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In the past decades, interest has grown on the mechanisms of
early brain plasticity and their implications for newborns and
infants with brain damage. Early brain damage triggers com-
plex processes of adaptive neuroplasticity, which involve var-
ious functional systems and are highly influenced by the
environment. Understanding the complex process of reorga-
nization of neural functions through adaptive plasticity is a
fast-growing field of research that has the potential to prompt
more targeted and evidence-based interventions to promote
neurodevelopment. The objective of this special issue was
to collect scientific reports and literature reviews, from both
animal models and human studies, contributing to a better
understanding of the characteristics of early adaptive neuro-
plasticity following early brain damage.

Understanding in vivo mechanisms of damage and
plasticity needs animal models. Unilateral brain damage is
probably the most studied model for the characterization of
brain plasticity. The review by M. Gennaro et al. is aimed at
exploring developmental ischemic stroke pathophysiological
mechanisms, focusing on key factors contributing to neona-
tal brain vulnerability and summarizing current available
stroke models in animal labs. These models are highly infor-
mative to human studies, as they identify mechanisms of
neuroplasticity in controlled experimental conditions often
using invasive means of investigation. Fortunately, noninva-
sive neuroimaging and electrophysiological techniques are

now widely available and make it possible to describe the
specificity of early mechanisms also in humans.

Evidence of early plasticity was found, for example, by
C. Simon-Martinez et al. who explored determinants of
impaired upper limb sensory and motor functions and corti-
cospinal tract wiring by using transcranial magnetic stimula-
tion and related this to lesion topography as assessed by a
visual semiquantitative scale for brain lesion severity on
MRI in CP. In an innovative ultra-high-field MRI technique,
S. Fiori et al. explored the plasticity of sensory systems in
young adults with congenital brain lesions. Their findings
support the crucial role of topography of brain damage and
reorganized somatosensory areas in relation to deficits of
hand sensory and possibly motor function. In another study,
S. S. Geertsen et al. explored the electrophysiological mecha-
nisms of coactivation of muscles and high step-to-step vari-
ability of gait in adults with early brain lesion and CP,
which are the result of a long learning process involving pre-
dictive coding of the sensory consequences of movement.

Indeed, different factors interact with brain adaptive plas-
ticity potentials, influencing the natural history of cerebral
palsy in the first years. To understand these mechanisms, K.
Klingels et al. collected longitudinal functional data over a
5-year time period in children with unilateral CP. They
observed increasing limitations in the passive range of
motion and improvement in capacity measures, while the
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spontaneous use of the impaired limb in bimanual tasks
became less effective after the age of 9 years.

Evolution of upper limb function in children with unilat-
eral CP and the factors that influence these time trends can
provide guidance in delineating treatment priorities. The
effects of new treatment options have recently been the object
of growing interest. For example, E. Inguaggiato et al. found
an increase in unilateral hemiparetic hand function (manual
dexterity) in children and young adults with unilateral CP,
with improvements emerging immediately at the end of
transcranial direct current stimulation (tDCS) and persisting
for at least 90 minutes. The action observation network
(AON) was studied by G. Sgandurra et al. in children with
unilateral CP. They demonstrated similarities compared to
AON in typically developing children and propose an AON
paradigm to explain and predict the efficacy of rehabilitation
in unilateral CP children and to investigate the effects of plas-
ticity induced by specific rehabilitation programs. They also
demonstrated that a more lateralized AON corresponded to
a worse impaired hand performance, as an example of mal-
adaptive plasticity. In another paper, T. L. Rich et al. applied
transcranial direct current stimulation (tDCS) as an opportu-
nity to open a window for plasticity in unilateral CP, showing
that a single application of anodal tDCS over the affected M1
can improve, in a safe and feasible way, possible but inconsis-
tent gains in hand function.

Of course, neural plasticity has not only implications in
the organization of motor and somatosensory function.
Visual deficits, for example, are increasingly recognized as
being part of the clinical picture in most cases. Confirmation
comes from the paper of G. Ickx et al. who explored visuo-
spatial attention in unilateral CP and demonstrated clinical
differences according to the laterality of brain and lesion tim-
ing: children with corticosubcortical lesions more frequently
presented visuospatial attention deficits than children with
periventricular brain lesion, which might be the results of
impacted function or plasticity mechanisms.
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Cerebral ischemia can occur at any stage in life, but clinical consequences greatly differ depending on the developmental stage of the
affected brain structures. Timing of the lesion occurrence seems to be critical, as it strongly interferes with neuronal circuit
development and determines the way spontaneous plasticity takes place. Translational stroke research requires the use of animal
models as they represent a reliable tool to understand the pathogenic mechanisms underlying the generation, progression, and
pathological consequences of a stroke. Moreover, in vivo experiments are instrumental to investigate new therapeutic strategies
and the best temporal window of intervention. Differently from adults, very few models of the human developmental stroke
have been characterized, and most of them have been established in rodents. The models currently used provide a better
understanding of the molecular factors involved in the effects of ischemia; however, they still hold many limitations due to
matching developmental stages across different species and the complexity of the human disorder that hardly can be described
by segregated variables. In this review, we summarize the key factors contributing to neonatal brain vulnerability to ischemic
strokes and we provide an overview of the advantages and limitations of the currently available models to recapitulate different

aspects of the human developmental stroke.

1. Introduction

An ischemic stroke is a transient or permanent interruption
of the blood supply into the cerebral vasculature and repre-
sents worldwide one of the most important causes of death
and of long-term disability in the survivors [1]. Although
the risk of brain ischemia increases in the elderly, the insult
can hit young people, at the perinatal and pediatric ages
[2]. Depending on the developmental stage of the affected
brain structures, a broad spectrum of clinical signs may arise
[2] such as hemiplegic cerebral palsy that represents the
most frequent deficit after developmental ischemia, with
a prevalence of 90% within the affected children [1].
Despite several studies shedding light on different
pathogenic mechanisms underlying the generation, progres-
sion, and pathological consequences of the developmental

ischemic stroke, the translation from the bench to the bedside
of these findings encounters several obstacles.

In translational research, animal models for strokes
represent a fundamental tool (a) to understand the molecular
mechanisms underlying the short- and long-term physiolog-
ical responses of all individual neuronal systems and of the
whole brain to injury, (b) to set up new therapeutic strategies
to salvage and rescue those structures, and (c) to find the best
temporal window of intervention with pharmacological and
rehabilitation interventions [3, 4]. In this view, notwith-
standing the complexity of all cascade events, the choice
of a reliable model is a researcher priority to reconcile
the existing marked differences between rodents and humans
at the level both of the cerebral vasculature [5] and of the
nervous system architecture [6]. Keeping in consideration
of how hard it is to match developmental stages across
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different species, in this review, we aim to summarize
developmental ischemic stroke pathophysiological mecha-
nisms, focusing on key factors contributing to neonatal brain
vulnerability. We also provide an overview of the models
currently used to recapitulate the human developmental
ischemic stroke, describing their advantages and limitations.

2. Clinical Features of Perinatal and Pediatric
Ischemic Stroke

According to the timing of the stroke occurrence during
development, two types of strokes are defined: perinatal
and pediatric [2, 7]. The perinatal stroke, also known as
neonatal, occurs from the 20th week of fetal life through to
the 28th postnatal day and represents a significant cause of
death and disability involving as many as 1 in 2,300 live
births [1, 7]. By contrast, with a prevalence of 2-13 in
100,000, the pediatric stroke can occur from the twenty-
eighth day after birth through to age eighteen [8-12]. Despite
their different etiology, ischemia due to vascular (arterial or
venous) thrombosis is the main cause of hemiplegia in
up to 94% of cases of the perinatal versus pediatric stroke
[1, 2, 13-15]. Additional neurological signs including
intellectual disabilities, behavioral deficits, language and
visual defects, psychiatric disorders, and epilepsy are more
frequent after the perinatal stroke with respect to the pedi-
atric condition [1, 2, 7, 9, 14, 16-18].

As stated before, depending on the timing of ischemia
occurrence, different structures can undergo prevalent dam-
age. For example, in preterm injured babies, white matter
injury is more affected due to the abundance of developing
oligodendrocytes that are highly sensitive to excitotoxicity
and neuroinflammation [19]. On the other hand, in term
babies, who have significantly less oligodendrocyte progeni-
tors, grey matter structures (e.g., the basal ganglia, thalamic
nuclei, and cerebral cortex) are the most commonly affected
by the injury [20, 21]. In general, the perinatal stroke seems
to be associated with a greater risk of worse outcomes
[2, 7, 14, 18] when compared to the pediatric stroke sce-
nario. This phenomenon is linked to the existence of different
stages of the critical period throughout development in
which the brain is differently susceptible to the early damage
[2, 7]. Thus, in contrast to “Kennard’s principle” by which
the younger brain holds a greater capability to recover from
injury, it seems that an earlier injury may in some cases more
deeply impact the early developing brain, finally disturbing
and so disrupting its pattern of maturation. This form of
plasticity called maladaptive plasticity could be particularly
disruptive for motor circuitry refinement where an aberrant
mechanism of plasticity frequently arises [2, 7, 22-25]. Under
maladaptation, the affected corticospinal tract does not exert
the usual role in the movement control proper of the first few
months after birth [24], but rather, an abnormal bilateral
pattern of the innervation of the spinal motor neuron is
observed, with deleterious consequences for long-term motor
function [22-24, 26]. Perinatal and pediatric strokes have
long remained undiagnosed or misdiagnosed, because of
the difficulty of interpreting the paucity of motor handicaps
[7]. In this context, Eyre and others in 2007 suggested that
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the delay in the emergence of motor signs depended upon
the activity-dependent competition between the ipsilateral
corticospinal tract (CST) from the undamaged side and the
spared CST axons from the damaged side. However, recent
efforts in clinical research have been made to find novel tools
to detect hemiplegic signs as early as possible. For instance,
the assessment of general movements at the neonatal epoch
has been pointed out as a promising predictive method to
detect the presence of neonatal cerebral infarction in
infants [27, 28].

3. Ischemic Stroke Pathophysiology in the
Immature Brain

Several experimental and clinical studies have been reviewed
on the pathophysiology of perinatal and pediatric ischemic
strokes frequently showing the presence of different mecha-
nisms activated upon developmental injury [2, 14, 29]. The
severity of damage following the neonatal brain ischemia
may depend upon several factors: the type of neuronal cell
death mainly activated during development [30], the matura-
tion of the immune system [31], and the developmental stage
of the cerebral vasculature [32] (Figure 1).

3.1. Excitotoxicity. Soon after blood flow interruption in the
territory of a major brain artery, a failure in energy-
dependent processes is generated, with the sudden loss of
membrane potential, strong depolarization and Ca™ influx
due to the activation [33]. As a consequence, neurons and
glia undergo ion and water imbalance with the subsequent
formation of intracellular edemasand membrane depolar-
ization that leads to glutamate-dependent excitotoxicity that
in turn triggers alteration in the brain metabolic profile [34]
and death pathways [35]. The immature brain shows unique
patterns of cell death activation in response to an ischemic
lesion [36-38]. In fact, while necrosis is the prominent
mechanism of neuronal cell death in the core lesion in
adults, apoptosis is more readily activated in the immature
brain. This is in part due to the high expression of key com-
ponents of apoptotic pathways, such as caspase-3, that have
a pivotal role in the programmed neuronal death during
brain development [30, 36, 37]. Indeed, in a developing rat
model of hypoxia-ischemia (HI), AMP-activated protein
kinase (AMPK), a sensor of cellular energy status also
involved in chronic inflammatory disorder [39], regulates
FOXO3a-mediated neuronal apoptosis through increased
expression levels of pro-apoptosis proteins, such as Bim
and Caspase-3 [40].

The immature brain displays high excitability that can
contribute to excitotoxic injury. This intrinsic high excit-
ability of the immature brain relies mostly on a develop-
mental increase in expression levels of the glutamate
receptor [41, 42], both in ionotropic (NMDA) and in metab-
otropic (AMPA) ones. In fact, experimental evidence in rats
suggests that the NMDA receptor density peaks late in the
first postnatal week in both the hippocampus and the neocor-
tex, whereas the AMPA receptor density peaks in the second
postnatal week at around P10 [43]. Moreover, a different
composition of individual receptor subunits of NMDA
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FiGure 1: Comparison between the rodent and human development of some molecular, cellular, and structural elements of the nervous
system. The grey rectangle depicts the “perinatal” range throughout life. Perinatal insults, such as an ischemic stroke, that hit during this

age can interfere with several aspects of neural development.

[42, 44] and AMPA [45] due to a developmental regula-
tion of their expression also contributes to increasing the
glutamate-dependent excitotoxicity after a perinatal ische-
mic lesion. The higher expression of NR2B versus NR2A,
together with a lower ratio of the GluR2 expression versus
other AMPA receptor subunits in the immature neocortex
and hippocampus, accounts for increased Ca2+ permeability,
which in turn leads to exacerbated excitotoxicity after the
injury [46]. An additional factor impinging on glutamate-
dependent excitotoxicity after early injury is the intrinsic
nature in action of the GABAergic system, which is imma-
ture and excitatory during early postnatal brain development
[47,48]. The reduced expression of several endogenous anti-
oxidant enzymes as well as the very high concentration of
unsaturated fatty acids, the high rate of oxygen consump-
tion, and the availability of redox-active iron [49] also con-
tributes to cytotoxicity.

3.2. Inflammation. Free-radical formation and activation of
the inflammatory cascades also contribute to neuronal cell
death after an ischemic injury in the immature brain [29].
Inflammation plays a dual role in perinatal ischemic stroke
pathophysiology [50]. It represents a risk factor of perinatal
stroke onset; however, it also contributes to protect the brain
from injury, by supporting tissue healing [51, 52]. Its
detrimental effects could be due to the facilitatory effects of
perinatal inflammation on the pathophysiology of ischemia
[53, 54], an effect linked to the ability of congenital

inflammation eliciting thrombus formation; for a review,
see [55]. The immaturity of the immune system at the perina-
tal age also impinges on the brain pathological response to
ischemia [50]. For example, the nonclassical complement
activation in term infants as well as in rat pups is downregu-
lated with respect to the mature brain [56]. Furthermore, in
adulthood, microglia activation plays a detrimental role in
the acute phase of the ischemic lesion as it produces inflam-
matory mediators such as ROS and releases other toxic mol-
ecules [54]. In contrast, during development, microglia can
play a reparative role [57, 58], since it actively releases anti-
inflammatory cytokines and neurotrophic factors that con-
tribute to resolve inflammation processes protecting viable
neurons from apoptotic death [59]. Direct evidence of its
protective role comes from two experimental studies where
selective pharmacologic depletion of microglial cells two days
before inducing tMCAO in P7 rats caused, respectively, a
larger infarct size [59] and increased intracerebral hemor-
rhages [60]. Astrocytes act in concert with microglia in
neonatal stroke pathophysiology. Indeed, early after injury,
astrocytes actively contribute to the production of proinflam-
matory cytokines, in association with neurons and endothe-
lial cells [59]. As for an adult stroke, also after neonatal
ischemia, astrogliosis is sustained by higher activation of
JAK/STAT signaling in both astrocytes and neurons, with a
final insulting effect on brain cells [61-63]. In this context,
recent work demonstrated that reducing this signaling path-
way indirectly either by inhibiting the STAT3 transducer and



activator glycogen synthase kinase 33 (GSK3p) [61] or by
blocking JAK2 and downstream STAT3 phosphorylation
[63] promotes neuroprotection and reduced inflammatory
response after a neonatal stroke. However, other contro-
versial result come from a study carried in a model of
hypoxia-ischemia (HI), where it has been shown that reactive
astroglia does not exacerbate lesion extension, since GFAP
deletion did not affect infarct volume [64]. Similar results
were observed in a model of perinatal brain injury [65]. In
the chronic phase, astrocytes contribute to limit edema after
neonatal brain injury, since astrocyte end-feet in the neuro-
vascular unit increases aquaporin 4 expression, thus facilitat-
ing water clearance to the vascular compartment [65].

3.3. Immaturity. Another crucial intrinsic factor contributing
to the higher vulnerability of the developing brain to neonatal
ischemia is the immaturity of brain microvessels [66]. For
example, comparison of protein and transcript contents of
the mouse forebrain enriched in microvessels at different
ages across development showed an age-dependent increase
of proteins and mRNA specific for endothelial cell adhesion,
junction pathway, and extracellular matrix as well as for a
shift of energy metabolism, transport, and antioxidant effec-
tor proteins, all associated with the acquisition of a mature
microvessel structure [66]. Brain-blood barrier (BBB) perme-
ability also appears different when compared with the adults
both in physiological and pathological conditions [67]. In fact,
BBB permeability in the early postnatal age is much lower with
respect to the later stage of development, and in response to
perinatal ischemic injury, extravasation of albumin at 2 hours
after reperfusion is increased from 5- to 25-fold in the rat adult
injured brain but only 2-fold in a newborn [67]. It has been
proposed that the reduced BBB permeability at the early stage
of brain development relies upon a higher expression of sev-
eral tight junction and basal membrane components in neo-
nates [67], on distinct mechanisms of endothelial cell
activation, immature extracellular matrix (ECM) components
[66], and neutrophil-endothelial interactions [67, 68]. Alto-
gether, these mechanisms, in addition to preserving BBB
integrity, also prevent neutrophil, monocyte, and T and B cell
infiltration from the peripheral district to the brain [32]. Tak-
ing together, all these data point at the existence of a critical
time window of neonate brain vulnerability to early damage
that strongly determines the pattern of brain injury.

4. Developmental Ischemic Stroke Models

While several animal models of the adult ischemic stroke
have been developed so far, few animal models of perinatal
and pediatric strokes are available to recapitulate the mecha-
nisms underlying the onset and the evolution of acute and
long lasting deficits in children. In Table 1 a summary of
the rodent models of the developmental ischemic stroke,
and their assessment, is listed.

4.1. Models of Hypoxia-Ischemia. Over the past three decades,
the Levine-Rice model of neonatal hypoxic-ischemic (HI)
has been extensively used to generate the human perinatal
ischemic stroke and has been characterized through
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histological analysis as well as behavioral tests (for reviews,
see [69-71]). This model is a modification in the pups of
the Levine preparation previously performed in the adult
rat [72], and it is characterized by one to more hours of
unilateral ligation of the common carotid artery followed
by reperfusion and recovery. Afterward, whole body hyp-
oxia is practiced by placing animals into a hypoxic cham-
ber containing humidified 8% O,. This model causes
hypoperfusion in the ligated side of the brain, while the
nonligated side is exposed to hypoxia alone [73]. Rat pups
at P7 have been preferentially used versus mice [74, 75] to
study neonatal stroke pathophysiology [14, 55], as well as
neuroprotection, regenerative potential of the immature
brain [76-79], and the applicable rehabilitative therapies
[80]. However, the HI neonatal model generates high vari-
ability in infarct size, leading to a multifactorial pathological
condition; moreover, model induction strikingly differs from
the etiology of hypoxic-ischemic injury in humans and does
not cause a consistent focal injury pattern, making study of
the injured core and penumbra more challenging [74, 75].

4.2. Models of Occlusion of the Middle Cerebral Artery. Since
human perinatal ischemic strokes mainly affect the MCA
[81, 82], models developed for adult ischemic stroke were
adapted to earlier ages. The MCAO model implies the tem-
porary occlusion of the common carotid artery (CCA),
introducing a suture directly into the internal carotid artery
(ICA) and advancing the suture until it interrupts blood
flow to the MCA [83, 84]. Depending on the duration of
MCAQ, interruption of cerebral blood flow CBF can be
transient or permanent, causing therefore mild to severe
brain damage and outcome [83]. Furthermore, not only
the infarct size but also reperfusion can be modulated
depending on the duration of occlusion [74]. Temporary
MCAO in neonatal animals was investigated for the first
time by Ashwal et al. [85], who performed this technique
in P14-P18 rats. 3 hours of occlusion induced a lesion that
affects 40-50% of the total hemisphere, resembling in part a
global human pediatric stroke. MCAO was also performed
in P7 rats, where disruption of CBF and cytotoxic edema
formation were observed in MCA territory, accompanied
by subsequent microglia and astroglia infiltration after
reperfusion [86]. Unfortunately, this method produced a
high mortality rate, with only 21% of rats still surviving
after 28 days [87], making difficult any long-term assess-
ment of outcomes. Embolic MCAQO was also implemented
[86]: the embolus measure was designed according to the
rat size and resulted in an infarct affecting 51-56% of the
ipsilateral hemisphere [88]. Ninety minutes of the intralum-
inal filament MCAO model at P20-25, followed by 22h of
reperfusion, was also used to characterize a mouse model
of a childhood ischemic stroke [89]. One of the most inter-
esting data obtained in this study is the assessment of
sex-specific responses to cerebral ischemia in a juvenile
mouse brain. The results showed a lack of gender difference
in the response to ischemic injury and a sexual dimorphic
neuroprotective role of estrogen [89]. These results greatly
differ from what is usually observed in adults, either in
humans or in rodent models [90].
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Transient MCAO without permanent ligation or cauter-
ization has been applied to P10 rats, comparing the effect of
different durations of artery occlusion on the extension of
brain injury and on behavioral outcome. In this case, exten-
sion of the brain lesion correlated with duration of occlusion,
since a 90 min occlusion produced a mild-to-moderate injury
pattern affecting the striatum and causing transient locomo-
tor deficits, while 3 h caused a moderate-to-severe injury that
often affected the cortex and hippocampus and caused
enduring locomotor deficits that outlasted the reperfusion
phase [91]. Recently, direct electrocoagulation of the unilat-
eral MCA in P12 CB-17 mice has been used: this model holds
a reduced variability both in brain injury and in CBF after
24 h from insult with respect to the HI model. Furthermore,
using electrocoagulation as a permanent insult, significant
neurofunctional deficits in the rotarod and open field can
be elicited [92].

4.3. Models of Thrombotic Ischemia. The photothrombotic
stroke is a model of thromboischemia based on intravascular
photooxidation of a photoactive dye (in most cases, the
rose bengal given through intraperitoneal administration)
through brief irradiation of the intact skull by a light beam
at a specific wavelength [93]. Depending on the intensity and
duration of light illumination, as well as the stereotaxic
coordinates chosen, different extensions of the lesion can be
produced [6, 94]. Until now, photothrombotic models have
been mostly used to study stroke in adults [95-98], and only
recently, it has been used to recapitulate the perinatal stroke
condition both in neonate piglets [99] and in rats at P7
[100]. Among the advantages of this model is the possibility
of creating small size infarcts to target specific regions [6].
However, there are intrinsic disadvantages of this model
since, in contrast with human stroke pathophysiology, its
nature is only occlusive, and no growth and maturation of
the ischemic penumbra and local collateral flow/reperfusion
can take place [101].

4.4. Models of ET1 Vasoconstriction. Endothelin 1 (ET1) is a
small (21 amino acids) vasoactive peptide produced by the
endothelium and smooth muscle cells [102] which acts as a
paracrine and autocrine factor [103] constricting vessels
[104] through specific receptors (ETRA and ETRB) [105].
ETRA is mainly located on smooth muscle cells, and its
activation is thought to be the major contributor to vasocon-
striction upon ET1 binding [106]. Instead, ETRB is localized
on both the smooth muscle and endothelial cells but is asso-
ciated with vasodilation, caused by the release of nitric oxide
(NO) and prostacyclin from endothelial cells [107]. Other
than in vascular cells, the endothelin system (ET system) is
also present in the central nervous system [102], where it
plays an important role in the case of lesion occurrence.
Indeed, after brain injury, ET1 is acutely overexpressed in
the cerebrospinal fluid and plasma of humans [108, 109], rats
[110], and pigs [111], suggesting that endogenous upregula-
tion is an evolutionary conserved mechanism. However,
whether the ET system overactivation may be protective or
detrimental for the postlesion outcome is still a matter of
debate. Several experimental works indicate that the

endogenous ET system upregulation may contribute to lesion
pathophysiology. Indeed, postlesion upregulation of either
ET1 or ETR expressions correlate with astrogliosis [112],
extent of the brain lesion [113], BBB dysfunction [114-
116], and inflammation [117]. This evidence is a very impor-
tant issue to keep in mind when generating ET1 models of
ischemia, as it influences the interpretation of experimental
results. ET'1 can be either stereotaxically injected into paren-
chymal regions of interest or topically applied on the pial sur-
face of the brain, to constrict local arterioles, or near the
MCA [118, 119] reperfusion occurs, but at a much slower
rate with respect to the intraluminal suture model. Lesion
size can be modulated by varying the concentration or vol-
ume of ET1 to achieve reproducible injury [120]. The con-
stant hypoperfusion rate prevents the development of an
extensive edema, moving partially away from the human
ischemia. On the other hand, this model seems to be more
appropriate for chronic long-term studies rather than for
studies on the acute effects of a stroke [121].

In contrast to adult stroke studies, very few works have
used ET1 to generate models of the developmental stroke
thus far [122]. ET1 was previously injected into the striatal
area of the juvenile (P21) rat brain to induce a reproducible
focal lesion [123], but only anatomical changes in response
to ET1 injection were evaluated. Tsenov et al. in 2007 [124]
used intrahippocampal ET-1 injection to generate a model
of ischemia-induced seizures in immature rats, at P12 and
P25, respectively, showing that at both developmental ages,
ET1 into the dorsal hippocampus elicited convulsions as well
as neuron loss.

4.5. Rodent Models: Similarities and Differences with Human
Brain Development. The success of generating reliable
models of the human developmental stroke strongly relies
upon the ability to get the similarities in the cross-species
corticospinal system function and development (for a review,
see [125]). Most of the studies use rodent models because
they can be easily manipulated to explore the genetic basis
of motor development [126] as well as to understand
motor learning mechanisms using behavioral and functional
approaches [127]. Rodents show some similarities with
humans at the CST level [127-129].

Indeed, as in humans, rodents have a CST that pro-
jects the full length of the spinal cord [129-131] and is
involved in fine movement control [127, 132]. Both in
humans and in rodents, CST development is accomplished
at the postnatal age [133, 134]. Indeed, temporal changes
in the diffusion anisotropy quantified by diffusor tensor
imaging DTTI in rats from PO (day of birth) to P56 showed
developmental changes in the DTI metrics in multiple
gray and white matter structures related to neuronal and
axonal pruning and myelination [133]. Furthermore, in
the neonatal rat, the corticospinal projection originates
from the whole neocortex including the visual cortex,
and corticospinal projections also have transient ipsilateral
projections that are predominantly pruned when maturity
is reached [135].

However, notable differences between the human and
rodent developing brain exist. In primis, there is a complete
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FIGURE 2: (a) Molecular and environmental factors involved in physiological CST development in rodents. (b) Processes altered after a brain
injury that hits during CST development. Insets show some of the mechanisms involved in the acute damage provoked by cerebral ischemia
(excitotoxicity, top right) and the factor involved in the axonal pathfinding and midline crossing in the CST development (EphA4/EphrinB3,

bottom right).

absence of gyrification in the rodent brain [136]; second,
great differences in the CST path are present: rodent CST
axons run into the dorsal funiculus and do not establish
direct synapses onto spinal motor neurons [137], but rather,
the CST almost entirely projects more dorsally to the
premotor spinal circuits [134, 138-142]. Concerning brain
vasculature, similarities and differences of the circle of Willis
between rodents and humans have been reported [5]. Both in
rodents and humans, the internal carotid artery irrorates the
anterior circulation whilst the posterior cerebral artery sup-
plies the posterior circulation [5]. Moreover, in both species,
the internal carotid artery provides the major blood source to
the encephalon; however, it is more extended in rodents
versus humans since it has a greater number of collaterals
which supply a wide cerebral area [5]. This interspecies
difference in brain vascular morphology may impinge on
the degree of blood flow deprivation induced by different
models and accordingly on the entity of neuronal damage.

