schedube, in the absence of any intervention, stepping
accuracy did mot improve: stepping errors were not significantly different
at the end of testing compared with initial testing (Fried et al., 2007).

Amalysiz of reaching Videotapes of training sessions were imported
into a video editing program (iMovie: for the Apple Macintosh com-
puter). A | cm? grid was superimposed on the video, using the software
program Afloat. This made both the video and the grid simuoltaneonsly
visible. The grid was aligned to the video so that the meat cube was in the
center of the grid. For each reach, the video was paused each time the cat’s
paw touched the reaching platform. The grid sqoare in which the paw tip
(tip of D3) had landed was tallied. Two reaching sessions per week were
analyzed.

After reach endpoint positions were tallied, percentage reaches land-
ing ineach grid square were caloulated for each session. Percentages were
imparted into MATLAB (MathWorks) and converted to density maps,
with blae representing lowest values and red representing highest values.

Amalysiz of ladder seep movemens. Videotapes of testing sessions were
imported into 2 video editing program (iMovie; for the Apple Macintosh
computer). Images from the video files wereanalyzed at 30 Hz, pansing at
the frame in which the paw made contact with the rung. We measared the
distance that the tig of the cat’s forepaw extended in front of the mang of
the ladder (termed forward distance). The forward distance was mea-
sured on a flat computer screen. Distance mexsares from the computer
screen were converted to centimeters by scaling according to a calibrated
distance on each video file. We compiled a database of mean forward
distance of animals afier alternate inactivation. These data were com-
pared with control data from a previous study (Friel et al, 2007): (1)
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age-matched non-inactivated animals; (2) M1 saline infusion; and (3)
unilateral inactivation.

Tracer ijections. Biotinylated dextran amine (BDA; 5% in PRS: Invit-
rogen) and Luocfer yellow dextran (LY: 1% in PBS; Invitrogen) were
pressure injected imto M1 4 weeks before killing the animal. These ama-
tomical tracers were used b0 examine the C3 projection from neurons in
the forelimb areas of each hemisphere. Injections were made =2 d after
cessation of muscimol infusion. Previous experiments indicated that
tracer injected at the time of an intracortical infusion Giled to kabel 5
termimals.

All injections were made nnder viseal guidance within a band of cortex
just lateral to the tip of the cruciate subous, as in our previous studies (Li
and Martin, 2001; Friel and Martin, 2005). These injections were all
within MI. Three injections of BIXA, 300 nl each, were made in the left
M1 of exch cat, whereas three 300 nl injections of LY were injected into
the right M1 of each cat. Injections were made 1.5 mm below the pial
surface. Injections were separated by 1.5 mm and placed rostral, lateral,
and posterior to the former cannula implantation site, which was just
lateral to the tip of the crisciate sulons. We ensured that differences in the
distribution of C5 axons in the spinal cord were not attributabde to dif-
ferences in the locations of injections sites. In all animal groups, the
locations of injection sites, relative to the craciate sulous, were identical.

Hiseodogy and tracer Risrochemisery. Four weeks after tracer injection,
cats were deeply anesthetized with sodinm pentobarbital {30 mgke. iv.)
and perfused transcardially with warm saline, followed by a solution of
4% paraformaldehyde, pH 7.4. Heparin was injected (200500 U, iv.) at
the onset of perfusion. For perfusion, a peristaltic pump was used at a
predetermined flow rate that depended on the animal's weight. The total
perfusion time was 20-30 min. The brain and spinal cord were removed,
postiized in the same fixative at 4°C for 2-3 h, and then transferred to
20% sacrose in L1 m phosphate buffer overnight. Frozen transverse sec-
tions (40 pm) throogh the cervical spinal cord (C7-CR) were cut and
processed for BDA histochemistry and LY immunohistochemistry to
visualize the distribution of labeled €3 terminals. Parasagittal sections
through the cortex were cut, and alternate sections were processed for
B} or LY to determine the location of tracer injection sites. Parasagittal
wortical sections were also Nissl stained for assessing cortical cytoarchi-
tecture. In our extensive previous experience with BDA after M1 inacti-
wation, we have found that 4 weeks is sufficient tramsport time in matare
animals (Li and Martin, 2001; Friel et al., 2007).

For visualization of B2, sections were incubated in PBS containing
1% avidin- biotin complex reagent (ABC kit: Vector Laboratories) and
0.2% Triton X-100 for 2 h at room temperature. After rinsing, sections
were incubated with the chromogen diaminobenwidine (DAB; Sigma)
for 630 min. After ninsing, sections were mounted on gelatin-coated
slides, air dried overnight, dehydrated, and coverslipped. For visualiza-
tion of LY, sections were incubated at 4°C overnight in PBS containing
001 % rabbit anti-LY antibody {Invitrogen) in blocking boffer (3% goat
serum in 1 PRS with 0.2% Tween 20, pH 7.4). After rinsing, sections
were incubated for 2 h at room temperature in blocking baffer contain-
ing 0.2% anti-rabbit antibody conjugated to peroxidase, pH 7.4 Afier
Tinsing, sections were incubated with the chromogen DAB for 530 min.
Sections were mounted on gelatin-coated slides, air dried overnight, de-
hydrated, and coverslipped.

To mark putative synapses between (5T axons and spinal newrons, we
triple labeled spinal sections for BDA, the presynaptic marker synapto-
physin (S¥YM), and the postsymaptic marker postsynaptic density-95
[PE1-85). Nonspecific binding was blocked in sliced tissue with 3% don-
key serum for | b at room temperature. To visnalime BDA, sections were
incubated with conjugated ExtrAvidin Cy3 (1:500 to 1:B00; Sigma). For
visualization of PEI-95, tissne was incubated with the primary antibody
{1:500 polychonal rabbit anti-FS0-95; Invitrogen) for 4 b at room tem-
perature, washed with PES, and incubated in the secondary antibody for
| hat room temperature ( 1-500 goat ant-monse [pG conjogated to FITC;
Tackson ImmunoResearch). For visnalization of SYN, tissue was then
incubated with the primary antibody (1:1000 monoclonal mowse anti-
SYM; Millipore Bioscience Research Reagents) overnight at 4°C. Sections
were washed and incobated with the secondary antibody and incubated
for 1 b at room temperature (1:500 ExtrAvidin Cy5; Sigma). Sections
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were washed, mounted on gelatin-coated slides, air dried, and cover-
slipped with Vectashield (Vector Laboratories).

For visualization of ChAT, we used a goat polyclonal anti-ChAT pri-
mary antibody (ABI144P; Millipore: SwissProt number P28320; 748 ax
single band on Western blot, 68-70 kDa), as in our previous study
(Chakrabarty et al., 2009a). Sections (40 pm) were incubated overnight
at a 1:100 concentration at 4°C. After rinsing, sections were incubated
with the chromogen DAB for 5-30 min. Sections were mounted on
gelatin-coated slides, air dried overnight, dehydrated, and coverslipped.

Quantitative analysis of the topography of CS terminations. We previ-
ously developed a quantitative method for determining the topographic
distribution of label within the gray matter in the cervical enlargement
(Friel and Martin, 2007; Salimi et aL, 2008). Briefly, contralateral BDA-
labeled axons within the gray matter were traced from transverse spinal
sections at 200> magnification using Neurolucida (MicroBrightField),
by moving the cursor along the length of the labeled axon. Boutons were
defined as punctate axonal swellings (i.e., varicosities) with a diameter of
=3 than the diameter of the adjoining nonvaricose axon. Bouton sites
along axons were marked.

Tracings of axon lkabel and boutons were separately exported and
quantified using a suite of programs written in MATLAB (MathWorks).
The gray matter was divided into 40 » 40 pm square regions of interest
(ROIs). For each ROI, the mean density of traced axons or marked bou-
tons was determined. A matrix of mean axon or bouton density was
generated in MATLAB that preserved the mediolateral and dorsoventral
dimensions of the distribution of label in the gray matter.

‘We quantified the regional axon and bouton density to generate maps
of regional distribution of axonal label distribution and to quantify the
amounts of label in different spinal laminae. Density is represented ac-
cording to a color scale, from the lowest density (blue) to the highest
(red). Red represents an axon density of 135 pm/mm? and a bouton
density of 3.5 boutons/mm . Regional distribution maps were generated
for individual animals and averaged for all animals within a particular
treatment group. For group averages, we aligned the data from different
animals according to the point of intersection between the gray matter
above the central canal and the dorsal median septum.

To compare the locations of label across animals, we transformed the
regional distribution maps (i.e., dorsoventral and mediolateral) to dor-
soventral distributions only. This was done by samming all label present
at a single depth. Because the size of the gray matter differs from animal
to animal, we normalized dorsoventral distributions of labeling. For this
analysis, we marked the dorsal and ventral gray matter borders and in-
terpolated 100 rows between.

Quantitative analysis of ChAT diseribution. We used a stereologic
method to assess the amount and distribution of ChAT-positive cells.
ChAT-positive cells were marked in five randomly selected section image
files of DAB-labeled ChAT cells using Stereoinvestigator (MicroBright-
Field) at 200><. A grid size of 150 pm and frame size of 200 pm were used.
The gray matter borders and borders between dorsal, intermediate, and
ventral laminae were drawn at 100<. Counting windows were randomly
distributed among all laminae. Markers were placed in the center of the
nucheus of the cell. Files containing markers were exported and quanti-
fied using a suite of programs in MATLAB.

‘We quantified the regional density of ChAT-positive cells to generate
maps that show the regional distribution of label in different spinal lam-
inae. Density is represented according to a color scale, from the lowest
density (blue) to the highest (red). Regional distribution maps were gen-
erated for individual animals and averaged for all animals within a par-
ticular treatment group.

Statistical analyses. Statistical analyses were done in Microsoft Excel
and MATLAB (MathWorks). For comparisons of group means, the Stu-
dent’s ¢ test or ANOVA was performed. ANOVAs were followed by
Bonferroni’s-corrected post hioc comparisons. For comparisons of distri-
butions, y * tests were performed. Error bars in all figures represent SEM.

For the analysis of reaching endpoint, principal components analysis
was done. x-y coordinates in space of endpoints for each animal by week
were transformed into absolute coordinates in one coordinate system.
Transformed coordinates were plotted, and best-fit ellipses were deter-
mined using MATLAB. Ellipse areas were calculated using MATLAB.
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Results

All cats in this study were subjected to inactivation of the forelimb
representation of left M1 between PW5 and PW7. The region
inactivated encloses the forelimb motor representations (Friel et
al,, 2007). Within this region, transient reversible inactivation in
the mature cat produces contralateral forelimb impairments
(Martin and Ghez, 1993), demonstrating its importance in
moment-to-moment limb control. Furthermore, the CST pro-
jection to the cervical spinal cord originates from this area in
immature and mature cats (Martin, 1996; Li and Martin, 2001).
Thus, we reversibly blocked activity of the M1 area responsible
for CST control of the contralateral forelimb. Left untreated, this
produces permanent forelimb control impairments (Martin et
al., 2000), permanent M1 motor map defects (Chakrabarty et al.,
2009b), and permanent reductions in neurotransmitter marker
expression on the affected side of the spinal cord (Chakrabarty et
al,, 2009a). Beginning 1 week after cessation of inactivation, ani-
mals were assigned to one of three groups: (1) restraint only; (2)
early training; or (3) delayed training. We present, in sequence,
the effects of treatment on motor control (horizontal ladder
walking; reaching), regional distribution of CST spinal termina-
tions, ChAT interneurons, and M1 motor map.

Horizontal ladder walking

Starting at PWS8, 1 week after cessation of M1 inactivation, cats
were tested on a horizontal ladder-walking task. The task is
quickly learned by the cats, typically requiring one to two sessions
before the cats readily perform the task (Friel et al., 2007). Cats
were tested two times per week during the intervention period. As
we reported previously (Friel et al., 2007), this M1 inactivation
produces impairments paw placements in this task. Animals
overstep the ladder rungs with the contralateral limb; the ipsilat-
eral limb performs as control cats. Overstepping resulted in limb
instability, with the limb occasionally slipping off the ladder rung.
In these circumstances, animals were able to correct and position
their paw on the rung. Despite overstepping and occasional slips,
animals walked across the ladder using a quadrupedal gait. Early
during intervention, the distance the cat’s impaired paw ex-
tended beyond the target ladder rung (termed forward distance)
was significantly higher than the forward distance of historical
age-matched controls (Friel et al,, 2007) (t = 734, df = 11, p <
0.0001). There was no difference in the forward distance of the
three treatment groups in week 1 of intervention; each was sim-
ilarly impaired (Fgz 40, = 0.21, p = 0.82).

Figure 1 compares scores between week 1 and week 4 of inter-
vention, showing that forward distance decreased to normal for
early training only. There was an overall effect of group on for-
ward distance (F(3 y0) = 4.33, p = 0.045). Forward distance of the
early training group decreased significantly (r = 2.62,df = 3,p =
0.04) from week 1 to week 4, reaching normal levels by week 4.
There was a significant difference in forward distance at week 4
among all groups (F,, \5, = 17.19, p << 0.0001). In contrast to the
reduction in overstepping with early training, there was no
change in forward distance from week 1 to week 4 for the
restraint-alone (F3,y; = 0.054, p = 0.97) or delayed training
(Fi37y = 0.08, p = 0.97) groups. These findings indicate that
reach training combined with restraint is necessary to improve
forepaw placement accuracy during visually guided stepping but
only during an early period.

Reaching
Cats were trained to reach for cubes of food with their affected
forelimb for 60 min/d, 5 d/week, for 4 weeks. All cats in the early
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Figure1. Stepping on a herizontal ladder. The distance from the forwand edge of the [adder
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Figure 2.  Reaching to 3 target. (ats in the early and delayed training groups were trained
frwe times perweek, | hu'd for 4 weels. A0, Density mapsof readh endpaint positions. The black
diot in the center of each density map indicates the pasition of the food tanget. Scle bar, 2 .
Both the early (4) and defayed |} traiming groups showed 2 dispersion of reaching endpeints in
the first wesek of training. By week 4, reaching accuracy of the eary training (8] group had
significantly impeowed, indicated by a namower distribution of reaching endpoints near the
tanget. Insets in A and B show a drawing from a still-frame video image of the position of the
amm at point of first contact. Node greater over-reaching im A than B. Accuracy in the delayed
training groep |0 did not improve by week 4. In A0, the red ellipses indicate the distribution
of reaches, 2 determined by principal compoments anaysis.

training and delayed training groups performed —4000 reaches
over the pericd of intervention (mean + S0, 3878 * 273), Figure
2 A shows drawings of the video frame in which the cat first con-
tacted the surface for a typical reach during week I (left) and week
4 (right) from the early training group. Cats reached for the cube
of food in the center of the field {black dot). Early in training
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(week 1), reaching accuracy was poor, with cats reaching beyond
the cube of meat. As we described previously (Martin et al., 2000],
when the animal’s paw contacted the meat, grasping was not
performed; rather, the arm was swept around the food and the
meat was raked toward their mouth. This strategy was effective in
retrieving the food. By the end of training (week 4), reaching
acouracy was substantially improved in the early training group,
with cats directing their affected forelimb to the meat without
overreaching.

Figure 2, C and I, shows color-coded distributions of reach
endpoints during week 1 and week 4, from all cats in the early
training group. To further describe this dispersion, we used prin-
ciple components analysis to compute the size of the ellipse that
enclosed 90% of endpoints. The x—y coordinates of reaching end-
points were transformed to a normalized coordinate frame. An
ellipse best fitting the dispersion of the endpoints for all cats in
each group was fitted to the data {red ellipses). During week 1.
endpoints showed a wide distribution, most often overshooting
the target. During week 4, endpoints were more focused around
the target. After early training (week 4}, there were significantly
more reaches within 1 cm of the target than early (week 1) (t =
844, df = 3, p = 0.003). In contract, delayed training did not
improve reaching accuracy. Figure 2, C and I, shows reach end-
point distributions during week 1 and week 4 from all cats in the
delayed training group. During week 1, endpoints showed a wide
distribution, and the distribution did not change by week 4 of
intervention. The percentage of reaches within 1 cm of the target
did not change (¢t = 0.3, df = 2, p = 0.78). The apparent tighter
distribution of endpoints in the delayed training group at week 1
compared with the early training group could reflect better skills
in older kittens. However, there was no significant difference in
the percentage of reaches within 1 cm of the target during week 1
between the early and delayed training groups (r = 262, df = 2,
p = 0.12). These findings show that reach training combined with
restraint only during an early postnatal period improves reach
endpoint accuracy. This finding is similar to visoally guided
stepping.