4.6. Milestones Controlling CST Development across Different
Species. Another crucial factor to be kept in mind when
generating a rodent model of experimental models of a stroke
is the ability to match the age-specific motor behavior
repertoire with the progressive steps of CST maturation
across species. While the corticospinal system matures, adap-
tive motor behaviors begin to be expressed [143, 144]. In
mammals, CST development begins prenatally while mature
motor skills are developed during the first month in the rat

[145] and the first 2 to 3 months in cats [25]. Human motor
development is incomplete until 12-13 years [146, 147]. As
shown in Figure 2, several experimental studies have clarified
that the mammal CST maturation process involves the
interplay between genetics, neural activity, and experience
to allow appropriate circuit formation and acquisition of
complex tasks [6, 122, 134, 148-176]. For example, guidance
cues such as EphrinB3 and its receptor tyrosine kinase
EphA4 ensure the correct CST pathfinding [172], since selec-
tive elimination of the EphA4 gene in the mouse forebrain
leads to a strong CST bilateral projection to the spinal cord
that persists up to adulthood with enduring skilled motor
impairments (Figure 2) [168]. Activity- and use-dependent
processes subsequently shape the pattern initially established
by genetic mechanisms and lead to the withdrawal of less
active ipsilateral CST projections while contralateral ones
are instead reinforced [23, 24, 141, 166]. Indeed, studies in
cats have revealed that blocking motor experience or motor
cortex activity causes defects in CS axon remodeling in the
spinal cord, leading to permanent impairments in skilled
movements [177]. Furthermore, concurrently to CS axon
remodeling, motor maps for interjoint muscle synergies also
develop during the postnatal stages in cats [155]. Recently,
the mechanism by which rodents gradually acquire precise
control over their flexor and extensor muscles to allow
acquisition of skilled abilities has been elucidated [178]. In
this elegant work, Gu et al. showed that maturation of muscle
activation patterns controlling skilled movements is acquired
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through reorganization of the CS axons controlling antag-
onist muscles, according to an activity-dependent Bax/
Bak-caspase pathway. Deletion of the Bax/Bak proteins
selectively in the mouse motor cortex resulted in the lack
of activity-dependent pruning of exuberant axon collaterals
[178], suggesting therefore the nonapoptotic pathway Bax/
Bak as a novel milestone for proper CST motor development
in rodents. Thus, across species, motor control development
implies a triad of events during the refinement period: loss of
transient ipsilateral termination with growth of experience-
selected axons to local spinal targets, development of motor
cortical motor maps, and finally myelination [179].

Although great insights into the milestones controlling
normal maturation of CST across different species have been
achieved, a debate on the appropriate matching of age
between human and rodent neonates, as well as on how to
correlate neuronal events that occur during maturation
across these species, still remains open [180]. Some authors
suggest that depending upon different criteria, such as brain
weight growth [181], white matter myelination [182], corti-
cospinal system development [183], and EEG maturation
[184], the human term would include P7-P10 in rodents,
with brain development at P7 in rats being more comparable
to that of premature or full-term infants [70, 182, 185]. P20
in rodents would correspond to a 2-3-year-old human child
[180, 181]. Nonetheless, there are some controversial opin-
ions about which postnatal age in the rodent would recapitu-
late the term infant stage. For example, in an attempt to
generate a model of the human term moderate HI, Quairiaux
et al. used rat pups at P3 to characterize the effect of this
really early damage on morphological and functional out-
come [186]. In this work, in agreement with previous
findings [187], the lesion at this early developmental stage
caused impairments that mainly involved the somatosensory
parietal cortex [186]. The importance of age of ischemia
occurrence as a determinant for stroke outcome is under-
scored by a study that compared the effects of a stroke in
the rat motor cortex at two temporally close ages: P14, when
CS axons reach a maximum level of spinal cord gray matter
innervations [154], and P21, when the CST axon pruning
reaches its maximal levels [188]. Focal ischemic lesions at
these two ages caused substantially different outcomes: the
P14 lesion resulted in being more detrimental than the P21
lesion for long-term motor outcome in association with an
extensive but mistargeted CST sprouting at the spinal cord
level [122]. These data imply the existence of a strict
age-dependent regulation of CST plasticity that can even be
maladaptive during development.

5. Conclusions

Despite the variability in the techniques adopted and the
developmental stages used to model human developmental
ischemic strokes, preclinical studies continue to be extremely
useful. Indeed, they inform us about the existence of multiple
factors influencing the postinjury functional outcome. The
timing of lesion occurrence seems to be critical, as it strongly
interferes with CST development and determines the way
spontaneous plasticity takes place. Classical studies showed

that the effects of visual deprivation during temporal
windows of development-designated critical periods dra-
matically impaired visual acuity maturation resulting in
amblyopia. Similarly, a developmental brain injury causing
a “deprivation” of activity of CST could also have long-term
functional consequences that could strongly depend upon
the age of the lesion and the relationship with critical motor
periods [23]. The comparison with the current knowledge
coming from visual system experience-dependent develop-
ment suggests that experience-dependent changes could also
be exploited to open a window for restorative therapies in the
case of early motor system injuries. So far, harnessing post-
stroke neural plasticity via electrophysiological and behav-
ioral approaches was found to have beneficial effects
promoting significant recovery of motor function, and early
intervention after a perinatal ischemic stroke has been shown
crucial in preventing maladaptive plasticity [22, 122].
However, future studies should be directed to identify the
age-specific molecular programs triggered by developmental
injury. Specifically, finding a causal link of the age-specific
regulation between genetic factors and environmental molec-
ular cues would help to determine the pattern of sprouting
and therefore implement more effective therapeutic strate-
gies aimed at regaining or preserving motor functions.
Technological development has dramatically accelerated
moving towards cell-specific studies, both at the molecular
(e.g., single-cell sequencing from defined populations) and
functional (e.g., in-depth in vivo functional imaging and
noninvasive stimulation) level. Applying these methods to
selectively study the CST and its milieu in models of a juve-
nile stroke will be fundamental to understand which molecu-
lar factors and which pattern of electrical activity can regulate
developing CST growth and pruning, with positive conse-
quences on the development of treatments that could also
be beneficial in adult models of CST lesions.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] T.N. K. Raju, K. B. Nelson, D. Ferriero, J. K. Lynch, and the
NICHD-NINDS Perinatal Stroke Workshop Participants,
“Ischemic perinatal stroke: summary of a workshop spon-
sored by the National Institute of Child Health and Human
Development and the National Institute of Neurological
Disorders and Stroke,” Pediatrics, vol. 120, no. 3, pp. 609-
616, 2007.

[2] A.Kirton and G. deVeber, “Paediatric stroke: pressing issues
and promising directions,” The Lancet Neurology, vol. 14,
no. 1, pp. 92-102, 2015.

[3] B.Kolband A. Muhammad, “Harnessing the power of neuro-
plasticity for intervention,” Frontiers in Human Neuroscience,
vol. 8, p. 377, 2014.

[4] M. Nishibe, E. T. R. Urban, S. Barbay, and R. J. Nudo,
“Rehabilitative training promotes rapid motor recovery but
delayed motor map reorganization in a rat cortical ischemic
infarct model,” Neurorehabilitation and Neural Repair,
vol. 29, no. 5, pp. 472-482, 2015.



10

(5]

6]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

J. B. Casals, N. C. Pieri, M. L. Feitosa et al., “The use of animal
models for stroke research: a review,” Comparative Medicine,
vol. 61, no. 4, pp. 305-313, 2011.

S. T. Carmichael, “Rodent models of focal stroke: size,
mechanism, and purpose,” NeuroRx, vol. 2, no. 3, pp. 396-
409, 2005.

A. Kirton and G. Deveber, “Life after perinatal stroke,” Stroke,
vol. 44, no. 11, pp. 3265-3271, 2013.

B. S. Schoenberg, J. F. Mellinger, and D. G. Schoenberg,
“Cerebrovascular disease in infants and children: a study of
incidence, clinical features, and survival,” Neurology, vol. 28,
no. 8, pp. 763-768, 1978.

G. deVeber, “Stroke and the child’s brain: an overview of
epidemiology, syndromes and risk factors,” Current Opinion
in Neurology, vol. 15, no. 2, pp. 133-138, 2002.

J. K. Lynch, D. G. Hirtz, G. DeVeber, and K. B. Nelson,
“Report of the National Institute of Neurological Disorders
and Stroke workshop on perinatal and childhood stroke,”
Pediatrics, vol. 109, no. 1, pp. 116-123, 2002.

J. Broderick, G. T. Talbot, E. Prenger, A. Leach, and T. Brott,
“Stroke in children within a major metropolitan area: the
surprising importance of intracerebral hemorrhage,” Journal
of Child Neurology, vol. 8, no. 3, pp. 250-255, 1993.

M. Giroud, M. Lemesle, G. Madinier, E. Manceau, G. V.
Osseby, and R. Dumas, “Stroke in children under 16 years
of age. Clinical and etiological difference with adults,” Acta
Neurologica Scandinavica, vol. 96, no. 6, pp. 401-406, 1997.

K. B. Nelson and J. K. Lynch, “Stroke in newborn infants,”
Lancet Neurology, vol. 3, no. 3, pp. 150-158, 2004.

D. Fernindez-L6pez, N. Natarajan, S. Ashwal, and Z. S.
Vexler, “Mechanisms of perinatal arterial ischemic stroke,”
Journal of Cerebral Blood Flow and Metabolism, vol. 34,
no. 6, pp. 921-932, 2014.

O. Eeg-Olofsson and Y. Ringheim, “Stroke in children.
Clinical characteristics and prognosis,” Acta Paediatrica
Scandinavica, vol. 72, no. 3, pp. 391-395, 1983.

G. deVeber, E. S. Roach, A. R. Riela, and M. Wiznitzer,
“Stroke in children: recognition, treatment, and future direc-
tions,” Seminars in Pediatric Neurology, vol. 7, no. 4, pp. 309-
317, 2000.

S. Lanthier, L. Carmant, M. David, A. Larbrisseau, and G. de
Veber, “Stroke in children: the coexistence of multiple risk
factors predicts poor outcome,” Neurology, vol. 54, no. 2,
pp. 371-378, 2000.

K. B. Nelson, “Perinatal ischemic stroke,” Stroke, vol. 38,
no. 2, pp. 742-745, 2007.

S. A. Back et al., “Selective vulnerability of late oligodendro-
cyte progenitors to hypoxia-ischemia,” The Journal of Neuro-
science, vol. 22, no. 2, pp. 455-463, 2002.

A. Kirton, J. Armstrong-Wells, T. Chang et al., “Symptomatic
neonatal arterial ischemic stroke: the International Pediatric
Stroke Study,” Pediatrics, vol. 128, no. 6, pp. el402-
el410, 2011.

P. S. McQuillen and D. M. Ferriero, “Selective vulnerability in
the developing central nervous system,” Pediatric Neurology,
vol. 30, no. 4, pp. 227-235, 2004.

G. Cioni, G. D'Acunto, and A. Guzzetta, “Perinatal brain
damage in children: neuroplasticity, early intervention, and

molecular mechanisms of recovery,” Progress in Brain
Research, vol. 189, pp. 139-154, 2011.

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Neural Plasticity

J. A. Eyre, “Corticospinal tract development and its plasticity
after perinatal injury,” Neuroscience & Biobehavioral Reviews,
vol. 31, no. 8, pp- 1136-1149, 2007.

J. A. Eyre, J. P. Taylor, F. Villagra, M. Smith, and S. Miller,
“Evidence of activity-dependent withdrawal of corticospinal
projections during human development,” Neurology, vol. 57,
no. 9, pp. 1543-1554, 2001.

J. H. Martin, “Chapter 3 development of the corticospinal
system and spinal motor circuits,” Handbook of Clinical Neu-
rology, vol. 82, pp. 39-56, 2007.

J. H. Martin and S. J. Lee, “Activity-dependent competition
between developing corticospinal terminations,” Neurore-
port, vol. 10, no. 11, pp. 2277-2282, 1999.

A. Guzzetta, E. Mercuri, G. Rapisardi et al., “General move-
ments detect early signs of hemiplegia in term infants with
neonatal cerebral infarction,” Neuropediatrics, vol. 34, no. 2,
pp. 61-66, 2003.

I. Novak, C. Morgan, L. Adde et al., “Early, accurate diagnosis
and early intervention in cerebral palsy: advances in diagno-
sis and treatment,” JAMA Pediatrics, vol. 171, no. 9, pp. 897-
907, 2017.

L. Titomanlio, D. Fernindez-Lépez, L. Manganozzi,
R. Moretti, Z. S. Vexler, and P. Gressens, “Pathophysiology
and neuroprotection of global and focal perinatal brain
injury: lessons from animal models,” Pediatric Neurology,
vol. 52, no. 6, pp. 566-584, 2015.

C. Manabat, B. H. Han, M. Wendland et al., “Reperfusion
differentially induces caspase-3 activation in ischemic core
and penumbra after stroke in immature brain,” Stroke,
vol. 34, no. 1, pp. 207-213, 2003.

Z. S. Vexler and M. A. Yenari, “Does inflammation after
stroke affect the developing brain differently than adult
brain?,” Developmental Neuroscience, vol. 31, no. 5,
pp- 378-393, 2009.

I. Kratzer, S. Chip, and Z. S. Vexler, “Barrier mechanisms
in neonatal stroke,” Frontiers in Neuroscience, vol. 8,
p. 359, 2014.

P. Deb, S. Sharma, and K. M. Hassan, “Pathophysiologic
mechanisms of acute ischemic stroke: an overview with
emphasis on therapeutic significance beyond thrombolysis,”
Pathophysiology, vol. 17, no. 3, pp. 197-218, 2010.

B. J. Blaise, L. Schwendimann, V. Chhor et al., “Persistently
altered metabolic phenotype following perinatal excitotoxic
brain injury,” Developmental Neuroscience, vol. 39, no. 1-4,
pp. 182-191, 2017.

P. Lipton, “Ischemic cell death in brain neurons,” Physiologi-
cal Reviews, vol. 79, no. 4, pp. 1431-1568, 1999.

L. S. Honig and R. N. Rosenberg, “Apoptosis and neurologic
disease,” The American Journal of Medicine, vol. 108, no. 4,
pp. 317-330, 2000.

J. W. Olney, D. F. Wozniak, V. Jevtovic-Todorovic, N. B.
Farber, P. Bittigau, and C. Ikonomidou, “Drug-induced
apoptotic neurodegeneration in the developing brain,” Brain
Pathology, vol. 12, no. 4, pp. 488-498, 2002.

T. West, M. Atzeva, and D. M. Holtzman, “Caspase-3
deficiency during development increases vulnerability to
hypoxic-ischemic injury through caspase-3-independent
pathways,” Neurobiology of Disease, vol. 22, no. 3, pp. 523-
537, 2006.

C. A. Peixoto, W. H. . Oliveira, S. M. . R. Aragjo, and A. K. S.
Nunes, “AMPK activation: role in the signaling pathways of



Neural Plasticity

(40]

[41]

(43]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

neuroinflammation and neurodegeneration,” Experimental
Neurology, vol. 298, Part A, pp. 31-41, 2017.

D. Li, L. Luo, M. Xu et al., “AMPK activates FOXO3a and
promotes neuronal apoptosis in the developing rat brain
during the early phase after hypoxia-ischemia,” Brain
Research Bulletin, vol. 132, pp. 1-9, 2017.

M. V. Johnston, “Excitotoxicity in perinatal brain injury,”
Brain Pathology, vol. 15, no. 3, pp. 234-240, 2005.

R. Knox, C. Zhao, D. Miguel-Perez et al., “Enhanced NMDA
receptor tyrosine phosphorylation and increased brain injury
following neonatal hypoxia-ischemia in mice with neuronal
Fyn overexpression,” Neurobiology of Disease, vol. 51,
pp. 113-119, 2013.

T. R. Insel, L. P. Miller, and R. E. Gelhard, “The ontogeny
of excitatory amino acid receptors in rat forebrain—I.
N-methyl-D-aspartate and quisqualate receptors,” Neurosci-
ence, vol. 35, no. 1, pp. 31-43, 1990.

X. Jiang, D. Mu, R. A. Sheldon, D. V. Glidden, and D. M.
Ferriero, “Neonatal hypoxia-ischemia differentially upregu-
lates MAGUKSs and associated proteins in PSD-93-deficient
mouse brain,” Stroke, vol. 34, no. 12, pp. 2958-2963, 2003.

D. E. Pellegrini-Giampietro, “The distinct role of mGlul
receptors in post-ischemic neuronal death,” Trends in Phar-
macological Sciences, vol. 24, no. 9, pp. 461-470, 2003.

P. Jonas, C. Racca, B. Sakmann, P. H. Seeburg, and
H. Monyer, “Differences in Ca®" permeability of AMPA-
type glutamate receptor channels in neocortical neurons
caused by differential GIuR-B subunit expression,” Neuron,
vol. 12, no. 6, pp. 1281-1289, 1994.

Y. Ben-Ari, “The yin and yen of GABA in brain development
and operation in health and disease,” Frontiers in Cellular
Neuroscience, vol. 6, p. 45, 2012.

F. E. Jensen, “Relationship between encephalopathy and
abnormal neuronal activity in the developing brain,” Interna-
tional Review of Neurobiology, vol. 49, pp. 23-35, 2002.

M. J. Lafemina, R. A. Sheldon, and D. M. Ferriero, “Acute
hypoxia-ischemia results in hydrogen peroxide accumulation
in neonatal but not adult mouse brain,” Pediatric Research,
vol. 59, no. 5, pp. 680-683, 2006.

J. C. Y. Lai, E. Rocha-Ferreira, C. J. Ek, X. Wang, H. Hagberg,
and C. Mallard, “Immune responses in perinatal brain
injury,” Brain, Behavior, and Immunity, vol. 63, pp. 210-
223, 2017.

U. S. Bhalala, R. C. Koehler, and S. Kannan, “Neuroin-
flammation and neuroimmune dysregulation after acute
hypoxic-ischemic injury of developing brain,” Frontiers in
Pediatrics, vol. 2, p. 144, 2014.

H. Hagberg, C. Mallard, D. M. Ferriero et al., “The role of
inflammation in perinatal brain injury,” Nature Reviews
Neurology, vol. 11, no. 4, pp. 192-208, 2015.

A. Larouche, M. Roy, H. Kadhim, A. M. Tsanaclis, D. Fortin,
and G. Sébire, “Neuronal injuries induced by perinatal
hypoxic-ischemic insults are potentiated by prenatal expo-
sure to lipopolysaccharide: animal model for perinatally
acquired encephalopathy,” Developmental Neuroscience,
vol. 27, no. 2-4, pp. 134-142, 2005.

X. Wang, H. Hagberg, C. Nie, C. Zhu, T. Ikeda, and
C. Mallard, “Dual role of intrauterine immune challenge on
neonatal and adult brain vulnerability to hypoxia-ischemia,”
Journal of Neuropathology and Experimental Neurology,
vol. 66, no. 6, pp. 552-561, 2007.

[55]

(56]

(57]

(58]

(59]

[60]

[61]

[62]

(63]

[64]

(65]

[66]

[67]

(68]

[69]

11

A. Giraud, C. Guiraut, M. Chevin, S. Chabrier, and G. Sébire,
“Role of perinatal inflammation in neonatal arterial ischemic
stroke,” Frontiers in Neurology, vol. 8, p. 612, 2017.

H. A. Lassiter, B. M. Walz, J. L. Wilson et al., “The adminis-
tration of complement component C9 enhances the survival
of neonatal rats with Escherichia coli sepsis,” Pediatric
Research, vol. 42, no. 1, pp. 128-136, 1997.

R. C. Paolicelli and C. T. Gross, “Microglia in development:
linking brain wiring to brain environment,” Neuron Glia
Biology, vol. 7, no. 1, pp. 77-83, 2011.

R. Yamasaki, H. Lu, O. Butovsky et al., “Differential roles of
microglia and monocytes in the inflamed central nervous
system,” The Journal of Experimental Medicine, vol. 211,
no. 8, pp. 1533-1549, 2014.

J. V. Faustino, X. Wang, C. E. Johnson et al., “Microglial cells
contribute to endogenous brain defenses after acute neonatal
focal stroke,” The Journal of Neuroscience, vol. 31, no. 36,
pp. 12992-13001, 2011.

D. Fernandez-Lopez, J. Faustino, A. L. Klibanov et al,
“Microglial cells prevent hemorrhage in neonatal focal
arterial stroke,” The Journal of Neuroscience, vol. 36, no. 10,
pp. 2881-2893, 2016.

B. D'Angelo, C. Joakim Ek, Y. Sun, C. Zhu, M. Sandberg, and
C. Mallard, “GSK3 inhibition protects the immature brain
from hypoxic-ischaemic insult via reduced STAT3 signal-
ling,” Neuropharmacology, vol. 101, pp. 13-23, 2016.

K. Shrivastava, G. Llovera, M. Recasens et al., “Temporal
expression of cytokines and signal transducer and activator
of transcription factor 3 activation after neonatal hypox-
ia/ischemia in mice,” Developmental Neuroscience, vol. 35,
no. 2-3, pp. 212-225, 2013.

M. Hristova, E. Rocha-Ferreira, X. Fontana et al., “Inhibition
of signal transducer and activator of transcription 3 (STAT3)
reduces neonatal hypoxic-ischaemic brain damage,” Journal
of Neurochemistry, vol. 136, no. 5, pp. 981-994, 2016.

K. Jérlestedt, C. I. Rousset, M. Faiz et al., “Attenuation of
reactive gliosis does not affect infarct volume in neonatal
hypoxic-ischemic brain injury in mice,” PLoS One, vol. 5,
no. 4, article e10397, 2010.

J. Badaut, S. Ashwal, B. Tone, L. Regli, H. R. Tian,
and A. Obenaus, “Temporal and regional evolution of
aquaporin-4 expression and magnetic resonance imaging in
a rat pup model of neonatal stroke,” Pediatric Research,
vol. 62, no. 3, pp- 248-254, 2007.

B. Porte, J. Hardouin, Y. Zerdoumi et al., “Major remodeling
of brain microvessels during neonatal period in the mouse: a
proteomic and transcriptomic study,” Journal of Cerebral
Blood Flow and Metabolism, vol. 37, no. 2, pp. 495-513, 2017.

D. Fernandez-Lopez, J. Faustino, R. Daneman et al., “Blood-
brain barrier permeability is increased after acute adult stroke
but not neonatal stroke in the rat,” The Journal of Neurosci-
ence, vol. 32, no. 28, pp. 9588-9600, 2012.

B. D’Angelo, C. J. Ek, M. Sandberg, and C. Mallard,
“Expression of the Nrf2-system at the blood-CSF barrier
is modulated by neonatal inflammation and hypoxia-
ischemia,” Journal of Inherited Metabolic Disease, vol. 36,
no. 3, pp. 479-490, 2013.

P. Rumajogee, T. Bregman, S. P. Miller, J. Y. Yager, and M. G.
Fehlings, “Rodent hypoxia-ischemia models for cerebral

palsy research: a systematic review,” Frontiers in Neurology,
vol. 7, p. 57, 2016.



12

(70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

R. C. Vannucci, J. R. Connor, D. T. Mauger et al., “Rat
model of perinatal hypoxic-ischemic brain damage,” Jour-
nal of Neuroscience Research, vol. 55, no. 2, pp. 158-163,
1999.

R.C.VannucciandsS.]J. Vannucci, “Perinatal hypoxic-ischemic
brain damage: evolution of an animal model,” Developmental
Neuroscience, vol. 27, no. 2-4, pp. 81-86, 2005.

S. Levine, “Anoxic-ischemic encephalopathy in rats,” The
American Journal of Pathology, vol. 36, pp. 1-17, 1960.

A. B. Edwards, K. W. Feindel, J. L. Cross et al., “Modification
to the Rice-Vannucci perinatal hypoxic-ischaemic encepha-
lopathy model in the P7 rat improves the reliability of
cerebral infarct development after 48hours,” Journal of Neu-
roscience Methods, vol. 288, pp. 62-71, 2017.

S. Ashwal and W. J. Pearce, “Animal models of neonatal
stroke,” Current Opinion in Pediatrics, vol. 13, no. 6,
pp. 506-516, 2001.

J. Y. Yager and S. Ashwal, “Animal models of perinata
hypoxic-ischemic brain damage,” Pediatric Neurology,
vol. 40, no. 3, pp. 156-167, 2009.

D. M. Fagel, Y. Ganat, E. Cheng et al.,, “Fgfrl is required for
cortical regeneration and repair after perinatal hypoxia,”
The Journal of Neuroscience, vol. 29, no. 4, pp. 1202-
1211, 2009.

D. M. Fagel, Y. Ganat, . Silbereis et al., “Cortical neurogen-
esis enhanced by chronic perinatal hypoxia,” Experimental
Neurology, vol. 199, no. 1, pp. 77-91, 2006.

Y. Niimi and S. W. Levison, “Pediatric brain repair from
endogenous neural stem cells of the subventricular zone,”
Pediatric Research, vol. 83, no. 1-2, pp. 385-396, 2018.

N. Xu, Y. Zhang, D. M. Doycheva et al, “Adiponectin
attenuates neuronal apoptosis induced by hypoxia-ischemia
via the activation of AdipoR1/APPL1/LKB1/AMPK pathway
in neonatal rats,” Neuropharmacology, vol. 133, pp. 415-
428, 2018.

H. Kim, Y. S. Koo, M. J. Shin et al, “Combination of
constraint-induced movement therapy with electroacu-
puncture improves functional recovery following neonatal
hypoxic-ischemic brain injury in rats,” BioMed Research
International, vol. 2018, Article ID 8638294, 11 pages, 2018.
A. Kirton, “Predicting developmental plasticity after perinatal
stroke,” Developmental Medicine and Child Neurology,
vol. 55, no. 8, pp. 681-682, 2013.

J. Lee, L. A. Croen, C. Lindan et al., “Predictors of outcome in
perinatal arterial stroke: a population-based study,” Annals of
Neurology, vol. 58, no. 2, pp. 303-308, 2005.

E. Fluri, M. K. Schuhmann, and C. Kleinschnitz, “Animal
models of ischemic stroke and their application in clinical
research,” Drug Design, Development and Therapy, vol. 9,
Pp. 3445-3454, 2015.

S. Liu, G. Zhen, B. P. Meloni, K. Campbell, and H. R. Winn,
“Rodent stroke model guidelines for preclinical stroke trials
(1st edition),” Journal of Experimental Stroke and Transla-
tional Medicine, vol. 2, no. 2, pp. 2-27, 2009.

S. Ashwal, D. J. Cole, S. Osborne, T. N. Osborne, and W. J.
Pearce, “A new model of neonatal stroke: reversible middle
cerebral artery occlusion in the rat pup,” Pediatric Neurology,
vol. 12, no. 3, pp. 191-196, 1995.

N. Derugin, D. M. Ferriero, and Z. S. Vexler, “Neonatal
reversible focal cerebral ischemia: a new model,” Neurosci-
ence Research, vol. 32, no. 4, pp. 349-353, 1998.

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Neural Plasticity

S. Ashwal, B. Tone, H. R. Tian, S. Chong, and A. Obenaus,
“Comparison of two neonatal ischemic injury models using
magnetic resonance imaging,” Pediatric Research, vol. 61,
no. 1, pp. 9-14, 2007.

T. C. Wen, M. Rogido, P. Gressens, and A. Sola, “A reproduc-
ible experimental model of focal cerebral ischemia in the
neonatal rat,” Brain Research Protocols, vol. 13, no. 2,
pp. 76-83, 2004.

P. S. Herson, C. G. Bombardier, S. M. Parker et al.,
“Experimental pediatric arterial ischemic stroke model
reveals sex-specific estrogen signaling,” Stroke, vol. 44,
no. 3, pp. 759-763, 2013.

P.S. Herson, I. P. Koerner, and P. D. Hurn, “Sex, sex steroids,
and brain injury,” Seminars in Reproductive Medicine, vol. 27,
no. 3, pp. 229-239, 2009.

A. Larpthaveesarp and F. F. Gonzalez, “Transient middle
cerebral artery occlusion model of neonatal stroke in P10
rats,” Journal of Visualized Experiments, vol. 122, 2017.