Redistribution of CST connections
To help inform the repair mechanism underlying abrogation of
stepping and reaching impairments, we examined four features
of motor systems organization that animals studies, inchuding
our own using the cat inactivation cat model, have shown to be
essential for normal forelimb motor skill: (1) CST axon terminal
distribution in the contralateral cervical enlargement; (2) distri-
bution and density of CST presynaptic sites; {3) segmental motor
cirouits, assayed using ChAT immunostaining: and {(4) the M1
motor map. In addition, we examined the effects of the different
treatments on the density of ipsilateral CST terminations, which
we have shown previously is permanently increased after unilat-
eral M1 inactivate between PW3 and PW7 (Martin et al., 1999).
Figure 3A-C shows color-coded density maps of the distriba-
tion of terminations (top row) of axons originating in the M1 that
had been inactivated during PW5-PW7 and that terminate in the
contralateral spinal cord. Density plots are shown for the three
animal groups, and [ shows control and inactivation-only dis-
tributions for comparison {replotted from Friel and Martin,
2007). Beginning with D, the normal distribution of CST termi-
nations {1} in the cervical enlargement are shown as the green
region. These correspond to the areas enclosing 60% of the label-
ing | Friel and Martin, 2007 ). Labeling is mostly within the inter-
mediate zone (ie., Rexed's laminae VI-V1I). In contrast, after
unilateral M1 inactivation between PW3 and PW?7, there is a
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dorsal shift, which is permanent unless treated further (Friel and
Martin, 2007). Thus, without intervention, CST terminations are
restricted to the upper part of the dorsal horn (red distribation).
The goal of treatment is to retum labeling to the green region.
The color density maps (A—C, top rows) use red to indicate a
higher axon density, whereas blue indicates lower axon densty.
Although there are subtle differences in local C5T axon density,
remarkably there are no systematic difference between groups.
Alllabed is centered within the deep dorsal hornand intermediate
zone. Importantly, the densest labeling is within the normal dis-
tribmtion, as defined by the green field in D

Fgnare 4.4 (left) plots the mean axon density vahae from the
dorsal to ventral gray matter surfaces for controls (green) and
imactivated-only (red)} animals, replotted from Friel and Martin
{2007 ). These plots quantify the distribution of axon terminations
from the imactivated M1 to the contralateral spimal cord. The dorsal
shift after inactivation can be seen. Data from the three treatment
groaps are plotted on the right. The three are overlapping, and exch
shows maximal labeling within the deep dorsal hom and intermiedi-
ate zome, st like the normal pattern (Fig. 4.4, green).

To assay patative C5T synaptic density, we examined axon
varcosities. As in our previous studies, we quantified the distn-
bation and density of axon varicosities, defined a5 three times the
diameter of adjoining nonvaricose segments (based on DAR k-
beling). These C5T axon varicosities colabe the presynaptic ves-
icle protein SYM (Meng et al, 2004). Imiportantly, they appose
sites of PSD-05. Figare 5 shows two representative examples that
CST axon varicosities mark putative synapses, based on presyn-
aptic and postsynaptic immmunostaining of 5YM and PSD-95, re-
spectively. The top two rows show a varicosity in a control
animal. A is a low-magnification projection image (Le., z-stack:
10 optical slices} of BD'A {green), PSD-05 (red), and SYN (bhae)
labeling in the intermediate rone. Note that the red- green colo-
calization is colored yellow, blue—green is cyan, and red-blue is
magenta. A 1-A3 and A4-Af are two adjacent optical slices that
are part of the total z-stack. The slice in Al, which shows the
varicoaity morphology well, also cobocalizes a large puncta of
PSD-95 [yellow arrow). Although PSD is ubiquitous, there is
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colocalization within part of the varcosity. At this depth in the
tisse, there is minimal 5YN label (gray armow). The shice in A2
grazes the varcosity and better shows a pancta of SYM colocal-
ized to the varicosity than PSD-95. The insets in Al and A4 are
triple-label images of these single optical shices. MNote the yellow
(BDA-PSD) colocalization in the varicosity in Al and cyan
[BDA-FSD) colocalization in A4, B shows C5T axons within five
adjacent sections in the cervical enlargement of an early trained
animeal. The small red box is the kecation of axon in C (projection
stacked image: 10 optical slices); this is at an axon branch point.
The small yellow box in C is the focus of the single | pm optical
slice in C1-Cd. CI shows colabeling of the C5T axon, SYM, and
PSD-95. Corresponding single-label images are shown (C5T
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bouton alone, C2; 5YMN-labeled puncta, C3; PSD-95-kabeled
puncta, ©4 ). As in A, there is colocalization of the presynaptic
and postsynaptic proteins within the labeled C5T axon. Thus,
axon vamcosities can be used to mark putative synapses between
C5T axons and spinal cord nenrons.

Figure 3B shows the density and distribution of C5T axon
varcosities, marking putative synaptic sites (boutons). As with
axon density, the normal distribution (green) is within the inter-
miediate zome and, after M1 inactivation only, the npper dorsal
horn. The three treatment groups all show return of C5T varicos-
ities within the intermediate zone. Figure 4 B shows the dorso-
ventral distributions of C5T varicosities. Again, the varicosities
frovm each of the three treatment growps overlap and are located
within the normal C5T territory, the intermediate zone.

We confirmed these findings by quantifying the amounts of
axomal label and boutons in the dorsal, imtermediate, and ventral
regions of the cervical enlargement for the three treatment
gromaps. We plotted regional axon density by summing the
amount of label in dorsal, intermediate, and ventral spinal lami-
nae and calobating the percentage of the total label in each region
(Fig. 6A). Az in Figure 3, we compare these data from the differ-
ent treatment groups with an inactivation/no-treatment and
controlmo-imactivation groups from a previons stady (Friel and
Martin, 27). We compared the amouants of label in each region
across the treatment groups. There was a significant effect of
gromp on the distribution of axons (ANOWVA, F, w550, p
0L007 ) and varicosities (Fy, 5, = 6.59, p < 0U0M) for dorsal and
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intermediate spinal regions. We next compared labeling in the
treatment groups with that of control (no inactivation) and inac-
tivation only (no treatment ). The control and imactivation data
were from a previous study (Friel and Martin, 2007 ), Mean per-
centage CST axons in control animals {no intervention)) are rep-
resented by the dotted lines in Figare 6 A; means for inactivation
only (no intervention) are the dashed lines. Control and
inactivation-only data are from a previous study {Friel and Mar-
tin, 2007 ). There was significantly more axon and varicosity Label
in the intermediate zone in all three treatment groups than
inactivation/no-intervention animals (¢ > 336, p < 002} and
sigmificantly less labed in ¢ 1euppcr dorsal horm in all three treat-
ment g s H':ln imactivation/ no-intervention animals {r =
381, p = 0017}, Importantly, the distribution of axon and vari-
cosity label in lh-. foirsal region (1< - 0L80, p > DL45) and interme-
diate regions (¢ <2 060, p = 0.57) were not significantly different
from Lun.r.:ll.n.: -imactivation animals. Sparse ventral horn label -
ing was also the same as controls. We then examined the den-
sity of putative synaptic boutons (i.e., C5T axon varicosities;
Fig. 6 B). We measured varicosity density in the medial inter-
mediate zone, which is the location of the highest density of
CET terminations (box in Fig 6, inset). Bouton density was not
!i.nT.lil'I-L':ll'IIJ': .Jl‘l’crcn' among the groups |.f-'ﬂ,h = (.08, p = 0.42).
""" ' synapses, each
Ina.m‘ nt ,.Il:"J.p Ic.xlurcd C5T connections Iu the proper gray
meatter regions. Ouar findings indicate restitution of C5T axon
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terminations within the normal inter-
mediate zone territory for all three
treatment groups.

Crr previons studies in which C5 sys-
tem activity was directly manipulated
with newral inactivation or electrical sim-
ubation demonstrated yoked, reciprocal,
bilateral changes: as contralateral C5T
connections prospered, ipsilateral con-
nections receded. In the present study, we
abso identified the presemce of aberrant ip-
glateral C5T terminations. As previouns
reports, they were located predominantly
within the intermediate rome. For this
analysis, we traced CS5T axoms labeled with
LY (restraint only, ® = 3 early training,
n = 4; delayed training, n = 3} Axons
from the M1 contralateral to the inacti-
vated M1 were traced. Axons typically ter-
minated bilaterally in the bower cervical
spinal cord. Here, we traced the ipsilateral
terminations, that i, the axons that originate in the right M1 and
terminate in the right side of the spinal cord. Figare 7 shows the
distribution of ipsilateral CST labeling for the three animal
groups. Whereas electrical stimnlation and inactivation therapies
result in consistent and significant reductions in aberrant ipsikat-
eral C5T terminations (Friel and Martin, 2007; Salimi et al..
2008), surprisingly we did not observe any consistent changes to
ipsilateral CS5T terminations after the behavioral approaches in
this study. Statistical analysis revealed mo differences in the
amount of ipsilateral axomal label {Kmskal-Wallis £ = 064, p =
0.73) or varicosities (Knskal-Wallis K = L3, p = 0.41) among
the three growps.
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&
T
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o

Distribution of ChAT

Previously we showed that development of ChAT in spinal seg-
mental intermeurons was under activity-dependent regulation by
the C5T (Chakrabarty et al., 200%a). Here, we examined changes
in the distribution of ChAT-positive internearons produced by
the three treatments. Figure 8A—C shows color density plots of
ChAT-positive interneurons and motoneurons for the three
groups. We quantified changes in the numbers of cells using ste-
reclogical methods. We distinguished between putative mo-
tomenrons {iLe., large multipolar nearons in the motor poeds) and
ChAT-positive interneurons located elsewhere. Becanse we did
niot expect the treatments to inflaence motonearon counts
(Chakrabarty et al, 2008a), we used this mezsare to control for
imter-animalitreatment immunohistochemical differences. We
determined the ratio of the number of ChAT-positive nearons on
the side contralateral to inactivation versus ipsilateral to inac-
tivation (Fig. 8 ). Previously, we found that inactivation of
M1 on one side during PW5—PW7 resulted ina decrease in the
ratio of ChAT-positive cells on the affectedicontrabateral sides
{Chakrabarty et al., 2009a). In that study, the affected’contrakat-
eral ratiowas 045, In the present stady, we found that, within the
dorsal and intermediate regions, which is the territory in which
the CET terminates, early training not only increased the number
of ChAT-positive cells to the bevel of the contralateral side bat
remarkabdy increased these mymbers to 5.4 times the level of the
contralateral side (Fig. 6). In the restraint-alone and debayed
training groups. the levels of ChAT-positive cells also were ele-
vated in the affected side relative to the contralateral side but toa
much lesser extent | 1.9 times). There were no differences in mo-
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tomenrons on the two sides (Fig. 8 D). The ratio of ChA T-positive
cells on the affected to the contralateral sides was significantly
higher in the early training group than the restraint-alone and
delaved training groups (y° = 5.0, df = 2, p = 005 Although
there were differences in the ratios of ChA T-positive cells among
treatment groups, there were no significant differences in the
mumbeer of ChAT-positive cells in dorsalfintermediate or ventral
laminae (Krskal-Wallis K < 183, p = 040} These findings
show an unsuspected strong effect of early reach training on neu-
rotransmitter phenotype.

Changes in motor mags

To determine physiological changes in M1 in response to train-
ing, we usad intracortical microstimukation 1o map motor cortex
in the three animal groups. Representative examples of motor
maps from individoal animals are shown in Figare 94. The
dashed circles correspond to the region of maximal inhibition, as
reported from other stodies (see Materials and Methods). The
maore extended regions of reduced activity suppression is not
shown. There was a striking difference between the two trained
animals and the untrained (restraint-alone) animak the
untrained animals had few effective sites {average number of ef-
fective sites per animal — early training = 17.7, delayed train-
ing = 17.3, restraint alone = 3). Furthermore, and quantified
below, the maps of early and delayed training animals look much
like controls, and the map of the restraint-only animal looked like
inactivation-only animals { Chakrabarty et al., 2000).

We quantified the difference in the motor maps by examining
the proportion of difference response types. Motor responses
were categorized as distal (digit, wrist), proximal (elbow, shoul-
der}, or multijoint (combined movement of two different joints
within 1.1 the threshold of the kowest-threshold response). Im-
portantly, both early and Eate training restored the M1 map to its
normal proportions of distal, proximal, and multijoint sites. In
contrast, restraint abone was no diferent from ontreated animeals
(e, inactivation alone). Specifically, there was a significantly greater
percentzge of distal sites in the early training group than in the no-
intervention or restraint-alone proags (y° = 29, df = 4, p <
(003 b The percentage distal sites was not statistically differ-
ent among the early traiming, delayed training, and no-
inactivation gronps (y° = 169, df = I, p = 0.43). There was 1
significantly kower percentage of proximall sites in the early training
group than in the no-intervention or restraint-alone groaps (y* =
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fell69, df = A, pr == 00001 ). The percentage of proximal sites was not
statistically different among the early training, delayed traiming.
and no-inactivation groups (y* = 083, df = 2, p = 0.66). There
was 4 significantly higher percentage of multijoint sites in the early
traiming growg than in the ne-intervention or restraint-alone groups
(x* = 1972, df = 4, p <> (L0001 ). The percentage of multijoint sites
was not statistically different among the early training, detayed
training, and no-inactivation groups (y* = 0.1, df = 2, p =
66

The threshold at which a visnally discernible response conld
be evoked was compared among the three treatment groups (Fig
Q). There was a significant effect of group on threshold
[ANOVA, Foop = 2433, p = 000010, The threshold for the
restraint-alone group (79 wA) was significantly higher than the
early training (584 p&, ¢ = 5.2, p = 0.035) and the delayed
traiming groups (52.1 pd, ¢ = 6.7, p = 0U022). The thresholds for
the eardy training and delayed training groups were nob statisti-
cally different from one another (¢ = 181, p = 0.3) and not
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sipnificantly different from controls (ie.
ni inactivation; 37.7 pA, ¢ = 148, p =
0.2). Owrr findings are in agreement with
others that the M1 motor map retains its

Early Training

representational plasticity into matarity.
Furthermore, we show that it was neces-
sary for the animal to engage in reach
training to restore the M1 motor map; it
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Discussion

We show that a behavioral approach dur-
img an early critical period repairs a hier-
archically ordered set of C5 system ciroait
elements, and this is associated with re-
storing  restore-effective  tarpeting  of
skilled imb movement after C5 system
developmental injury. The normal orga-
nization of the M1 motor map and the
distritmtion of CST terminations in the
spinal cord, rather than a new organiza-
tiom, was necessary bat not sufficient for
motor recovery. It was the capacty of
combined restraint, traiming, and early in-
tervention to sobstantially increase the
numbers of ChAT-expressing interneu-
roms on the affected side of the spinal
cord, relative to the opposite side, that was
associated with recovery. We cannot say
whether reestablishment of the motor
meap, C5T spinal connectivity, and strong
segmentadl ChAT expression reinstates
normeal imb control or, now with a more effective C5 system, the
animals are better able to implement new strategies for normal
performance. Mevertheless, using combined limb restraint and
training to achieve normally directed limb movement is signifi-
cant. Cr findings stress the need to reestablish the integrated
functions of the C5 system in bringing back skilled motor fiunc-
tiom, 4 consideration that is often lacking in repair studies in
which emphasis is on promoting new connections.
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Repairing the reglonal distribanton of CST spinal
terminations

Constraint of the unimpaired limb alone, which creates an asym-
mietrical pattern of limb use and presumably CST activity, is suf-
ficient to repadr CST terminations after inactivationof M 1 during
1 critical peniod. Remarkably, constraint alone produced con-
tralateral C5T rewiring comparable with direct manipalation of
the activity of the C5T: either stimulation of the affected con-
tralateral tract {Salimi et al., 2008) or inactivation of the ipsilat-
eral M1 (Friel and Martin, 2007). On the basis of similarity
between the effects of constraint of the unimpaired limb, inact-
vation of contralateral C5T, and stimulation of the impaired C5T,
we conchide that each approach recroits a simillar competition-
based mechanism for restoring C5T connectivity. However, we
noted that restraint, alone or with training, failed to abrogate
consistently the density of aberrant ipsilateral C5T terminations
from ipsilateral M1, whereas activity manipulations resulted in
consistent reductions {Friel and Martin, 2007; Salimi et al., 2008).
That behavioral manipulations failed to minimize consistently
the aberrant ipsikateral connections from the unaffected side sog-
pests a dose—response effect (Le., behavioral intervention is more
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madest than activity manipulations). This further raises the ques-
tion of whether aberrant dense ipsilateral terminations from the
unimpaired side are adaptive and if fonctional recovery uses a
bilateral C5T repair strategy. Previously, we presented evi-
dence favoring an adaptive role for ipsilateral C5T termina-
tioms (Martin et al., 2000). Similarly, adult rat and monkey
CA5T lesion stadies show consistent association between recov-
ery and ipsilateral C5T outgrowth {Maier et al., 2008; Carmel
et al., 2010 Rosenoweig et al, 2000). However, in normal
monkey, there is no effective ipsilateral monosymaptic C5T
connection with motoneurons. again calling info question the
functional role of the ipsilateral C5T [Soteropounlos et al.,
2001}). Until it is possible to seectively inactivate ipsilateral
C5T axons, this question will not be resolved.

That restraint in adolescent cats was as effective as in pounger
cats sugpests that either there is no critical period for local CST
outgrowth or that it s highly protracted, more like a sensitive
than critical period. Constraint of the unimgpaired Bmb after py-
ramidal lesion in adualt rts promoted outgrowth of the spared
ipsilateral CS5T (Maier et al, 2008). Also inadult rats, angmenta-
tion of spared C5T axons oocours with electrical stimulation
{Brus-Ramer et al, 2007; Carmel et al., 20010}, Matare C5T nen-
rons are incagable of axon regeneration after axotomy unless
their growth state is manipulated (L et al., 2000) or the envi-
ronment is made conducive for growth (Schnell and Schwab,
1960 Grimpe and Silver, 2004). Importantly, extensive CS5T
sprouting within the gray matter after inpary appears to be robust
at all ages but only when their activity is angmented or the activity
of the opposite side is reduced.
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Repalring the M1 motor r
With training at either age came restoration of the topography
and efficacy of the M1 forelimb motor map. These findings par-
allel work in the primate stroke model, showing that forced wse of
the affected limb is not sufficient to recover the motor map;
skilled training is required (Friel et al., 2004, Thus, there may
little or mo critical period for M1 motor map plasticaty or C5T
Iocal omtgrowth. This is consistent with the large literatre show-
img M1 motor map plasticity in matare animals (Monfils et al,
205, Although the M1 motor mag is often used as a proxy for
5 system motor function, we find that restoring normal mag
parameters i not sufficient to restore function. The M1 motor
map may encode motor recovery potential

The M1 represents contralateral musches and joints and, as the
principal origin of the C5T, provides functional somatotopic ac-
cess for diverse M1 inparts to spinal motor ciromts. With dewel-
opmental injury/impairment there is never a period when the M1
motor representation is present. A period of map development
may be mecessary during recovery, such as the period of map
formation that mormally ocours between PW708 and FWI13
(Chakrabarty and Martin, 2000). We propose that, during train-
ing, the motor systems learn to take advantage of the newly re-
paired spinal circuitry in much the same way a5 ocoars during
normeal M1 motor map development.

Response of spinal cholinergic droatts to CST injury
Although there may by other neurctransmitter phenotypic
changes after C5T injury and treatment, we fxmsed on cholin-
ergic mechanisms becase they are apt to be important for limb
control and cholinergic interneuron development is under C5T
regulation. Cholinergic interneurons are an abundant class in the
spanal cord (Barber et al., 1984; Huang et al, 200}, Many are
movement related becanse they are active during fictive locomo-
tion (Huang et al., 20000, and the Pitx? group (Zagoraion et al.,
205 Enjin et al., 20010} makes the M2 -type muscarinic C-boaton
on motoneurons (Miles et al, 2007} that may provide task-
dependent regulation of motonearonal excitability {Zagoraion et
al, 2008). Cholinergic aponists are potent modalators of spinal
locomodor circuits {Dai et al., 2002 Da and Jordan, 2000, De-
velopment of a cholinergic phenotype in most spinal interneu-
roms oconrs postnatally (Phedps et al., 1984; Chakrabarty et al..
209, We have shown that postnatal mataration of ChAT phe-
notype is C5T dependent: blocking C5T activity between PW5S
and PW7 prevented normal ChAT expression throughont the
deep laminae of the dorsal horn and intermediate zone
{Chakrabarty et al., 200%a), key termination regions of the CST.
A critical perind effect could explain why early but not late
training differentially increxsed ChAT expression. Why is train-
ing required to upregalate ChAT? A cholinergic phenotype ap-
pears o be dependent on the constitutive level of neural activity.
similar to neurstransmitter switching in other systems {Borod-
insky et al., 2004). Whereas it may depend on particular spatio-
temporal firing patterns associated with skilled task performance.
we suspect that it is 3 dose—response effect. Electrical stimulation
of the affected C5T leads to behavioral improvements (Salimi et
al, 2008). Plansibdy, this direct activity manipukation powerfully
drives spinal circwits more than asymmetric limb nse associated
with restraint, and, in consequence, might also lead to upreguka-
tion of contralateral segmental ChAT expression. Intrigningly.
imactivation of the unaffected ipsilateral C5 systemn also leads to
behavioral recovery (Friel and Martin, 2007), bat this would not
be expected to drive the affected contralateral segmental motor
ciroits. If motor recovery after reducing the nnaffected C5 sys-

L e, iy , 2012 - TI7-3265-920% - 3275

tem alsois accompanied by increased ChAT expression, it implies
a complex bikateral regnbation and would help inform why it is
that wpregulation of ChAT expression in the affected, relative to
opposte, side is assoctated with motor recovery. Ome shoukd keep
in mind the dominant reciprocal bilateral organization of spinal
cirouits, whereby there is a phasic locomaotor drive to one side of
the spinal cord, there is reciprocal inhibition on the other, and
this inhibition is mediated by segmental commissaral cirouits.

Combinatorial hierarchical recovery code
Constraint abone creates asymmetric imb use. We propose that
segmental carcuitry can amplify this imbalance throagh commis-
sural inhibition, normally recruited to inhibit contralateral cen-
tral pattern generator circuitry during kscomation. The more
active side of the cord could effectively inhibit contralateral cir-
cuits, and this, in tum, would bead to disinhibition of the more
active side. These spinal excitability changes could create an en-
vironment permissive for greater CST outgrowth. Perhaps be-
canse there s expression of gpuidance ones, because the animals
are mot fally matare, targeting of omtgrowth is appropriate.
Reach training could amplify this process throngh greater ac-
tivation of the affected side, greater inhibition of the opposite
side, and more disinhibition. Importantly, given C3 control of
reaching and vismally goided locomotion, this activity boost
wiold more selectively affect the spinal follower cirouits of C5T.
Thus, we propose that functional recovery of visaally guided con-
trid cam be achieved by either direct activity manipalations of the
C5T or preferentially recruiting the C5T during particalar tasks.
In the context of this hypothesis, combined training and direct
activity manipukations are apt to yield the srongest effect. The
normal topography of the M 1 motor map likely reflects the effer-
ent organization of the C5T, which even after restraint alone is
well directed. What is lacking in the late-trained group isa critical
function of segmental cirowitry.
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Abstract Unilateral cercbeal palsy (CP) resulis from
damage to the developing brain that occurs within the first
2 vears of life. Previous studies found associations between
asymmetry in the size of the corticospinal tract (CST) from
the two hemispheres and severity of hand impairments in
children with unilateral CP. The extent to which CST dam-
age affects the capacity for hand function improvement 1s
unknown. This study examines the association between
an estimate of CST dysgenesis and (1) hand function and
(2) the efficacy of intensive bimanual training in improv-
ing hand function. Children with wnilateral CP, age 3.6-
14.9 years, # = 35, received intensive bimanual training.
Children engaged in bimanual functionalplay activities
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(6 hiday, 15 days). Peduncle asymmetry, an estimate of
CS5T dysgenesis, was measured on Tl-weighted magnetic
resonance imaging scans. Hand function was measured
pre- and post-treatment using the assisting hand assessment
({AHA) and Jebsen—Taylor test of hand function (JTTTHE).
AHA and JTTHF improved post-treatment {p < 0.0010.
Peduncle asymmetry was comelaied with baseline AHA
and JTTHF (p < 0.001) but not with AHA or JTTHF
improvement posi-training (RY < 0.1, p = 0.2). An esti-
mate of C5T dysgenesiz 15 correlated with baseline hand
function but is a poor predictor of training efficacy. possi-
bly indicating a flexibility of developing motor systems to
mediate recovery.

Keywords Bimanual training - Rehabilitation -
Comicospinal - Motor development

Abbreviations

AHA Assisting hand assessment

CM Cortical malformation

P Cerchral palsy

CaC Cortical/subcoriical lesion

C5T Coricospinal tract

DTI [Diffusion tensor imaging

HABIT Hand—arm bimianwal intensive therapy
JTTHF  Jebsen-Taylor test of hand function
M1 Primary motor coriex

MEI Magnetic resonance imaging
Py Penventrnicular injury
Introduction

Poor function in the affected hand i1s among the greatest
functional impairments for children with wnilateral cerebral
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palsy (CP) (Gordon and Friel 2009}, Whereas multiple neu-
ral systems help control hand function. the corticospinal
system predominates for skilled voluntary movement in
humans. Previous studies have demonstrated a strong asso-
ciation between asymmetry in the size of the corticospinal
tract {CST) or cerebral peduncles and various features of
hand function in children with unilateral CP (Bleyenheuft
et al. 2007; Dugue ct al. 2003) and adult siroke paticnts
{Bames et al. 2008; Pineiro et al. 2000). Peduncle asymms-
try is an estimaie of CST dysgencsis, since the CST passes
through the peduncles. Peduncle asymmeiry 15 a conse-
quence of the exitent of initial damage to the motor system
dunng development.

Asymmetry in the size of the CST, measured using dif-
fusion tensor imaging (DTI) (Bleyenheuft et al. 2007
Yoshida et al. 20100 or by cross-sectional arca of the cer-
ebral peduncles (Bouza et al. 1994; Duque et al. 2003), is
strongly correlated with stereognosis, and a measure of
hand function in activities of daily living in children with
unilateral CP The timing of grip forces during a lifting
task was also sssociated with peduncle asymmetry in chil-
dren with unilateral CP (Duque et al. 2003). Another study
found a correlation between peduncle asymmetry and ste-
reognosis in children with unilateral CP (Bleyenheufi et al.
20070,

Intensive bimanual traiming has shown efficacy
improving hand functicn in children with unilateral CPF
{Facchin et al. 2011; Gordon et al. 2007, 2008, 2011;
Sakrewskn 2012; Sakzewski et al. 200113, However, the
neuroanatomical substrate required for this improvement
has not been examined. These therapies require great time
and effort and are resource-consuming for patients, fami-
lies, and clinicians. It is important to identify predictors of
efficacy, so that therapy can be tarpeted to children who are
maost likely to benefit from it

Two recent studies have examined associations between
magnetic resonance imaging (MR features and efficacy of
constraint-induced movement therapy (CIMT) in children
with wnilateral CP and adults with chronic stroke. Rocca
et al. (2013) reported that fiber integnty of the lesion arca
was predictive of improvement in quality of upper extrem-
ity movement (Rocca et al. 2013). In a similar study, asso-
ciations were found between baseline arm function and
integrty of the CST on the affected side, as measured by
DT (Rickards et al. 2013). However, integrity of the CST
was not predictive of improvement in arm function after
CIMT in children or adults with unilateral CP or stroke.

There were two goals o this study. We first aimed to
examine the sssociation between peduncle asymmetry and
bimanual and wnimanual hand function. We next sought
to examine the relationship between peduncle asymms-
try and efficacy of bimanual training for improving hand
function. We hypothesized that peduncle asymmetry would

@ Springer

be associated with amount of improvement in hand func-
tion shown by children afier bimanual therapy—those with
large asymmetry were predicted o have less functional
recovery. If an estimate of dysgenesis of the CST s associ-
ated with efficacy of therapy, MRl could inform decisions
about which treatment 1= most appropriate for individual
children with unilateral CP (Z"Graggen et al. 1998; Carmel
et al. 20013).

Methods
Parucipants

Thirty-five children participated in this study. All par-
ticipants had been diagnosed with congenital unilateral
CP before the age of | year. Demographics of study par-
ticipants are summanzed in Table |. Participants were
incleded in the bimanual training protocol in accordance
with previously established crteria (Gordon et al. 20010
Briefly, participants were reguired to have the abality to
extend the wrist at least 207 and the fingers at the meta-
carpophalangeal joint at least 107 from full flexion in the
more-affected hand. Participants were also required to have
the ability to lift the more-affected arm 15 cm from a table
and to grasp objects, to have a greater than 50 % asymme-
try in Jebsen—Taylor test of hand function (JTTHF) scores
between the two hands, and be mainstreamed in school
with a Kaofman bnef intelligence score >70. Potential
participants with contraindications to MR {e.g., metallic
implants) were also excluded.

Table 1 Demographic and clinical measares (£330

Maasure
[ 35
Agpe 79129
Gender ITEXEM
Pre-training ITTHF (s) 2042 4 2200
Post-training JTTHF (s} 1993 £ 163.2
% Improvement ITTHF JLIXILE
Pre-training AHA {AHA anit) Glox 113
Post-training AHA (AHA unit) G0+ 121
% Improvement AHA 584 £623
Side of lesion I5R 20L
Peduncle asymmetry TIE£ 146
Lesion type 6 CM
MY
QCsC

CM cortical malformation, PV periventricular injury, C5C corticall
subcortical lesion
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Paricipants were recruited for the bimanual train-
ing study from clinics in the NYC area. our center web-
site  (hupfewwic edw'centersicit’),  Clinical Tnals gov
(NCTH305006), and online parent forums. All mesearch
was approved by the Institutional Review Boards of Teach-
ers College and Columbia University Medical Center.
Informed assent/consent was obtained from all participants
and their parents. Some participants (18 out of 33) were
recruited for a randomized clinical trial testing the efficacy
CIMT and HARBIT, and their motor outcomes have been
published (Gordon et al. 20011). In these pamicipants, we
recetved permission to acquire an MRI or analyze a previ-
ously obtained MRI afier the children had participated in the
intervention. An additional 17 participants were recruited
after the published RCT had been completed and recerved
HARBIT training as described below (Gordon et al. 2001).

MEI acquisition and measurement

Magnetic resonance imagings were obtained in one of two
ways. For 10 participants, paremts were provided a copy of
an MRI that the child had recerved as part of their clinical
care. For these children, the average age when the MEI was
performed was 24.7 £ 276 months (ange (-9 months,
median 13.8 months). Eight of the ten children were 2 vears
of age or younger at the time of the MRI). Tl-weighted
scans were used in this study.

For an additional 25 participants, Tl-weighted MEI
scans were obtained al the Program for Imaging and Cog-
nmitive Sciences facility at Columbia University Medical
Center (CUMC), using a 3T Phillips magnetic resonance
scanner with a six-channel head coil. Before the MRI
was performed, a physician administered a safety screen-
ing evaluation. Images with a 2 mm® voxel size were
acquired in the axial plane with scan duration of 297 5. For
these children, the average age at the time of the scan was
9.1 & 3.0 years.

The size of the cerebral peduncles was measured at the
level of the rostral midbrain, as indicated by the presence
of the mammillary bodies. Analysis was performed on a
Macintosh compuwter using the public domain NIH image
program {htip:rsb.info.nih govinih-image). NIH image is
a versatile program that has been shown to be sccurate and
cfficicnt in analvring structural features of MRI scans™.
Since it was not possible to dissociate the substantia nigra
from the peduncles, the substantia migra was included n
the measure, which encompassed the arca from the lateral
sulecus to the interpeduncular fossa. The borders of the out-
lined arca could be finely adjusted in the software program
to maximize accuracy of tracing. The software provided
an arcal measure of the outhned termtory, which was con-
verted to mm® using scale bars on the image. An example
of the measurement of the peduncle (outlined) 15 shown n

a3

Table 2 Peduncle asymmelry remains stable over timse
Subject Age at MR Peduncle Percent

(years moaths) asymmetry difference
I L1 1.10 -37

6.1 1.06
2 L1 1.38 —83

ALl 1.27
i 0.6 1.34 +36

0o 1.39
4 oo 1.4 =11

1.2 1.43

LI 1.34

the inset of Fig. 2. Asymmetry in peduncle size was calcu-
lated as a rabio of the arca of the more-affected peduncle
divided by the arca of the less-affected peduncle = 100 %.
A lovarer number indicates a greater difference in the sizes
of the peduncles.

For part of our analysis, we used a normalized pedun-
cle asymmetry measure. We normalized peduncle size to
the circumference of the brain in an axial slice, taken at
the level of largest brain circumference. An MEI viewing
program (OsinX. Pixmeo Sarl) was used to scroll through
each child’s MRI from dorsal to ventral. At the level of
maximum brain circumference, the image was saved and
exported to NIH image. Brain circumference was measured
by tracing the outline of the brain on the image. The soft-
ware provided the arca of the outlined brain cross section.
If 1t was visually unclear which section contained the brain
al maximum circumference, several sections were exporned
and measured in NIH image. The largest circumference
from the senes was used in the caloulation of normalized
peduncle asymmetry. The raw peduncle asymmetry was
divided by the cross-sectional area of the brain at the point
of maximum circumfercnce.

Lesion type was determined for all cases. For statisti-
cal compansons, lesion type was categonzed as cortical
malformation (CM), periventricular injury (F¥), or corti-
cal/subcortical lesion (C/SC) and 15 descrnbed in detmil in
Table 2. For participants who received MEIs at CUMC, a
pediatric neurnlogist categorized the lesion type. For MREIs
that were obtained as pant of the child's clinical care, lesion
tvpe was obtained from the MEI report and venfied by a
pediatric neurclogist. For subjects who had more than one
scan, the most recent scan was used for the measurements
and analysis.

Intensive bimanual training

Intensive bimanual training [hand—arm intensive bimanwal
training {HABIT)] was performed to improve hand and arm
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function. HABIT employs pnnciples of motor leaming,
including repetitive practice and skill progression to engage
the more-affected hand in dexterous activities. In HABIT,
participanis were actively engaged in bimanual tasks duning
the traimng period. HABIT was conducted in a day-camp
setting using child-friendly acuvities. Seven HABIT camps
were performed from July 2007 to July 2012, Every par-
ticipant received 20 h of treatment over 3 weeks (6 hiday,
15 days). HABIT was conducted one-to-one with a trained
interventionist and supervised by a physical or ocoupa-
tional therapist. Details of HABIT procedures are presented
elsewhere (Gordon et al. 2011).

Assisting hand asscssment (AHA)

The AHA is a standardized test that quantifies the effective-
ness of assising hand use in performing bimanual activi-
ties in children with unilateral upper limb disabilities. The
AHA has excellent validity and reliabality (0.97-0.99) and
responsivencss to change. The test was videotaped and
scored off-site by an experienced blinded evaluator. Trans-
formed logit data (AHA umit} were analyzed.