M. Tsuji, M. Ohshima, A. Taguchi, Y. Kasahara, T. Ikeda, and
T. Matsuyama, “A novel reproducible model of neonatal
stroke in mice: comparison with a hypoxia-ischemia model,”
Experimental Neurology, vol. 247, pp. 218-225, 2013.

B. D. Watson, W. D. Dietrich, R. Busto, M. S. Wachtel, and
M. D. Ginsberg, “Induction of reproducible brain infarction
by photochemically initiated thrombosis,” Annals of Neurol-
ogy, vol. 17, no. 5, pp. 497-504, 1985.

T. Kuroiwa, G. Xi, Y. Hua, T. N. Nagaraja, J. D.
Fenstermacher, and R. F. Keep, “Development of a rat
model of photothrombotic ischemia and infarction within
the caudoputamen,” Stroke, vol. 40, no. 1, pp. 248-253, 2009.
C. E. Brown, P. Li, J. D. Boyd, K. R. Delaney, and T. H.
Murphy, “Extensive turnover of dendritic spines and vascular
remodeling in cortical tissues recovering from stroke,” The
Journal of Neuroscience, vol. 27, no. 15, pp. 4101-4109, 2007.

T. C. Harrison, G. Silasi, J. D. Boyd, and T. H. Murphy,
“Displacement of sensory maps and disorganization of motor
cortex after targeted stroke in mice,” Stroke, vol. 44, no. 8,
pp. 2300-2306, 2013.

C. E. Brown, C. Wong, and T. H. Murphy, “Rapid morpho-
logic plasticity of peri-infarct dendritic spines after focal
ischemic stroke,” Stroke, vol. 39, no. 4, pp. 1286-1291, 2008.
S. Lai, A. Panarese, C. Spalletti et al., “Quantitative kinematic
characterization of reaching impairments in mice after a
stroke,” Neurorehabilitation and Neural Repair, vol. 29,
no. 4, pp. 382-392, 2015.

J. W. Kuluz, R. Prado, D. He, W. Zhao, W. D. Dietrich, and
B. Watson, “New pediatric model of ischemic stroke in infant
piglets by photothrombosis: acute changes in cerebral blood
flow, microvasculature, and early histopathology,” Stroke,
vol. 38, no. 6, pp- 1932-1937, 2007.

T. Brima, J. Otahal, and P. Mares, “Increased susceptibility to
pentetrazol-induced seizures in developing rats after cortical
photothrombotic ischemic stroke at P7,” Brain Research,
vol. 1507, pp. 146-153, 2013.

V.M. Lee, N. G. Burdett, T. A. Carpenter et al., “Evolution of
photochemically induced focal cerebral ischemia in the rat.
Magnetic resonance imaging and histology,” Stroke, vol. 27,
no. 11, pp. 2110-2119, 1996.

S. Nakagomi, S. Kiryu-Seo, and H. Kiyama, “Endothelin-
converting enzymes and endothelin receptor B messenger
RNAs are expressed in different neural cell species and



Neural Plasticity

(103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

these messenger RNAs are coordinately induced in neu-
rons and astrocytes respectively following nerve injury,”
Neuroscience, vol. 101, no. 2, pp. 441-449, 2000.

M. Yanagisawa, H. Kurihara, S. Kimura et al., “A novel potent
vasoconstrictor peptide produced by vascular endothelial
cells,” Nature, vol. 332, no. 6163, pp. 411-415, 1988.

T. F. Luscher and M. Barton, “Endothelins and endothelin
receptor antagonists: therapeutic considerations for a novel
class of cardiovascular drugs,” Circulation, vol. 102, no. 19,
pp. 2434-2440, 2000.

T. Masaki and M. Yanagisawa, “Endothelins,” Essays in Bio-
chemistry, vol. 27, pp. 79-89, 1992.

K. E. Wiley and A. P. Davenport, “Endothelin receptor
pharmacology and function in the mouse: comparison with
rat and man,” Journal of Cardiovascular Pharmacology,
vol. 44, Supplement 1, pp. S4-S6, 2004.

D. J. Webb and F. E. Strachan, “Clinical experience with
endothelin antagonists,” American Journal of Hypertension,
vol. 11, no. 4, pp. 71S-79S, 1998.

Y. Lampl, G. Fleminger, R. Gilad, R. Galron, I. Sarova-Pinhas,
and M. Sokolovsky, “Endothelin in cerebrospinal fluid and
plasma of patients in the early stage of ischemic stroke,”
Stroke, vol. 28, no. 10, pp. 1951-1955, 1997.

J. W. C. Leung, M. C. Y. Ho, A. C. Y. Lo, S. S. M. Chung, and
S. K. Chung, “Endothelial cell-specific over-expression of
endothelin-1 leads to more severe cerebral damage following
transient middle cerebral artery occlusion,” Journal of
Cardiovascular Pharmacology, vol. 44, Supplement 1,
pp. $293-S300, 2004.

E. Stenman, M. Malmsjo, E. Uddman, G. Gido, T. Wieloch,
and L. Edvinsson, “Cerebral ischemia upregulates vascular
endothelin ET} receptors in rat,” Stroke, vol. 33, no. 9,
pp. 2311-2316, 2002.

W. M. Armstead and C. W. Kreipke, “Endothelin-1 is
upregulated after traumatic brain injury: a cross-species,
cross-model analysis,” Neurological Research, vol. 33, no. 2,
pp. 133-136, 2011.

A. Gadea, S. Schinelli, and V. Gallo, “Endothelin-1 regulates
astrocyte proliferation and reactive gliosis via a JNK/c-Jun
signaling pathway,” The Journal of Neuroscience, vol. 28,
no. 10, pp. 2394-2408, 2008.

A. C. Lo, A. Y. S. Chen, V. K. L. Hung et al., “Endothe-
lin-1 overexpression leads to further water accumulation
and brain edema after middle cerebral artery occlusion
via aquaporin 4 expression in astrocytic end-feet,” Journal
of Cerebral Blood Flow and Metabolism, vol. 25, no. 8,
pp. 998-1011, 2005.

N. Kawai, R. M. McCarron, and M. Spatz, “Endothelins
stimulate sodium uptake into rat brain capillary endothelial
cells through endothelin A-like receptors,” Neuroscience
Letters, vol. 190, no. 2, pp. 85-88, 1995.

M. Spatz, N. Kawai, J. Bembry, F. Lenz, and R. M. McCarron,
“Human brain capillary endothelium: modulation of K*
efflux and K*, Ca?* uptake by endothelin,” Neurochemical
Research, vol. 23, no. 8, pp. 1125-1132, 1998.

C. G. Hughes, A. Morandi, T. D. Girard et al., “Association
between endothelial dysfunction and acute brain dysfunction
during critical illness,” Anesthesiology, vol. 118, no. 3,
pp. 631-639, 2013.

A. Poggesi, M. Pasi, F. Pescini, L. Pantoni, and D. Inzitari,
“Circulating biologic markers of endothelial dysfunction in

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

13

cerebral small vessel disease: a review,” Journal of Cerebral
Blood Flow and Metabolism, vol. 36, no. 1, pp. 72-94, 2016.

V. Windle, A. Szymanska, S. Granterbutton et al, “An
analysis of four different methods of producing focal cerebral
ischemia with endothelin-1 in the rat,” Experimental Neurol-
0gy, vol. 201, no. 2, pp- 324-334, 2006.

L. Gherardini, M. Gennaro, and T. Pizzorusso, “Perilesional
Treatment with Chondroitinase ABC and Motor Training
Promote Functional Recovery After Stroke in Rats,” Cerebral
Cortex, vol. 25, no. 1, pp- 202-212, 2015.

J. Biernaskie, D. Corbett, J. Peeling, J. Wells, and H. Lei, “A
serial MR study of cerebral blood flow changes and lesion
development following endothelin-1-induced ischemia in
rats,” Magnetic Resonance in Medicine, vol. 46, no. 4,
pp. 827-830, 2001.

R. Schirrmacher, M. Dea, W. D. Heiss et al., “Which aspects
of stroke do animal models capture? A multitracer micro-
PET study of focal ischemia with Endothelin-1,” Cerebrovas-
cular Diseases, vol. 41, no. 3-4, pp. 139-147, 2016.

M. Gennaro, A. Mattiello, R. Mazziotti et al., “Focal stroke
in the developing rat motor cortex induces age- and
experience-dependent maladaptive plasticity of corticospinal
system,” Frontiers in Neural Circuits, vol. 11, p. 47, 2017.

R. Saggu, “Characterisation of endothelin-1-induced intras-
triatal lesions within the juvenile and adult rat brain using
MRI and 31P MRS,” Translational Stroke Research, vol. 4,
no. 3, pp. 351-367, 2013.

G. Tsenov, A. Matéffyovd, P. Mare§, J. Otdhal, and
H. Kubova, “Intrahippocampal injection of endothelin-1: a
new model of ischemia-induced seizures in immature rats,”
Epilepsia, vol. 48, Supplement 5, pp. 7-13, 2007.

G. J. Clowry, R. Basuodan, and F. Chan, “What are the best
animal models for testing early intervention in cerebral
palsy?,” Frontiers in Neurology, vol. 5, p. 258, 2014.

A. Gramsbergen, “Normal and abnormal development of
motor behavior: lessons from experiments in rats,” Neural
Plasticity, vol. 8, no. 1-2, 29 pages, 2001.

B. P. Olveczky, “Motoring ahead with rodents,” Current
Opinion in Neurobiology, vol. 21, no. 4, pp. 571-578, 2011.

R. J. Nudo and R. B. Masterton, “Descending pathways to
the spinal cord: a comparative study of 22 mammals,” The
Journal of Comparative Neurology, vol. 277, no. 1, pp. 53—
79, 1988.

K. A. Tennant, D. A. L. Adkins, N. A. Donlan et al., “The
organization of the forelimb representation of the C57BL/6
mouse motor cortex as defined by intracortical microstimula-
tion and cytoarchitecture,” Cerebral Cortex, vol. 21, no. 4,
pp. 865-876, 2011.

F. M. Bareyre, M. Kerschensteiner, T. Misgeld, and J. R.
Sanes, “Transgenic labeling of the corticospinal tract for
monitoring axonal responses to spinal cord injury,” Nature
Medicine, vol. 11, no. 12, pp. 1355-1360, 2005.

E. M. Rouiller, V. Moret, and F. Liang, “Comparison of the
connectional properties of the two forelimb areas of the rat
sensorimotor cortex: support for the presence of a premotor
or supplementary motor cortical area,” Somatosensory &
Motor Research, vol. 10, no. 3, pp. 269-289, 1993.

I. Q. Whishaw, S. M. Pellis, B. Gorny, B. Kolb, and
W. Tetzlaff, “Proximal and distal impairments in rat forelimb
use in reaching follow unilateral pyramidal tract lesions,”
Behavioural Brain Research, vol. 56, no. 1, pp. 59-76, 1993.



14

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

K. H. Bockhorst, P. A. Narayana, R. Liu et al., “Early postnatal
development of rat brain: in vivo diffusion tensor imaging,”
Journal of Neuroscience Research, vol. 86, no. 7, pp. 1520-
1528, 2008.

E. A.J. Joosten and D. P. R. Bar, “Axon guidance of outgrow-
ing corticospinal fibres in the rat,” Journal of Anatomy,
vol. 194, no. 1, pp. 15-32, 1999.

D. D. O'Leary and B. B. Stanfield, “A transient pyramidal
tract projection from the visual cortex in the hamster and
its removal by selective collateral elimination,” Brain
Research, vol. 392, no. 1-2, pp. 87-99, 1986.

J. Dubois, M. Benders, C. Borradori-Tolsa et al., “Primary
cortical folding in the human newborn: an early marker
of later functional development,” Brain, vol. 131, no. 8,
pp. 2028-2041, 2008.

R. N. Lemon and J. Griffiths, “Comparing the function of the
corticospinal system in different species: organizational dif-
ferences for motor specialization?,” Muscle & Nerve, vol. 32,
no. 3, pp. 261-279, 2005.

J. Armand, “The origin, course and terminations of corti-
cospinal fibers in various mammals,” Progress in Brain
Research, vol. 57, pp. 329-360, 1982.

E. A. Joosten, A. A. Gribnau, and P. J. Dederen, “An
anterograde tracer study of the developing corticospinal tract
in the rat: three components,” Brain Research, vol. 433, no. 1,
pp. 121-130, 1987.

E. A.J. Joosten, A. A. M. Gribnau, and P. J. W. C. Dederen,
“Postnatal development of the corticospinal tract in the rat.
An ultrastructural anterograde HRP study,” Anatomy and
Embryology, vol. 179, no. 5, pp. 449-456, 1989.

E. A.J. Joosten, R. L. Schuitman, M. E. J. Vermelis, and P. J.
W. C. Dederen, “Postnatal development of the ipsilateral
corticospinal component in rat spinal cord: a light and elec-
tron microscopic anterograde HRP study,” The Journal of
Comparative Neurology, vol. 326, no. 1, pp. 133-146, 1992.

Q. Welniarz, I. Dusart, and E. Roze, “The corticospinal tract:
evolution, development, and human disorders,” Developmen-
tal Neurobiology, vol. 77, no. 7, pp. 810-829, 2017.

K. E. Adolph and J. M. Franchak, “The development of motor
behavior,” Wiley Interdisciplinary Reviews: Cognitive Science,
vol. 8, no. 1-2, p. e1430, 2017.

D. G. Lawrence and D. A. Hopkins, “The development of
motor control in the rhesus monkey: evidence concern-
ing the role of corticomotoneuronal connections,” Brain,
vol. 99, no. 2, pp. 235-254, 1976.

T. Terashima, “Course and collaterals of corticospinal fibers
arising from the sensorimotor cortex of the reeler mouse,”
Developmental Neuroscience, vol. 17, no. 1, pp. 8-19, 1995.
A. Nezua, S. Kimura, S. Uehara, T. Kobayashia, M. Tanaka,
and K. Saito, “Magnetic stimulation of motor cortex in
children: maturity of corticospinal pathway and problem of
clinical application,” Brain and Development, vol. 19, no. 3,
pp. 176-180, 1997.

S. Schneiberg, H. Sveistrup, B. McFadyen, P. McKinley, and
M. F. Levin, “The development of coordination for reach-
to-grasp movements in children,” Experimental Brain
Research, vol. 146, no. 2, pp. 142-154, 2002.

S. Arber, “Motor circuits in action: specification, connectiv-
ity, and function,” Neuron, vol. 74, no. 6, pp. 975-989, 2012.
P. Arlotta, B. J. Molyneaux, J. Chen, J. Inoue, R. Kominami,
and J. D. Macklis, “Neuronal subtype-specific genes that

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

(158]

[159]

[160]

[161]

[162]

[163]

[164]

Neural Plasticity

control corticospinal motor neuron development in vivo,”
Neuron, vol. 45, no. 2, pp. 207-221, 2005.

D. Bagnard, M. Lohrum, D. Uziel, A. W. Piischel, and J. Bolz,
“Semaphorins act as attractive and repulsive guidance signals
during the development of cortical projections,” Develop-
ment, vol. 125, no. 24, pp. 5043-5053, 1998.

A. Bagri, O. Marin, A. S. Plump et al., “Slit proteins prevent
midline crossing and determine the dorsoventral position
of major axonal pathways in the mammalian forebrain,”
Neuron, vol. 33, no. 2, pp. 233-248, 2002.

M. J. Barallobre, M. Pascual, J. A. del Rio, and E. Soriano,
“The netrin family of guidance factors: emphasis on
netrin-1 signalling,” Brain Research Reviews, vol. 49, no. 1,
pp. 22-47, 2005.

M. G. Blackmore, Z. Wang, J. K. Lerch et al., “Kruppel-like
factor 7 engineered for transcriptional activation promotes
axon regeneration in the adult corticospinal tract,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 109, no. 19, pp. 7517-7522, 2012.

A.]. Canty and M. Murphy, “Molecular mechanisms of axon
guidance in the developing corticospinal tract,” Progress in
Neurobiology, vol. 85, no. 2, pp. 214-235, 2008.

S. Chakrabarty and J. H. Martin, “Postnatal development of
the motor representation in primary motor cortex,” Journal
of Neurophysiology, vol. 84, no. 5, pp. 2582-2594, 2000.

M. Dottori, L. Hartley, M. Galea et al., “EphA4 (Sek1) recep-
tor tyrosine kinase is required for the development of the
corticospinal tract,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 95, no. 22,
pp. 13248-13253, 1998.

J. H. Finger, R. T. Bronson, B. Harris, K. Johnson, S. A.
Przyborski, and S. L. Ackerman, “The netrin 1 receptors
Unc5h3 and Dcc are necessary at multiple choice points
for the guidance of corticospinal tract axons,” The Jour-
nal of Neuroscience, vol. 22, no. 23, pp. 10346-10356,
2002.

K. L. Fink, F. Lépez-Giraldez, I. ]. Kim, S. M. Strittmatter, and
W. B. J. Cafferty, “Identification of intrinsic axon growth
modulators for intact CNS neurons after injury,” Cell Reports,
vol. 18, no. 11, pp. 2687-2701, 2017.

K. M. Friel and J. H. Martin, “Role of sensory-motor cortex
activity in postnatal development of corticospinal axon
terminals in the cat,” The Journal of Comparative Neurology,
vol. 485, no. 1, pp. 43-56, 2005.

K. Itoh, L. Cheng, Y. Kamei et al., “Brain development in mice
lacking L1-L1 homophilic adhesion,” The Journal of Cell
Biology, vol. 165, no. 1, pp. 145-154, 2004.

A. Kirton, G. deVeber, C. Gunraj, and R. Chen, “Cortical
excitability and interhemispheric inhibition after subcortical
pediatric stroke: plastic organization and effects of rTMS,”
Clinical Neurophysiology, vol. 121, no. 11, pp. 1922-
1929, 2010.

T. Lai, D. Jabaudon, B. J. Molyneaux et al., “SOX5 controls
the sequential generation of distinct corticofugal neuron
subtypes,” Neuron, vol. 57, no. 2, pp. 232-247, 2008.

D. P. Leone, W. E. Heavner, E. A. Ferenczi et al., “Satb2
regulates the differentiation of both callosal and subcerebral
projection neurons in the developing cerebral cortex,” Cere-
bral Cortex, vol. 25, no. 10, pp. 3406-3419, 2015.

D. P. Leone, G. Panagiotakos, W. E. Heavner et al., “Compen-
satory actions of Ldb adaptor proteins during corticospinal



Neural Plasticity

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

(177]

[178]

[179]

motor neuron differentiation,” Cerebral Cortex, vol. 27, no. 2,
pp. 1686-1699, 2017.

K. Liu, Y. Lu, J. K. Lee et al., “PTEN deletion enhances the
regenerative ability of adult corticospinal neurons,” Nature
Neuroscience, vol. 13, no. 9, pp. 1075-1081, 2010.

J. H. Martin, “The corticospinal system: from development to
motor control,” The Neuroscientist, vol. 11, no. 2, pp. 161-
173, 2005.

B. J. Molyneaux, P. Arlotta, T. Hirata, M. Hibi, and J. D.
Macklis, “Fezl is required for the birth and specification of
corticospinal motor neurons,” Neuron, vol. 47, no. 6,
pp. 817-831, 2005.

S. Paixdo, A. Balijepalli, N. Serradj et al., “EphrinB3/EphA4-
mediated guidance of ascending and descending spinal
tracts,” Neuron, vol. 80, no. 6, pp. 1407-1420, 2013.

F. Polleux, G. Ince-Dunn, and A. Ghosh, “Transcriptional
regulation of vertebrate axon guidance and synapse forma-
tion,” Nature Reviews Neuroscience, vol. 8, no. 5, pp. 331-
340, 2007.

I. Salimi and J. H. Martin, “Rescuing transient corticospinal
terminations and promoting growth with corticospinal stim-
ulation in kittens,” The Journal of Neuroscience, vol. 24,
no. 21, pp. 4952-4961, 2004.

N. Serradj and J. H. Martin, “Motor experience repro-
grams development of a genetically-altered bilateral corti-
cospinal motor circuit,” PLoS One, vol. 11, no. 9, article
e0163775, 2016.

N. Serradj, S. Paixao, T. Sobocki et al., “EphA4-mediated
ipsilateral corticospinal tract misprojections are necessary
for bilateral voluntary movements but not bilateral stereo-
typic locomotion,” The Journal of Neuroscience, vol. 34,
no. 15, pp. 5211-5221, 2014.

S. Soleman, P. K. Yip, D. A. Duricki, and L. D. F. Moon,
“Delayed treatment with chondroitinase ABC promotes
sensorimotor recovery and plasticity after stroke in aged
rats,” Brain, vol. 135, no. 4, pp. 1210-1223, 2012.

S. Srivatsa, S. Parthasarathy, Z. Molndr, and V. Tarabykin,
“Sipl downstream effector ninein controls neocortical axonal
growth, ipsilateral branching, and microtubule growth and
stability,” Neuron, vol. 85, no. 5, pp. 998-1012, 2015.

M. L. Starkey, K. Bartus, A. W. Barritt, and E. J. Bradbury,
“Chondroitinase ABC promotes compensatory sprouting of
the intact corticospinal tract and recovery of forelimb func-
tion following unilateral pyramidotomy in adult mice,” The
European Journal of Neuroscience, vol. 36, no. 12, pp. 3665-
3678, 2012.

J. M. Weimann, Y. A. Zhang, M. E. Levin, W. P. Devine,
P. Brilet, and S. K. McConnell, “Cortical neurons require
Otx1 for the refinement of exuberant axonal projections to
subcortical targets,” Neuron, vol. 24, no. 4, pp. 819-831, 1999.
P. T. J. A. Williams, Y.-Q. Jiang, and J. H. Martin, “Motor
system plasticity after unilateral injury in the developing
brain,” Developmental Medicine and Child Neurology,
vol. 59, no. 12, pp. 1224-1229, 2017.

Z. Gu, N. Serradj, M. Ueno et al, “Skilled movements
require non-apoptotic Bax/Bak pathway-mediated corti-
cospinal circuit reorganization,” Neuron, vol. 94, no. 3,
pp. 626-641.e4, 2017.

P. R. Huttenlocher, “Myelination and the development of
function in immature pyramidal tract,” Experimental Neurol-
0gy, vol. 29, no. 3, pp. 405-415, 1970.

[180]

[181]

[182]

[183]

[184]

(185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

(193]

[194]

15

B. D. Semple, K. Blomgren, K. Gimlin, D. M. Ferriero, and
L. J. Noble-Haeusslein, “Brain development in rodents and
humans: identifying benchmarks of maturation and vulnera-
bility to injury across species,” Progress in Neurobiology,
vol. 106-107, pp. 1-16, 2013.

J. Dobbing and J. Sands, “Comparative aspects of the brain
growth spurt,” Early Human Development, vol. 3, no. 1,
pp. 79-83, 1979.

H. Hagberg, R. Ichord, C. Palmer, J. Y. Yager, and S. J.
Vannucci, “Animal models of developmental brain injury:
relevance to human disease. A summary of the panel discus-
sion from the third Hershey conference on developmental
cerebral blood flow and metabolism,” Developmental Neuro-
science, vol. 24, no. 5, pp. 364-366, 2002.

G.J. Clowry, “The dependence of spinal cord development on
corticospinal input and its significance in understanding and
treating spastic cerebral palsy,” Neuroscience and Biobehav-
ioral Reviews, vol. 31, no. 8, pp. 1114-1124, 2007.

T. Umeda and T. Isa, “Differential contributions of rostral
and caudal frontal forelimb areas to compensatory process
after neonatal hemidecortication in rats,” The European
Journal of Neuroscience, vol. 34, no. 9, pp. 1453-1460, 2011.

H. Hagberg, E. Bona, E. Gilland, and M. Puka-Sundvall,
“Hypoxia-ischaemia model in the 7-day-old rat: possibil-
ities and shortcomings,” Acta Paediatrica, vol. 422,
pp. 85-88, 1997.

C. Quairiaux, S. V. Sizonenko, P. Megevand, C. M. Michel, and
J. Z.Kiss, “Functional deficit and recovery of developing senso-
rimotor networks following neonatal hypoxic-ischemic injury
in therat,” Cerebral Cortex, vol. 20, no. 9, pp. 2080-2091, 2010.

S. V. Sizonenko, E. Sirimanne, Y. Mayall, P. D. Gluckman,
T. Inder, and C. Williams, “Selective cortical alteration after
hypoxic-ischemic injury in the very immature rat brain,”
Pediatric Research, vol. 54, no. 2, pp. 263-269, 2003.

J.-Y. C. Hsu, S. A. Stein, and X.-M. Xu, “Development of the
corticospinal tract in the mouse spinal cord: a quantitative
ultrastructural analysis,” Brain Research, vol. 1084, no. 1,
pp. 16-27, 2006.

Y. Wang, P. T. Cheung, G. X. Shen et al., “Hypoxic-ischemic
brain injury in the neonatal rat model: relationship between
lesion size at early MR imaging and irreversible infarction,”
American Journal of Neuroradiology, vol. 27, no. 1, pp. 51-
54, 2006.

R. C. Vannucci, R. M. Brucklacher, and S. J. Vannucci, “Intra-
cellular calcium accumulation during the evolution of
hypoxic-ischemic brain damage in the immature rat,” Devel-
opmental Brain Research, vol. 126, no. 1, pp. 117-120, 2001.

R. Geddes, R. C. Vannucci, and S. J. Vannucci, “Delayed
cerebral atrophy following moderate hypoxia-ischemia in
the immature rat,” Developmental Neuroscience, vol. 23,
no. 3, pp. 180-185, 2001.

J. E. Rice, R. C. Vannucci, and J. B. Brierley, “The influence of
immaturity on hypoxic-ischemic brain damage in the rat,”
Annals of Neurology, vol. 9, no. 2, pp. 131-141, 1981.

R. C. Vannucci, J. Towfighi, and S. J. Vannucci, “Secondary
energy failure after cerebral hypoxia-ischemia in the imma-
ture rat,” Journal of Cerebral Blood Flow and Metabolism,
vol. 24, no. 10, pp. 1090-1097, 2004.

Y. Liu, F. S. Silverstein, R. Skoff, and J. D. E. Barks, “Hypox-
ic-ischemic oligodendroglial injury in neonatal rat brain,”
Pediatric Research, vol. 51, no. 1, pp. 25-33, 2002.



16

[195]

[196]

(197]

[198]

F. A. Welsh, R. C. Vannucci, and J. B. Brierley, “Columnar
alterations of NADH fluorescence during hypoxia-ischemia
in immature rat brain,” Journal of Cerebral Blood Flow and
Metabolism, vol. 2, no. 2, pp. 221-228, 1982.

N. Benjelloun, S. Renolleau, A. Represa, Y. Ben-Ari, and
C. Charriaut-Marlangue, “Inflammatory responses in the
cerebral cortex after ischemia in the P7 neonatal rat,” Stroke,
vol. 30, no. 9, pp. 1916-1924, 1999.

S. Renolleau, D. Aggoun-Zouaoui, Y. Ben-Ari, and
C. Charriaut-Marlangue, “A model of transient unilateral
focal ischemia with reperfusion in the P7 neonatal rat:
morphological changes indicative of apoptosis,” Stroke,
vol. 29, no. 7, pp. 1454-1461, 1998.

N. Derugin, M. Wendland, K. Muramatsu et al., “Evolution of
brain injury after transient middle cerebral artery occlusion
in neonatal rats,” Stroke, vol. 31, no. 7, pp. 1752-1761, 2000.