Jebsen—Tavlor test of hand function (JTTHF)

Jebsen—Tavlor test of hand function for the affected hand
was the pnmary outcome measure (Jebsen et al. 1969,
ITTHF 15 a standardized test that quantifies the tme to
complete skilled tasks. It consists of functional subtests
including card fAipping, small objects manipulation and
placement, simulated eating, checker stacking, and empty
and full can manipulation. Nonctheless, the JTTHF 15 con-
sidered a messure of hand dextenty, as movement spesd
is a correlate of how well a child can use the hand. Each
child was evaluated prior to and within 2 days of complet-
ing treatment.

Statistical analyses

A paired ¢ fest was used to evaluate changes in JTTHF and
AHA before and after treatment using SPSS (IBM, ver-
sion 21). Associabons between peduncle asymmetry and
JTTHF messures were evaluated using linear regression
analyses. Regression models were gencrated in SPSS.
First, we generated models between one dependent and one
independent variable. Then, the following covanates were
added to regression models as noted in the resulis: ininal
severity, age, gender, lesion type, side most affected by the
lesion, and the lag ime between when the MREI was taken
and when the child participated in the hand training. These
covariales were chosen because it was suspected that these
varables could affect the relanionship between the depend-
ent and independent vanables. Comrelation coefficients and
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R values are reporied. p values less than .05 were consid-
ered statistically significant.

Resulis

Study participants

Table | summanzes the demographic and climcal features
of participants. Lesion type was calegorized as periventricu-
lar, cortical’subcortical, and CM. Of the children with corti-
cal and subcorical damage, three had a lesion restricted to
the sensonmotor contex. The other children all had involve-
ment of the basal ganglia and panetal lobe. Although all
children had a diagnosis of umlateral CP, bilateral damage
was found on the MRI of five children. Due to the heteroge-
neity of lesion type among participants in the study, we are
unable to draw conclusions on the impact of kesion location
on motor function and capacity for recovery.

For some children, the MREI was done several years
before the child participated in the hand training proto-
col. Lag time between MRI time and traiming {average
42 5 months, 51 = 330, range (-111.7 months) was added
to the regression models that are presented beloar.

Bimanual wraining improves hand function

Some participants (r = 18) in this study were included in a
randomized clinical tnal that demonstrated efficacy of HABIT
m improving unimanual and bimanual hand wse, and their
modor outcomes have been published (Gordon et al. 200110,
Figure | shows change in bimanual use (AHA) and uniman-
ual capacity (JTTHF) after HABIT in all participants of the
current study. There was a significant improvement i AHA
score (Fig, la, df =33, r =441, p < 0.0001) and ITTHF score
(Fig. Ib, df =33, t =447, p = 00NN ) afier HABIT.

Stabality in peduncle asymmetry measures between raters
and across time

Peduncle measurements were performed by analvsts (KE,
HE} blinded 1w behavioral data at the tme of performing
analysis. Inter-rater reliability was tested by comparing
measurcs done independently by two different analysis,
bath blinded to behavioral data, on a subset of the MRIs
{n = 13). Pearson’s comelation between the measures of
the two raters was 0,95 (95 % CI 0.85-0.98). Among these
images measured by two analysts were five repeated MRI
scans done on two different children at different ages. The
Pearson's correlation between measures of the two analysis
for the repeated MRIs was 0.96 (95 % C10.84-0.99).

Four children had MEI scans at more than one time point.
Table 2 summanzes peduncle asymmetry measured from
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Fig. 1 Intensive bimanual A BB - B 350 -
therapy improves a bimanual
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Fig. I Peduncle asymmetry predicts baseline a bimanual and b
unimanual hand function Pre-treatment AHA and peduncle asym-
melry were positively linearly associated [FU1,33) = 12,5693
p =001, B = 0.28]. Pre-treatment JTTHF and peduncle asymme-

each of the scans. In all four children, the first MR scan was
performed when the child was less than 2 years of age. The
percent differcnce in peduncle asymmetry measured from
the different scans was 3.6-8.3 %. Although repeat scans
wene obtained on only a small number of children, these find-
ings indicate that peduncle ssymmetry shows low vanability
between scans, even when scan times are separsted by many
years, The stability in asymmetry suggests that there is lile
change in the CST between these developmental time poinis.

Iry were strongly and positively linearly associated [F(1,33) = 50,03,
p < 0001, R = 0.6]. fasel Tl-weighled MREI showing cerebral
peduncles, outlined

Peduncle asymmetry is associated with baseline hand
function

We examined the lincar association between baseline hand
function and peduncle asymmetry. There was a sigmificant
linear comelation between baseline AHA score and peduncle
asymmetry [Fig. 2a, F(1.33) = 12.56, p = 0.01, r = .53,
R = 01.28). Greater asymmetry was associated with poorer
bimanual hand use before the ntervention. There was a
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significant linear correlation between baseline JTTHF and
peduncle asymmetry [Fig. Zb, F(1.33) = 5033, p < 00001,
r= 078, F' = 0.60]; greater asymmetry was associated
with poorer unimanual capacity before the intervention.

We examined the contnbution of the following covan-
ales to the lincar relationship between peduncle asymmetry
and bascline AHA and ITTHF: age, gender, side of lesion,
lesion type, and the lag tme from when the MRI was
done to the time of training. None of these covariates were
independently a significant contributor to the association
between bimanual hand wse and peduncle asymmetry, For
unimanual capacity, age was a significant contnibutor to this
relationship [medel FU6,28) = 1235, p < 0L, r = (L85,
B =073, tlaged = 2.7, plage) = 0.017]. The tume o com-
plete the JTTHF was lower in older children than younger
children, indicating better unimanual capacity.

The interaction between age and peduncle asym-
metry is also highly correlated with baseline JTTHF
[F(1,33) = 2051, p < 00001, r = 0.62, B = 0.38] as well
as baschine AHA [F(1.33) = 841, p = 07, r = 045,
B = (1.20}]. This means that the relationship between pedun-
cle asymmetry and bascline hand function differs with age.

Peduncle asymmetry does not predict improvement in hand
function

We examined the lincar association between the percent
improvement in AHA and JTTHF and peduncle asym-
metry. The lincar association between peduncle asymme-
try and percent improvement in AHA was not significant
[Fig. 3, Fi1,33) = 1.20, p = 0.26, B = 0.038]. Similarly,
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Fig. 3 Response io therapy is not lineardy associated with peduncle
mymmetry. a Percent improvement in AHA was not significantly lin-
early comelated with peduncle asymmetry [F(1,33) = 1.29, p= 0.2,
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there was not a significant linear association between
peduncle asymmetry and percent improvement in JTTHF
[Fig. 3b, F{1.33) =272, p=0.11, B = 0.074].

To further examine any possible relationships between
peduncle asymmetry and improvement in hand function,
we used multivanable statistics to determine the effects of
the following covarates: initial sevenity, age, gender, side
of lesion, lesion type, and the lag time from when the MEI
was done to the time of training. The inclusion of covariates
did not significantly strengthen the association between
percent improvement in AHA and peduncle ssymmetry
[F(7.27) = L16. p = 0.36, r = 0.48, adjusted R® = 0.032,
t=< 1.0, p=0.1 for all covanates). Likewise, including these
covariates in a regression model did not reveal a significant
association between percent improvement in JTTHF and
peduncle asymmetry [F(7,27) = 086, p = 055, r = 0.43,
adjusted R' =003, 1= 14, = 0.1 for all covanates].

We also normalized the peduncle size relative o the
whole brain cross-sectional area and tested the associa-
tion between normalized peduncle asymmetry and hand
function improvements. There were no significant asso-
ciations between normalized peduncle asymmetry  and
AHA improvement [F(1.33) = 0.15, p = 0.90] or JTTHF
improvement [F(1.33) = 1 .69 p = 0.20].

To further test the robustness of this result, we compared
the relationship between recovery and peduncle asymi-
meiry in children who were within the top 73 % (“strong
responders”) in terms of mprovement in AHA (n = 23)
or JTTHF (n = 24) after waining, or those in the lower
25 % of recovery (“weak responders”). The association
between peduncle asymmetry and percent improvement
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B = 0038). b Percent improvemant in JTTHF was oot signifi-
candly linearly correlated with peduncle asymmetry [F(1,33) = 272,
p=011, B =0074]
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was not statistically significant in the strong responders
[AHA: 1210 = 0.23, p = 063, ITTHF: F(1.22) = 2.96,
p = 0.10] or the weak responders [AHA: F(19) = 15,
p =015 JTTHE: Kl &) = 0.13, p = 0.9)]. Thus, response
to intensive hand upper extremity traiming 15 not lincarly
associated with peduncle asymmetry.

i .

We examined the association between an estimate of
CST dysgenesis, peduncle asymmetry, and umimanual
and bimanual skill in children with congenital unilateral
CP. Since previous studies described a linear association
between C5T damage and impairment in manual skill, in
children with CP and adulis with stroke (Blevenheuft et al.
2007, Bouza et al. 1994; Dugue et al. 2003; Feys et al.
2000, Mark et al. 2008), we hypothesized that peduncle
asymmetry would be associated with bascline hand func-
tion and the capacity for recovery with intensive training.

Consistent with prior studies, we found that baseline
unimanual capacity, measured by the ITTHE was strongly
lincarly associated with peduncle asymmetry (Blevenheuft
ct al. 2007; Dugue et al. 20003 ). The magnitude and strength
of the association found in this study were similar to previ-
ous studies. We also showed that bimanual hand use, meas-
ured by the AHA, i= associated with peduncle asymmetry.
Even though prior siudies used different measures of hand
function than the JTTHF and AHA, the lincar association
between CST dysgenesis and manual skill deficits was a
consistent Anding. It 15 imporiant to note that neither the
JTTHF nor the AHA measure how the task 15 performed
{e.g.. kincmatics).

Contrary to our hypothesis, we found that there was no
linear association between peduncle asymmetry and the
capacity of children o improve unimanoal or bimanual
hand function with HABIT. The independence of func-
tional improvement and peduncle asymmetry held despiie
cormection of a large number of covanates, including lesion
type, age at time of HABIT, age at MEL and brain size.
This represents an exciting, novel finding, indicating that
children with a range of seventy in peduncle asymmetry
can benefit from HARIT.

Two studies have examined the relabonship between
MEI measures and improvement in hand abilities after
CIMT in children with wnilateral CP and adults with
chronic stroke. Rocca et al. (2013) found a significant asso-
clation between integrity of fibers in the lesion area and
improvement in hand function after CIMT. In contrast,
Rickards et al. (2013} did not find a significant associa-
ton between improvement afier CIMT and CST imtegnity
in children or adults. Both studics enmlled a low number
of participants (n < 30). Furher research regarding the

predictive power of MRI festures and recovery afier inten-
sive hand training is necded.

Ohur results suggest that improvements in hand function
after training are not exclusively mediated by the contralat-
erally projecting CST. Other motor pathways, including
ipsilateral connections from the less-affected M, are possi-
bly important in recovery. Developmental studies have sug-
gested that lesions occurring earlier in hife are more likely
to result in increased ipsilateral connections from the less-
affected M1 (Fowler et al. 2011, Kuhnke et al. 2008; Tian
et al. 2010; Holmstrom et al. 2010; Yoshida et al. 2010;
Eyre 2003), likely by preserving the bilateral CST projec-
tions that occur during development (Staudt 2010). Lesions
resulting in strong ipsilateral connections also can produce
more severe deficits in hand function, inviting speculation
that these ipsilateral connections are maladaptive {Kohnke
et al. 2008). Laboratory models of injury have also shown
that other pathways can be involved in motor recovery
(£ Graggen et al. 1998; Carmel et al. 2013}, Morcover,
Rose et al. (2011) examined the relationship between hand
function and asymmetry of comicospinal and conticotha-
lamic pathways in children with wnilateral CP. They did
not find a significant association between CST asymmetry
and hand function, but instead found that asymmetry of the
corticothalamic pathway was strongly comelated with hand
function. Thus, it is possible that integnty of coricotha-
lamic fibers may be related to improvement afier intensive
hand therapy.

Lesion type was not a significant predictor of bascline
hand function or amount of recovery. Some studies indi-
cate a relationship between lesion type and hand function,
suggesting that children with penventnicular lesions have
betier hand function than children with cortical or subcorti-
cal lesions (Ciond et al. 1999; Feys et al. 2010). It is pos-
sible that we failed to find an effect of lesion type on hand
function since children in this study had a varety of lesion
tvpes. Therefore, we potentially lacked the power o dis-
cern differences based on lesion type.

A lmitation of our study 1= that structural images were
used. Some studies have used structural imiages to exam-
ine motor pathway dysgenesis in children with CP (Dugue
et al. 2003) and adult stroke patients (Pineiro et al. 20007,
(Our regression model of bascline hand function shows
highly similar resulis as the Dugue et al. study (2003}, sug-
gesting that these findings are reproducible. An imporiant
study compared peduncle asymmetry analysis from struc-
tural scans to analysis using DT to identify the CST (Bley-
enheuft et al. 2007). In this study, DT] was more effective
at finding associations between motor symptoms and neu-
roanatomy than peduncle asymmetry on structural scans.
When the peduncle size 15 measured, the size includes not
only the C5T but also other tracis and the substantia nigra.
Thus, peduncle measure is an estimate of CST dysgenesis
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but is not as precise as a T]-based analysis. Bleyenheuft
et al. suggested that peduncle measures systematically
underestimate CST dvsgenesis.

Moreover, structural images provide no information
about the integrity of neural pathways. Indeed, the integrity
of motor pathways may be more predictive of the poten-
tial for recovery than the estimated size of motor pathweays.
DTI provides information about the integrity of fibers by
determining the anisotropy of fibers, a measure of direc-
tional diffusivity of water along a fiber bundle. Anisotropy
of motor pathways is lower than normal in children with
CP (Bleyenheuft et al. 2007; Thomas et al. 2005; Yoshida
et al. 2010}, Future studies should examine the relationship
between DTI-determined motor fiber integnty and potential
for improvement in hand function.

Ancther limitation of our study 15 that for many chil-
dren. there was a lag time between the time at which the
MEI was taken and the tme of intervention (average
425 months). Although lag tme between MR and training
was not a significant variable in the regression models, 1t is
possible that children’s peduncle asymmetry had changed
between the time of MRI acquisition and trainming. Two
preces of evidence suggest this 15 not the case. First, there
was a strong relationship between peduncle asymmetry at
the time of ME] and baseline hand function. Second, the
asymmetry of the peduncles remained remarkably stable
over time in the children who had repeated MRI scans. Fur-
ther study of CST development, particularly in early devel-
opment, will help to explore how CST anatomy changes
in carly development, as has been done with physiclogical
measures of CST function (Evre et al. 2007; Staudt 20107,
Addimonally, we only had sufficient power to test linear
relationships between vanables. It 15 possible that a more
complex nonlinear relationship might exist between pedun-
cle asymmetry and recovery.

This study is limited to children with unilateral CP who
have mild to moderate impairments of the affected hand.
Chur finding that the independence of recovery from pedun-
cle asymmetry invites the possibility that children with a
great amount of peduncle dysgenesis, and more severe
hand deficits than children studied here, might respond
to intensive treatment. [t is likely that other factors are
stronger predictors of treatment efficacy, such as intensity
of training, treatment schedule, and attentiveness of the
child dunng therapy. Moreover, other neurological factors
that were not assessed in this study could be predictors of
recovery. For example, neurological damage that impairs
vision, attention, or cognitive potential may impact recov-
ery, as children with these impairments may be lmited in
their ability to participate in intensive training protocols.
Future studies that can identify predictors of recovery will
be extremeely valuable, so that treatment can be tailored to
children based on these parameters.
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ARTICLE INFQ ABSTRACT
Article histary: Children with unilateral spastic cerebral palsy (USCP) often have tactle impaiments.
Peceived 8 June 2015 Intensive bimanual training improves the motor abilities, but the effects on the sensory
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Available anline 14 December 2015

sysem have not been studied. Here we compare the effects of bimanual training with and
without tactile training on tactile impairments. Twenty children with USCP (6- 15.5 years;
MACS: [-11T) were randomized to receive either himanual thermpy (HABIT) or HABIT +tactle
training (HABIT+ T All participants received 82 h of standardized HABIT. In addition

fﬂ:‘ﬂimmn & sessions of 1 hwere provided to both groups. The HABIT+ T group received tactile tmining
Tacti E-Lm it e s {without vision) using materials of varied shapes and tesdures. The HABIT group received
Tactile Lraining training with the zame materals without tactile directed training (full vision]. Primany
Bimanal training outcomes included grating ardentaton task/GOT and steregnosis. Secondary outcomes
Cerebral palsy included two-point discrimination TPD, Semmes-Weinsteinmonoflamen =S WM. T he GOT
Hemipegia improved in both groups after training, while sterecgnosisof the more-affected hand tended
Hand to improve (butp = (UDE2 . Mo changes were found in the TPD and the SWM. There wereno

Intensive rehabilitation group = tes interactions for any measure. We conclude tactile spatial resolution can

improve after himanual tmining. Either intensive bimanual training alone or incorporation
of materials with a divemsity of shapes/texires may drive these changes.
@ 2015 Ekevier Ltd. All rights reserved.