Neural Plasticity



Hindawi

Neural Plasticity

Volume 2019, Article ID 2184398, 10 pages
https://doi.org/10.1155/2019/2184398

Clinical Study

Transcranial Direct Current Stimulation (tDCS) in Unilateral
Cerebral Palsy: A Pilot Study of Motor Effect

Emanuela Inguaggiato,' Nadia Bolognini(»,> Simona Fiori,' and Giovanni Cioni®"*

"Department of Developmental Neuroscience, IRCCS Fondazione Stella Maris, Calambrone, Pisa, Italy
Department of Psychology, NeuroMi, University of Milano Bicocca, Milan, Italy

*Laboratory of Neuropsychology, IRCCS Istituto Auxologico Italiano, Milan, Italy

*Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy

Correspondence should be addressed to Giovanni Cioni; gcioni@fsm.unipi.it
Received 11 July 2018; Revised 26 October 2018; Accepted 22 November 2018; Published 14 January 2019
Academic Editor: Sergio Bagnato

Copyright © 2019 Emanuela Inguaggiato et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Transcranial Direct Current Stimulation (tDCS) is an emerging tool to improve upper limb motor functions after stroke acquired in
adulthood; however, there is a paucity of reports on its efficacy for upper limb motor rehabilitation in congenital or early-acquired
stroke. In this pilot study we have explored, for the first time, the immediate effects, and their short-term persistence, of a single
application of anodal tDCS on chronic upper limb motor disorders in children and young individuals with Unilateral Cerebral
Palsy (UCP). To this aim, in a crossover sham-controlled study, eight subjects aged 10-28 years with UCP underwent two
sessions of active and sham tDCS. Anodal tDCS (1.5 mA, 20 min) was delivered over the primary motor cortex (M1) of the
ipsilesional hemisphere. Results showed, only following the active stimulation, an immediate improvement in unimanual gross
motor dexterity of hemiplegic, but not of nonhemiplegic, hand in Box and Block test (BBT). Such improvement remained stable
for at least 90 minutes. Performance of both hands in Hand Grip Strength test was not modified by anodal tDCS. Improvement
in BBT was unrelated to participants’ age or lesion size, as revealed by MRI data analysis. No serious adverse effects occurred
after tDCS; some mild and transient side effects (e.g., headache, tingling, and itchiness) were reported in a limited number of
cases. This study provides an innovative contribution to scientific literature on the efficacy and safety of anodal tDCS in UCP.
This trial is registered with NCT03137940.

1. Introduction

Unilateral Cerebral Palsy (UCP) represents the most fre-
quent form of CP, affecting about 30%-40% of all children
with CP [1]. In general, the upper limb is more involved,
impacting daily use of hand in activities such as reaching,
grasping, and manipulation of objects. UCP is associated
with heterogeneous brain lesions, mainly due to perinatal
stroke, and its clinical manifestation is related to timing
(acquired vs. congenital, acute vs. chronic) and etiology of
brain injury [1]. The hand contralateral to the nondamaged
or less damaged hemisphere may be underperforming, com-
pared to typically developing children, and therefore, the
terms more-affected and less-affected hand, instead of
affected and nonaffected, have been suggested in studies with

children with UCP [2]. In order to improve functions of
the hemiplegic hand, several types of intervention have
been used with some success. Recently, there has been
an increasing interest in the use of Noninvasive Brain
Stimulation (NIBS) techniques, such as transcranial mag-
netic (TMS) and direct current electrical stimulation
(tDCS), to enhance poststroke motor disorders and neuro-
developmental outcomes.

With tDCS, continuous and weak electric currents
(typically 0.5-2.0mA) are applied over the scalp in order
to modulate brain activity [3-5]. On the neuronal level,
the primary mechanism of action is a polarity-dependent
shift (polarization) of the resting membrane potential.
While anodal stimulation generally enhances motor corti-
cal excitability, cathodal stimulation has the opposite
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effect, decreasing cortical excitability. This polarization
mechanism underlies the acute, short-lasting, and revers-
ible effects of tDCS in humans [6]. Multiple consecutive
applications of tDCS are required to induce persistent
after-effects with cortical excitability shifts maintained in
the long term. Such after-effects involve modification of
synaptic microenvironment and are mediated by GABA
and NMDA receptors, which subtend synaptic plasticity
mechanisms similar to those observed in long-term poten-
tiation (LTP) and depression (LDP) [6, 7]. It is important
to remember that the excitatory and inhibitory effects of
anodal and cathodal stimulations depend on various fac-
tors, most of which are still unknown. Indeed, a growing
body of evidence shows that tDCS does not function in
a linear manner, so that physiological and behavioral out-
comes, in terms of facilitation or inhibition of cortical
excitability, depend on the interaction of several factors
related not only to technical parameters, such as current
polarity and duration, but also to individual and task char-
acteristics, as well as to metaplasticity-related effects [8].
This is especially relevant, and even more complex, in a
developing brain [9].

The fact that plasticity-dependent after-effects induced
by tDCS are associated with long-term behavioral improve-
ments has fostered clinical research on the therapeutic poten-
tial of this technique for the treatment of neurological and
psychiatric diseases [10]. With respect to rehabilitation of
poststroke motor disorders in adults, two main approaches
have been tested in line with a model proposing the existence
of a maladaptive interhemispheric imbalance between the
two hemispheres after a unilateral stroke [11]. Following this
model, poststroke motor recovery may be facilitated by either
upregulating the excitability of the lesioned motor cortex
(through anodal tDCS) or by downregulating the hyperexcit-
ability of the intact motor cortex (through cathodal tDCS)
[12-14]. Though the principal theory differs in many aspects,
these two approaches have been adopted also for improving
upper limb motor disorders in subjects with UCP. Indeed,
current knowledge recognizes, as main components of devel-
opmental neuroplasticity following perinatal brain injury,
both influences of contralateral and ipsilateral corticospinal
projections to the paretic hand, and the intrahemispheric
and interhemispheric connections of the lesioned and intact
motor cortices. It follows that the damaged as well as the
intact motor cortex may represent potential central thera-
peutic targets for tDCS in UCP [9, 15, 16]. It is also important
to consider that this neuromodulation tool can modulate the
activity and functional connectivity of large-scale brain
networks in both hemispheres, even when the stimulating
electrode is applied “unilaterally,” over a specific cortical
region, such as M1 [15].

In the pediatric population, there is a paucity of research
on the therapeutic potential of tDCS, with respect to both
clinical efficacy and safety in children and young individuals
with neurodevelopmental disorders. Some limited data exist
from research conducted on ADHD, autism, epilepsy, and
learning disorders [17]; they confirm the feasibility and safety
of tDCS in the pediatric population, describing some positive
clinical effects obtained in the treatment of these disorders. In
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individuals with CP, single or multiple applications of anodal
tDCS over the primary motor cortex (M1) of the affected, or
more affected, hemisphere seem to improve gait and reduce
muscle spasticity [18, 19]. An essential central concept that
has emerged from therapeutic brain stimulation studies in
adults is the need to stimulate motor learning in the injured
brain. To facilitate motor recovery, tDCS should be used as
an add-on intervention to motor therapies in clinical settings
[20-24]. In this regard, some promising effects on manual
functions have been obtained applying, during a motor ther-
apy, cathodal tDCS over the intact hemisphere [25, 26].
However, tDCS eflicacy for driving upper limb motor recov-
ery in UCP still requires further research.

In this context, the main aim of our pilot, proof-of-prin-
ciple, study was to evaluate, for the first time, the effect of a
single anodal tDCS application over the ipsilesional motor
cortex on the unilateral gross manual function of the more
affected, hemiplegic, contralesional hand in a small group
of subjects with UCP, while also exploring the possible influ-
ences of demographic and lesion factors. We measured both
the immediate effects of tDCS (i.e., acute effects emerging
immediately at the end of the stimulation) and their persis-
tence in the short-term (within 90 minutes poststimulation).
We focused on short-term effects since seminal neurophysi-
ological studies in humans have showed that a single applica-
tion of anodal tDCS for 13 minutes can induce an increase of
motor cortex excitability (as indexed by increased amplitude
of motor-evoked potentials induced by single-pulse TMS)
that persists for a maximum duration of 1.5 hours after stim-
ulation [27]. We adopted a study design similar to that used
in stroke adults in the original study by Boggio and colleagues
[28], who investigated the possible modulation induced by a
single application of tDCS on the motor functions of the
paretic hand in stroke adults. As in Boggio’s study, this study
did not combine tDCS with motor learning tasks. We also
assessed tDCS effects on the motor function of the nonhemi-
plegic hand, its safety and tolerability by monitoring possible
side effects and effect on blood pressure and heart rate.

Anodal tDCS was applied for 20 minutes, with an intensity
of 1.5mA. These tDCS parameters (intensity and duration)
were chosen in light of previous evidence in stroke adults
[6, 8-13, 19]. Both in children with typical development
and in children with UCP, current evidence is still insufficient
to delineate the optimal tDCS dosage (i.e., current intensity
and duration) for modulating motor performance. In studies
investigating tDCS effects in pediatric populations, current
intensities have ranged from 0.3 to 2.0 mA (most frequently
1 mA), with a duration up to 20 minutes [29]. In children with
UCP, only cathodal stimulation, administered as adjuvant to
motor therapy, has been used to modulate upper limb motor
functions. In this case, it was shown that an intensity equal to
or below 1 mA was unable to increase gains of motor training,
as compared to the add-on use of sham tDCS (at least with
respect to objective motor outcomes) [25, 26, 30]. In a study
on healthy children assessing tDCS effects on motor learning,
cathodal stimulation at 2mA was shown to be less effective
than anodal and cathodal stimulations at 1 mA [30]. So far,
a current intensity of 1.5mA was never tested in UCP [29],
while there is evidence of its efficacy in adult stroke (e.g., [19]).
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2. Materials and Methods

2.1. Participants. Participants were selected from the UCP
database of the IRCCS Stella Maris Foundation (Pisa, IT),
according to the following inclusion criteria: (1) diagnosis
of UCP, confirmed by brain MRI indicating congenital
unilateral brain lesion (i.e., a lesion that occurs either pre-
natally or perinatally within 28 days from birth), (2) aged
between 10 and 28 years, (3) absence of history of seizures
or epilepsy, and (4) no contraindication to tDCS [31-33].
Subjects were excluded if one of the following conditions
exists: (1) epilepsy or first degree relative with epilepsy (in
some cases the presence of epilepsy was identified after selec-
tion from database and therefore subsequently excluded)
[33], (2) bilateral lesion, (3) other severe concomitant disabil-
ities, and (4) botulinum toxin for the upper limb within the
last 6 months. Contacted participants were also selected on
the basis of residence: we excluded subjects that lived more
than 100 km from IRCCS Stella Maris Foundation. After sec-
tion and telephone contact to verify eligibility and potential
interest of subjects and their families for the study, eight par-
ticipants (mean age =17.5 £ 6.1, range = 10-22 years) were
recruited (Figure 1).

Functional hand level was determined according to the
Manual Ability Classification System (MACS, Italian transla-
tion, 2010) [34]. Clinical and demographic features of partic-
ipants are reported in Table 1.

This study was conducted according to the Good
Clinical Practice and was approved by the Tuscan Region
Pediatric Ethics Committee (Florence, Italy) in March 2016.
The study began in June 2016 and finished in October
2017. The trial has been registered in the ClinicalTrials.gov
(ClinicalTrials.gov Identifier: NCT03137940). Participants
were informed that they could voluntarily withdraw from
the study at any time.

2.2. Structural MRI. Each participant underwent structural
MRIs, on which severity of lesion was classified using a
qualitative classification related to timing of brain insult
in UCP [35] and a semiquantitative scale for brain lesion
severity by a pediatric neurologist (SF), with expertise in
neuroimaging [36, 37]. Timing of insult results in three forms
of congenital brain lesions [35], corresponding to brain mal-
developments (first two trimesters of pregnancy), periventri-
cular venous infarction (early third trimester), and ischemic
stroke (later third trimester). The semiquantitative scale
described by Fiori and colleagues [36, 37] is a reliable system
for the classification of brain lesion severity in children with
CP. According to this scale, brain lesions are represented
on a graphical template and raw scores for each region of
the brain are systematically calculated, where higher scores
represent more severe pathologies (i.e., a larger lesion within
a given region as indicated by signal change and missing tis-
sue). Hemispheric score is the sum of lobar scores (maximum
score of 12) in each hemisphere. Basal ganglia and brainstem
score is the sum of subcortical structures (basal ganglia, thal-
amus, brainstem, and posterior limb of internal capsule:
maximum score of 5) on each side, and the global score is
the sum of the right and left hemispheric scores, basal ganglia

and brainstem scores, and corpus callosum and cerebellum
scores (maximum score of 40).

2.3. Transcranial Direct Current Stimulation: tDCS.
tDCS was delivered by a battery-powered constant cur-
rent stimulator (BrainStim, E.M.S. s.rl, Bologna, Italy;
http://brainstim.it) using a pair of surface saline-soaked
sponge electrodes placed on the scalp. The anodal electrode
was placed over C3 or C4 (according to the 10-20 electroen-
cephalograph system for electrode placement) in order to
stimulate the primary motor cortex (M1) of the damaged
hemisphere, with the cathode electrode placed over the con-
tralateral supraorbital area. During active tDCS, a constant
current of 1.5mA was applied for 20 minutes, with a ramping
period of 30 seconds at both the beginning and end of stim-
ulation (i.e., fade-in and fade-out phases, respectively).

Sham tDCS was applied with the same parameters and
electrode montage as active tDCS, but the current lasted only
30 seconds [38]. Sham and active modes of the tDCS device
were set in advance by one of the investigators (NB), who
did not participate in data collection, thus keeping both
participant and investigator applying tDCS and collecting
data blind. This sham procedure is commonly used in
clinical investigation [5].

2.4. Outcome Measures

2.4.1. Box and Block Test (BBT). BBT is a highly reliable hand
dexterity test [39, 40], composed of a box and divided into
two compartments, containing 150 wooden cubes (2.5 cm”).
Participants are instructed to grasp a wooden cube from
one side of the box and drop it into the opposite side. Subjects
perform a 1l-minute trial, grasping and releasing as many
blocks as possible and performance is measured by the
number of blocks transferred in 1 min. If the subject trans-
fers two or more cubes at the same time, this number is
subtracted from the total score. According to BBT instruc-
tions, a 15-second practice preceded testing. The test was
video-recorded for off-line analyses.

2.4.2. Hand Grip Strength (HGS) Test. The HGS measures
(in kg) the maximum voluntary isometric strength of the
hand, through a hydraulic hand dynamometer (the mean
of three trials was taken as score).

2.5. Safety Questionnaire, Blood Pressure, and Heart Rate. A
questionnaire, adapted from Bolognini et al. [24, 41, 42], was
used to monitor adverse effects of tDCS; these items are illus-
trated in Tables 2 and 3 and examined the occurrence of the
most common tDCS side effects (e.g., itchiness, headache,
and tingling) [31]. Adaptation of the questionnaire consisted
in the substitution of some specific terms to make it easier
for children to understand; moreover, a specific section for
follow-up assessment after 24 hours was inserted to assess
day-after changes in mood, daily activities, and quality of sleep.

If an adverse effect was reported, the participant had to
rate its intensity (0=absent, 1=mild, 2=moderate, and
3 =severe) and report whether, in their view, the reported
sensation was related or not to tDCS (0=no correlation,
1 =possible, 2 =probably, and 4 =surely). Moreover, at the
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a UCP database (n = 26)

Eligible subjects contacted by phone call selected from

———
[ Enrollment ]

Informed consent

Excluded (n = 18)
(i) Seizure history (n = 10)
(ii) No response from family (n = 5)
(iii) Family or subject reluctant (n = 3)

Baseline assessment (T0)
n=3_8

[ Randomization ]

18U tDCS session (Active or sham)

Active tDCS session (n = 3)
20min 1.5mA

Sham tDCS session (n = 5)

20min

Post-tDCS assessment (T1)
n=38

Follow-up assessment (T2)

n=8

One hour and half after tDCS session

Measures

!

Unilateral manual functions

24h after tDCS session
n=38

Follow-up questionnaire on call (T3)

(i) Box and block test (BBT) T0-T2
(ii) Hand Grip strength (HGS) T0-T2

Safety measures
(i) Adverse effects questionnaire (AEs Q) T1-T3

at least 24h

(ii) Heart rate and blood pressure T0-T2

214D CS session (Active or sham)

Active tDCS session (1 = 5)
20min 1.5mA

Sham tDCS session (n = 3)

20min

Post-tDCS assessment (T1)
n=38

Follow-up assessment (T2)

n=8

One hour and half after tDCS session

.

24h after tDCS session
n=3_8

Follow-up questionnaire on call (T3)

FIGURE 1: CONSORT diagram and study flow.

end of questionnaire, the experimenter also inquired, in an
informal way, about the overall well-being and general feeling
of participants and their caregivers with reference to tDCS.

Blood pressure and heart rate were evaluated using an
automatic device (Boso medicus machine; Bosch+Sohn
GMBH, Germany).

2.6. Experimental Design. We adopted a crossover, dou-
ble-blind, sham-controlled design, with all participants
undergoing two tDCS sessions, one with active and one

with sham tDCS (in a random order across participants).
In both sessions, motor functions (BBT, HGS), heart rate,
and blood pressure were assessed immediately before tDCS
(T0, ie., baseline), immediately after (T1), and 90 minutes
after the end of tDCS (T2) (Figure 1).

The tDCS questionnaire was administered at the end of
each tDCS session (T1 and T2; Table 2) and the day after,
through a phone call (T3; see Table 3). Since this was a pilot
study, with explorative purposes, a sample-size calculation
was not performed.
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TaBLE 1: Characteristics of the participants.

No. (a= ;ggi(;rj ham) Age (R =[rji§}i,SlLd=e lefy ~ UCPform {1l MACS [34] Miifi:tizgfz‘;e]rlty
1 sa 22 L 11 3 na

2 sa 27 R 1 1 15

3 sa 17 L I 2 9

4 sa 11 L 111 3 4.5

5 sa 10 R 111 2 13.5

6 as 12 L 111 2 14.5

7 as 21 R 11 2 8

8 as 20 R I 3 6

M+ SD 17.5+6.1 4L: 4R 2.25+0.70 9.5+3.87

Acronyms: No. = number; M = mean; SD = standard deviation; A = active; UCP = Unilateral Cerebral Palsy; S = sham; R =right; L =left; MACS = Manual
Ability Classification System; MRI = magnetic resonance imaging; na = quality of the images not suitable for detailed assessment.

2.7. Statistical Analyses. Statistical analyses were carried out
with SPSS (IBM SPSS Statistic version 21).

Considering that each participant underwent two stimu-
lation sessions (active and sham tDCS) and that the evalua-
tions were performed at 3 time points (baseline, TO,
immediately and 90 min after tDCS, T1 and T2, respectively),
a repeated-measure analysis of variance (rmANOVA) was
used to evaluate the effects of within-factor tDCS (active,
sham) and Time (TO0, T1, and T2) on BBT and HGS scores,
separately for the hemiplegic and nonhemiplegic hands. We
separately analyzed the two hands since modulation of motor
performance of the hemiplegic hand represented our pri-
mary outcome. Moreover, we recognized the exploratory
nature of this study on a small sample. Effects were also eval-
uated according to a standardized size-effect index that is
partial eta-squared (p#®). For significant effects, post-hoc
testing was performed and corrected for multiple compari-
sons (Bonferroni). In every analysis, the significance level
was set at p < 0.05. All data are expressed as mean + SE.

Preliminary testing for normality with the Shapiro-Wilk
test showed that, in every test (BBT, HGS, blood pressure,
and heart rate), data were normally distributed (all p > 0.09)
in all assessments (T0-T1-T2, of both active and sham tDCS
sessions). Moreover, before running the analyses, the
sphericity requirements for rmANOVAs were assessed
by using Mauchly’s test; whenever assumptions were not
met, Greenhouse-Geisser correction was used for viola-
tions of sphericity.

3. Results

3.1. Box and Block Test and Hand Grip Strength. With respect
to the performance of the hemiplegic hand in the BBT, the
rmANOVA showed a main effect of Time (F,,, =4.13,
p=0.039, py*=0.37) and a significant tDCS by Time
interaction (F,;,=3.76, p=0.049, py*=0.39), while the
main effect of tDCS did not reach significance
(F,;=1.06, p=0.34, py*=0.13). Post-hoc comparisons
showed a significant improvement from baseline only
after active tDCS (T0, number of block/min = 18.4 + 8.1 vs.
T1=21.9+9.2, p=0.037 and T2=21.1+8.1, p=0.049),

without difference between the 2 post-tDCS scores (T1 vs.
T2, p=0.59). The 3 time points did not differ from each
other when sham tDCS was applied (all p>0.6). Impor-
tantly, the baseline performance (T0) in the active and sham
sessions was comparable (p = 0.48) (see Figure 2), excluding
possible carry-over practice effects across sessions.

Regarding the nonhemiplegic hand (secondary out-
come), no significant effect emerged from rmANOVA: tDCS
(F,,=0.15,p=0.71, py* = 0.02), Time (F, , =2.72, p=0.1,
pr* =0.2), tDCSx Time (F,;,=0.18, p=0.84, pr* =0.03)
(see Figure 2).

We further checked for possible carry-over effect induced
by receiving active stimulation as first; to this aim we ran a
2-way ANOVA, with the between-subject factor tDCS Order
(active first vs. sham first) and the within-subject factor
Time (TO vs. T1): results showed a main effect of Time
(F,5=18.76, p=0.005), confirming significant improve-
ment from anodal stimulation from TO to T1, but no main
effect of tDCS Order (F,¢=0.36, p=0.6), or a significant
Time x tDCS Order interaction (F,¢=2.69, p=0.15).

HG test could be administered to only six participants, as
two subjects did not perform the test due to severe hand
impairment. For both hands, rmANOVA did not show any
significant effect (see Figure 3): hemiplegic hand, Time
(Fy5=0.03, p=0.98, pr> = 0.01), tDCS (F, ,y = 0.76, p = 0.5,
pr? =0.13), tDCS x Time (F,, =0.22, p=0.8, py* =0.04);
nonhemiplegic hand, Time (F, 5 = 0.06, p = 0.82, p* = 0.01),
tDCS  (F,,0=2.56, p=0.1, pp*=0.1), tDCSxTime
(Fy10=1.8,p=0.2,py* =0.2).

3.2. Blood Pressure, Heart Rate, and tDCS Side Effects. Blood
pressure (mmHg) and heart rate (bpm) were analyzed with
the same rmANOVA model used for motor scores; for
both, results did not show any changes across time points
and between tDCS sessions: heart rate, tDCS (F1,7 =0.08,

p=0.79, py*=0.01), Time (F,;,=1.93, p=0.18, py* =
0.03), tDCSxTime (F,,;,=0.30, p=0.74, pn*=0.04);
blood pressure, tDCS (F,,=0.05, p=0.83, py*=0.01),
Time (F,,,=0.15, p=0.86, py*=0.02), tDCSxTime
(F,14=0.97, p=0.40, py* = 0.03).
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TaBLE 3: Side effects’ questionnaire at 24 h after tDCS session.

Active (n = 8 subjects)

Sham (n = 8 subjects)

gizziiscfnigie:efs No. of subjects Mean intensity range of the effect No. of subjects Mean intensity range of the effect
(AEs-Q) items reporting tDCS AEs (0 = absent, 1 =mild, reporting tDCS AEs (0 = absent, 1 =mild,
after 24 h (T3) 2 =moderate, 3 = severe) after 24 h (T3) 2 =moderate, 3 = severe)

Difficulty falling asleep 0 — 0 —

Night awakenings 0 — 0 —

Early awakenings 0 — 0 —

Insomnia 0 — 0 —

Daytime sleepiness 1 1 1 1

Reduction of activities 0 — 0 —
Hyperactivity 1 1 1 1
Inattention 2 1 1 1

Irritability 1 1 0 —
Restlessness 1 1 1 1

Sadness 0 — 0 —

Euphoria 0 — 0 —

Data represent the number of subjects, both for active and sham tDCS sessions, that reported the specific adverse effects at T3 i.e., 24 h after the tDCS session; if
adverse effects were present, the intensity were reported (0 = absent, 1 = mild, 2 = moderate, 3 = severe). The questionnaire was administrated by telephone.

45 - BBT
40 A
35 A
30 A
25 1
20 1
15 1

TO T1 T2 TO T1 T2
Hemiplegic hand

Non-hemiplegic hand

B Anodal tDCS
[ Sham tDCS

F1GURE 2: BBT scores (i.e., number of blocks moved in 1 min) for the
hemiplegic and nonhemiplegic hands, at each assessment of the
active anodal tDCS and sham tDCS sessions. TO = baseline;
T1=immediately after the end of tDCS; T2=90min after the
stimulation session. * = significant change from baseline, p < 0.05.

No participant reported severe adverse effects following
stimulation. With respect to the self-report questionnaire
assessing tDCS side effects, as shown in Tables 2 and 3, only
alimited number of participants reported transient and slight
discomfort after stimulation, but this occurred in a similar
number of participants, with comparable intensity, during
both active (mean number of participants reporting 1 or
more side effect =1.5; mean total score =0.75) and sham
tDCS (mean number of participants reporting 1 or more side
effect = 1; mean total score = 1, vs. active tDCS), as assessed
by comparing active and sham tDCS with Wilcoxon test:
number of participants reporting side effect, Z=0.37, p=
0.72, intensity of the reported side effects, Z=1.05, p=0.3.

3.3. Exploratory Analysis of Demographic and Lesion Effects.
Given the heterogeneity of our small sample with respect
to age and lesion size (see Table 1), correlation analyses

140 HGS
120
100
80
60
40
20

TO T1 T2 TO T1 T2
Hemiplegic hand

Non-hemiplegic hand

B Anodal tDCS
[ Sham tDCS

F1GURE 3: HGS scores (i.e., mean voluntary isometric strength, in kg)
for the hemiplegic and nonhemiplegic hands, at each assessment of
the real anodal tDCS and sham tDCS sessions. TO =baseline;
T1=immediately after the end of tDCS; T2=90min after the
stimulation session.

were performed for BBT, where a significant improvement
in tDCS was found. In particular, Pearson correlations
were used to test the association between improvement
for BBT after active tDCS (T1 minus T0) and age (mean
age=17.5+6.1 years) and lesion; the latter considering
in different size analyses of hemispheric damage (i.e., mean
lesion severity score = 6.8 +4.5) and of subcortical damage
(i.e., mean lesion severity score =2.3 + 1.9), their sum (ie.,
mean lesion severity score = 8.9 + 4.9), and only frontal lobe
damage (i.e., mean lesion severity score = 1.8 + 1.2). All cor-
relation analyses did not show any association between
improvement brought about by active anodal tDCS and
the considered factor: age (r = 0.20, p = 0.64), cortical lesion
(r=-0.40, p =0.38), subcortical lesion (r=0.36, p=0.42),
cortical-subcortical lesion (r=-0.17, p=0.72), and frontal
lobe lesion (r =—0.40, p = 0.38). To further check for possi-
ble effects of age and lesion size, analyses of covariance
(ANCOVA) were also performed, with Time (T0 and T1)



as within-subject factor and, as linear and interactive covar-
iates, age and abovementioned measures of brain lesion. In
every ANCOVA, no significant interaction between Time
and covariates was found (all p > 0.4).

4. Discussion

The main aim of this pilot study was to explore the effects of a
single application of anodal tDCS at 1.5 mA (a current inten-
sity so far never tested in UCP) on the motor performance in
individuals affected by UCP, considering also the assessment
and recording of possible side effects. Results show that a sin-
gle application of anodal tDCS over the affected M1 can
improve, in a safe and well-tolerated way, unilateral manual
function (hand dexterity) of subjects with UCP; improve-
ment emerges immediately at the end of stimulation and per-
sists for at least 90 minutes. It is worth noting, improvement
was confined to the hemiplegic hand, while performance of
the nonhemiplegic one was not influenced by tDCS.

Regarding HGS, no effect was brought about by tDCS.
On the one hand, it should be noted that this test was per-
formed on only six participants (see Results), so the absence
of the effect could be related to a smaller sample, as compared
to BBT. On the other hand, BBT and HGS measure different
aspects of motor behavior; the first measures unilateral gross
manual dexterity while the second one measures isometric
force of voluntary movements. It follows that anodal tDCS
may be more useful in changing functional hand perfor-
mance, closer to real-world object manipulation, rather than
lower motor function, such as muscular contractions, at least
with the current parameters (intensity, duration, and polar-
ity), and in the case of a single application.

Maintenance of improvement for BBT after 90 minutes
is in line with the neurophysiological evidence showing
that a single application of anodal tDCS for more than
10 minutes can induce after-effects on motor cortex excit-
ability that last up to 90 minutes [26]. We did not assess
whether such motor improvements were maintained over
time, although we speculate a return to baseline perfor-
mance since the two pre-tDCS assessments did not differ
from each other and those participants who received active
tDCS as first had a TO score of the sham tDCS session
(15.7) almost comparable to that of the active session
(T0=15). Since stimulation sessions were performed at
least 24 hours apart, this indicates that the effect of tDCS
was transient, likely disappearing the day after. However,
this aspect deserves further empirical investigation.

Finally, our results apparently show no relationship
between tDCS effects at BBT and brain lesion timing, site,
and severity. Previous studies have demonstrated that timing
and severity of brain lesion are related to hand motor func-
tion, assessed by function and activity levels, in children with
UCP [37, 43]. However, the heterogeneity of our small sam-
ple precludes any definitive statement on the absence of the
associations between tDCS effects and individual demo-
graphic and brain lesion characteristics. Indeed, different
plasticity mechanisms are involved in function recovery after
unilateral brain lesions according to the involvement of dif-
ferent brain cells and structures. A better understanding of
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the possible role of brain lesion-related factors to tDCS
effects, also through the use of more advanced imaging
techniques, is mandatory in order to adapt intervention
strategies. We can only speculate that individual patterns
of corticospinal reorganization in UCP might impact
tDCS eflicacy, especially with respect to the hemisphere
stimulated and current polarity, more than brain struc-
tural abnormalities [26]. Future studies are needed to ver-
ify this hypothesis.

Importantly, in line with previous evidence, during this
study no serious adverse effects were induced by tDCS both
immediately after and in follow-up (90 minutes and 24 hours
after tDCS session), providing a first indication on the safety
and good tolerance of anodal stimulation at 1.5mA for 20
minutes in UCP, when NIBS guidelines for safe application
are followed [44, 45]. Some side effects occurred in a limited
number of participants, but they were mild and transient,
and similar in both the active and sham sessions. Moreover,
we did not detect any tDCS-related changes in blood pres-
sure, heart rate, rhythm and quality of nocturnal sleep, mood,
and daily activities (the latter also checked the day after the
stimulation, at 24 hours).

The main limitations of this study are the small size and
high heterogeneity of sample. Although to be viewed as pre-
liminary, the evidence from this study supports the potential
facilitatory effects of anodal tDCS in promoting improve-
ment of unilateral manual disorders in UCP and suggests
the safety of this stimulation approach in the pediatric neuro-
logical population.

Further studies on larger samples of subjects with UCP
are needed to confirm and broaden our preliminary findings.
From a rehabilitation perspective, it will be of interest to
combine multiple sessions of anodal tDCS with a motor
training, considering that the cathodal tDCS was unable to
increase the motor-learning gains in subjects with UCP
[26, 30]. The optimal dosage, timing, and montage of tDCS
still need to be fully determined, also for adults. Here we
provide an initial evidence of the efficacy of a current inten-
sity of 1.5mA for anodal stimulation; further studies in
UCP are required to verify whether the intensity of
1.5mA could be more, equal, or less effective than other
intensities. Moreover, the influences of timing of brain
lesion and type of corticospinal reorganization as well as
motor and neurological degree of severity need to be fur-
ther investigated given that our preliminary findings are
inclusive in this regard. In this regard, another major
limitation of the present study is the absence of the assess-
ment of the neurophysiological status of our UCP partici-
pants, which precluded the evaluation of tDCS effects on
cortical responses, as well as of the relationship between
tDCS-induced behavioral gains and underlying neurophysi-
ology. In the developing brain with neurologic injury, motor
outcomes and tDCS effects are both related to differences in
the corticospinal circuitry [15, 26, 46]. Finally, the develop-
ment of specific guidelines for the application of tDCS in
the pediatric population could facilitate recruitment and
standardization on the use and management of tDCS [44]
and potentially lead to a greater role as a therapeutic tool
for neurodevelopmental rehabilitation.
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Aim. This observational study aimed at assessing the prevalence of visuospatial attention deficits in children with unilateral spastic
cerebral palsy (USCP), taking into consideration the affected hemibody and the localization of the brain lesion. Method. Seventy-
five children with USCP were assessed with four visuospatial attention tests: star cancellation, Ogden figure copy, line bisection, and
proprioceptive pointing. Results. A majority (64%) of children with USCP presented a deficit in at least one test compared to the
reference values. The alterations observed in children with left or right USCP were related to egocentric or allocentric neglect,
respectively. Children with cortico/subcortical lesion presented more often visuospatial attention deficits than children with
periventricular lesion. Visuospatial attention deficits were not associated with brain lesion locations. Interpretation. Visuospatial
attention deficits are prevalent in children with USCP and should be taken into account during their rehabilitation process. The
present results shed new light on the interpretation of motor impairments in children with USCP as they may be influenced by

the frequent presence of visuospatial deficits.

1. Introduction

Cerebral palsy (CP) results from brain lesions occurring
during prenatal, perinatal, or early postnatal life. Cerebral
palsy’s overall prevalence is 2 per thousand live births and
highest in children born before 28 weeks of gestation [1].
One of the most common subtypes of CP is unilateral spastic
cerebral palsy (USCP) which represents up to 34% of all cases
[1-5]. The main consequence of USCP is motor impairment
which depends on the timing, size, and localization of the
lesion as well as on the child’s cerebral reorganization and
recovery [6]. Additional impairments include deficits in sen-
sory and cognitive function as well as sensory-motor

integration [7, 8]. Visuospatial attention is the capacity of
someone to attend to and to process stimuli in his surround-
ing space [9]. Visuospatial attention deficits are likely to be
present in children with USCP, probably at least in part,
influenced by the impact of the motor deficit over the atten-
tional system [10], though they scarcely have been studied.
Visuospatial attention deficits have been widely studied
in adult patients with acquired brain lesions and are mainly
observed in lesions of the right hemisphere. They lead to
hemineglect of the contralesional body and hemispace in 10
to 33% of patients [11-13]. Neuroimaging studies have
shown a relationship between hemineglect and lesions
located in the right temporoparietal junction (TPJ]), as well
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as in certain areas of the frontal, parietal, and temporal lobe
[14, 15]. In visuospatial attention, different frames of referen-
ce—either egocentric or allocentric—can be distinguished.
Egocentric neglect is described with regard to the body mid-
line of the patient (i.e., the patient neglects stimuli presented
on one side of the hemispace referred to his own body mid-
line) and allocentric neglect is described with regard to the
midline of an object in the peripersonal or extrapersonal
space (i.e., the patient neglects stimuli on one side of the
object’s midline). The egocentric visuospatial representation
is important for movement planning and motor control dur-
ing direct interaction between body and objects, while the
allocentric representation is important for determining spa-
tial references in the environment. The interaction between
the allocentric and egocentric visuospatial representations
allows for spatial processing [16, 17]. Both allocentric and
egocentric visuospatial representations show a progressive
maturation with age in typically developing children, with
only the egocentric visuospatial representation reaching
maturity upon adolescence [14, 18]. After stroke in adults,
dissociations may appear between egocentric and allocentric
neglect [14]. These dissociations may differ in function of the
physical distance between the subject and the visuospatial
attention test [19]. Despite the relevance of both ego-and
allocentric spatial representations, studies in children with
USCP have interpreted visuospatial assessments mostly with
regard to the egocentric reference frame (cancellation tasks,
figure copy, drawing, and exploration tasks). To our knowl-
edge, no studies specifically have assessed allocentric visuo-
spatial attention in a large sample of children with USCP.

Few studies have reported lateralized visuospatial atten-
tion deficits in children with early brain lesions. Trauner
[20], in a study with a large sample of children with early
brain lesions (1 = 60) and typically developing (n = 36) chil-
dren, reported evidence of spatial neglect in two-thirds of
children with both left and right brain lesions. In this study,
a board with toys was presented to toddlers and the localiza-
tion of toys touched by the child was recorded. Other studies
[21-23] also reported the presence of spatial neglect in chil-
dren with a right or left early brain lesion using, for example,
the teddy bear cancellation test. Another study focused on
children with early left brain damage [24] and reported the
presence of a correlation between the reorganization of lan-
guage function in the right hemisphere and visuospatial per-
formance in the star cancellation test. Yousefian et al. [25]
observed contralateral neglect in children with perinatal
stroke using the clock drawing test in comparison with a con-
trol group. Differences were reported according to the side of
lesion and the age of children: younger children (6-8 years)
with right hemispheric lesions had error patterns similar to
adult patients with right hemispheric lesions [25]. Visuospa-
tial attention appears as a dynamic process maturing with age
in children with CP as well as in typically developing children
[18, 25]. While contralateral neglect in adults is mainly
observed with right hemispheric lesions, it may occur in chil-
dren with right or with left hemispheric lesions. This suggests
differences in the anatomical distribution and brain reorgani-
zation of visuospatial abilities between the developing and
mature brain.
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Independently from contralateral neglect, children with
CP also have been reported to present deficits of executive
functions and more specifically of global attentional control.
One study showed attentional deficits in children with CP, as
well as a lower performance of inhibition, working memory,
and general executive function [26]. Another study reported
the presence of global executive deficits in children with CP
based on the Rey-Osterrieth complex figure and subtests of
different executive functioning assessments [27]. Attentional
deficits were reported as nonlateralized, though some differ-
ences were observed between children with left and right
CP in inhibition/switching tasks.

Furthermore, visuospatial attention has been shown to be
acquired in function of locomotor experience. Previous
research has shown in toddlers that visuospatial attention
improves with the development of walking abilities [28]. In
children with CP, brain plasticity and reorganization are cor-
related with several functions such as motor abilities, lan-
guage, and vision [29-33].

The aim of the present study is to investigate the preva-
lence of visuospatial attention deficits in a large sample of
children with USCP, using both ego- and allocentric tests
with regard to the affected hemibody. We hypothesized that
many children with USCP would show abnormal values in
both ego- and allocentric visuospatial attention tests. Detect-
ing the presence of these deficits appears as important to tai-
lor the rehabilitation process to each child and thus to
improve his/her ability in everyday motor activities.

2. Method

2.1. Participants. Children with USCP (n = 75) were recruited
by the MSL-IN Lab (Institute of Neuroscience, Université
Catholique de Louvain, Brussels, Belgium) and the Center
for Cerebral Palsy Research (Teachers College, Columbia
University, United States) during four consecutive years
(2013-2016). All children were participants of an intensive
rehabilitation program and were assessed for the present
research before starting the intensive rehabilitation programs.

The inclusion criteria were as follows: (1) aged between 5
and 18 years, (2) ability to grasp light objects and lift the
more affected arm 15 cm above a table surface, (3) ability to
follow instructions and complete testing, (4) attending school
in the same grade as their typically developing peers of the
same age, (5) Manual Ability Classification System [34] levels
L 11, or III, and (6) Global Motor Function Classification Sys-
tem levels I, II, or III [35]. Exclusion criteria were as follows:
(1) uncontrolled seizures, (2) orthopedic surgery or botuli-
num toxin injections less than twelve months before or
within the study period, and (3) possibility of treatment/test-
ing interference because of uncorrected visual problems (as
described by their physician). No formal cognitive assess-
ment was performed or used as inclusion criterion in the
present study. Participants and caregivers provided informed
consent. The study was approved by the Institutional Review
Boards of the Teachers College, Columbia University, and of
the Université Catholique de Louvain.

Brain MRI and ophthalmological assessments were not
performed as part of this study. Given that the children were
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participants of an intensive rehabilitation program off-site
from the hospital, there was no simple access to the technol-
ogies needed for brain imagery and ophthalmological evalu-
ations within the time frame of the present study. Therefore,
when previous MRI was available, brain lesions were classi-
fied by a neuroradiologist using the criteria of Krigeloh-
Mann and Horber [36], allowing to define the origin/timing
of their brain lesion (cortical malformation, periventricular
lesion, or cortical/subcortical lesion). In addition, the locali-
zation of the lesion in the brain was described. In a subsam-
ple of the study population and not performed as part of this
research, a previous detailed ophthalmological examination
by an ophthalmologist (Cliniques Universitaires Saint-Luc,
Université Catholique de Louvain, Brussels, Belgium) was
available and retrieved from the medical file. This examina-
tion included assessment of visual function (visual acuity,
visual field defect with Goldmann visual field perimetry,
color perception, and refractive error), binocular vision
(binocular vision with Worth’s test and Bi-prism test, near
point of convergence, eye motility assessment with Broad
H, stereopsis and stereoacuity with TNO test, and strabis-
mus with cover test), and finally ophthalmological health
(examination of anterior and posterior segment). More
specifically, in the Goldmann visual field perimetry, children
have to maintain fixation on a central point; the fixation is
controlled by a trained perimetrist, while a visual stimulus
is moved around the patients’ visual field. The children have
to report by pressing a button, whether they can see the
target or not. The visual field of the child is then plotted
[37]. In the broad H test, the children are asked to follow a
target (a penlight) which is moved in an H pattern to the
edge of the binocular field. The ophthalmologist has to
record any misalignments of the patients’ eyes which could
indicate eye motility deficits [38].

2.2. Assessment Tools. Four assessments of visuospatial atten-
tion were used: star cancellation, Ogden figure copy, line
bisection, and proprioceptive pointing. The four visuospatial
tasks were chosen for the following reasons: (1) reference
values are available in same-aged typically developing
children [18]; (2) the same tasks can be used in adults,
ensuring the possibility of a follow-up in the transition from
childhood to adulthood; (3) the tasks can be performed
single-handedly with the less affected hand, limiting a bias
due to sensorimotor deficit; (4) the tasks do not require any
other material than paper and pencil; and (5) the tasks are
language-independent. The latter two reasons were impor-
tant in this study as children were included both in Belgium
(French) and the US (English). Results of the visuospatial
attention assessments were considered as abnormal when
lying outside the range of normal values previously described
for each age category [26].

2.2.1. Star Cancellation. The test consists of an A4 sheet of
paper with stars of two different sizes as well as distractor
words which are semirandomly distributed. The child is
asked to cancel all small stars. The following variables
are recorded: the number of stars omitted on each side
(left, right) and the total number of omitted stars [39].

The absolute difference between the number of left omit-
ted stars and right omitted stars also is computed. The
variable used to determine if a child with USCP presents
with an abnormal value compared to reference values is
the total number of omitted stars. Star cancellation mainly
assesses egocentric neglect [19].

2.2.2. Ogden Figure Copy. This test consists of a drawing copy
task. The child is asked to copy a figure (a house and 4 trees).
The score ranges from 0 (no omissions) to 4 (multiple omis-
sions) [40] and is the variable used to determine if a child
with USCP presents with an abnormal value compared to
reference values. Ogden figure copy assesses both ego-and
allocentric neglect [41].

2.2.3. Line Bisection. The line bisection test consists of 2 pages
with 10 lines of different lengths on each page. The child is
asked to indicate the middle of each line by making a mark
with a pencil. The deviation from the center, in percentage
of half the line length, is computed with the following for-
mula: deviation = (b—a)/a*100, where a is half length of
the line and b is the distance between the beginning of the
line and the mark made by the child [42]. The variable used
to determine if a child with USCP presents with an abnormal
value compared to reference values is the average deviation
(in percentage) from the center of each line. Line bisection
test assesses allocentric neglect. An error towards the paretic
side of space is recorded as a negative value.

2.2.4. Proprioceptive Pointing. The child is blindfolded and
seated in front of a table. A paper sheet with angled grad-
uation lines (deviation in degrees) from a central point is
aligned with the body midline of the child. The child is
asked to point straight ahead on the table by moving his
finger [43]. The pointing is performed three times. The
variable recorded is the average deviation (mean of the
three pointings in degrees) with regard to the child’s body
midline. This variable is used to determine if a child with
USCP presents with an abnormal value compared to refer-
ence values. Proprioceptive pointing assesses egocentric
neglect. A deviation towards the paretic side of space is
recorded as a negative value.

3. Statistical Analysis

The descriptive statistic is as follows: a child with USCP was
considered to have an abnormal value for any of the
visuospatial attention tests if his/her result was outside the
age-corrected reference values published previously [18].

Chi-square tests were used to investigate the association
between demographic characteristics and the presence of
abnormal visuospatial attention assessments, as well as to
investigate the association between different abnormal visuo-
spatial attention assessments. Chi-square tests were used to
investigate the association between the presence of abnormal
visuospatial attention assessments in different age groups (13
age groups from 5 to 17 yrs).

Chi-square tests were used to investigate the association
between the presence of abnormal visuospatial assessments
in children with left USCP vs. children with right USCP, in



children taking antiepileptic drugs vs. children not taking
antiepileptics, and in children with predominant periventri-
cular brain lesions vs. children with cortico/subcortical brain
lesions as well as between the different localizations of lesions.

Post hoc Bonferroni was used to correct for the multi-
plicity of tests.

Student t-test was used to compare intrasubject differ-
ences between omissions on one side and the other side of
hemispace for the star cancellation test.

The statistical analysis package SPSS was used for all
analyses. Significance level was set at p <0.050.

4. Results

4.1. Participants. The demographic and clinical data of the
study sample are summarized in Table 1. The sample consisted
of 75 children with USCP from 5 to 17 years old (mean=9y
3m,SD =2y 11m,42boysand 33 girls): 45 children with right
USCP and 30 children with left USCP. Children were classified
following the Manual Ability Classification System [34] as
levels I (n=16), II (n=50), or III (n=9). Brain lesions as
observed on available MRI (n = 69) were subcortical and cor-
tical lesions of frontal/parietal/temporal areas (n = 4), subcor-
tical and cortical lesions of frontal/parietal/temporal areas and
insula (n =13), subcortical and cortical lesions of frontal/pari-
etal/temporal/occipital areas and insula (n=9), subcortical
and cortical lesions of parietal/occipital/temporal areas
(n = 3), subcortical and cortical lesions of parietal/temporal
areas (n = 9), and subcortical without cortical lesions (7 = 31
). Ophthalmological examinations were available in a subsam-
ple of 13 children. Three children had a visual field defect as
measured using Goldmann visual field perimetry (2 hemia-
nopsia, 1 quadranopsia; see Table 2), and 3 children had a
deficit of eye motility [37]. Two of those three children had
at least 1 abnormal result upon testing of visuospatial atten-
tion. Due to the small size of the subsample, no further statis-
tical analyses were performed. Six children were taking
antiepileptic drugs and had no clinically observable seizures
in their recent medical history or at the time of testing.

The individual clinical data and individual results of the
visuospatial attention assessments are shown in Table 2.

4.2. Prevalence of Visuospatial Attention Deficits in Children
with USCP. Sixty percent of the children presented with
abnormal values of at least one visuospatial attention test.
28% of the children with USCP presented with abnormal
values of two or more visuospatial attention tests. 10.7% of
the children presented with abnormal values of three or more
visuospatial attention tests. No association was found
between age groups and the presence of abnormal visuo-
spatial assessments (chi-square, all p>0.390). No signifi-
cant association was observed between the MACS level
and the presence of abnormal visuospatial attention assess-
ments (chi-square, all p>0.054). No significant association
was observed between the GMFCS level and the presence
of abnormal visuospatial attention assessments (chi-square,
all p>0.402).

Differences in the percentage of children with deficits
were observed depending on the timing of the lesion:

Neural Plasticity

compared to children with periventricular lesions, a larger per-
centage of children with corticosubcortical lesions presented
with visuospatial attention deficits (x*(3, n=32)=16.655;
p=0.001). The prevalence of abnormal visuospatial attention
assessments was not different between the different brain
lesion localizations (chi-square, all p > 0.612).

No differences were observed for the prevalence of
abnormal visuospatial attention assessments between chil-
dren taking antiepileptic medication and those without
(chi-square, all p > 0.663).

A significant association was observed between the prev-
alence of abnormal star cancellation and the prevalence of
abnormal Ogden figure copy (x*(1, n=14)=11.193; p=
0.010). No other significant associations between abnormal
visuospatial attention assessments were found (all p > 1.000).

Figure 1 shows the prevalence of abnormal values for
one, two, three, or more visuospatial attention tests in the
whole sample of children with USCP as well as in children
classified by lesion timing. Figure 2 shows the prevalence
of abnormal visuospatial attention assessments classified by
lesion localization.

4.3. Prevalence of Abnormal Findings in Each of the
Visuospatial Attention Tests in Children with USCP. The
prevalence of abnormal values in each of the four visuo-
spatial attention tests in children with USCP is described
in Figures 3 and 4.

4.3.1. Star Cancellation. 18.7% of the children (number of
tested children=75) presented with abnormal values. The
absolute difference between left and right omitted stars was
significantly different from “zero,” indicating that children
omitted more stars on one side than on the other (children
with left USCP: ¢(1, 29) = 2.769; p = 0.01; children with right
USCP: #(1,44) =4.100; p <0.0001) (Figure 4). When the
prevalence of abnormal values was compared between chil-
dren with left and right USCP, children with a left USCP pre-
sented significantly more abnormal values for left omitted
stars than children with right USCP (x*(1, n=30)=4.559;
p=0.033) (Figure 5). The prevalence of abnormal values
was not significantly different between children with periven-
tricular or corticosubcortical lesion for the total number of
omitted stars: x*(1, n=32)=2.294; p = 0.130. In the number
of right omitted stars, the prevalence of abnormal values was
significantly larger in children with corticosubcortical lesions
than in children with periventricular lesions (x*(1, n=32
)=49.095; p<0.001). The prevalence of abnormal values
did not differ by lesion location (all p > 0.300).

4.3.2. Ogden Figure Copy. 25.3% of the children (number of
tested children=75) presented with abnormal values. The
prevalence of abnormal values was not significantly different
between children with right and left USCP: x*(1, n=30
)=0.084; p=0.773. The prevalence of abnormal values was
significantly higher in children with corticosubcortical lesions
than in children with periventricular lesions (x*(1, n=32
)=9.590; p=0.002) (Figure 4). The prevalence of abnormal
values did not differ by lesion location (all p > 0.600).
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TaBLE 1: Demographic and clinical characteristics of children with unilateral spastic cerebral palsy.
More affected upper extremity
Left Right All

Age 9y5m (3y) (29yY 111r?n) (29yy 131121)
Gender (n)

Female 9 24 33

Male 21 21 42
Lesion timing (#)

Brain malformation 4 2 6

Periventricular white matter lesion 14 17 31

Cortical/subcortical lesion 10 22 32

NA 2 4 6
MACS (level)

Level I 7 9 16

Level IT 22 28 50

Level I1I 1 8 9
GMECS (level)

Level I 27 37 64

Level 1T 3 8 11
Total (n) 30 45 75

MACS: Manual Ability Classification System; GMFCS: Global Motor Function Classification System.

4.3.3. Line Bisection. 44% of children (number of tested
children =75) presented with abnormal values. Twenty-five
children were above the upper bound of the reference range
(i.e., bisection deviated towards the nonparetic hemispace),
and 8 children were below the lower bound of the reference
range (ie., bisection deviated towards the paretic hemi-
space). Children with right USCP had abnormal values more
often than children with left USCP (x*(1, n=45)=6.427; p
=0.011; children with right USCP=51.1% and children
with left USCP =33.3%). In the line bisection test, the prev-
alence of abnormal values was not significantly different in
function of lesion timing (y*(1, n=32)=2.807; p =0.094).
The prevalence of abnormal values did not differ by lesion
location (all p > 1.00).

4.3.4. Proprioceptive Pointing. 10.6% of children (number of
tested children =75) presented with abnormal values: 7 chil-
dren deviated towards the nonparetic hemispace, and 1 child
deviated towards the paretic hemispace. The prevalence of
abnormal values was not significantly different between chil-
dren with right and left USCP: y*(1, n=30)=0.037; p=
0.848. The prevalence of abnormal values was not signifi-
cantly different between children with predominant white
matter lesions and predominant grey matter lesions: x*(1, n
=32)=1283; p=0.257. The prevalence of abnormal values
did not differ by lesion location (all p > 1.00).

5. Discussion

The aim of this study was to investigate the prevalence of
visuospatial attention deficits among children with USCP
using both ego- and allocentric tests, taking into consider-
ation the affected hemibody. A majority of children with

USCP presented with abnormal visuospatial attention as
60% of our sample scored outside the reference values for
at least one visuospatial attention test. In addition, the results
indicated a difference between children with left and right
USCP. Children with a left USCP showed predominantly
an egocentric impairment and children with a right USCP
showed mainly an allocentric deficit. Lesion timing also had
an influence on the prevalence of visuospatial attention defi-
cits: children with corticosubcortical lesions presented more
frequent visuospatial attention deficits than children with
periventricular brain lesion. A significant association was
observed between an abnormal star cancellation test and an
abnormal Ogden figure copy in children with USCP, as pre-
viously reported in typically developing children [18, 44].

The originality of the present study lies within the large
school-aged population of exclusively children with USCP,
investigating both ego- and allocentric visuospatial attention.
Previous studies assessing visuospatial attention abilities
included children with all types of acquired brain lesions
and used a limited number of tasks: the Teddy Bear cancella-
tion task [21] or a spatial exploration task [20] or the clock
drawing test [25]. The present study confirms previous find-
ings in egocentric visuospatial attention assessments [20-23],
while giving a more complete overview of visuospatial atten-
tion deficits in children with USCP.

More than half of the children participating in this study
presented with abnormal values for at least one visuospatial
attention test and almost one-third of the sample for two or
more tests. The presence of visuospatial attention deficits
and in particular neglect of one side of space could be rele-
vant for the rehabilitation process in children with USCP.
Evidence shows that visuospatial attention interacts with
motor function, for instance, during eye-limb coordination
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FIGURE 1: Percentage of children presenting with a visuospatial
attention deficit in the whole sample.

[10]. In this way, an early motor deficit could have an impact
on the development of the attentional system [45], for exam-
ple, children with spastic diplegia have shown impairments
in visual orientation tasks [46]. Ideally, a global deficit of
attention or executive functioning should have been ruled
out by a control task. This was not possible in the present
study because children were included as participants of an
intensive rehabilitation program and were subjected to a
large number of assessments during the limited amount of
time available before the start of rehabilitation program.
However, a global attentional problem appears as improbable
for two reasons: (1) visuospatial attention deficits were later-
alized and (2) very few children showed abnormal results in
all of the four visuospatial attention assessments.

As with other executive functions, visuospatial attention
may develop with age. In typically developing children, the
performance on some visuospatial attention tasks was shown
to mature with age [18]. Previous studies have shown that
younger children with CP may present with more visuospa-
tial neglect than older children [23, 25]. The absence of any
effect of age on the prevalence of visuospatial attention defi-
cits in the present findings does not preclude that age still
may influence their visuospatial abilities in children with
CP. The present study was not designed to examine an effect
of age: the age range of the included children was too narrow
and the visuospatial attention assessments were administered
only once in each subject. Hence, no age-related differences
were observed.

Visuospatial attention deficits were more frequently
observed in children with corticosubcortical lesions than in
children with periventricular lesions. Previous studies sug-
gested that children with cortico/subcortical lesion

generally present with larger lesions than children with
periventricular lesions. Also in these children, more associ-
ations are observed between lesion characteristics and clin-
ical outcomes [6, 47]. Mailleux et al. [6] reported frequent
and stronger associations between lesion characteristics
(size, localization, and extent) and motor function in chil-
dren with cortico/subcortical lesion than in children with
periventricular lesions. Impaired upper extremity function
[47] is also more common in CP children with cortical/
subcortical lesion compared to periventricular lesions. This
overall larger prevalence of deficits in children with cor-
tico/subcortical lesions could be explained by the timing
of the lesion. Cortico/subcortical lesions typically arise at
the end of the 3™ trimester of gestation [36]: the later
the lesion, the less likely it may allow for efficient reorga-
nization/rewiring of affected functions in the brain.