What this paper adds
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1. Introduction

Impaired funcion in childeen with unilateral spastic cerebral palsy (USCP) does not purely cesult from mobor
impairments, but is also affected by concomitant sensory impairments. Tactle registration, tactile perception, and
sensorimotor integraton are essential for grasping and releasing objects (Gordon & Duff, 1999, 1999b), dexterous
mani pulation (B leve nheuft & Gordon, 2013}, and activities of daily living (Auld, Boyd, Moseley, Ware, & johnston, 2002 ).
There have been studies investigating sensory contribution to motor control in children with USCP {Auld et al., 2012; Auld,
Russo, Moseley, & |ohnston, 2014; Gordon & Duff, 1999a ) However, whe ther intensivie bimanual training or tactile training
is effect ve in modifying tactile impairments in children with USCP has never been investigated.

Early animal studies directly tested how sensory deprivation affected the motor system Mott and Sherrington (1895)
showed that deafferentation, an abolition of sensory input, impaired the performance of skilled movements in monkeys.
Although the underlying pathophysiology is different in deafferented monkeys and in USCE, these studies highlighted the
contribution of sensory input tofine motor control. Recently, neuroplastic changes were de mons trated in rats’ sensory cortex
(51} after enhanced environmental or motor training. joo et al. (2012) showed increased somatosensory evoked potentials
that paralleled motor recovery. Alwis and Rajan (2013) showed that 8 weeks of emvironment enrichment e ased
electrophysiological responses to tactle stimull. These studies highlight the interacion between sensory and mobor sysbems.

Studies investigating e fects of somatosensory training programs on modifying sensorimotor functions in adult stroke are
emerging (Carey, Macdonell, & Matyas, 2011). While it has been adinowledged that the sensory impairment is a major
contribution to motor impairments in children with USCP (Bleyenheuft & Gordon, 2013), effective therapy in improving
tactile impairment is lacking (Auld et al., 2014). The study by Charles, Lavinder, and Gordon (2001 is the only study using
intensive hand therapy which reported an improvement in tactile disaimination in 3 children after constraint-induced
movernent therapy (CIMT ). They attributed the improve ment in tactile discrimi nation to an increase in tactile input and its
subsequent change in wrtical receptor felds for the fingers. More recently, studies investigating neuroplastic changes
associated with intensive hand therapy using functional Magnetic Besonance Imaging (FMREL) or magnetoencephalogra phy
(MEG) demonstrated i nareased activation associated with CIMT (Juenger et al., 2013} or HABIT (Blevenheuft et al., 2015} in
51 or M1 inUSCP and in adult stroke { Laible et al., 2012}, [n summary, tactile function could be improved after intensive hand
therapy in children with USCP, and neurophysiological changes assodated with intensive thera py may be found in 51 or M1.
These studies prompted us to probe deeper into the relatonship among intensive hand training, tactile training, and their
impact on tactile function in children with USCP.

Both unimanual and bimanual intensive therapy have been shown to improve hand motor functon in children with USCP
(Gordon et al., 2011, 2008; Sakzewski, 2012; Sakzewski et al, 2011). Bimanual i ntensive the rapy improved self-deter mined
goals more than unimanual therapy as bimanual training allows use of both hands {eg., tying shoes) (Brandao, Gordon, &
Manani, 2012; Gordon et al., 2011 ) [n addition, bimanual training improved bimanual coordination more than unimanual
training { Hung, Casertano, Hillman, & Gordon, 201 1), Consequently, we adopted bimanual training as a common ing redient
inour study. We further aimed to com pare the efficacy of two interventions in this pilot study: intensive bimanual training
{hand-arm bimanual intensive thecapy, HABIT) vs. intensive bimanual training that includes tactile training { HABIT + Tjon
modifying tactile function in children with USCE. We hy pothesized that tactile function could be enhanced after HABIT due
tothe enriched e nvironment cre ated by ex posure to objects of varied textures, and tactile functioncould be furtherenhanced
with additional tactile training

2. Methods
2 1. Particpants

Participants included a sample of convenience that was recruited from a subset of two ongoing trials {Bleyenheuft,
Arnould, Brandao, Bleyenheu ft, & Gordon, 2015; Brandaoet al, 2013 ). The inclusion criteria were established based on prior
HABIT trials (Brandao et al, 2013; Gordon et al, 20011; Gordon, Schneider, Chinnan, & Charles, 2007): (1) age 6 to 18,
diagnosed with congenital USCP, (2] the ability to lift the more-affected arm 15 cm above a table surface and grasp light
objects, (3} cognition level defined as mainstrea med in school (Kaufman Brief Intelligence test score =70}, (4) demonstrated
ability to follow instructions and complete testing. Exclusion criteria induded: (1) health problems unrelated to USCP, (2)
uncontrolled seizures, (3) visual problems interfering with interventionftesting, (4) severe muscle tomne at any joint
(Modified Ashworth score =3.5),(5) orthopedic surgery on the more-affected hand within one year, and 6) botulinum toxin
therapy in the upper limb within the last 6 months or intended treatme nt within the study period. Informed assent fconsent
forms were obtained from participants and caregivers. This study was approved by the respective Universities' Inst tutional
Review Boards.

22 Procedures
22 1. General intervention procedures

O bimanual training camp was conducted at Teachers College in New York City in early July 2012, Another bimanual
training camp was conducted at Université Catholique de Louvain in Brussels, Belgium in late July 2012, In each site,
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participants were tandomized offsite using concealed allocation stratified by their baseline tactile discrimination threshold
(measured by Grating Orientation Task) and baseline unilateral dexterity (measured by [ebsen-Taylor Test of Hand
Function) of the more-affected hand. Twenty participants were randomly assigred to a (1) HABIT including tadile training
group (HABIT+ T, n=4 in Mew York, n=6 in Brussels) or (2) HABIT group (HABIT, n=4 in New York, n =6 in Brussels)
HABITis a form of intensive bimanual training for childee nowith USCP using motor learning principles (Charles & Gordon,
2006). Children are engaged in using both hands in bimanuwal play and functional activities. The more-affected hand is
treated as the assisting hand {active assist or stabilizer ) in the context of task practice. Motor learning principles of whole-
task and part-task practice are applied. Clinical trials of HABIT have shown efficacy in improving children's manual dexterity,
bimanual hand use, and performance of functional goals (Brandao et al, 2013, 2012; Gordon et al, 2001, 2007).

222 Intervention detoils

All paricipants received 82 hof standardized intensive bimanual training within 3 weeks by trained i ntervenonists. [n
both sites, an additional 8 h of treatment was provided in a separate room with a different interventionist (specifically
trained ). Children's regular interventionists were not allowed in this training room. During that time, the HABIT +T group
received tactile training using tactile stimulating materials {without vision, described in Section 2.2.3). The HABIT group
received the same dosagefschedule of controlled training with the same material but without spedfic tactile-directed
training (standardized HABIT-full vision, see Section 223}, Apart from the specially trained inte rventionist for those 8 h
of tadtile feontrol training, regular interventionists (for the 82 h of standardized HABIT) were trained at a pre-interven ion
session on procedures common to the 2 groups, such as strategies toe ngage children actively imvolving the use of both hands
and safety. Daily team meetings reinforced individual treatment plans. The 2 amps had the same supervisor to ensure the
uniformity of inte reention.

223 Tactile and control training

The 8 h of specific tactile intervention or control training was mnducted systematically by the same interventionists at
both sites. During those 8 h, children recei ved either tadile training or control tiaining [ 1 h session = 8 camp days, B sessions
in total )

Children in the HABIT+ T group received 8 sessions of 1 h tactile training. Specific training com ponents e noom passed (a)
tactile discrimination and matching: training modalities included texture {e.g, fur and plastic), shape (e.g, circle and
square ), and size, (b) finger resistance discrimination and matching (cylinder blocks with different resistance for fingers to
push in, see Fig. 1A and B). Training was primarily admini stered with the child blindfolded or exploring objects in bags (iLe.,
not visible). Yet, instructions and knowledge of results were given with vision. Both hands were required to engage in the
tasks. Skill progression and engagement of both hands for bimanual manipulation were ensured. An example for a texture-
matching task is that a child would first touch/feel an object with one hand (e.g, a sand-paper-top cylinder, see Fig. 1A} The
child would be asked to identify the same object among various objects (e.g., fur-top cylinder, spiky-plastic-top cylinder,
plastic alphabets) by exploring with the other hand If children were not able o explore objects due t©o their motor
impairments, intersent onists suppor bed the objeds inchildren's hand to allow exploration. Children receivied knowledge of
resul s after each trial by visualfverbal feedback from the interventionists. Positive reinforcement was always provided.

Children in the HABIT group did not receive tactile training. During the control traini ng, they received standardized HABIT
by playing with the same materials (full vision ) in the same environment (same roomfintensentonist) as those provided to
the HABIT + T group. Participants in this group received control traind ng with the same schedule and frequency as those in
the HABIT + T group | 1he/session on 8 camip days ). Intervention materials were applied in the context of play and functional
activities in this group. This design controlled for confounds of the differential effects by exposing children to different
materials and different interventionists,

23 Measurements

Participants were evaluated directly prior to treatment {pre-test) and within 2 days after treatment (post-test) by one
physical therapist blinded to group allocation. Primary outcomes included grating orentation task/GOT and stereognosis.
Secondary outcomes included two-point disai mination/TPD, Semmes-Welnstein monofl Lame nts [SWM, the [ebsen-Taylos
Test of Hand Function| [TTHE and the Assisting Hand Assessment| AHA The details of each assessment are described below.

The tactile spatial resolution was measured by the GOT using the [VP domes (Stoelting Co., Wood Dale, [L, USA). [t was
validated in children with USCP { Ble ven heuft & Thonnard, 2011} During testing, children had their palmer side of the index
finger tp exposed and resting on the table, They were first given 4 practice trials with vision/werbal feedback, followed by
4 practice trials without vision and with verbal feedback We used 11 domes presenting gratings with equal distances of bar
& groove widths (035,05, 0,75, 1.0, 12,1.5,2.0, 30,3.5,40, 4.5 mm } The domes were perpendicular ly applied to the index
finger pad for 1-2 5, which resulted in ~2 mm of deformation on the skin (a procedure validated in children, see Bleyenheuft,
Cols, Arnould, & Thonnard, 2006; Bleyenheuft & Thonnard, 2007} Children determined the grating orentation (along or
across the finger). Two-alternative orentations (forced-choice) were used for each trial. Each dome was tested in 10 trial s
using a psewdo-random presentation order of 5 trials with the gratings along horizontal axis and 5 trials with the gratings
across the longitudinal axis of the Anger. We started with the 3.0 mm dome. Children were tested with the next smaller
width when the correct res ponse ¢ate of the current dome was >60%. They we re tested with the next larger width when the
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Fig 1.(A)Anexample of an object-mat duing task during Lactile training in the HABIT + T group. A child was first expose d bo asand-papser- top cylinder with
the less -alle e d hand (onthe right side of the pidwe), and was required 1o search for the same objed with the more-afTected hand (on the left side ol the
picture]. The childs vision was occluded by a screen during the discrimination training. (B) An example of the materal used during tadile training.

correct response rate of the current dome was <50% Threshold search stopped when the child consistently failed to
discriminate {Le., =2 domes showing the cortect fesponse rate <50%). A final threshold was caleulated based on an estimate
of 75% correct width (Van Boven & johnson, 1994 A default threshold of 4.5 mm was assigned when they were unable to
reach a correct response rate of 70% even when tested with the widest dome (4. 5mm).

Stereognosis was measured with the Manual Form Perception Test (Cooper, Majnemer, Bosenblatt, & Birnbaum, 1995,
Children were asked toidentify 10 objeds by touching [feeling them. Five objects of daily use (toothbrush, tennis ball, comb,
large cup, and candy-in-wrapper) and five shapes (arde, triangle, square, diamond, and octagon) were randomly presented
tor children. The total number of correctly identified items was the fnal score.

Static TPD was performed by using Disk-criminator™ [ Mackinnon & Dellon, 1985). Children were first instructed with the
testing procedure of differentiating between 1-point and 2-points on the le ss-affected hand with vision. They were tested on
thumb, index, and middle nger pads of both hands. The evaluator randomly assigned 1- o 2-point stimmuli. Each Rnger was
tested with 10 random trials at each distance, When a child achieved 7 correct responses at the distance tested, evaluator
tested with the next smaller distance. When a child failed to achieve 7 correct responses at the distance tested, evaluator
tested with the mext larger distance. The minimal distance childeen were able to distinguish two disciete points, ranging
from 2-15 mm, was recorded for each finger as the final score. [f a child could not discriminate 1- or 2-point stimuli with a
distance of 15 mm, a default threshold of 15 mm was assigred.

Tactile pierce ption was tesbed with Semimes-Wieins tein monofilaments | SWM) (Smith & Nepher Boylan e, Germantowi,
W, USA) (Weinstein, 1993) We used a 20 monofilaments kit Monofilaments were applied to the index finger pad. Children
said “touch™ or “yes™ when they felt the filament A few practice trials were given on the less-affected hand until they
understood the procedure. We started with the 431 Alament and searched for the threshold.

The Jebsen-Taylor Testof Hand Function ( JTTHF){ jebsen, Taylor, Triescimann, Trotter, & Howard, 1969)is a standardized
test quantifying unilateral dexterity as the movement time (in seconds) to complete motor tasks, [t consists of subtests
including card Mipping, small objects mani pulation and placement, simulated eating, chedier stacking, and empty and full
can mani pulation. The maximum completon time of each subtest was 180 5, and if it was clear a child could not complete the
itemns, the test was stopped to prevent frustration and fatigoe and the maximum time was recorded. The total score (in
seeonds ) is an addition of the & subtests time.

The Assisting Hand Assessment (AHA, version 4.3 )( Krumlinde-Sundholm & Eliasson, 2003 jquantfies the effedivensss of
the more-affected hand use in bimanual activities {(in 0-100 AHA-unit). The test was videotaped and scored off-site by an
evaluator blinded to group allocation.
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20 Recruited from the Clinical Trial &

Randomized
I
10 Allocated to 10 Alkocated o
HABIT + T Group HABIT Group
10 Completed 9 Complated
Intended Treatmant Intended Treatment

Fig 2. Patient low chart

24. Statistical desgn

Statistical analyses were performed using SPSS (Mersion 2100 A 2 (group) = 2 (test session) ANOVA with repeated
mieasures on test sessions was per formed on each measure for the more- and the less-affected hand. This design was to test
efficacy of training on tactle and motor function and to examine il reatment efficacy differed depending on group
assignment. As many of the measures violated assumptions of normal distributions, we logarithm-trans forme d the raw data
usiig log base 100 Given that the ANOVA results on raw data and logasithm-transformed data wer e qualitabvely similar, we
thus reported the statistical results on the log-transformed data below. Figures show the raw values however, - Tests were
performed to test group differences at baseline, Pearson coefficent correlations were performed toexamine the predictors of
changes in function. p-Values under 005 were set as statistical significance.

3 Results

Patient Mow is shown in the Dow diageam (Fig 2). Twenty children with USCP {ages 6-15.5 years: MACS level: [0 met
the inclusion criteria and were randomized to receive either HABIT or HABIT +T. One participant in the HABIT group in
Brussels dropped out of the study. A total of 19 partcipants {ages 6-15.5 years: MACS level: [-10) completed 90 hof training.
Clinical characteristics of participants are described in Table 1. There were nosignificant differ ences in the primary measures
or secondary measures between the two groups at the baseline (all p =015}

Taldle 1
Baseline participant charactersticy

Characteristics HABT+T (n=10) HARIT (n=193) Contral group
Mean age (SO years, months 29 (26) 8(11) 82023)

Gender

Male 4 & 4

Female & 3 &
Paretic hand

Right & 5 4

Left 4 4 &
MALCS

1 2 o 3

& E: &

m 2 1 1
Baieline tactile discrimination threshald, mean (SO, mm 423 (0.58) 435 (0.42) 411 (0.0
Baseline stersognasis, mean (D)L n &5 (163) 522 (3.08) 4.4(3.75)
Baxieline TPD-thumby, meaan (SD). mm 29 (536) 922 (5.4) HA
Baxieline SWH, mean (S0 &3 (25) 5.78(2.14) HA
Baseline [TTHE, mean (S0 I6R.06 (28042 38052 (308.25) 36469 (30560
Lesion Lype

™ 1 o 1]

m 4 4 2

CisC 2 4 7
L ail able 3 1 1

Abbreviations: HABIT, hand -arm bimanual intensive therapy; HABIT+ T, HABIT with additional tactile training 50, standard deviation; MACS, manual
ahility classification system; TPD, two-point discrimination, SWh, Semmes-Weindtein monofilament; [TTHF, |absen-Tafor test of hand fmction, Ch,
anrtical malformation: P perventricular indure: CISC cortialisubeontical kesion
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31 Changes in toctle spatial resolufion & stereognosis after trafning

Fig. 3 shows the means of the more-affected hand for the HABIT+ T and HABIT groups at pre-test and post-test for the
GOT, sterecgnosis, the [TTHF, and the AHA For the GOT, there was a 0.36mm and a 0.2 mm improvement in the
discrimination threshold in the more-affected hand for the HABIT+ T and HABIT groups, respectively (Fig. 3A) There was a
1 min and a 1.05 mm improvement in the discrimination threshold in the less-affected hand for the HABIT+ T and HABIT
groups, respectively (Fig. 3B). A test session efect showed that the improvement inthe GOT was significant { Table 2, more-
affected hand, p=00028; less-affected hand, p=0.002) For the sterecgnosis, there was a 0.5 object and =1 object (1.7)
improvernent in the more-affected hand for the HABIT + T and HABIT groups, respectively (Fig. 3C). There was a trend of
improvermnent in the stereognosis in the more-affected hand (p=0.063). There was no significant Group = Test session
interaction effect in the stereognosis in the more-affected hand. Finally, there were no significant changes in the stereognosis
ifi thee less-affected hand after training, (0.1 and 0.2 object more for the HABIT + T & HABIT groups, Fig. 3D). Mot did wie find a
significant Group = Test session interaction effect.

3.2 Changes in TPD and SWM after roining

Theere were no significant changes after training in either hand in the TPD and SWM ineither group (TPD all ingers, more-
affected hand, p == 0.16; TPD all Angers, less-affected hand, p - 0.57; SWM more-affected hand, p=1023; SWM less-affected
hand, p=0.74). There were no Group = Test session interaction effects for either measure.

2.3 Changes in hand function after traiming

For the [TTHE, there was a 425 (19.7%) and a 1485 (39.1%) decrease for the HABIT+ T and the HABIT group, respectively
{Eig. 3E, testsession, p < 00001 ). There was nosignificant Growp = Test session interacion effed, indicating both groups did not
improved in a signifiantly different way (p=0.053) For the AHA, there was a 6.7 and a 4.9 AHA-unit improvement for the
HABIT+ T and the HABIT group, respectively (Fig. 3F, test session, p=0002) There was no Group = Test session interaction
effect for the AHA, indicating both groups improved similarly (p=0.56). These improvements were clinically meaningful
(defined as a 5 AHA units improvement ) for the HABIT +T group, and borderline clindca lly meaningful for the HABIT group.

34 Stability of measures in a control group without training

Since there were no differences between the two groups in the primarny measuces, we mnsidered whether there was a
learning effect in the participants simply by being tested bwice across a 3-week period of tme without training. We
therealfter recruited an age-matched control group of 10 participants with USCP (see Table 3. They were tested two times
with three-weeks in between on the primary and one secondary measure without any reatment Paired -tests confitmed
stability of these measures across the two besting sessions in the control group (Table 3, no significant differences for any
MmEasure )

35 Predictors of funcional outoome

Due to the hieterogensity of the lesion and functions in USCP, we tested whether individual differences, including initial
severity in tactle & motor function and age, would impad changes in function. Given no group differences were found in
previous analyses, we used all participants (n=19) to explore correlations between individual differences and changes in
function. We found that participants with worse unilateral dexterity (baseline [TTHF) had a trend to improve more in
stereognosis after training in the more-affected hand (R =045, p=0.052). Baseline unilateral dexterity was not correlated
with improvementsin theeshold of discrimination in the more-affected hand (R= 03, p= 0022} Baseline tactile function was
not orrelated with percentage improvernents in the AHA (GOT & AHA % change, p=088; stereognosis & AHA % change,
p=025) No relation was found between age and improvements in threshold of discarimination (p= 065}, or between age and
improverments in stereognosis (p=095)

4. Discussion

This study ai med toinvestgate | 1)changes in tadile function associated with intensive bimanual training in USCE, (2} the
effects of additonal tactile training to HABIT inenhancing tactile function. We hypothesized that tactile function would be
improwved after HABIT, and be further improved with added tactile training. Our results demonstrated that tactile funcion,
specfically tactile spatial discrimination was modifiable immediately after intensive bimanual training These
improverments were not an effect of repeated testing across a 3-week period of time. Contrary to our hypothesis, both
groups improved similarly. Although the improvements in the stereognosis did not reach statisteal significance across the
two groups (p= 0.063), it is worthwhile noticing that 31.6% (4 in the HABIT + T group, 2 in the HABIT group) of participants
achieved the highest value (10 objects) at baseline in the stereognosis in the more-affected hand. This ceiling effect in the
stereognosis at baseline may not leave sufficient room for change.
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Table 2
Results for the maore-alfected hand.
Prepest (55% O Imvmediate Thange scone Test sesmion ellfect Inte raction Prywwesr
pestiest (5% C1) (pretest o immediate  pvalue (paial g7 pvalue (1- g
ot et} (95K 1) (partial *
Threshald of
GOT (mm )
HARIT+T 423 (189, 4.58) 3187 (304 4.68) Q36 [ - 0949, 0.27) - - -
HARIT 435 (399, 4.72) 153 (268, 438) 082 [~ 148, -0L16) - - -
Mean 429 (404, 4.54) AT0(3.11, 4229) 059 [ - 105, -0.14) 028 (0.253) 0501 (0U027) 100
Steredgnosis (n)
HARIT+T 6.5 (4.19, 881) T (514, 8.87) @50 [ -0L88, 1.88) - - -
HARIT 522 (279, 7.66) 689 (492, 8.86) 167 (021, 3.12) - - -
Mean 586 (418.7.54) 694 (559, 8.30) 1.08 (0.08, 2048) 63 (0188 ) 0522 (025) 089
TPD thumb {mm)
HARIT+T B9 (52 1260) /6 (502, 12.18) Q30 [ = 140, 0.80) - - -
HARIT 9272 (532,.13.12) RB9(5.12, 1266) 033 (=080, 0.13) - - -
Mean 906 (&37.11.75) A74(6.14,1135) 32 [ -098, 0.35) 0413 (0uDa) 0479 (D3) 099
SAM
HARIT+T 630 (450, 8.10) 540 (350, 730) 90 [ -216, 036) - - -
HARIT 5.78 (188, 7.68) il (3949, 8.00) 022 [ -85, 1.29) - - -
Mean 604 (473, 735) S70(432 7.08) 34 [ - 124, 0.56) 228 (0uDa4d) 0106 (D146) 0487

Abbreviations: GOT, grating orientation task; HABIT, hand -arm intensive bimanual therapy; HARIT + T, HABIT with additional tactile traini ng; TPD, two-
point discrimination; SWM, Semmes-Weinstein monalilaments; Mean represents the average for the HARIT+ T and HABIT groups

* Spatistical results oblained from using ANOVA with repea ted mexsure.

B Power was calculated for the test session effect

4.1 Enriched environment may improve toctle function in both groups

The comparable results in the improvements associated with either training group in the GOT could primarily be
explained by an enriched environment in both groups. Animal studies (Alwis & Rajan, 2013) showed that enriched
emvironment induced neutal responses to discriminative whisker behaviors. Studies in healthy adults demonsteated that
perceptual learning occurred after one to several sessions of tactle raining (Harris, Harris, & Diamond, 2001) and was
transferred to the contralateral and adjacent fingers (Kaas, van de Ven, Reithler, & Goebel, 2013).

Twio possible types of enriched emvironments have been applied to both groups inour study. First, both groups received
82h of standardized HABIT. The increased amount of tactile stimulation during those 82h of intensive bimanual
miani pu lation may have created an enriched environment and may explain comparable improve ments in the GOT. Second,
the novel training materials with different textures, shapes, and sizes used during the 8 hoof tactile and controlled training
could also have enriched the environment Thus 8 hof specific tactile training may not be needed toen hance tactile function
in children with USCP on top of the intensive b manual therapy they already received. Instead, sither intensive tactile input
during standardized HABIT or an introduction of new materials during tactile feontrolled training might drive tactile
irmprove ment.

4.2 Irsufficent dose of tactile roming may couse similor fmdings

The similar findings in the two groups might alsobe explained by insufficient tactile traini ng dose inthe HABIT+ T group.
Carey et al. (2011) showed that 10h (B0 mins/session, 3 sessions/week) of somatosensory diseimination training
effectively improved tactile disorimination capadty in adult stroke patients. It is possible that 8 h of tactile training was
insufficient to drive differential effects of perceptual learning between the two groups in children with USCE, espedally
wheen cognitive capacity was required in perceptual learning. [t is important to note that children with USCP were learning

Table 3
Ontcomes remain stable over time in the antml group.
Crulcome Test 1 Test 2* 1-Test p wahe®
Tactile diserimination threshald (mm) 4.11 (7 385 (073) [ ]
Stereagnaosis (n) 4.4(3.75) 44 (357) 095
HF (3] 36460 (305.6) 35256 (232.59) 031

Walues for Test 1 and Test 2 represents mean (SO
* Test 2 was performed 3 wesks after Test 1.
B Spatistical results oblained from using paired (-est
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new skills whereas adult stroke patients were re-learning the function they lost. Hence a more intensive training might be
needed in chil dren with USCP. Future studies shiould test anintensive dose of tactile traini ng in a randomized controlled trial
(RCT) or a cross-over study.

43, Improvements in spatial toctle discrimination in the both hands after intensive bimanual therapy

It is imporiant to note that children with USCP had tactile impairments in both hands. In fac, the threshold of
tactile discrimination of the less-affected hand is higher (worse acuity) than the dominant hand of typically developing
(TD) children. The mean threshold of less-affected hand in USCP was 3.2 mm at baseline, while mean threshold in
typically developing children varies from 137 (interquartile range=1.12-1.83) at 6 years old to 1.10 {interquart le
range=0.71-1.28) at 16 years old (Bleyenheuflt et al ., 2006). Improvements were observed in both hands after training
in our study. To our knowledge, this is the first study that reports tactile function can be improved in both hands
after intensive bimanual training in children with USCP. This fAnding suggests that, when taking both hands
into consideration, HABIT not only improves spatial-temporal control of the two hands {Hung et al., 2011}, but also
strengthens the tactile function in both hands, This may be an important consideration in choosing whether to do
unimanual (CIMT) versus bimanual training.

44. HABIT andfor tocde training may tnprove foctde fundion fmeolving reconstruction mental images of the samul

Despite the changes observed in the tactile spatial discrimination and the stereognosis, we did not find any significant
changes in tactle pressure detection {SWM) and two-point discrimination. [t has been previously shown that these sensory
miodalities are less affected than the others in children with CP (Arnould, Penta, & Thonnard, 2007 Cooper et al, 1995;
Krumlinde-Sundholm & Eliasson, 2002: Van Heest, House, & Putnam, 1993} This may be related to the diferential
mechanis ms associated with tactile spatial discrimi nation/stereognosis and pressure discriminationTPD. 5pecifically, skills
associated with spatial discrimi nation and stereognosis require a reconstructon of the mental image of the stimulus in the
CNS, wheereas skills associated with tactle pressure detection and two-point disoimination mainly require tactile input
detection using non-spatial cues in the receptor population {Van Boven & Johnson, 1994). Thus neuroplastic changes after
tactile training are more likely to be associated with changes in the mental representations of the tactile stimuli in the
SOMAtose NSOry COrtex.

45, Correlation between baseline dextenity (JTTHE) and stereognose

A moderate, albeit non-significant correlation between baseline [TTHF and stereognosis was found, whereby dhildren
with worse dexterity improved more in stereognosis in the more-affected hand after training. In two studies, researchers
highlighted that stereognosis was crrelated with manual ability inchildren with USCP (Arnould, Bleyvenbeu ft, & Thonnard,
2014: Klingels et al, 2012). The association was possibly due to the requirement of adive manipulation for allowing
successfu lobject identification. Chil dren with the worst baseline dexterity are alsomore likely tochange from a passive to an
active exploration mode after training, due to their improvements in motor function. This probably accounts for
improvement in stereognosis, whereas this association was not found between dexterity and tactile spatial discrimination in
the more-affected hand (o active manipulaton).

5 Limitations

Our study has a small sample size, which may render insuffident power to determine differences between groups, and
the resul s may not be generali zable, However, our study is the fest study to examine the effect of HABIT with or without
tactile training in modifying tactile fundion in children with USCP, and no comparable studies using same measures were
conducted in the literature. Therefore it is difficult to estimate an appropriate sample size a priorl. We acknowledge that
replication with a larger study is needed.

I this study, improvements in tactile function were measured following intensive bimanual training Enciched
environments may play a major role in the changes observed in both groups. Our study does not allow us to directly
discriminate the effect of the amount of manipulative tasks (Le. standardized HABIT) versus the manipulation of specific
materials during the 8 h of s pecific tactile/control training as we col lecte d our subjects from a sample of convenlence. Futupe
randomized controlled trials or cross-over studies should test the efficacy of these components in isolation and llect
retention data several months after traiming.

We used a VP dome-width of 4.5 mm as the widest bar width for testing based on a previous study (Bleyenheuft &
Thonnard, 2001 1), We con servatively assigned 4.5 mim as the cap theeshold for those whodid not reach 70% of the correct rate
wheen tested with 4.5 mm In fact, 8 childrenin either group { 16 out of 19 children, 84.2%) Giled to reach 708 of the correct
rate at baseline. Three out of 8 children in the HABIT +T group and 4 out of 8 children in the HABIT group improved from
45mm to a measurable threshold after training Conceivably, we could have underestimated improvements in these
7 children by capping their baseline threshold at 4.5 mm. Future studies using the GOT as an outcome measure may monsider
induding a wider range of domes for allowing a more accurate threshold measure.
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6. Conclusions

Our study is the first to report that tactile function can be enhanced in both hands after intensive bimanual training.
Importantly, the improvements in outcome did not differ between the HABIT +T and the HABIT groups, suggesting the
environment is driving the changes rather than specific tactile training. Our study suggests a window of opportunity for

modifying tactile function by providing an enriched environment. The take-home message of our study is that tactile
impairments can be improved when the tactile input is structured in the environment
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Article histary: Intensive rehabilitation interventions have been shown to be efficacious in improving
Received 1 April 2015 upper extremity function in children with unilateral spastic cerebral palsy (USCPL These
Received in revised form 25 June 2015 interventions are based on motor learning principles and engage children in skillful
i‘;‘;zﬁ j: uj::“f;;}:hs_ 2015 movements. Imprvements in upper extremity function are believed to be associated with

neuroplastic changes. However, these neum plastic changes have not been well-described
in children with cerebral palsy, likely due to challenges indefining and implementng the

L-E]mhdm;“hy optimal tools and tests in children. Here we documented the implementation of three
il e s di.FFerent. neurok gical asses.s.menu (diFFuT‘,'u:-n tensor ir!'xagi.n.g-Lﬂ'I, trmnsranial magnetic
MR stimulation-TMS and functional magnetic resonance imaging-fMRI) before and after a
™5 bimanual intensive teatment {(HABIT-ILE) in two children with USCP presenting
om differential corficospinal developrmental reorganization (ipsilateral and contralateral ).

The aim of the sudy was to caprure neunphysiological changes and to document the
complementary relatonship between these measures, the potential measurable changes
and the feasibility of applying these techniques in children with USCP.

Independent of cortical reorganization, both children showed increases in activation
and size of the motor areas contmlling the affected hand, quantified with different
technigues. In addition, fMR] provided additional unexpected changes in the reward
circuit while using the affected hand
@ 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
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1. Introduction

Owver the last decade, intensive rehabilitation interventions have been sucoessfully developed for addressing upper
exctremity function of children with uni lateral spastic cerebral palsy (USCP: ez, Charles, Lavinder, & Gordon, 2001; Charles,
Woll, Schneider, & Gordon, 2006; de Brito Brand3o, Gordon, & Mancind, 2012; DeLuca, Case-Smith, Stevenson, & Ramey,
2012; Deppe et al., 2013; Eliasson, Krumlinde-Sundholm, Shaw, & Wang, 2005; Fedrizzi et al., 2013; Gordon, Charles, &
Steenbergen, 2006; Gordon, Schneider, Chinnan, & Charles, 2007 ; Gordon et al., 2008, 2011; Hoare et al., 2013; Sakzewski
et al, 20011} These interventions are based on motor learning prindples applied to intensive unimanuoal (constrained-
induced movement thecapy — CIMT) or bimanual (eg., Hand and arm bimanual intensive therapy — HABIT) training. More
recently, a combined bimanual and lower extremity stimulation has been proposed (Hand and arm bimanual inte nsive
therapy including lower extremities: HABIT-ILE; Bleyenheuft & Gordon, 2014; Blevenheuft, Arnould, Brandao, Bleyenheuft,
& Gordon, 2014}

While principles of motor learning indicate that changes in motor skill are associated with newroplastic changes in animal
mcedels | Kleim et al., 2004; Mudo, 2003}, there is a lack of evidence for these neuroplastic changes inchildrenwith cerebral
palsy. This lack of evidence is likely due to challenges in defining and implementing the optimal tools for measuring these
changes.