Visuospatial attention deficits were observed in children
with right as well as with left brain lesions. This clinical pic-
ture is very different from the one in adults demonstrating
mainly hemineglect with right brain lesions [48] due to the
lateralization of visuospatial abilities within the right hemi-
sphere [49]. Similar results in children either with left or
right brain lesions have been reported previously by Thareja
et al. [23]. The fact that left brain lesions can lead to an alter-
ation of visuospatial abilities in children with USCP can be
explained by the important cerebral reorganization occur-
ring after an early brain lesion. This observation may be
explained by the “crowding hypothesis” [24, 50]: a left hemi-
spheric lesion can shift the areas related with language from
the left to the right hemisphere, thus affecting visuospatial
function. Lidzba et al. [24] highlighted a correlation between
the reorganization of language function in the right hemi-
sphere and visuospatial performance in children with early
cerebral lesions.

Differences in the type of hemineglect were observed
between children with left and right USCP. In the star cancel-
lation test (assessing mainly egocentric neglect), children
with left USCP omitted more stars on the left side than on
the right side and were more often outside the normative
values for the number of left omitted stars than children with
right USCP. On the other hand, children with right USCP
more frequently presented with abnormal values of the line
bisection test compared to children with left USCP, suggest-
ing more often allocentric visuospatial impairment [19]. It
has been suggested that different brain substrates are linked
to egocentric and allocentric neglect: egocentric neglect being
linked to the fronto-parieto-temporal network, while allo-
centric neglect being related to the parieto-temporo-
occipital network [51]. Specifically, egocentric representation
has been related with activation in the medial part of the left
superior parietal lobe and the allocentric representation with
activation in the right parietal lobe, occipitotemporal cortex,
and hippocampal regions [52]. Besides the side of hemi-
spheric lesion, specific characteristics of the brain lesion
and postlesional brain reorganization and development also
may explain the differential visuospatial attentional impair-
ments: larger brain lesions have been observed in children
with right USCP than in children with left USCP [53, 54].
However, in the present study, the presence of abnormal
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visuospatial assessments was not related to the localization of
brain lesions. It must be noted that brain MRIs were not
acquired for this study specifically and lesion localizations
were interpreted post hoc from available MRIs. More rele-
vant imaging data including fMRI probably could clarify
how lesion characteristics and brain reorganization and mat-
uration relate to the development of visuospatial abilities in
children with CP.

Among the limitations of the study, it is important to
acknowledge the partial availability of ophthalmological
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FIGURE 4: Percentage of children with USCP with abnormal values
in each visuospatial attention test for the whole sample and for
children with brain malformation, periventricular lesion, or
corticosubcortical lesions. Chi-square *p < 0.050.

examinations in the study sample. Previous studies have
investigated the development of visual abilities through
childhood as well as the importance of measuring such abil-
ities in children with CP [55, 56]. It is not possible to establish
the relationship between visual impairment and visuospatial
attention deficits with only 20% of the study sample having
received an ophthalmological examination during clinical
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follow-up. Furthermore, visual field testing is rarely per-
formed in a clinical setting and even more seldom in young
children. We can only speculate on how potential visual field
defects may have influenced visuospatial attention in our
study sample. Adults with hemianopsia performing the line
bisection test show an inverse pattern compared to adults
with hemineglect [57-61]. Indeed, hemineglect patients
bisect towards the ipsilesional side of the lines, whereas hemi-
anoptic patients bisect towards the contralesional side of the
lines [57, 58]. Deficits in oculomotor function may also
impair visuospatial attention. Correct saccadic movements
have been described as important for the development of
visuospatial attention [10]. Ego et al. [62] have described a
relatively preserved oculomotor function in children with
CP which evolves with age to reach almost the same
performance as typically developing children. It appears as
less probable that deficits in oculomotor function would
impair the possibility to scan the environment and lead to
deficits of visuospatial attention. Future studies should
include a complete ophthalmological examination for all
study subjects to exclude underlying impairments of vision
as a substrate for visuospatial attention deficits.

In addition, although children of this study attended
school in the same grade as their typically developing peers
of the same age, intellectual quotient (IQ) per se was not
tested and thus we cannot exclude an influence of IQ on
our results. This is especially a concern since an interplay
between cognitive function and visuospatial abilities has been
previously described [10, 27, 63].

This study gives a better insight in the prevalence of
visuospatial attention deficits in children with USCP and
highlights that visuospatial deficits are common among
children with USCP and more frequent in children with cor-
tico/subcortical lesions than in children with periventricular
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lesions. In order to properly diagnose these deficits, both ego-
centric and allocentric visuospatial attention tests are needed.
Children with right and left USCP do not present the same
type of visuospatial attention deficits: left USCP is more
linked to egocentric neglect while right USCP is more linked
to allocentric neglect. Also, visuospatial attention deficits
observed in children with CP were different from those
reported in adult patients. This may be due to the nature of
brain lesions as well as the process of dynamic brain (re)orga-
nization [24, 32]. Though the present results did not indicate
any relationship between age and visuospatial abilities in a
cross-sectional sample of children with CP, future studies
should further investigate the evolution of visuospatial atten-
tion deficits in the function of lesion characteristics and brain
development in children with cerebral palsy. Indeed, it is pos-
sible that spatial deficits observed at a young age may become
clinically insignificant at a later stage [18, 23, 25]. Future
research should thus include medical imaging in combina-
tion with visuospatial and other neuropsychological assess-
ments in a longitudinal perspective. The present findings
may help in improving the rehabilitation of children with
USCP as visuospatial abilities are critical for motor skill
learning and motor control. Depending on the side of the
brain lesion, children may show differential responses related
to the lateralization aspect of these deficits. Different rehabil-
itation interventions have been described in adult patients
such as vestibular stimulation or prismatic rehabilitation
[64-66]. Prismatic rehabilitation has been reported as feasi-
ble in children with USCP [43]. Future studies should there-
fore investigate the effectiveness of prismatic rehabilitation
applied to children with USCP for improving visuospatial
neglect and possibly motor skill learning.
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Reorganization of somatosensory function influences the clinical recovery of subjects with congenital unilateral brain lesions.
Ultrahigh-field (UHF) functional MRI (fMRI) with the use of a 7T magnet has the potential to contribute fundamentally to the
current knowledge of such plasticity mechanisms. The purpose of this study was to obtain preliminary information on the
possible advantages of the study of somatosensory reorganization at UHF fMRI. We enrolled 6 young adults (mean age 25+6
years) with congenital unilateral brain lesions (4 in the left hemisphere and 2 in the right hemisphere; 4 with perilesional motor
reorganization and 2 with contralesional motor reorganization) and 7 healthy age-matched controls. Nondominant hand
sensory assessment included stereognosis and 2-point discrimination. Task-dependent fMRI was performed to elicit a
somatosensory activation by using a safe and quantitative device developed ad hoc to deliver a reproducible gentle tactile
stimulus to the distal phalanx of thumb and index fingers. Group analysis was performed in the control group. Individual
analyses in the native space were performed with data of hemiplegic subjects. The gentle tactile stimulus showed great accuracy
in determining somatosensory cortex activation. Single-subject gentle tactile stimulus showed an SI activation in the postcentral
gyrus and an S2 activation in the inferior parietal insular cortex. A correlation emerged between an index of S1 reorganization
(distance between expected and reorganized S1) and sensory deficit (p < 0.05) in subjects with hemiplegia, with higher distance
related to a more severe sensory deficit. Increase in spatial resolution at 7T allows a better localization of reorganized tactile
function validated by its correlation with clinical measures. Our results support the S1 early-determination hypothesis and
support the central role of topography of reorganized S1 compared to a less relevant S1-M1 integration.

1. Introduction

Over the last years, the risk of somatosensory impairment
in children with unilateral cerebral palsy (CP) has been
increasingly recognized, becoming a consistent target for
both evaluation and intervention. Studies on tactile dysfunc-
tion in unilateral CP report a variable prevalence of deficits
ranging from 42 to 90% of children, with stereognosis
and two-point discrimination (2PD) as the most frequently
impaired aspects [1-4]. A tactile dysfunction has a negative

impact on the quality of movements, limits the ability of
the child to interact with the environment, and, most impor-
tantly, contributes to the progressive functional impairment
of the affected upper limb secondary to the so called “learned
nonuse” [5-7].

Besides its clinical recognition, there is a growing interest
in the understanding of the neuroplastic mechanisms of the
somatosensory system after congenital brain lesions, along-
side with the better-known reorganization of the corticosp-
inal system. Reorganization of the afferent thalamocortical
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sensory tracts to primary sensory cortex (S1) has been hypoth-
esized to be related mostly to the capability of ascending fibers
to bypass pre- or perinatal lesions and reach the expected cor-
tical destination in the postcentral gyrus [8]. This mechanism
seems however imperfect, resulting in some degree of sensory
deficit as demonstrated by several studies [9-11].

A significant contribution to the study of brain reorgani-
zation of the somatosensory system in unilateral CP was tra-
ditionally provided by functional MRI studies, although with
significant limitations in spatial resolution. Indeed, studies
on sensorimotor reorganization with clinical-field MRI (i.e.,
1.5 or 3 tesla) are unable to accurately circumscribe the pri-
mary sensory area at a single-subject level, including the dis-
tinction, within the perirolandic region, between primary
sensory and primary motor activation [12, 13].

The increased availability of ultrahigh-field (UHF) MRI
(>7tesla) constitutes a unique opportunity for the study of
the relationship between structure and function in the
human brain, as clearly shown by the first studies in healthy
subjects [14]. Compared to lower field MRI, UHF MRI has
an increased spatial resolution, with expected increase of
sensitivity and specificity of fMRI activation [15]. To date,
however, no studies have explored the capability of UHF
fMRI in the characterization of brain plasticity in hemiple-
gic subjects with congenital brain lesions.

We here preliminarily investigated the potentials of
UHF fMRI for the study of somatosensory reorganization
in adolescents or young adults with congenital hemiplegia.
In particular, we aimed to test the following hypotheses:
(i) in the affected hemisphere (i.e., the hemisphere contra-
lateral to the hemiparetic side), S1 activation is dislocated
from the expected area and (ii) the degree of the dislocation
of the reorganized S1 correlates with the severity of the
somatosensory deficit.

To test our hypotheses, we performed task-dependent
fMRI at 7T by applying a passive, gentle tactile stimulation
in hemiplegic and in control subjects, through an automated
7T MRI-compatible device developed ad hoc. As the control
study, we used a sensory task consisted of passively brushing
of fingers by means of a toothbrush [9].

The device showed the capability of a reliable specific
activation of a tactile postcentral region at 7 T. The coordi-
nates of the activation obtained in each hemiplegic subject
were compared with the expected site of activation (S1
localizer) as defined through a group analysis performed on
controls. Finally, in the hemiplegic subjects, the degree of
the dislocation of S1 was correlated to the severity of tactile
sensory deficits as assessed by stereognosis and 2PD.

2. Materials and Methods

2.1. Subjects. Ten adolescents or young adults (8 males, mean
age of 26 + 7 years) with congenital hemiplegia (7 right hemi-
plegic subjects) were recruited for the study. Subjects were
selected from a registry of patients with congenital hemiple-
gia treated at IRCCS Fondazione Stella Maris.

In order to allow for good levels of collaborations during
the experiment, only subjects with an IQ above 70 and no
reports of psychiatric comorbidities were considered eligible.
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Contraindications to MRI were considered as exclusion
criteria. Seven right-handed, healthy subjects (3 males,
mean age of 29 £ 6 years) were enrolled from the community
as controls.

The research project was approved by the Pediatric Ethics
Committee of the Tuscany Region (Florence, Italy) and the
Italian Ministry of Health and was carried out in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.
Written informed consent in accordance with the authorized
protocol was obtained from all adult subjects and from
parents or guardians for juvenile participants.

2.2. Clinical Assessment. Hemiplegic subjects received a
detailed clinical assessment, which included motor and sen-
sory evaluations. Sensory function of the nondominant
hand was assessed by using 2-point discrimination (2PD)
and stereognosis, which are known to have good clino-
metric properties and clinical utility [6]. 2PD describes
the distance (in millimeters) below which two points of
touch stimuli within one dermatome cannot be distin-
guished anymore, with higher values reflecting stronger
impairment. Stereognosis describes the percentage of objects
correctly identified during manipulation with the nondom-
inant hand, with lower values reflecting stronger impairment
[16]. Motor function of the nonhemiplegic hand was assessed
by using the Wolf motor function test (WMFT) as previ-
ously described, by including a quality dimension and a
time dimension [17, 18], and the assisting hand assess-
ment (AHA) [19]. The reorganization of primary motor
and primary sensory functions was also assessed by motor
and somatosensory evoked potentials (MEP and SEP). A
lesion severity score was applied to the 1.5T datasets of
hemiplegic subjects [20] in order to determine the possible
impact of brain lesion extension on S1 reorganization and
clinical assessment.

2.3. Data Acquisition. Data were acquired on a 7 T Discovery
MR950 MRI system (GE Healthcare, Milwaukee, W1, USA),
equipped with a 2-channel transmit/32-channel receive coil
(Nova Medical, Wilmington, MA, USA). Functional images
were acquired to accurately identify S1 at a single-subject
level and, only for the control group, to identify the expected
site of activation (S1 localizer) at a group level. We used
a T2x-weighted gradient echo (GRE) echo-planar imaging
(EPI) sequence (TR=2000ms, TE =21.5ms, flip angle =60°,
field of view (FOV)=192mm x 192 mm, matrix=128 x 128,
isotropic voxel = 1.5 x 1.5 x 1.5 mm®). Thirty-two slices (about
5cm coverage) were placed in order to cover primary and
secondary sensory cortices. Each functional series was
composed by 160 time points (volumes) and 5 additional
initial dummy scans, for a total acquisition time of 5'30".
A whole-brain GRE-EPI sequence was acquired with the
same parameters of functional series, except for a longer TR
(6000 ms), allowing the complete coverage of the brain. One
single volume of 90 slices was acquired after 3 dummy scans
in 24 seconds. We acquired also a 3D FSPGR T1-weighted
sequence (TR/TE =5.9/2.1 ms; flip angle 12°, isotropic voxel =
1x1x1mm? acquisition time=4'50"). Structural images
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were also acquired, for spatial coregistration of functional
7T data with anatomical 1.5T images.

Subjects were also assessed on a 1.5T Signa HDxt (GE
Healthcare, Milwaukee, WI, USA) MR scanner equipped
with an 8-channel array coil (Invivo Corporation, Gaines-
ville, FL, USA). In particular, three-dimensional structural
images were acquired using a 3D FSPGR T1-weighted
sequence (time of repetition (TR)/time of echo (TE)=11.9/
3.6 ms; flip angle 10°, isotropic voxel =1x 1 x 1 mm®). Since
3D T1-weighted whole brain images at UHF may present
signal inhomogeneities that could fail brain segmentation,
we used structural images acquired at lower magnetic
field for brain segmentation, as well as for the normaliza-
tion of single-subject brains of control groups in a common
space [21].

2.4. Functional Tasks. Two different sensory tasks were per-
formed. The first sensory task consisted of a gentle tactile
stimulation delivered on the thumb and the index finger of
each hand separately, by applying a tactile stimulator devel-
oped ad hoc (Linari Engineering, Pisa, Italy). In detail, the
tactile stimulator consisted of an MRI-compatible pneumatic
system with two pumps (range of pressure=0 + 0.2 MPa).
The pumps were located in the scanner engine room led by
a unique remote control in the console room. Each pump
was connected to a little vesicle through plastic pipes, filled
with air. Each vesicle was applied to the distal phalanx of
the index (F1) or thumb (F2) finger. Pumps had been set with
a pressure of 0.1 MPa and an inflation/deflation rate of 1 Hz,
so as to have about one “touch” every second.

A second sensory task was used as the control study, to
compare the gentle tactile to standard task, commonly used
in such patients and in clinics [9, 22]. This task consisted of
passively brushing hand index and thumb fingers (F1 and
F2, respectively), by means of a toothbrush, at a frequency
of about 1 Hz.

The experiment consisted of 4 functional series, 2 for
each task performed on either hand. fMRI series were built
using a block design format (block duration =20s), alternat-
ing the sensory stimulation to rest according to the following:
F1 — rest — F2 — rest. This scheme was repeated 4 times for
each sensory stimulus. To the purposes of this paper, a com-
prehensive activation of F1 and F2 stimulations was consid-
ered for the data analysis (see below).

Subjects were asked to keep their eyes closed during rest
or stimulus delivery; occlusive earplugs attenuated ambient
scanner noise throughout rest and activation periods. Before
each functional series, a brief test of task was performed in
each subject to have confirmation of sensory stimulus deliv-
ery; as well at the end of each series, subjects were asked to
confirm the stimulus perception.

2.5. Data Analysis. Data analysis was performed with
BrainVoyager (Brain Innovation, Maastricht, The Nether-
lands), by using ad hoc scripts written in MATLAB (Math-
Works, Natick, MA, USA). First, each functional series was
visually inspected, looking for motion spikes or heavy move-
ment periods. Functional data preprocessing included mean
intensity adjustment to compensate for interscan intensity

differences, temporal interpolation, and resampling to com-
pensate for slice-dependent time differences (sinc function),
3D motion correction (rigid body transformation, sinc inter-
polation), and high-pass temporal filtering (GLM-Fourier
approach, two cycles).

The 1.5 T 3D T1-weighted images were transformed into
the AC-PC coordinate system by applying a six-parameter
rigid transformation and turned into Talairach’s space. In
hemiplegic patients, transformations were calculated on a
half-artificial brain, by replacing the lesioned hemisphere
with the healthy one, flipped on the sagittal plane.

Functional data were coregistered to the “whole brain”
GRE-EPI dataset by using a rigid body alignment, consider-
ing that EPI acquisition induces same distortions on images.
Moreover, in order to coregister the whole-brain GRE-EPI
data to the 7T structural images, an affine transformation
(9 parameters; 3 for translation, 3 for rotation, and 3 for
FOV scaling) was automatically calculated, visually inspected
and manually corrected by two experienced raters (LB and
PC). Finally, a rigid body transformation was calculated to
align the 7T structural images to the analogous acquired
at 1.5T.

In order to preserve UHF spatial resolution, in hemiple-
gic subjects, the analyses were conducted in the native
space, using the inverses of above transformations or rather
aligning anatomical images to functional ones, keeping
these unvaried. Similar approach was used for 3D visualiza-
tion of reconstructed surface representation (mesh); 1.5T
T1-weighted images in ACPC space were automatically seg-
mented in order to obtain segmented cortical boundary.
The inverses of above spatial transformations were applied
to the segmented volumes, to import the segmentation in
the space of functional data. Finally, manual correction was
used to edit little imperfections.

In controls, spatial transformations were applied to
functional images, in order to perform group analysis in
a common space.

Blood oxygenation level-dependent (BOLD) responses
were analyzed using a general linear model (GLM) approach,
modelling the regressors of interest (by convolving a box-
car function for each stimulation block with two gamma
functions for the hemodynamic response) and six spurious
movement regressors (outputs of the 3D motion correc-
tion procedure). The contrasted activity for gentle tactile
stimulation of both fingers versus the rest condition ((F1+
F2) >rest) was used to investigate the reorganization of
somatosensory cortices.

The same contrast for “brush” stimulation of both fingers
versus the rest condition ((F1+F2)>rest) was used as the
control test, to compare results.

First-level statistical analyses were performed using a
threshold at p <0.005 (t>2.85) and cluster size > 10 mm?,
to generate individual subject’s maps in native space. With
respect to the tactile stimulation, for each hemisphere (con-
tralateral and ipsilateral to the stimulated hand), two specific
regions of interest (ROIs) were considered (S1 and S2). By
applying the spatial transformations previously described,
in order to compare individual variability of activation,
the ROIs of each hemiplegic subject were transferred into
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TasLE 1: Characteristics of subjects with hemiplegia.

Patient Age Sex Side of lesion 2PD Stereognosis MEP SEP WMFT quality WMFT time* AHA Lesion severity’ Lesion type

1 21 M R 5 100 C I
2 36 M L 5 100 1 I
3 19 M L 9 50 1 I
4 20 M L 10 33 I I
5 28 M L 7 17 I I
6 26 M R 2 100 C I

4.13 2.27 67 5 1I
5 1.05 89 8.5 v
3.67 5.08 70 14 III
1.47 2.61 38 10 III
2.67 2.18 59 4 III
4.53 1.59 84 18.5 I

Abbreviations: 2PD: 2-point discrimination; MEP: motor evoked potentials; SEP: somatosensory evoked potentials; DI: dislocation index; AHA: assisting hand
assessment; M: male; L: left; R: right; C: contralesional; I: ipsilesional. *Expressed in sec. “Out of 40 [20].

Talairach’s space and the individual center of mass calcu-
lated. In controls, following spatial normalization, the core-
gistered functional datasets were used for a second-level
multisubject analysis, by using a fixed-effect (FFX) GLM-
based analysis and a statistical threshold corrected for false
discovery rate (FDR) g < 0.05 corresponding to a p < 0.001.
For control group activation, the center of mass of each
ROI was calculated. In patients, the vector between the
expected and single-subject S1 center of mass was deter-
mined, as the measure of reorganized S1 dislocation and its
length (in millimeters) was assumed as a “dislocation index.”
A dislocation index was calculated as well for the activation
elicited by the gentle tactile stimulus of the preserved hand
in hemiplegic subjects. Standard deviations (Ax, Ay, Az)
of the expected center-of-mass coordinates were used to cal-
culate the radius, r;, of a sphere describing the expected
activation area, according to the following:

rog = 15X\ /A2 + A7 +A2 (1)

A paired t-test was performed to assess differences in the
mean dislocation indices of the dominant and nondominant
hand-related activation.

S1 dislocation index was related to sensory deficit
assessed by 2PD and stereognosis and to severity of the lesion
in the hemisphere contralateral to the nondominant hand by
using a one-tailed Pearson correlation index.

3. Results

Of the ten enrolled subjects with hemiplegia, two refused to
perform 7T MRI after performing 1.5T MRI and withdrew
from the study without providing explanations, as allowed
by the consent agreement. Two further datasets obtained at
7T were excluded from the following analysis because of
the presence of excessive movement artifacts during func-
tional acquisition, which failed the post hoc correction pro-
cess. Data from six subjects (4 with right hemiplegia and 2
with left hemiplegia, mean age 25+ 6 years, range=19 + 36
years) were thus available for analysis.

3.1. Clinical Assessment. Clinical characteristics of the six
subjects are reported in Table 1, including clinical sensory

and motor characteristics and somatosensory and motor
reorganization assessed by evoked potentials.

According to the timing of lesion [23], structural MRI
showed brain maldevelopment in one subject (unilateral
extensive polymicrogyria with an interhemispheric cyst),
periventricular white matter lesion in one subject (i.e., focal
venous infarction), cortical and deep grey matter lesions in
3 subjects (focal stroke, <28 days of life), and early acquired
brain injury in one subject (focal stroke, around 3rd month
of life). All hemiplegic subjects but one had pure unilateral
brain lesions. The only subject with bilateral lesions (patient
5, Table 1) had a watershed infarction with very mild white
matter abnormalities in the hemisphere ipsilateral to the
dominant hand. Despite the presence of focal lesions, ana-
tomical landmark for hand sensorimotor areas (“hand
knob”) was successfully identified bilaterally in all subjects
(Figure 1) but one (patient 6), the one with extensive poly-
microgyria. Brain lesion severity scores [20] are reported in
Table 1.

3.2. Identification of Primary and Secondary Somatosensory
Areas in Control Subjects. The gentle tactile stimulation
of dominant hand fingers in controls determined a mono-
lateral activation in the left postcentral gyrus (Broadmann
area (BA) 3-1), located at the Talairach’s coordinates
[x,y,2] ==57+5, —17+3, 44 +5, and represented in the left
column of Figure 1. This area was identified as the “expected
S1 area,” and the dislocation index of each hemiplegic subject
was calculated according to its center of mass. Group analysis
showed also bilateral activation in the inferior parietal lobule
(BA 40-2, averaged coordinates=+53+3, —25+3, 35+7),
classified as S2 areas, and monolateral activation in the right
precentral gyrus (BA 6).

3.3. Identification of Primary and Secondary Somatosensory
Areas in Hemiplegic Subjects. In hemiplegic subjects, fMRI
activation at 7 T was carefully checked by three experienced
raters (MC, LB, and SF). Thanks to the gentle tactile stimulus,
S1 activation foci were successfully mapped in the native
space of each subject (Figure 1). ROI coordinates, trans-
formed into Talairach’s space, are reported in Table 2. For
all hemiplegic subjects, the activation of S1 was clearly unilat-
eral in the hemisphere contralateral to the stimulated hand.

Activation in the inferior parietal lobule was detected
bilaterally in 4 out of 6 patients, while was detected



Neural Plasticity 5

FIGURE 1: S1 activation rendered on T1 axial images for control group analysis (S1 localizer) and single-subject analysis (patients). The gentle
tactile stimulation in the dominant hand elicits a contralateral S1 activation in the group analysis (S1 localizer). Single-subject analyses reveal
that the gentle tactile stimulation elicits a unilateral S1 contralateral activation pattern for both nondominant (red) and dominant (grey)
hands (patients). *Right brain lesion.

TaBLE 2: Centre of mass localization, extension, and peak Z-score (Z # ) for primary (S1) and secondary (S2) somatosensory areas, identified
by the gentle tactile stimulation of the paretic hand for each single subject.

Talairach’s coordinates

Area Sub Side X y . Cluster size (mm?) Peak’s Z-score
1 C 58+2 -20+3 38+5 439 3.72
2 [¢ —45+3 -26+6 53+5 1251 6.31
3 [¢ -32+3 -17+4 45+4 675 5.80
S1 4 [¢ —42+2 -33+2 46+1 87 3.30
5 [¢ —-41+5 -38+5 48 +4 1595 6.16
6 [ 50+3 -13+1 49+3 174 4.68
C 56+5 -16+4 24+2 785 5.56
! i -57+3 -37+4 18+4 381 3.48
2 [¢ —-47+3 -19+2 19+3 347 4.90
i 50+3 -16+£3 39+1 119 3.89
2 4 C -50+3 -25+2 25+1 223 3.83
i 53+5 -32+2 19+2 339 3.72
[¢ -49+3 —24+2 20+3 501 5.34
> i 51+3 —24+2 12+2 152 4.22
[¢ 58+3 -11+6 22+7 1390 6.16
6 i —-64+2 -7+3 4+1 151 6.54

Talairach’s coordinates are provided as the value and standard deviation, based on all voxels of the region of interest. Abbreviations: c: contralateral to the
stimulated hand; i: ipsilateral to the stimulated hand.
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FIGURE 2: Activation foci for tactile stimulation of both hands, represented on inflated cortices in the native space of each single subject.
Subjects’ identifiers are shown in the left column, accordingly to Tables 1 and 2. For subject #6, segmentation failed due to the presence of
extensive polymicrogyria in lesioned hemisphere, so the representation is missing in this figure. For each subject, the lesion is represented
in colored blue transparency on the inflated cortex, approximately corresponding to its anatomical projection on brain surface. S1
responses to tactile stimulation are represented in red, while S2 responses are represented in cyan. Further activation in addition to S1 and
S2 for the stimulation of the dominant hand was the following (middle column): #1 HH: PrCG BA 4, IPL BA 40, SPL BA 7, SOG BA 19;
LH: PrCG BA 4 and BA 6, Pcu BA 19, MTG BA 39, MOG BA 19. #2 HH: MFG BA 6, IFG BA 46; LH: none. #3 HH: STG BA 22, IPL BA
40; LH: IFG BA 45. #4 HH: PrCG BA 4, MFG BA 6, MFG BA 9, STG BA 22; LH: IPL BA 40, MFG BA 9. #5 HH: none; LH: none. #6 (not
represented) HH: IPL BA 40, STG BA 22; LH: none. For the stimulation of the nondominant hand (right column): #1 HH: PrCG BA 6,
MEFG BA 9-46, IFG BA 46, STG BA,22; LH: IPL BA 40. #2 HH: none; LH: none. #3 HH: IFG BA 44; LH: none. #4 HH: none; LH: none.
#5 HH: PrCG BA 4, PrCG BA 6; LH: none. #6 (not represented) HH: IPL BA 40, PrCG BA 6; LH: IPL BA 40, STG BA 22. Abbreviations:
HH: healthy hemisphere; LH: lesioned hemisphere; BA: Broadmann area; PrCG: precentral gyrus; MFG: middle frontal gyrus; IFG:
inferior frontal gyrus; IPL: inferior parietal lobule; SPL: superior parietal lobule; Pcu: precuneus; SOG: superior occipital gyrus; MOG:
middle occipital gyrus; STG: superior temporal gyrus; MTG: middle temporal gyrus.

ipsilaterally or controlaterally in one subject each (Table 2
and Figure 2). Further foci of activation in each subject for
gentle tactile task are detailed in Figure 2.