Meuroplastic changes might be influenced by the basic cortimospinal (CST) organization of the children with USCP. [t is
now wiell-established that children with USCP may present an atypical development of the descending motor pathways
(Eyreet al, 2007; Staudt et al., 2004, for a review see Gordon, Bleyenheuft, & Steenbergen, 20013 ). From the original bilateral
projecions developed during embryogenesis, CST may either pursue a “classical” crossed (contralater al) deve lopment {with
a natural pruning of the ipsilateral projections), or maintain and strengthen the ipsilateral projections from the unaffected
hemisphere to the affected hand. The maintenance of such projecions results in the affeded hand being controlled either
with projections from both hemispheres (bilateral organization), or with projections from the unaffected hemisphere
exclusively (ipsilateral projections ) [t is generally accepted that children with ipsilateral reorganization present a mone
severely affected hand functon, accompanied by mirror movements in upper extrermities { Hol msteim et al., 2000; Stauwdt
et al, 2004}

Since motor pathways can be reorganized invery different waysin children with USCP { Carr, Harrison, Evans, & Stephens,
1993, Guerzetta et al., 2007 Staudt et al., 2002, 2004}, tracking of CST circuits with diffusion tensor imaging (DT1) is a key
imaging approach to understand the connectivity of the motor system in children with USCPE. DTl measurements of CST
dysgenesis are strongly related to the manual dexterity of a child with USCP (Bleyenheuft, Grandin, Cosnard, Olivier, &
Thonnard, 2007 ), but does not appear to be predictive of the potential for improvement in these children { Friel, Koo, Carmel,
Rowny, & Gordon, 2014} DTLis also hy pothesized to be sensitive tochanges after motor learning in children with USCPsince
changes in DT have been detected after learning in different contexts {Imleld, Oechslin, Meyer, Loenneker, B Jandoe, 20009,
Lazaridou et al, 2013; Li, Wang, Hu, Liang, & Chen, 20013

Cortical changes that are linked to motor changes elicited by intensive therapy sessions can be captured by cortical
mapping using single-pulse transcranial magnetic stmulation {TMS ) TMS can assess the topography of the motor map
(Vandermeeren, Davare, Duque, & Olivier, 2000) as well as the strength of the connections. Single-pulse TMS is also a safe
procedure that is well-tolerated by children (Krishnan, Santos, Peterson, & Ehinger, 20015). Disadvantages of TMS include not
being safe for use in people with seizure disorders and not being readil y able to assess cortical areas that are not onthe brain
surface, such as the leg motor map. Functional magnetic resonance imaging (MARL) is a key instrument to investigate plastic
changes in the brain associated with motor learning (Ghilardi et al, 2000; Debas et al., 2010: Hardwick, Rottschy, Miall, &
Eickhoff, 2013 ). However, application for tradking motor changes in children with spasticity may result in difficulties: First,
the absolute necessity of keeping the head still while producing movements with upper extremities may be too difficult.
Second, children with implanted metallic material could be automatically excluded due to the risks associated with the
it vetic feld.

The aim of this pilot study was to implement these three neurophysi ological assessments { TMS, TMEL DTL) in 2 children
with USCP before and after a HABIT-ILE treatment We aimed to capture neurophysiological changes and to document the
wmplementary relationship between these measures, potential changes associated with therapy, and the feasibility of
applying these technigues in childien with USCP.

1 Material and methods
21. Partidpants

Two partidpants with different CST organization were included in this study.

Child 1 was a 6 year old girl presenting with a right hemiparesis consecutive to a left sylvian cerebral vascular accident
(CWA) in perinatal period. The child was classified as level 1l on the Manual Ability Classification System (MACS, Eliasson
et al., 2006) and presents a Gross Motor Function Classification System, (GMECS, Palisano et al., 1997) of level L

Child 2 was a 9 year old girl presenting with a left hemiparesis. The cerebral palsy is consecutive to a right sylvian CVAL
Hier MACS is classified as level [ and her GMECS as level L
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22 Intenste raimng

Participants were engaged ina HABIT-ILE treatment 9 hiday during 10 consecutive days (total amount of 90 hours ) during
school holidays HABIT-ILE usées structured bimanual tasks that vequive sifulta neous control and eoordination of UE and LE
moverments { Bleyenheuft & Gordon, 2014; Bleyenheuft et al., 20014}

23 Functonal/behovioral assessments

Before and after the HABIT-ILE session, upper and lower extremity changes were assessed.

Onboth hands, dexterity was measured with the Jebsen-Taylor test of hand function (JTTHE, |ebsen et al., 1969), pinch
foree with a pinch dynamometer (Mathiowet, Wiemer, & Federman, 1986), Stereognosis with the Cooper test {Cooper,
Maj nemer, Rosenblatt, & Birnbawm, 1995 ). Manual ability was measured with (1) the ABILHAND-kids { logit }{ Arnould, Penta,
Renders, & Thonnard, 2004}, (2) the Assisting Hand Assessment (AHA; Krum linde-Sundholm & Eliasson, 2003; Krumlinde-
Sundholm, Holmefur, Kottorp, & Eliasson, 2007 ) and {3) the Pediatric Evaluation of Disability Inventory (PED L Haley, Coster,
Ludlow, Haltiwanger, & Andrellos, 1992 McCarthy et al, 2002; Vos-Vromans, Ketelaar and Gorter, 2005} Lower extremity
assessment included the 6 minute walk test (6MWT), Encight (2003 ): Geiger et al. (2007 ): Li et al. {2007 ) and the ABILOCO-
kids questionnaire {Caty, Arnould, Thonnard, & Lejeune, 2008 ). The Canadian Oocupational Perfor mance Measure {COPM )
was used to measure changes in the functional goals (Carswell et al., 2004; Law, McColl, Opzoomer, Polatajko, & Pollods,
1990 Verkerk, Woll, Louwers, Meester-Delver, B Nollet, 2006). More details are provided on these assessments in the
supplementary material.

24 TMS motor mappirg

Single-pulse TMS mapping of the motor cortex was performed before and after ninety hours of HABIT-ILE The details of
setup (Moirhomme et al., 2004) and MEP recording are available in the supplementary material.

[in short, TMS pulses were delivered at a frequency of less than 0.1 He, with the coll being moved along the head in2 cm
increments between each pulse. Pulses were delivered until either a motor evoked potential {MEP) of the affected upper
extremity (UE) was found, or until the hemisphere had been thoroughly mapped in 2 con increments (= 80% maxi mum
stimulator output).

If an MEFP of the affected FDI was found, the ooil was held at that spot (“hotspot™) and the stmulator output was lowered
unitil ain MEP couild no longer be elicited. The stimulator output at which an MEP of the affected FDLeould be eliated rom six
of ten sequent al pulses delivered at a frequency of 0.1 Hz was definsd as the motor threshold (MT )

TMS mapping was subsequently performed by delivering single TMS pulses ata stimulus intensity of 110% the MT for the
affected FDL Three to six TMS pulses were delivered to each grid point. Both hemispheres were mapped.

After rehabilitation, TMS mapping was repeated using the same procedures as before rehabilitation. The MT of the
affected FDI was found as described above. Thiee to six TMS pulses were delivered to each grid point on the skull cap, at a
stimmu lus intensity of 110% the pre-rehabilitation MT of the affected FDL

241 Data analyses

EMG data were exported from Signal into MATLAB (Mathworks). A MATLAB script was written to identify the onset ime,
offset time, and magnitude of the MEP for each muscle. Onset and offset time were determined relative to the time of TMS
stimu lation. The latency of MEP onset was defined as the duration between TMS stimulation and onset of the MEP. The
strength of the MEP was defined as the peak-to-peak amplitude of the MEP.

For each grid point in the map, the average MEP strength and latency was calculated. Each grid point was cate gorized as a
digit, wrist, or duel digit-wrist response site by the presence or absence of an MEP inthe FDI or WFE at that site. The number of
digit and wrist sites wene tallied. Differences in the number and MEP amplitude of digit and wiist responses before and after
rehabilitation were calculated.

Similarly to TMS, children were assessed with imaging before and after intensive training. [maging consisted of
conventional MRI; functional magnetic resonance imaging (IMRID) and diffusion tensor images (DT1) performed at 3T
(Achieva, Philips Healthcare, Eindhoven, The Metherlands.

25 MR

Functional MR images of brain activity were also collected using the same 3T head scanner (with repeated single-shot
gradient-echo echo-planar imaging: echo time (TE)=50ms, flip angle (FA)=90, [nplane Resolution= 1964 mm x
1.964 mim, slice order descending and inte cleaved, slice thickness =3 mm | Repetition time {TR) was 2250 ms, 38 slices { the
whole brain is scanned 148 times per run, 6 times per condition per run).

251 MRl paradigm
During the FMRI expe rimen ts, partidpants performed 3 runs of 5 min 33 s duration each sequence. There were 3 = 6 oral
instructions {1500 ms) provided (“left hand™, “fght hand®, “both hands™) per run. After the verbal command, the children
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Table 1
Description of behavioral/fundional dhanges.
Child 1 Child 2
Pre Post Pre Pust
JTTHF WA (5] 1080 515 275 84
JTTHF LA () 49 43 37 36
Key pinch MA (kg) 15 283 1.58 2048
Key pinch LA (kg) 166 383 550 483
ABILHAND- Kids {lagits ) 034 215 2.8 668
PED ([sell-cane) 38 58 51 63
AHA [AHA-unils) 43 42 66 &7
Spereognisis MA (j10) 2 5 3 4
Srereognisis LA (10 9 o 1o 1o
GMWT (m) 390 480 74 520
Abiloco-kids [ logils) 160 5.90 431 592
COPM perfonmance (/10) 42 73 57 a2
COPM satisBaction (10 78 83 50 a8

JTTHF: Jelmen-Taylor Test of Hand Function; MA: more alfected; LA: less afTected; PFED: pediatrc evaluation of disabdlity inventorny; O0PM: Canadian
Oecupational Performance Maxiure

performed the movement requested: grip and lift a cube (2 cm edge) with left hand, with right hand or grip two cubes
sl neowusly (one cube in each hand) Pretests showed that after 85 all our participants finished the movements. The
duration between trials was then chosen to be 1655 to ensure a comfortable baseline. During all experiments, ome
experienced physical therapist inside the scanning room checked all the movements and pressed four button boxes to record
information about them (start and end of the left and right hand movement) This information was used to ceate the
multiple regression model {General Linear Model; GLM ) for the MR data analysis.

252 Dato analysis: MR runs

The (MRl signal in the various conditons was compared using BrainVovager QX (Version 23, Brain [nnovation,
Maastricht, The Metherlands) Prior to analysis, the functional data sets were subjected to a series of preprocessing
operations. Preprocessing consisted of a linear trend removal for exduding scanner-related signal, a temporal high-pass
filtering applied to remove temporal frequencies lower than 3 cycles per run, and a correction for small interscan head
movernents by arigid body algorithm rotating and translating each functional volume in 3D space. Data were corrected for
the difference between the scan times of the different slices. Data was smoothed in the spatial domain {Gaussian flter: Full
Width at Hall Maximum= 5 mm). Subsequently, the functional data were analyzed using a multiple regression model
(CGeneral Linear Model; GLM) consisting of predictors, which corresponded to the particular experimental conditions of each
expe riment: movement of right hand condition (RC), left hand (LC) and both hands (BC) for the two sessions separately
(6 conditions inall, RC,, and RC.; for session 1 and 2 respecively, ete. ).’ The predictor time courses used were computed on
the basis of a linear model of the relation between neuaral activity and hemody namic response {Boynton, Engel, Glover, &
Heeger, 1996) The statistical maps computed were overlaid to the 3D T1-weighted scans in the AC-PC native space. All
wregistratons were corrected manually and the corrections of the movement were optimized (sinc interpolation)

253 MR statistical anafyses and confrasts of mierese

For each child, we performed first whole brain analysis using the following general  contrast:
[[RC;, + RO + LC;, + LE; + B, + BC ) = rest] aimed at isolating the areas responding to hand movements comparing o
st and found the sensori-motor cortex. Further, we computed RO analysis ineach area found with this contr ast. Foll ow up
ontrasts [[RCz — RC; ), (LG — LG, ) (BC — BC ), [LC; +RCp +BC, ) — (LG, + R,y +BC, ) or (RCo +BC.3) — (RC;, + BC;, ),
(LCsz — LCa1) — (RCsz — RCsq) or (BCa — BCar) — (RCa — RCa )] were calculated at the peak of activation. These values were
used to compare activation before and after the intensive training.

26, D11

DTlimages were acquired at the end of each TMRI session (details of the sequence provided in supple mentary material ). In
order to determine FA of the CSTs, spheres of 3mm (123 voxels) were created symmetrically in both tracts, their middle
centered on the CS fibers at the level of the mid pons, as visualized in a transversal plane passing through the middle
cerebellar peduncle (see Fig 3). The number of voxels presenting a main z direction was then counted, and the value of the FA

e also created aseomnd GLM whens the movement parameters were used a6 conlounds. However, it was a bit problematic because head movements
were strongly related to hand movements required and we decided 1o use it only o explore potential e owltide s mon-motor oo
? For the child 2 the conditions LC have not been used
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inz direction reported for the 123 voxels in each sphere. A determinist tracking was then made from the spheres. Only the
fibeers with FA = 0L15 and a deviation angle <507 were considered for this tracking.

3. Resulis
31 Child 1
Child 1 showed improve ments in upper and lower extremities in all functional assessments except the AHA{see Table 1)

311 TMS

For child 1, the motor map of the affected hand was found in the contralateral, affected hemisphere.

After 90 hours of HABIT-ILE, substantial changes in the responsiveness and excitability of motor maps were found. In
child 1 {contralateral map of the affected hand ) there was a 50% increase in the number of digit and wrist responsive sites
after rehabilitation. The average amplitude of the MEP of the affected FDI increased from 311.47 pV to 45873 Vv (473%
increase). The average amplitude of the MEP of the affected WF increased from 262.73 pV to 42837 pV (63.1% increase).

21.2 MRI

2.1.21. Behavioral results. During the frst MR assessment, over the 18 trials programmed with the right {affected ) hand
across the 3 runs, child 1 succeeded in only 11 trials. With the less-affected hand, 16 out of 18 trials were correctly
performed. Finally, 12 out 18 bimanual trials were successful during this pre-training assessment

At post-training assessment, with the same paradigm, all trials but 2 were completed with the dght! more-affected hand
(16 out of 18% All left hand (18/18) and bimanual trials (18/18) were correctly completed.

3122 MRI results. At gFalse Discovery Rate) < 005 (= 3.54) and duster size =20 mm®, we reported 8 clusters for the
contrast [[RC,,+ RC, +LC,, + LC; +BC,, + BC.5) = rest] (see Table 2 and Fig 1) We found clusters in the primary motor
cortex (M1), primary sensory cortex (51, the putamen and premotor cortex on the right hemisphere. On the right side we
alsofound the le it inferior and the superior frontal gyrus to be activated. The largest region was found in the supplementary
miobor area (SMA) On the left, we only discovered a duster in the motor| premotor area.

Then, we computed ROl analysis ineach area found. For the BC we Found an increase between before and after treatment
in almost all clusters (all but right BAG and one of the two duster found in right M1 For the LC the actvation was
significantly increased in the left motorpremotor cortex and in the SMA. Finally for the RC, we discovered an increase of
activation in the right BA44. [n the right BAG, the activity for the right hand is almost significantly higher in the first session
than in the second {p=0,063)

We did also the contrast {LC, 5+ RCo, + BC ) — (LG, +RC;, + BC;, }in a whole brain analysis with movement paramebers
used as confounds of non inberest in the genecal linear model (see femark 1) At p< 000025 (=3.032) and cluster size
=20 mm®, we found 5 clusters (see Table 3 and Fig 2) Globally, the differences between before and after treatment were
similar for all onditions showing an increase of activation.

113 DT

Ower the 123 voxels of the left sphere, this child presented 94 voxels with a preferential z divection. Ninety-three of these
94 voxels presented a FA higher than 03 (see Fig 3D

Ower the 123 voxels of the right sphere, 117 had amain diredionin z. 116 outof 117 of these fibers presented a A higher
than 0.3 {see Fig. 3C)L

Table 2
Chikd 1 - Contrast: (R + RCx + Llx + L + BGy + BCx) o rest
Chisters’ Size t-Peskal ROy -RC, Lg-1C, BCy-BC, (ROg+L0,+BC) (RCg =R, )
(mm']  aclivation {RCyy + Ly + Bl ) (LCyz = LGy
Right precentral gyrus, BAd 197 4432 0987 0562 oE oz 0609
Right pestcentral and precentral 1102 4858 0278 0858 0288 0398 0247

gyr, BA3 and BA4

Left precentral gyrus. BA3-6 w0 3n7 0289 0.285
SMA. BAG 1200 4211 0574 0.086
Right superior frontal gyris, BAG 33 3173 [=)M063 0437 029 0979 (=G
Right superior Fontal gyris. BA1D 106 4.187 0932 0218 0125 0299
Right inferior frontal gyrs, BAd4 528 4603 OB 0508 0301
Right putamen a0 4707 0163652 0254208 0.808

* Found at g FOR) = 005 anad clus ber sire >20mm”, calumns 2-5 presenting povahees of 3 -test Incase a mntrast provided a decrease in activa tion, the p-
value is preceded by a (-] sign
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Right Putamen

3

Fig. 1. Child 1j;t g(Fake Discovery Rape)<005 (1=354) amd duster sice = 20mm the chesters  for the onirast

KR ey + RO 4 LGy 4 Ll g + BCyy + BCa) = rest)

Tracking from left and right spheres allowed the delineation of the respective left and right CST at the ficst iteration ( see
Fig. 3A).

Unfor tunately, as this child's pre-camp DT was alfected by movernent artifacts that could not be corrected for, it was not
possible to compare pre and post intensive rehabilitabon D11

32, Child 2
Child 2 showed improvements in all functional assessments (see Table 1)

32.1. TM5

For child 2, no TMS-evoked responses could be found in the affected hemisphere, even at a stimulus intensity of 90%
maximum stimulator output. However, when the contralesional (unaffected) hemisphere was stiru lated, MEPs in both
hands were evoked showing that the affected hand was mntrolled via ipsilateral connections from the unaffected motor
nilgiih 8

32.1.1. Changes n mator maps after rehabilitation In this map (ipsilateral map of the affected hand), there was a 233%
imncrease in the number of digit and wrist responsive sibes after rehabilitation. The average amplitude of the MEP of the
affected FDI increased from 482.04 pV to 288883 pV (4993% increase). The average amplitude of the MEP of the affected
WE inereased From 30904 WV to 3475.34 pV (1024.6% increase).