Brushing stimulus elicited a similar activity pattern,
except for the activation of ipsilateral S1 and medial frontal
gyrus (BA 6) (Figure 1 in Supplementary Materials).
Indeed, brushing determined huge activation blobs with no
anatomical separation between S1 and S2, neither at FDR
nor at Bonferroni multiple comparison correction.

3.4. Dislocation of the Activation in the Hemiplegic Subjects.
The S1 dislocation vector for each hemiplegic subject
and its position within the sphere of radius r-;=11.5mm,
describing the expected activation, were presented in
Figure 3. For the nonhemiplegic hand stimulation, the sphere
included the S1 dislocation vector of all patients, while for the
hemiplegic hand, the sphere included the S1 dislocation
vector of only two of them. S1 dislocation indices of both
hands were reported for each single hemiplegic subject in
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F1Gure 3: S1 dislocation vectors of each patient for the gentle tactile stimulation of both nondominant (pink vectors) and dominant (cyan
vectors) hands, projected in sagittal (a), coronal (b), and axial (d) planes. The yellow point represents the position of S1 resulting from the
group analysis (x=-57, y=—17, z=44) and is set to zero. The sphere of expected localization (<1.5 standard deviation (SD)) in control
brains (grey) has radius r; = 11.5 mm. Color code of axis respects the convention [x, y, z] — RGB (x =red, y = green, z =blue). Axis scales
are in millimeters. In the bottom-left corner (c), the three dimensional representation of S1 control group ROI (yellow) is overlapped on
the mesh of the white/grey matter boundary of a standard brain (Colin27 brain, [24]). All dominant hand vectors are within a 1.5 SD, as
well as 2 out of 6 hemiplegic subjects. Not the posterior-mesial gradient for S1 dislocation.

Figure 4(a). Mean dislocation indices of the nondominant
hand and the dominant hand in hemiplegic subjects
resulted significantly different (p < 0.05).

3.5. Correlation with Clinical Measures. A significant cor-
relation emerged between reorganized S1 dislocation index
and sensory measures, both at stereognosis (p=0.012, R=
-0.868) and 2PD (p=0.041, R=0.756). In particular, a
bigger distance between actual and expected S1 correlated
with a more severe tactile deficit (Figure 4(b)).

4. Discussion

This is the first study that uses UHF fMRI for the study
of somatosensory reorganization in congenital hemiplegia,
by applying a reliable gentle tactile stimulus. We were able
to confirm our initial hypotheses. Firstly, our results showed
a greater S1 variability in the hemisphere contralateral to the

hemiparetic side than in the ipsilateral. Secondly, the degree
of dislocation of the reorganized S1 correlated with the sever-
ity of tactile deficit.

As hypothesized, S1 activation was identifiable in the
native space of each hemiplegic subject; neither normaliza-
tion nor smoothing was applied for functional images in each
single-subject analysis, in order to maximize the potential
for spatial localization obtained at UHF fMRI. Indeed,
our data have a voxel size of about 3.4 mm® compared to pre-
vious studies where resolution ranged from 27 to 36 mm” [13,
12]. Somatosensory activation due to the gentle tactile stimu-
lus activated a small area (mean activation among sub-
ject~0.7 cm’) that was anatomically identified as S1 in the
postcentral gyrus in the hemisphere contralateral to the gen-
tle tactile stimulus of the two hand fingers. This active area
found in somatosensory cortex has similar characteristics,
in terms of location and dimension, to activities detected in
precedent investigations of finger somatotopy at 7T [14, 25,
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FIGURE 4: (a) Dislocation indices for nondominant (pink bars) and dominant (cyan bars) hands. All dominant hand S1 dislocation indices are
inferior to the radius, r (expected localization according to the control group analysis) as well as 2 out of 6 nondominant hand indices. The
latter are of the 2 subjects with no sensory deficit (see Table 1 for clinical details). (b) Correlation between dislocation index and sensory deficit
assessed at 2PD and stereognosis. A significant correlation emerged between dislocation index and sensory deficit, with a greater distance
being associated to a worse sensory deficit. Abbreviation: 2PD: 2-point discrimination.

26]. Both in control and hemiplegic subjects (in the latter
case, S1 will be referred to as “reorganized S1” when elicited
in the hemisphere contralateral to the nondominant hand),
this activation was clearly unilateral. On the contrary, the
activation determined by brushing presented a bilateral
pattern in two out of six patients and in four out of
seven controls (control group analysis in Figure 1 in
Supplementary Materials). Moreover, brushing stimulus
elicited larger areas (mean activation ~ 3.2 cm”), making the
segregation of SI from S2 harder as well as the distinction
between S1 (postcentral gyrus activation) and Ml
(precentral). These discrepancies can be attributed in part
to the higher specificity of the gentle tactile stimulus, in
part to physiological differences in the cortical processing of
the two stimuli. A further area was clearly identified with a
variable pattern (ipsilateral, bilateral, or contralateral to the
stimulation side) in the posterior parietal insular cortex,
referred to as S2. The activation due to the brushing
determined a similar variable pattern, with larger activation.

Recent studies on somatotopy of healthy subjects at 7T
[25, 14, 27-29] employed some form of mechanical and/or
electrical stimulation, difficult to apply in the clinical setting.
Human touch was also used as stimulus in a 7 T fMRI study
to investigate cortical representation of individual fingers
[26], with the limitation of reproducibility. The device that
we applied in the current study has the advantage of an auto-
mated, predetermined, and reproducible stimulation, which
is administered to the subject with no collaboration required
(with the exception of the general compliance to an MRI
exam). This is particularly useful in hemiplegic subjects in
which motor deficit, musculoskeletal constraints, or mirror

movement can negatively impact on motor activation and
image quality in fMRI. Furthermore, by requiring no collab-
oration by the subject, the device can be potentially applied
also to younger ages or, theoretically, to sleeping subjects.
Our results thus support the utility of the device for the fMRI
study of somatosensory reorganization.

Although limited to the hemisphere contralateral to the
hemiplegic side, reorganized S1 showed a certain degree of
variability, as previously demonstrated at lower field MRI
[13]. Our and previous findings support the hypothesis that
interhemispheric reorganization of the primary somato-
sensory area (S1) is uncommon in congenital brain lesions
[13, 8]. Separately and differently from S1, S2 showed a var-
ied pattern of activation, with pure ipsilesional S2 activa-
tion found in 1 subject and pure contralesional S2
activation found in 1 subject, while all the remaining sub-
jects had a bilateral S2 activation. These results agree
with previous studies, which hypothesized a broader pat-
tern of S2 localization [13, 12].

In order to check if certain grey matter plasticity was pos-
sible for S1, despite limited to the lesioned hemisphere, we
tried to give the measure of S1 dislocation, by using an
expected spherical volume into which allocate the normal
probability to have S1 in healthy subjects (radius, r;). For
reorganized S1, we found that only 2 subjects fall into 7.,
which is the probability of being in the expected S1. Con-
versely, in the hemisphere ipsilateral to the nondominant
side, S1 always resulted within an r radius. In the previous
fMRI study, Wilke et al. [13] compared the topography of
S1 in a group of subjects with congenital hemiplegia. They
demonstrated a greater variability of S1 location around
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the central sulcus in the lesioned hemisphere compared to
the hemisphere contralateral to the preserved hand. Com-
pared to our results, they did not include any quantitative
measure of S1 dislocation nor their findings were validated
by clinical measures. Furthermore, our findings add to the
previous literature in that a posterior-mesial pattern for
somatosensory reorganized function can be identified (see
Figure 3).

Due to the higher spatial resolution and accuracy of S1
mapping at 7T fMRI, our results measured a relevant dis-
tance defining a sphere of 2 cm® volume as the expected area
to relocate reorganized S1. Due to this marked extension, we
may thus assume that a certain degree of cortical plasticity
has occurred out of a predetermined somatosensory area in
at least 4 out of 6 hemiplegic subjects in our sample, limited
to the ipsilesional hemisphere.

Although some degree of cortical plasticity can occur,
our results also support previous hypotheses on early
determination of S1 [8], if some somatosensory predeter-
mined tissue is preserved. Conversely to Juenger et al. [8],
our sample included two earlier occurred lesions, which
showed the better tactile clinical profile (patients 1 and 6).
Interestingly, one of these two subjects had a very extended
polymicrogyria (patient 6) on the side contralateral to the
hemiparesis, with a very small amount of apparently pre-
served cortical grey matter on structural images. However,
in that small amount of available normal cortical tissue, it
was able to accommodate somatosensory tactile mapping,
thus reinforcing the concept of highly defined determination
of that area, allowing no sensory deficit on the nondominant
hand [30].

A significant correlation emerged in our study between
S1 dislocation index and the two measures we used to assess
somatosensory deficit. It has been reported in studies on
congenital unilateral brain lesions that motor function,
especially fine motor control, is worse when M1 reorgani-
zation is ipsilateral to the hemiplegic side, likely due to the
segregation of motor and somatosensory areas in two differ-
ent hemispheres [31, 9, 11]. In our sample, we have two sub-
jects with contralateral motor reorganization assessed with
MEPs. Interestingly, those subjects have the closest distance
to the expected S1 and have better sensory function, with
no substantial differences in motor function compared to
the group with ipsilesional reorganization. If this observation
will be confirmed in a bigger sample of subjects, it would
support the hypothesis that the functionality of reorga-
nized S1 depends more on the distance from the expected
somatosensory region of the cortex than the distance from
M1 [13]. Previous findings and ours add to the previous
literature, in the sense that a clinical meaning is given to
S1 early determination. It needs to be noticed that, as
expected, all subjects with contralateral reorganization have
perinatal arterial ischemic lesion. This has been already
hypothesized to play a role in limiting white matter ascend-
ing thalamocortical afferents to S1 [32]. Finally, as we might
have expected a possible impact of brain lesion size on Sl
reorganization, we assessed brain lesion severity by using a
recently developed semiquantitative system [20]. Interest-
ingly, no relationship emerged between the dislocation

index and brain lesion severity. Studies on a larger sample
with quantitative measurements of lesion volume will con-
firm this finding.

In order to further support the relevance of sensory
deficit for motor outcome in our sample, we explored at
post hoc the relationship between sensory deficit and
motor impairment. In particular, we found a correlation
between stereognosis and quality dimension at WMFT
(p=0.015, p=0.856) and AHA (p=0.045, p=0.753) and
between 2PD and quality dimension at WMFT (p = 0.036,
p=-0.773) and AHA (p=0.038, p=-0.765). Our results
further support a possible influence of tactile deficit on
motor control.

The principal limitation of this study is the sample size.
The number of subjects included in this sample was limited
due to the low prevalence of the disease and the psychological
and physical compliance required by the MRI exam; also, two
subjects were excluded for excessive movement artifacts,
which may be an issue at UHF MRI. However, it has been
suggested to consider cautiously but positively, significant
results in small cohorts [33]. The small number of subjects
does not allow for including the hemiplegic side and sex as
a covariate in the analysis. Similarly, due to the limited num-
ber of subjects in the final dataset, the potential effect of
motor reorganization has not been systematically considered
in the analyses but only speculated in the discussion based on
single-subject findings. Finally, no comparison between S1
and M1 reorganization was conducted, which might be influ-
enced differently by specific factors.

5. Conclusions

For the first time, our study uses UHF fMRI for the study
of somatosensory reorganization in congenital hemiplegia,
by applying a reliable gentle tactile stimulus. Since the use
of UHF MRI is still limited, it is of utmost importance to
identify the possible fields for its application, i.e., to define
the added value of UHF MRI as compared to conventional
MRI. In fact, the increased signal sensitivity at 7T allows
obtaining more reliable BOLD signals in single subjects,
compared to lower field strengths, also shortening acquisi-
tion duration and block repetitions [25], which is highly rec-
ommended in the clinical and pediatric setting. We believe
that this initial demonstration of the potentials of UHF in
studying adaptive brain plasticity in young adults might fos-
ter further research in larger samples of subjects with con-
genital brain damage and at younger ages.
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Supplementary Materials

Figure 1 represents the activation in the primary somato-
sensory area elicited by the brushing task, for control
group analysis (group analysis) and single-subject analysis
(patients). The brushing stimulation in the dominant hand
elicits a bilateral S1 activation in the group analysis of con-
trols (S1 localizer). Bilateral representation of S1 was found
also in single-subject analysis carried on patients. In particu-
lar, 2 out of 6 patients had bilateral activation for the brush-
ing stimulation of the dominant hand (grey, top row, patients
#1 and #5) and the nondominant hand (red, bottom row,
patients #1 and #4). *Right brain lesion. (Supplementary
Materials)
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Knowledge on long-term evolution of upper limb function in children with unilateral cerebral palsy (CP) is scarce. The objective
was to report the five-year evolution in upper limb function and identify factors influencing time trends. Eighty-one children
(mean age 9y and 11 mo, SD 3y and 3mo) were assessed at baseline with follow-up after 6 months, 1, and 5 years. Passive
range of motion (PROM), tone, muscle, and grip strength were assessed. Activity measurements included Melbourne
Assessment, Jebsen-Taylor test, Assisting Hand Assessment (AHA), and ABILHAND-Kids. At 5-year follow-up, PROM
(p <0.001) and AHA scores (p <0.001) decreased, whereas an improvement was seen for grip strength (p < 0.001), Melbourne
Assessment (p =0.003), Jebsen-Taylor test (p <0.001), and ABILHAND-Kids (p < 0.001). Age influenced the evolution of AHA
scores (p=0.003), with younger children being stable over time, but from 9 years onward, children experienced a decrease in
bimanual performance. Manual Ability Classification System (MACS) levels also affected the evolution of AHA scores (p = 0.02),
with stable scores in MACS I and deterioration in MACS II and III. In conclusion, over 5 years, children with unilateral CP
develop more limitations in PROM, and although capacity measures improve, the spontaneous use of the impaired limb in
bimanual tasks becomes less effective after the age of 9 years.

Additionally, it may aid in distinguishing whether changes
in upper limb function following an intervention program
are attributable to therapy response or to natural change

Becoming independent in activities of daily living
requires—amongst others—a smooth coordination between
both hands. In children with unilateral cerebral palsy (CP),
the occurrence of an early brain lesion elicits sensorimotor
impairments in the contralateral upper limb. Such impair-
ments compromise the development of upper limb function,
which in turn restrains bimanual coordination [1]. Insights
into the long-term evolution of upper limb function in these
children are indispensable to inform parents about these
restraints and to steer goal setting and treatment selection.

over time.

Thus far, four studies focused on long-term development
of upper limb function in children with unilateral CP [2-5].
Holmefur et al. and Nordstrand et al. demonstrated improve-
ments in the spontaneous use of the impaired hand during
bimanual tasks in children aged between 18 months and 8
years or 12 years, respectively, who were followed over a
period of 4.5 or 6 years, respectively [2, 3]. In contrast, two
other studies did not find changes in bimanual performance
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nor grip efficiency in children with unilateral CP, assessed
between 2 to 4 years up to 11 to 17 years of age [4, 5]. Clearly,
contradicting results exist regarding the long-term develop-
mental trajectory of bimanual performance while knowledge
on the long-term evolution of motor impairments and unim-
anual capacity is scarce.

Moreover, the identification of characteristics to predict
the longitudinal development of upper limb function in chil-
dren with unilateral CP is crucial for improving prognoses
and treatment planning. However, only limited information
is available regarding which characteristics determine the
long-term outcome of upper limb function in these children.
Only one study previously reported the influence of age on
spontaneous hand use demonstrating a rapid development
at a young age, reaching a plateau between 2.5 and 8 years
[3]. The age at which this plateau is reached depends on the
initial manual ability of the child. Children with higher man-
ual abilities develop at a faster rate, reaching their limits at a
younger age, compared to children with lower manual abili-
ties [2, 3]. Another factor that may influence the long-term
evolution of upper limb function in children with CP is tim-
ing of the underlying brain lesion, broadly classified as con-
genital or acquired lesions. Acquired lesions are generally
associated with more severe upper limb impairments com-
pared to congenital brain lesions [6]. Moreover, in a one-
year follow-up study of upper limb function, Klingels et al.
showed that movement speed improved in children with
congenital lesions, whereas children with acquired lesions
remained stable [7].

In conclusion, there is a need for a better understanding
of the long-term evolution capturing the different qualifiers
of UL function as well as the identification of which child’s
characteristics adequately predict the long-term develop-
ment of upper limb function assessed on body function and
activity level according to the International Classification of
Functioning, Disability and Health (ICF). Hence, the objec-
tives of this study were (1) to report the evolution of upper
limb function over five years in a large cohort of children
with unilateral CP, including both measures at the level of
body function and activities, and (2) to identify child’s char-
acteristics that influence these long-term time trends.

2. Materials and Methods

2.1. Participants. Children were recruited from the Univer-
sity Hospitals Leuven, special education schools, and one
rehabilitation centre in Belgium between June 2007 and
January 2008. Inclusion criteria were (1) a diagnosis of con-
genital or acquired unilateral CP and (2) age between 5 and
15 years. Acquired lesions were defined as lesions occurring
in the developing infant brain between 28 days postnatally
and three years [8]. Children were excluded if they had (1)
insufficient cooperation to perform the assessments, (2)
upper limb surgery, and (3) botulinum toxin-A injections
in the upper limb within six months prior to baseline. In case
a child received botulinum toxin-A injections in the upper
limb during the study course, this child was excluded from
the analysis of a specific time point if the injection was per-
formed within six months prior to assessment. All children
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had access to the regular rehabilitation services. Ethical
approval was obtained from the Ethics Committee of the
University Hospitals Leuven (approval number: $50439),
and parents signed a written informed consent form prior
to participation.

2.2. Procedure. Children were assessed at baseline, at 6
months, and at 1 and 5 years of follow-up by two trained
physiotherapists (KK, JH) routinely involved in the clinical
evaluation of children with unilateral CP. All assessments
were conducted at the place of recruitment. The results of
the first year follow-up have been published in a previous
paper [7].

2.3. Assessments. At baseline, age, gender, etiology (congeni-
tal or acquired lesion), and the Manual Ability Classification
System (MACS) [9] were recorded. At each time point, the
physiotherapists treating the children were asked to fill in a
questionnaire on the intensity and content of the routine
therapy the children received.

At body function level, a standardized test protocol was
performed including upper limb passive range of motion
(PROM), muscle tone, muscle strength, and grip strength.
PROM of shoulder flexion, abduction, external and internal
rotation, elbow extension, forearm supination, and wrist
extension was measured using a goniometer. PROM values
were dichotomized (0: no movement limitation, 1: move-
ment limited by 10° or more compared to standard values).
A sum score of these seven dichotomized scores resulted
in a PROM total score between 0 and 7, with higher scores
indicating more movement limitations. Muscle tone was
evaluated in 11 muscle groups using the Modified Ashworth
Scale (MAS), ranging from 0 to 4 [10]. A total score was
calculated (0-44) including the muscle groups of the shoul-
der (adductors/abductors, extensors, and internal/external
rotators), elbow (flexors/extensors), wrist (pronators and
extensors/flexors), and fingers (flexors). To assess muscle
strength, manual muscle testing (MMT) was administered
in nine muscle groups with a score ranging from 0 to 5
[11]. A total sum score was calculated (0-45) for the muscle
groups of the shoulder (flexors and abductors/adductors),
elbow (extensors/flexors), forearm (supinators/pronators),
and wrist (extensors/flexors). Grip strength was assessed with
a Jamar® Inc. AUS dynamometer. The average of three con-
secutive maximum contractions was recorded for both hands.
Also, the ratio of grip strength of the affected to the unaffected
hand was calculated, expressed as a percentage, to eliminate
the correlation with age [12]. Interrater and test-retest reli-
ability of this protocol has been established [13].

At activity level, the capacity of the affected hand was
assessed with the Melbourne Assessment of Unilateral Upper
Limb function (Melbourne Assessment) and the Jebsen-
Taylor hand function test. The Melbourne Assessment eval-
uates quality of movement in 16 functional unimanual tasks
[14]. The total raw score (0-122) was converted to a percent-
age score, with higher scores indicating better capacity. The
reported smallest detectable difference (SDD) for the
Melbourne Assessment is 7.4% [15]. The Jebsen-Taylor hand
function test measures manual dexterity in six unimanual
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tasks, by means of movement time expressed in seconds, with
lower scores indicating better capacity [16]. Finally, biman-
ual performance was evaluated with the Assisting Hand
Assessment (AHA) and ABILHAND-Kids questionnaire.
The AHA, a Rasch-based performance scale, measures how
effectively the affected hand is spontaneously used during
performance of bimanual tasks [17]. Different test items,
describing various object-related hand actions are scored on
a 4-point scale rating the quality of performance. The raw
scores from AHA version 4.4 (baseline, 6 months, and 1-
year follow-up) and 5.0 (5-year follow-up) were converted
through the Rasch analysis to logit scores varying between
0 and 100, with higher scores indicating higher ability levels.
The SDD for the AHA is 5 AHA logits [18]. ABILHAND-
Kids questionnaire is a Rasch-based inventory of 21 mostly
bimanual activities that the parents were asked to judge as 0
(impossible), 1 (difficult), and 2 (easy) [19]. The raw scores
were converted to logit scores. The reported SDD for the
ABILHAND-Kids is 1.82 logits [20]. For all activity level
assessments, high levels of reliability and validity have been
established [19-23]. Videotapes of the Melbourne Assess-
ment and AHA were scored by four experienced physiother-
apists, all certified for AHA scoring. Prior to scoring,
interrater reliability was verified in 10 children. Intraclass
correlation coefficients between raters were 0.91 and 0.93
for the Melbourne Assessment and the AHA, respectively.

2.4. Statistical Analysis. Children’s clinical and demographic
characteristics were displayed as frequencies with percent-
ages, means with standard deviations (SD), and medians with
interquartile ranges (IQR), whichever appropriate. Linear
mixed models (LMMs) were used to study longitudinal
trends. Such models correct for the correlation amongst
repeated observations within subjects using random effects.
Also, when some observations are missing, LMMs still pro-
vide valid inferences, provided that missingness does not
depend on unobserved outcomes (i.e., assuming missingness
at random) [24]. To meet the distributional assumptions, an
exponential transformation was used for the Melbourne
Assessment and a natural logarithmic transformation for
the Jebsen-Taylor test. Significant categorical time trends
were further investigated with pairwise post hoc tests
between baseline and 1-year follow-up and between 1- and
5-year follow-up. To identify factors that influence time
trends, interaction terms between the factor time and the
following factors were included in the models: age, gender,
etiology, MACS, and botulinum toxin injections or partic-
ipation in a modified CIMT intervention during the study
course. To study the influence of age, three age groups
were created: 5 to 7, 8 to 11, and 12 to 15 years old. To
correct for multiple testing, pairwise post hoc time effects
were tested at the 1% level of significance. All statistical
analyses were performed using SAS version 9.4 (SAS Insti-
tute Inc., Cary, NC).

3. Results

3.1. Participants. Eighty-one children (43 boys and 38 girls)
with congenital (N =69, 85%) or acquired (N =12, 15%)

brain lesions were included. Mean age at first assessment
was 9 years 11 months (SD 3y and 3 m). Unilateral CP was
left sided in 36 (44%) and right sided in 45 (56%) children.
Forty-four (54%) children attended mainstream schools
and 37 (46%) special education schools. According to the
MACS, 29 (36%) children were classified as level I, 36
(44%) as level 11, and 16 (20%) as level III. All children
received regular physical therapy throughout the duration
of the study, varying from one to five sessions weekly, with
a median duration of 90 minutes per week (range 30-
240 minutes). Of this time, therapists spent a mean time of
35% per session on upper limb treatment. Of the time spent
on upper limb treatment, a mean of 41% of the time was ded-
icated to functional activities, 32% to stretching, 20% to
strength training, and 7% to other aspects such as sensory
training or electrical stimulation. The time spent on func-
tional activities was almost equally divided between uniman-
ual (48%) and bimanual activities (52%). Only three children
ceased physiotherapy when reaching adulthood. Twenty-one
children also received occupational therapy during the study
course with a median duration of 45 minutes per week (range
20-90 minutes).

Figure 1 displays a flow chart detailing the number of
participating children at the four assessments. During the
study course, 10 children received botulinum toxin-A injec-
tions, of whom two received it twice. These children were
excluded from the analysis of the next assessment if the injec-
tion was less than six months prior to the assessment.
Between 1- and 5-year follow-up, 15 children participated
in an intensive therapy study, including a home program of
modified CIMT [25]. After this intensive training period,
the children continued their regular physiotherapy sessions.

3.2. Time Course of Upper Limb Function over Five Years.
Table 1 shows the results of the LMM analysis. A significant
deterioration over five years was noted for PROM (p = 0.008)
and AHA scores (p < 0.001), whereas a significant improve-
ment was seen for grip strength in both hands (p < 0.001),
Melbourne Assessment (p=0.002), Jebsen-Taylor test in
both hands (p <0.001), and ABILHAND-Kids (p < 0.001).
Post hoc tests showed improvements between baseline
and one-year follow-up for grip strength of the nonaf-
fected hand (p < 0.001) and for the Jebsen-Taylor test in both
hands (p <0.001). Further, between one and five years,
improvements were observed in grip strength at both sides
(p<0.001), Melbourne Assessment (p<0.001), Jebsen-
Taylor test (affected hand p<0.001, nonaffected hand
p=0.002), and ABILHAND-Kids (p <0.001). PROM and
AHA scores, on the contrary, showed a significant deteriora-
tion between 1- and 5-year follow-up (PROM p = 0.028 and
AHA p <0.001). No significant time effects were found after
five years for muscle tone (p=0.17), muscle strength
(p=0.86), and the ratio between grip strength of the affected
versus nonaffected hand (p = 0.92). Figures 2(a)-2(d) show
the time trends of the activity outcome measures.

For the outcome measures with reported SDDs, we
explored whether individual change scores between baseline
and 5-year follow-up exceeded the SDD threshold (7.4%).
For the Melbourne Assessment, 13 (19%) children improved
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FIGURE 1: Number of children and details of missing data at all measurement points.

TaBLE 1: Results of the linear mixed models analysis: mean (SE) estimates of outcome measures at baseline, 6 and 12 months, and 5 years.