Table 3
Thild 1 - Contrast: (Ll g + Blp 4+ Blg) ~ (Ll + RCq + By L
Chsters Size I = Peak ol Blm = Rl Ln = Ll Bz - BCy (Rl + Lln+ Blg) (Rla = R
{mm?) aclivalbion (RCpy + Ll + BCy) [ L Dy |
Right orbitolfrontal cortes, BaA 11 244 3536 LT L] 0.2 LT L] 548
Right orbitalfmontal cortes, Ba 11 125 3437 DUDEG 0000 LT 0000 101
Right cingulate gyms, BA32 261 3829 5 0000 (02 0000 315
Left superor frontal gyrs, BAG 188 3504 DU 0T [T 0000 484
Left superor frontal gyrs, BAS 17 3279 0UD00 05 w31 0000 0276

* Fownd at p = 000025 and cluster size 220mm’, colemms 2-5 presenting p-values of a - test bn cate a contrast provided a decrease inactivation, the p
value is precedsd by a (- )sign
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322, MRI

322.1. Behavioral results. During the first assessment, child 2 sucoeeded in all trials{ 18/ 18) programmeed for the right {less-
affected) hand across the 3 runs. With the more-affected hand, only 7 out of 18 trials were correctly performed (the child
systematically used the opposite hand to help during the task ) Finally, 14 out 18 bimamual trial s were successful during this
pre-traliing assessment.

At post-training assessment, with the same paradigm, all trials were completed separ ately with the more-affected hand
(left 18/18) and less-affected hand (right 18/18). In bimanual trials 16 out of 18 trials were correctly completed.

3222 MR results At same g(FDR) and same cluster size than child 1, we reported 35 clusters for the contrast
[[RCs1+ RCo + LCs 1+ LGz + BC;q + BCoa ) = rest] but with large overlap (73,653 voxels activated in total: see Fig 4a)
Consequently we increased the statistical threshold to p{Bonf) <0.001 and cluster size =20 mm® allowing a separation
between the sensori and motor regions. We defined 14 clusters (see Table 4 and Fig. 4b). 51 was found on both hemispheres
wontrary to M1 and premotor cortex only found on the left {healthy ) hemisphere of the brain SMA, left inferior and superior
parietal lobules were also activated.

Further, we computed ROl analysis in cach area found with this contrast, Due to the fact that this child did not succeed
during the st session of the more-alfected (left) hand task without help of the less-afected hand (for 11 on 18 trials) we
decided to focus analysis on the right-hand and two-handed conditions. For the BC we found difference between adivity
after and before treatment in right S1, left M1 and in the superior parietal lobule (see Table 4). For the RC, a difference was
observed in this last cluster only. Mo interaction was observed in any cluster.

Contrary to the first child, we didn't find a difference with the contrast [[LC; +RC; +BC, ;) — (LG, + RC,, + BC;, )] at
p< 00025 in a whole brain analysis with movement parameters used as confounds of non interest (see remark 1)
Mevertheless we found 2 clusters (in BA11 and BAS) at p < 0L05 {t= 1.96) and cluster size =50mm’ (see Table 5 and Fig 5).
The difference between before and after the treatment was mainly driven by the BC for the two clusters (without
wonsideration of the LC) (Table 5).

323, D7 results

Over the 123 voxels of the right sphere, this child had 53 voxels with a preferential 2 direcion. Twenty-one of these
53 voxels had a FA higher than 03 (see Fig. 3EL

Owier the 123 voxe s of the left sphere, 111 had a main divection in 2. Ninety sixout of 111 of these voxels had a EA higher
than 03 {see Fig 3FL

Amean FA was cal cul ated in the 2 divection on all the voxels of the sphere. Before inbensive training, the mean FA was of
0.385 inthe zdirection inthe left sphere and of 0345 inthe right sphere. This value increased after intensive training in the
left sphere (o 0,403 ) while it did not increase in the right sphere (0245)

Tracking from the left sphere allowed the delineation of CST on the left side at the first iteration (see Fig. 3B} Tracking on
the basis of the right sphere also allowed to tradk a projection to the left CST. Whatever the number of iterations of the
program to track the fibers, no delineation of a CST on the right side was possible, as represented in the tracking image
(Fig 3B}

4 Discussion

Two children with USCP, presenting different CST post-lesion reorganization (child 1: contralateral connectivity, child 2:
ipsilater al connectivity) were assessed before and after a 90h HABIT-ILE intervention using three differe nt neurophy siologi-
cal assessments: DT, FMRL and TMS.

Child 1 had a motor map of the affected hand in the contralateral (affected) hemisphere, as attested by TMS and DT
investigations. DTl showed that while the C5T was party damaged, the remaining fibers were of good quality, allowing
conmectivity to the affected upper extremity muscles. TMS investigations showed an increase of both affected hand cortical
map and cortical excitability of this map. fMRl presented changes consistent with TMS, but further allowed the
demonstration of changes in sensory and associative areas.

Child 2 had a motor map of the affected hand in the unaffected motor cortex solely, as shown by the TMS cortical ma ppi ng
and by the DT investigations. Thus ani psilateral projection was present from the unaffected hemisphere that controlled the
affected hand. Despite partial results (due to inability to achieve the task with the affected hand at the start), PRI
highlighted an increase of activation in left motor (BA4) and visuo-motor (BAT) areas. [n the ipsilesional side, solely BA3
presented an increased activation after HABIT-ILE After the intervention, child 2 could perform the task easily with the more
affected hand.

Interestingly, child 2 was undergone CST reorganization (ie., ipsilateral innervation) achieved better functional scores
than child 1 {preserved mntralate cal organization ) This is not cnsistent with previous studies suggesting a better funcion
of the affected hand when the motor map is located inthe affected hemis phere { Holmstrom et al., 2010; Stawdt et al, 2004).
Furthermore, contrary to what has been previously observed with CIMT (Kuhnke et al., 2008), both children improved
furctionally and in the motor cortical areas controlling their affected hand. The twocases studied in this paper suggest thus
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that whatever the organization of the CST after the lesion, children encountered functional/behavioral changes after HABIT-
ILE, and these improvements were mirrored by cortical changes.

The cortical organization of desce nding pathways could be identified both with DTT and TMS. Previous papers have shown
that both conventional MRI and DTl could quantify indexes of symmetry esimating the CST dysgenesis, and that these
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Tabile 4
Child 2 - Contrast: (RC,, 4 R0+ 10, + 10,5+ BC,, + BC,o) 2 rest.
Chusters’ Size t - Peak of RCa ~ RCa Bla ~ BCn (RCq +BLa) (BCg = BCn)
{mm™) activation (RCa + BCa) (RCa = RCu)

Right posteentral gyrus, BA3 1635 116 0387 0747 0407 0482

Right pesteentral gyrus, BA3 6 6557 0588 woar 0124 0169

Left precentral gyrus, BAd £ 7809 [Nl 0246 039 0424

Left precentral gyrus, BAG 17 7085 0.8 0742 0651 0,185

Left precentral gyme, BA4 0 6191 [V E:e] [T 0185 0105

Left pemteentral gyrus, BA3 m 787 {1 ] 117 0089 0745

Left peosteentral gyrus, BA3 10 6486 0.852 0828 0851 0.956

Medial frontal gyris, Brodmann a5 8769 664 0273 0363 0547
anea & - SMA

Left superior parietal lobule, BAT a9 6642 0,333 008 0364

Left superior parietal lobule, BAT 140 6433 [T R omas 0541

Leht inferior parietal lobule, BA40 &7 6262 0847 0334 049 0.48

Limbie lobe, dngulate gyris, 75 6308 0189 (111 0053 0573
Brodmann area 24

Limbic lobe, posterior cingulate. 36 6.602 0405 0545 0391 0.8
Broddmann area 29

Left inferior occipital gyres, BA19 262 6731 089 397 0317 1

* Found at gBonf) < Q00 and cluster sive = 0mmnr.

indexes correlated with funcional abilities of the paretic hand (Bleyenheuft et al, 2007; Bleyenheuft & Thonnard, 2000;
Dugue et al., 2003; Friel et al., 20014) but not change in hand function after intensive bimanual training {(Friel et al, 2014}
‘While conventional MRl systematically underestimates the CST dysgenesis, it might be considered in clinics as a good
approximation of the consequence of the lesion on the CST ( Bleyenheuft et al., 2007 ). However, an index of symmetry does
not allow investigation of the quality of the fibers and the extent to which the motor pathways may have under gone
reorganization post-lesion (Gueze tta et al., 2007 Staudt, 20100, As illustrated inour two cases, to innervate muscles of the
more affected hand, the key may be not the quantity of CST fibers maintained, but the intrinsic quality of these fibers. To
imves tigate quality of the fibers, a DT1 analysis with a delineation of CST fibers can be useful. The interest of such information
resides in the potential differential treatment that could be proposed as a function of the cortical organization.

I this pilotstudy, all assessments were performed pre- and post-intensive training. While comparison of DTI par ameter s
could be done only inone child, due totechnical reasons, some changes in FA were observed. Recent papers in the li terature
hawe pointed the potential changes in DTI parameters, interpreted as spontaneous recovery (Jang & Yeo, 2014) or due to
intensive training { Kwon et al, 2014). However in the absence of data describing measurement variability between two
measurements of DTI performed in the same subject at different time points (without treatment ), we are cautious regarding
this obse rvation.

When DTl cannot be performed (due to the age of the child, inability to stay stll, or some exclusion criteria) TMS can
provide a good alternative to determine CST organization. While it should be verified ina larger sample, the matching
betweern CST reconstruction with DT and TMS data was very consistent in these children. More specific than the oortical
organization, TMS allowed investigating changes in cortical excitability. In both children, the motor areas underwent a huge
iiver ease i cortical excitability. [n the child with maintained crossed descending pathways, both the affected and unalfected
miotor areas controlling the hands had an increase of 50-60% in the average amplitude of the MEP. For the child with both
motor areas located in the unaffeded hemisphere, the average amplitude of the MEP was greatly increased in the area
dedicated to the more affected (inaease of 499%) and to the less affected hand (increase of 1025%)

TMS also allowed investigation of the number of digit and wrist responsive sites for the affected hand after rehabilitation.
Paralleling the results of mrtical excitability, the number of responsive sites increased after intervention, showing an
expansion of the motor map related to the affected hand in both dhildren. However, once again, this motor map extension
was larger (233% ) in the ipsilateral map of the affected hand of child 2, than in the contralateral map of the affected hand in
child 1 (50% increase). This could be linked to a different potential of cortical changes depending on CS organization. After
CIMT the difference highlighted in cortical modulation was already described as different (Juenger et al, 2003). However
CIMT showed an increase of activity in motor areas controlling the affected hand when this area is contralateral to the

Tabsle 5
{hild 2 - Contrast: (Ll + R+ Bla) = (Ll + Rl +Bla L
Chusters’ Size 1 - Peak of RCez ~ Rl Bl ~ Bln (Rilez + BLoa) (BLg ~ Bly)

(mm?) aclivation (RG, +BC,) (RCg ~RL,)

Right superior frontal gy, BAS a1 263 0235 0212
Orbritofrontal cortex, BA 11 53 2133 0261 ome

* Found at p 005 and cluster size >50mm’.
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Fig 5.Child 2/the contrast [(LC, + RCg + B, )~ (LG, + RC, + BC, )] at p < 0U0025 ina whale brain anal yais with movement parameters used a5 confounsds
al maon inbenes

affected hand and a decrease of activation when this area is ipsilateral to the affected hand (Juenger et al, 2003). TMS
investigations also showed a decreased cortical excitability afte e CIMT in this last group. The authors suggested thatthis was
probably linked to an inhibitory 51-M1 interaction: the activity in 51 (maintained in the impaired hemisphe re) induced by
the exerdse would have an inhibitory action on the synaptic activity of M1 through inhibitory i nte rhemis pheric pathways.
However, children improved in both cases. The authors suggested that the decrease of activation might correspond to a
better refinement of the motor cortex. The contrast of the results we have inchild 2 for bimanual training suggest a highly
different neuromodulation in children with ipsilateral organization when treated with unimanual or bimanual intensive
therapy. While in both interventions 51 of the affected hand (preserved in the ipsilesional hemisphere) presented more
exatability afber the treatment and a behavioral improvement was observed, the consequences of the treatments on
ipsilateral motor maps were totally opposite. This raises the importance of comparing in ipsilateral children the amount of
functional and cortical direct and long term benefit of CIMT versus bimanual intensive therapies.

Functional magnetc resonance imaging can be of great helpin this context since it allows investigating the changes in
other fields than the motor response. Especially of interest here are the sensory areas related to the affected hand and the
associative areas and their neuromodulation after a bimanual intensive training. While the child 1 with a preserved
contralateral organi zation did increase cortical activation after intervention for nearly all dusters evidenced at the frst
analysis in the “both hands™ condition, both left and right cortical changes were separately observed. Interestingly, the
motor changes of this child were consistent with TMS observation both for the affected and non-affected side, showing
increases in activation Changes were al so noticed in the SMA for “both hands™ and “left hand™ use, as well as in BA10 (both
hand s condition), well known for being involved in executive functions and memory recall {Costa et al, 20011} In child 2,
with “ipsil ateral” reorganization, all changes were observed on the unaffected hemisphere, except for the modulation in
BA3, with anincreased activation of sensory area preserved in the lesional hemisphere. Anincrease inthe M1 (BA4) of the
unaffected hemisphere was observed consistently with TMS changes for the both hands condition. BA7, known to be
related to visuo-motor coordination and especiall y to correction of the movement when grasping an object (Vingerhoets,
2014), presented also more activation after the intensive rehabilitation treatment in the “both hands™ and “right hand™
conditions. Unfortunately, the left hand condition could not be analyzed in this child sinoe at pre-assessment, despite
training, she was systematically using the less affected hand to give the object to the more affected and totake it out of the
hand . This raises the one im portant problem of pecforming motor MR with children with CP: some of them have difficulty
performing isolated movements with the hands, and therefore compromise the interpretability of MR data. In the future,
devices allowing to grip and move objects without need of visual feedback and without risks of drop should be specifical ly
desigred.
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If movements parameters are used as confounds of non-interest, as we presented in Tables 3 and 5 for children 1 and
2 respectively, some other higher level changes might be highlighted. Inour 2 children, changes in activaion were detected
under these corrections when using both hands in BA11 added for child 1 to i noreased activations in BA32 and BAG. Child
2 showed in addition changes in BAS. All these areas are known to be connected to the concept of reward. BA11 has beén
described as having an important role in the reward of mediated behaviors, notably in psychiatry (Goldapple et al., 2004:
Rogers et al, 1999) Furthermore its activation has been described as inversely proportional to the demanding aspect of the
task (Pochon et al, 2002 ) sugeesting here that the task being less demanding after the intensive training, morne activation
wuld be dedicated to emotional information. BA32 is described in the literature as activated by reward and reward
anticipation (Knutson & Cooper, 2005; Pochon et al., 2002; for review see Haber B Knutson, 2010), especially in “self-related
(personally relevant contextual value) processing along an affective dimension™ { Lane et al, 1998 Posner & Rothbart, 1998 ).
Finally BAS has also been described as part of reward process, notably when some tasks are associated with high monetary
reward (Fochon et al, 2002). Altogether these results suggest that after the intensive HABIT-ILE treatment, children felt
rewarded when performing the task. Though this change in the reward circuit could be attributed either to the increased
success performing the task or to the positive reinforoement implemented during the intensive intervention, this effect is of
greatinterest because this change in the reward circuit activation may promote long-term use of both hands in everyday life
activities., This unexpected Anding illusirates the additional interest of MR for investigating changes in higher {and
sometimes non-motor) level that may occur during intensive rehabilitation processes using motor learning.

In this pilot study, both imaging and TMS were applied in school age children who were awake and alert. This creabes
some difficulties specific to children that has to be considered for implementing studies on cortical changes. For imaging, the
three main challe nges are anxiety of the children, movement of the head and ability to pe efform the motor task From 6 years
old, with careful explanation to the children about whatto expect, a visit to the MEI facility before participating, a short video
to introduce dhildren to the anticipated noise and traind ng outside of the MR prioe to the actual imaging, children tolerated
assessmients without specific complaints. The task (picking a blodk ) was toodifficult to be performed by one child in the MEI
during the first examination, resulting additionally insome head movements during the task. [n our subsequent work a task
wias designied where objects were placed in the hand of the children, which solved the problem of inability to perform the
task and drastically reduced associated hiead movements. Therefore the choice of the task and testing it prior to imaging
appears o be crucial to obtain data of good quality. However, for younger children, the MR and espedally the MR is not
likely to be casily performed. Therefore TMS might be more feasible. In our 2 children, no adverse events were reported
during TMS. The main difficulty for the chil drenwas the length of the exam that had tobe interrupted either for going to the
toilet or drinking. Provided that no prior seizure history is reported, TMS thus would be easier to apply in younger and more
affected children who have difficulty performing precise movements in the [MEl without associated head movements.
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