Baseline 6 months 1 year 5 years p value®

PROM (0-7) 1.30 (0.2) 1.47 (0.2) 1.46 (0.2) 1.76 (0.2) 0.008
Muscle tone (0-44) 7.75 (0.53) 8.06 (0.54) 8.37 (0.53) 8.3 (0.54) 0.17
Muscle strength (0-45) 31.91 (0.54) 32.00 (0.55) 31.85 (0.55) 31.73 (0.55) 0.85
Grip strength

Absolute scores AS (kg) 6.39 (0.72) 6.87 (0.74) 7.23 (0.73) 10.87 (0.75) <0.0001

NAS (kg) 15.88 (1.03) 17.31 (1.05) 18.12 (1.05) 25.86 (1.06) <0.0001

Ratio (%) 40.0 (3) 39.0 (3) 40.0 (3) 40 (3) 0.92
Melbourne Assessment (%) 67.92 (2.15) 67.82 (2.16) 67.24 (2.16) 70.09 (2.17) 0.002
AHA (logits 0-100) 62.12 (2.33) 62.74 (2.35) 62.29 (2.34) 56.58 (2.36) <0.0001
Jebsen-Taylor test (s)

AS 341.29 (28.74) 331.53 (28.86) 302.1 (28.87) 289.09 (29.93) <0.0001

NAS 533 (3.34) 50.39 (3.42) 44.96 (4.43) 37.52 (3.46) <0.0001
ABILHAND-Kids (logits) 1.83 (0.24) 2.11 (0.25) 2.12 (0.25) 2.95 (0.26) <0.0001

PROM: passive range of motion; AHA: Assisting Hand Assessment; AS: affected side; NAS: nonaffected side; SE: standard error; * linear mixed models

more than 7.4%, 51 children (75%) remained stable, and four
children (6%) deteriorated more than 7.4%. In contrast, on
the AHA, 13 (20%) children improved more than 5 AHA
logits, 17 (27%) remained stable, and 34 (50%) deteriorated
with at least 5 AHA logits. Finally, for the ABILHAND-Kids,
15 (31%) children improved above the SDD threshold of 1.8
logits, 33 (67%) children remained stable, and only one (2%)
child deteriorated over five years.

3.3. Influencing Factors. Age had a significant influence on
the time evolution of the PROM (p < 0.001), with children
between 8 and 11 years old at baseline acquiring more

movement limitations between 1- and 5-year follow-up
(Figure 3(a)). Age also significantly influenced the evolution
of AHA scores (p = 0.003), with younger children being sta-
ble over time but older children from the age of 9 years,
showing a decrease in AHA scores (Figure 3(b)). Secondly,
gender influenced the evolution of grip strength, which
improved significantly more in boys (p <0.001). Etiology
also influenced evolution of grip strength and Jebsen-Taylor
scores (both p < 0.001), which improved significantly more
in children with congenital lesions compared to acquired
lesions (Figures 3(c) and 3(d)). Furthermore, MACS levels
influenced the evolution of grip strength (Figure 3(e)) and
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Assessment (AHA), (c) Jebsen-Taylor test, and (d). ABIILHAND-Kids.

Jebsen-Taylor scores (Figure 3(f)), with better improvements in
grip strength (p < 0.001) and Jebsen-Taylor scores (p < 0.001)
in children with MACS level L.

Children who received botulinum toxin injections during
the study course showed significantly more increase in
muscle tone (p=0.01), less increase in grip strength at the
affected side (p =0.0006), and more pronounced decline in
AHA scores compared to children who did not receive injec-
tions (p < 0.0001) (Figures 4(a)-4(c)). Finally, the participa-
tion in a modified CIMT program did not influence the
evolution of any of the activity measures (p > 0.08).

4. Discussion

This study aimed to map the 5-year time course of upper
limb function and the influencing factors in children with
unilateral CP according to the ICF body function and activity
level. Results showed increased limitations in PROM mainly
from the age of 9 years onwards. Furthermore, grip strength
and unimanual capacity improved over time, mostly in
mildly affected children. On the contrary, the spontaneous
use of the affected upper limb in bimanual activities became
less effective, again from the age of 9 years onwards.

Results at body function level showed more PROM limi-
tations over time, mainly developing in children aged 9 years
and older, while this process stabilizes around 14-15 years of
age. Visual inspection showed most pronounced limitations
for wrist extension. This confirmed the results of a recent
study that reported a twofold increase in skeletal muscle

stiffness of the wrist and finger flexors in children with unilat-
eral and bilateral CP compared to typically developing chil-
dren [26]. The cause of the increased stiffness is however
yet unknown, though it can be hypothesized that it is attrib-
uted to an increased content of intramuscular collagen [27],
together with an increased amount of connective tissue
around fiber bundles, ie., a thickening of the perimysial
extracellular matrix [28]. These results imply that current
methods to lengthen wrist and finger flexor muscles are of
utmost importance to be applied in this age group. This
may include stretching, use of splints, and botulinum toxin
injections followed by intensive therapy and surgical inter-
ventions, e.g., tendon transfer surgery.

Additionally, grip strength increased over time both in
the affected and nonaffected hand. Improvements were
mainly seen in children with MACS level I and congenital
lesions. It seems that children with better hand function are
more likely to improve over time [2, 3, 7, 29]. The grip
strength ratio between the affected and nonaffected hand
remained stable around 40%, implying that grip strength
increased at the same rate in both hands.

At activity level, significant improvements were found in
unimanual capacity, based on the Melbourne Assessment
and Jebsen-Taylor scores. Again, most improvements were
seen in children with MACS level I and with congenital
lesions. For typically developing children with comparable
ages, Taylor et al. reported an age-related 10% reduction in
time to perform the Jebsen-Taylor test (i.e., from 31.5 sec-
onds at 10-11 years to 28.4 seconds at 15-19 years) [16].
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The mean time to perform the test in our sample of children
with unilateral CP decreased with 15% over five years, which
may likely be of clinical significance.

Surprisingly, despite improvements in unimanual capac-
ity, deterioration was seen in bimanual performance. From
the age of 9 years onwards, children seem to use the affected
arm less and less efficiently in bimanual activities, which is
also a common complaint of parents. This finding is in accor-
dance with the study of Fedrizzi et al. reporting less improve-
ment in spontaneous hand use than in grip assessment
between the age of 4 and 11 years [4]. We hypothesize that
several factors may contribute to this deterioration in biman-
ual performance such as the presence of sensory deficits [1],
mirror movements [30], and developmental disregard [31].
In the study of Nordstrand et al. children with unilateral

CP showed a rapid development of bimanual performance
at a young age and reached 90% of their estimated limit
between 30 months and 8 years [3]. These authors attempted
to investigate whether there was a decline in hand function,
as the children approached 12 years of age. However, results
were inconclusive because of too few data in this age group
[3]. The novel finding of decline in bimanual function in
our study has important clinical implications. To improve
bimanual performance, a wide range of evidence-based ther-
apy models can be applied such as CIMT, bimanual therapy,
or combined models [32]. These models involve intensive
blocks of goal-directed, skills-based practice. High-level evi-
dence has shown that CIMT is effective for improving unim-
anual capacity brought about by implicit learning [33].
However, CIMT is not the most optimal modality to target
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explicit learning required for learning how to use both hands
together in daily skills. Therefore, from the age of 9 years
onwards, it may be more effective to organize intensive train-
ing focusing on bimanual performance. According to the
motor learning principle of training specificity implying that
“you progress to what you actually practice,” learning biman-
ual skills may be best achieved through practice of bimanual
tasks [33].

Despite the decrease in bimanual performance as tested
with the AHA, a significant improvement was found in
ABILHAND-Kids scores over five years. We assume that
these differences may be related to the nature of the tests.
The AHA is a structured play session of bimanual activities
in which the use of the assisting hand is scored, for exam-
ple, how well the child moves his upper arm or forearm,
whether he varies his type of grasp, or how he regulates
his grip force. The ABILHAND-Kids on the other hand
rates the perception of the parent on the ease or difficulty
of the child in performing daily life activities. This does
not take into account how the task is performed, whether
this is one handed or with the help of other body parts
such as their teeth to open a bag of chips or their arm to
fixate a bottle to unscrew it. We assume that with matura-
tion, children improve their motor learning and planning
and adopt compensation strategies to perform ADL activi-
ties with more ease. This results in higher independency in
daily life activities.

Children in our study had access to local services. This
access includes regular check-ups and a wide range of
physiotherapy and occupational therapy interventions. A

subsample of 15 children also followed a home-based modi-
fied CIMT program between the period of one and five-year
follow-up. Significant improvements in bimanual perfor-
mance were reported immediately after CIMT and were
retained at 10-week follow-up [25]. However, follow-up
results showed that around three years later, the time course
of bimanual performance did not differ between the group
that did or did not receive the CIMT program. This may
imply that repetitive boosts of therapy are needed to attain
long-term improvements.

This study excluded children who received botulinum
toxin injections within 6 months prior to the time point test-
ing to rule out immediate effects of the injections. After six
months, these children were enrolled again in the study,
although we acknowledge that long-term effects of botuli-
num toxin injections might exist [32]. We did not exclude
these children from further follow-up as (1) botulinum toxin
can be considered as common care in our settings and (2)
excluding these children would have induced selection bias
and would result in a nonrepresentative sample of children
with unilateral CP. Indeed, further data inspection showed
that the children who received botulinum toxin injections
during the study course were mostly classified as MACS
levels IT and III and showed pronounced deficits in muscle
tone, grip strength, and bimanual performance at baseline.
This may explain why these children also showed more dete-
rioration in function compared to children who did not
receive injections. This confirms our statistical assumption
for linear mixed models that the missingness of these data
points does not depend on unobserved outcomes but on



observed outcomes, namely, MACS levels and assessments of
muscle tone, grip strength, and bimanual performance.

This study included a large cohort of children with uni-
lateral CP and a standardized set of reliable outcome mea-
sures at body function and activity level. Results were based
on robust statistical modelling taking inevitable drop-outs
into account. However, some limitations need to be recog-
nized. First, for body function measures of spasticity and
strength, ordinal rating scales were used, which are depen-
dent on subjective interpretation. Therefore, great efforts
were pursued to maximize standardization. Ordinal scales
might also be less sensitive to subtle changes in muscle
tone. As an alternative, future study should include quanti-
tative measures such as dynamometers or instrumented
spasticity measures [34] that might be more sensitive to
change and will improve our understanding of upper limb
function evolution in this population. Secondly, this study
was based on a convenience sample, recruited in different
centres. During the study course, all children received rou-
tine therapy and a subset received CIMT or botulinum
toxin injections. In our health care system in Belgium,
routine physiotherapy is commonly organized in distrib-
uted practice with one to five individual physiotherapy
sessions per week. Our results, therefore, cannot be gener-
alized to children receiving other service conditions, such
as short boosts of intensive therapy. Finally, we acknowl-
edge that also other neurological biomarkers, such as cor-
ticospinal tract reorganization, may influence longitudinal
development of upper limb function, which warrants fur-
ther investigation.

5. Conclusions

The novel findings from this large longitudinal study are that
although different capacity measures improve over time, the
spontaneous use of the affected upper limb in bimanual tasks
decreases and becomes less effective from the age of 9 years
onwards. Additionally, children with unilateral CP develop
more limitations in PROM in the upper limb, more specifi-
cally for wrist extension, over a 5-year time period. These
novel insights in the spontaneous evolution of upper limb
function in children with unilateral CP and the factors that
influence these time trends can provide guidance in delineat-
ing treatment priorities.
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Objective. We investigated the preliminary efficacy of cathodal transcranial direct current stimulation (tDCS) combined with
bimanual training in children and young adults with unilateral cerebral palsy based on the principle of exaggerated interhemispheric
inhibition (IHI). Methods. Eight participants with corticospinal tract (CST) connectivity from the lesioned hemisphere participated
in an open-label study of 10 sessions of cathodal tDCS to the nonlesioned hemisphere (20 minutes) concurrently with bimanual,
goal-directed training (120 minutes). We measured the frequency of adverse events and intervention efficacy with performance
(bimanual—Assisting Hand Assessment (AHA)—and unimanual—Box and Blocks), self-report (Canadian Occupational
Performance Measure (COPM), ABILHAND), and neurophysiologic (motor-evoked potential amplitude, cortical silent period
(CSP) duration, and motor mapping) assessments. Results. All participants completed the study with no serious adverse events.
Three of 8 participants showed gains on the AHA, and 4 of 8 participants showed gains in Box and Blocks (more affected hand).
Nonlesioned CSP duration decreased in 6 of 6 participants with analyzable data. Cortical representation of the first dorsal
interosseous expanded in the nonlesioned hemisphere in 4 of 6 participants and decreased in the lesioned hemisphere in 3 of 4
participants with analyzable data. Conclusions. While goal achievement was observed, objective measures of hand function showed
inconsistent gains. Neurophysiologic data suggests nonlinear responses to cathodal stimulation of the nonlesioned hemisphere.
Future studies examining the contributions of activity-dependent competition and cortical excitability imbalances are indicated.

1. Introduction developmental and maladaptive, on the corticospinal tract

(CST). Developmentally, the CST is established through
Children with unilateral cerebral palsy (UCP) due to peri-  competitive withdrawal of bilateral CST projection fibers
natal stroke or periventricular leukomalacia exhibit great  early in infancy driven in part by activity-dependent influ-
variability in clinical presentation. This heterogeneity may  ences [1]. In children with UCP, bilateral CST projection
be partially attributed to neuroplastic influences, both  fibers do not withdraw, as would be observed in children
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with typical development [2]. A lack of competitive with-
drawal is compounded by decreased activity of the weaker,
or more affected, hand during early development [3].

In addition to activity-dependent influences on the CST
during development, a potential maladaptive influence is an
imbalance in interhemispheric inhibition (IHI) observed in
adults with stroke, which may limit motor recovery [4]. Sim-
ilarly, for some children with UCP, greater inhibition from
the nonlesioned hemisphere is observed as compared to the
lesioned hemisphere [5, 6]. Interventions targeting inhibition
of the nonlesioned hemisphere have resulted in improve-
ments in hand function and goal attainment [7-9]. One fac-
tor that may influence the response to novel intervention,
such as combined noninvasive brain stimulation (NIBS)
and rehabilitation protocols, is altered patterns of underlying
brain circuitry of the CST in pediatric populations with neu-
rologic deficits [10].

Assessments of cortical excitability using NIBS, such as
transcranial magnetic stimulation (TMS), can be used to
examine CST circuitry, a key biomarker in children with
UCP related to hand function [11, 12]. Depending on
responses obtained from each brain hemisphere, CST cir-
cuitry patterns can be described as contralateral, bilateral,
and ipsilateral. Contralateral CST circuitry describes when a
motor-evoked potential (MEP) is elicited from a muscle con-
tralateral to stimulation (e.g., stimulation to the lesioned
hemisphere elicits a MEP from the more affected hand and
stimulation to the nonlesioned hemisphere elicits a MEP
from the less affected hand) [11, 12]. Bilateral CST circuitry
describes responses following stimulation to (1) the lesioned
hemisphere with a MEP elicited from the more affected hand
and (2) the nonlesioned hemisphere with a MEP elicited
from both hands. Ipsilateral circuitry describes when chil-
dren display a MEP from both hands when stimulating the
nonlesioned hemisphere and no MEP from the more affected
hand following stimulation to the lesioned hemisphere. Chil-
dren on the contralateral CST circuitry continuum (e.g., con-
tralateral and bilateral CST circuitry) show greater baseline
function of the more affected hand [13]. However, both chil-
dren with contralateral and ipsilateral circuitry patterns
respond to upper limb rehabilitation [5, 8, 14, 15].

Bimanual training is one type of upper limb rehabilita-
tion intervention used for children with all types of CST cir-
cuitry [16]. This form of rehabilitation is designed to activate
the more affected (e.g., weaker) and less affected (e.g., stron-
ger) limbs during daily living skills and goal-directed training
[17]. Furthermore, bimanual intervention focused on child-
identified goals may facilitate progress on functional activi-
ties within a contextually relevant framework that includes
dual roles of the hands to stabilize and manipulate objects
depending on the task requirements [18]. Prior investiga-
tions suggest that children with UCP demonstrate functional
gains following bimanual intervention which are comparable
to other upper limb rehabilitation approaches such as
constraint-induced movement therapy [19, 20].

To optimize the efficacy of rehabilitation, training may be
paired with transcranial direct current stimulation (tDCS), a
form of interventional NIBS. TDCS has polarity-specific
effects on cortical excitability: anodal is associated with
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excitatory after-effects, and cathodal is associated with inhib-
itory after-effects [21]. The pairing of rehabilitation with
NIBS has the potential to mitigate maladaptive neuroplasti-
city and promote the optimal neurophysiologic state for
recovery in individuals with stroke [22]. For instance, cath-
odal tDCS targeting the nonlesioned primary motor cortex
paired with constraint-induced movement therapy can rebal-
ance the excitability of both hemispheres and the changes in
cortical excitability seen were associated with changes in
function [23]. However, a recent study suggested that chil-
dren with contralateral CST circuitry demonstrated greater
benefit from combined intervention than did children with
ipsilateral CST circuitry [15].

The purpose of this study was to explore the influence of
bimanual intervention paired with cathodal tDCS to the non-
lesioned hemisphere on behavioral and neurophysiologic
outcomes in children with UCP. We hypothesized that cath-
odal tDCS will decrease excitability of the nonlesioned hemi-
sphere and pairing with bimanual training will promote the
synergistic plasticity between the hemispheres through
enhanced sensorimotor integration of information, leading
to increased excitability of the lesioned hemisphere. To fur-
ther examine the effect of underlying CST circuitry patterns
on the response to intervention [10, 15], and to minimize
heterogeneity in our sample, we focused on children within
the contralateral CST circuitry continuum.

2. Materials and Methods

2.1. Design. A single-subject, multiple-baseline, open-label
study in children and young adults with UCP was conducted.
Changes in behavioral and neurophysiologic outcomes after
a 10-day active tDCS+bimanual intervention were com-
pared to their individual baseline performance in the absence
of a control group. Each child completed 4 baseline sessions
including behavioral and self-reported measures. To meet
the needs of participants throughout a wide geographical
region, pretesting sessions #1-3 were conducted with real-
time video conference calling. Pretesting #4, all intervention
sessions, and the posttest were completed in person at a
university laboratory (Figure 1). All behavioral testing was
completed prior to TMS testing.

2.2. Participants. Children and young adults ages 7-21
(mean 13 years, 3 months+3.7 years) with imaging-
confirmed perinatal stroke were recruited for this study using
a laboratory database of past study participants and recruit-
ment of new participants through physician referrals. Inclu-
sion criteria required the presence of a MEP from both
hemispheres as assessed by TMS (i.e., children with contra-
lateral CST or bilateral CST circuitry). Exclusion criteria
included seizures within the past two years, implanted metal
or medical devices contraindicated for NIBS testing or
interventions, co-occurring disorders or medical condition
(e.g., brain injury, neoplasm, and pregnancy), communica-
tion deficits preventing the answering of safety questions,
or a history of phenol or botulinum toxin injections within
the past 6 months [24, 25].
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Study flow and participant diagram

Families contacted and potential participants who expressed interest (n = 39)

Excluded (n = 30)

(i) No response from family after initial contact (n = 26)

(ii) Incompatible diagnosis (n = 2)
(iii) Seizure within the last two years (n = 1)
(iv) Distance too great for family to travel (n = 1)

Consented with circuitry known from
previous study and an MRI within the

past two years (1 = 6)

Consented and TMS screened if circuitry
unknown (n = 3)

v

Excluded (n=1)
(i) Incompatible circuitry for study criteria (n = 1)

\ 4

Circuitry verified and proceeded to an MRI to
verify lesion location as the participant was
without an MRI within the past two years (n = 1)

A 4

Circuitry verified and participant had an MRI
within the past two years (n=1)

A4

v

Enrolled and participated in the study (n = 8)

A 4

Completed weekly pretesting sessions 1-3 on video conference call for a portion of behavioral measures (1 = 8)
Completed pretesting session 4 in person for complete behavioral and TMS measures (1 = 8)
Completed 10 sessions of tDCS + bimanualin person (n = 8)

Completed posttesting session in person for complete behavioral and TMS measures (1 = 8)
Completed follow-up phone call for safety measures (n = 8)

Ficurk 1: Study flow and participant diagram. MRI: magnetic resonance imaging; tDCS: transcranial direct current stimulation; TMS:

transcranial magnetic stimulation.

This study was approved by the University of Minne-
sota’s Institutional Review Board. All participants ages 18
years and older and caregivers of children ages 7-17 pro-
vided consent after informed consent discussion. All children
ages 7-17 provided assent. This study was registered on clin-
icaltrials.gov (NCT02250092).

2.3. Outcome Measures

2.3.1. Safety Measures. Safety was monitored with surveys,
caregiver input, vital sign assessment, and grip strength tests.
Assessment of safety occurred before and after all brain stim-
ulation (e.g., TMS testing and tDCS sessions) [26]. An inde-
pendent medical monitor reviewed all safety data.

2.3.2. Hand Function Measures. Hand function was assessed
with performance and self-report measures. The primary
outcome was the Assisting Hand Assessment (AHA). The
AHA is a measure of spontaneous, bimanual hand function
[27]. A change of five AHA units is the smallest detectable
difference (SDD) [28]. A rater blinded to the testing session
(i.e., pretest or posttest) scored the AHA videos.

Secondary behavioral outcomes included the Box
and Blocks, Canadian Occupational Performance Measure
(COPM), and the ABILHAND-KIDS. Self-reported mea-
sures incorporated participant and caregiver feedback. The
Box and Blocks is an assessment of gross unimanual dexter-
ity, and the average of three trials is reported to the nearest
integer (Performance Health, Warrenville, IL, USA). The
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COPM is an occupation-centered, child-rated goal-setting
measure with a scale of 1-10 (1—lowest, 10—highest) of
activities of daily living skills [29]. A change of two points
represents a clinically important difference [30]. Prior inves-
tigations have established reliability of the COPM with
parent-proxies; however, the reliability of repeated COPM
ratings in children is unknown [31]. In this study, previous
ratings were not reviewed prior to the child self-assessed
rating at each testing time point. The ABILHAND-KIDS
is a 21-item caregiver-reported measure of perceived manual
abilities in children with CP [32]. The ABILHAND-chronic
stroke version was used for participants over age 16 [33].
The total ABILHAND score was converted to a linear
measure of manual ability using logits. The least measurable
difference for the ABILHAND is 0.19 logits [32, 33].

2.3.3. TMS Measures. Neurophysiological changes were
assessed using single-pulse TMS including motor threshold,
MEP amplitude, cortical motor mapping, and cortical silent
period (CSP) as indices of cortical excitability. TMS testing
was completed within 1 week prior to intervention and
within one week following the completion of the tDCS +
bimanual intervention. Neurophysiologic responses were
assessed with TMS using a 70mm coil using a Magstim
200 stimulator (Magstim Company Ltd., Dyfed, United
Kingdom). TMS methods are previously described in other
publications [34, 35]. Briefly, bilateral electromyography data
was monitored in real time and stored in a laptop computer
using a customized LabVIEW program (v2012, National
Instruments, Austin, Texas, USA) for offline analysis using
a custom Matlab program (MathWorks, Natick, Massachu-
setts, USA). The primary muscle of interest was the first dor-
sal interosseous. Stereotactic neuronavigation (Brainsight,
Rogue Research, Quebec, Canada) was used to guide TMS
coil placement based on individual neuroanatomy acquired
from previous MRI. All participants were positioned in a
semireclined chair (Rogue Research, Montreal, Canada) with
a custom-made tray (Gillette Lifetime Specialty Healthcare,
St. Paul, MN) for consistent positioning of the upper extrem-
ities during TMS assessment.

To characterize the clinical population of participants
with UCP, comprehensive TMS testing included motor
threshold assessment (resting motor threshold (RMT) or, if
an RMT was not present, an active motor threshold
(AMT)), single-pulse TMS testing (10 analyzable trials) using
120% RMT or 110% AMT testing intensity, and CSP (10 ana-
lyzable trials) using 120% RMT. Single-pulse testing verified
the presence or absence of a MEP from each hemisphere.
The 10 trials of single-pulse testing were assessed with
peak-to-peak amplitude.

CSP testing provided a measure of motor cortical inhibi-
tion [36]. Variations in CSP duration are observed in adults
with stroke and other neurological conditions [36]. The
CSP testing protocol involved the participant maintaining a
tonic contraction of 20% maximum voluntary contraction
of the first dorsal interosseous followed by single-pulse
TMS using an intensity of 120% RMT to the hemisphere con-
tralateral to the hand maintaining the contraction. Visual
feedback of muscle activity and the 20% maximum voluntary
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contraction target level was provided. The CSP was mea-
sured using methods previously described by Garvey et al.
[37]. The onset/offset was calculated with a custom Matlab
(MathWorks Inc., Natick, MA) program based on Garvey
et al. [37], and all trials were visually inspected.

TMS-derived motor mapping measured the cortical
representation of an individual muscle. The motor mapping
protocol used an intensity of 110% RMT with 1-5 trials
performed at each grid point guided by stereotactic neuro-
navigation [34]. Grid points and corresponding cortical
locations were constructed using four concentric circles
(radius 10 cm, 7.9 mm between adjacent points) centered on
the motor hotspot (Brainsight, version 2.3.4), producing a
map with 81 total grid points. Counts of mapping sites with
a MEP response of >50 4V are reported.

Motor maps were rendered using a predetermined
algorithm within the stereotactic neuronavigation software
(Brainsight, version 2.3.4). Specifically, MEP amplitudes
measured during the motor mapping assessment were pro-
jected onto the individual participant’s grid points and trans-
formed to a color map. Each MEP response data point is
associated with the position and orientation of the TMS coil.
Prior investigations of motor mapping in children with UCP
suggest stability of maps between testing sessions in the
absence of intervention and indicate that a 20% change in
the number of responsive sites following rehabilitation is
considered significant [34].

The number of pulses was tracked using stereotactic
neuronavigation with a protocol upper limit of 300 pulses
per hemisphere. A protocol limit of 85% maximum stimu-
lator output was used for all testing procedures to maximize
comfort to the participant. Participants were assessed with a
caregiver present.

During the data analysis phase, individual circuitry pat-
terns were identified. Participants displaying contralateral
MEPs with no measurable bilateral electromyographic activ-
ity after stimulation were described as having contralateral
CST circuitry [12, 38]. Participants with a MEP from the
more affected hand following stimulation to the lesioned
hemisphere and bilateral MEPs following stimulation to the
nonlesioned hemisphere were classified as having bilateral
CST circuitry.

2.4. Intervention. Ten sessions of tDCS + bimanual interven-
tion occurred in a group model over two weeks (Figure 1).
Each participant was paired 1 : 1 with the same trained volun-
teer interventionist for each session. Intervention sessions
were 120 minutes of motor training with the first 20 minutes
including simultaneous tDCS. Motor training focused on the
participant’s goals. At the conclusion of the study, all partic-
ipants and families were surveyed for study satisfaction.
The 20 minutes of 1.5mA cathodal tDCS targeted
the primary motor cortex of the nonlesioned hemisphere
(Soterix 1x1 Limited Total Energy (LTE), New York, NY).
Medical grade electrode sponges of 5x7cm with a 25cm?
rubber electrode were used. The center of the cathode
electrode sponge was placed on the TMS-derived motor
hotspot of the nonlesioned hemisphere. The reference elec-
trode was placed on the contralateral supraorbital region.
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TaBLE 1: Participant characteristics and function.

ID Age(y) Sex Lesion Lesion details Affected MACS CST Lesioned Nonlesioned
sy location side level circuitry MT MT
Cortical and Left MCA distribution, frontal and
1 8 M . parietal operculum, left PLIC, R 11 Contralateral 52 46
subcortical
cerebral peduncle, and ventral pons
2 14 F Subcortical LefF lateral ven.trlcle, centrum R 1I Contralateral 44 41
semiovale, and internal capsule
Cortical and Left lateral ventricle with adjacent
3 14 F . thinning of cortex and corpus R I  Contralateral 64 57
subcortical
callosum
4 10 F Subcortical Left lacunar infarct in thalamus R 1I Bilateral 66 63
5 15 F Cortical _and Left MCA distribution, frontoparletgl R I Bilateral 46 0
subcortical  cortex, left thalamus, and basal ganglia
Cortical and ~ Right lateral ventricle and posterior .
6 19 F subcortical right frontal lobe L 1 Bilateral 4 38
” 12 M Cortical .and Right thalamu§ and periventricular L I Bilateral 75 54
subcortical white matter
Left frontal lobe and posterior
Cortical and parietal lobe; left subinsular, caudate,
8 8 and lentiform nuclei; left basal ganglia R I Bilateral 77 48

subcortical

and hypothalamic region; and left

cerebral peduncle

CST: corticospinal tract; F: female, L: left; M: male; MACS: Manual Ability Classification System; MCA: middle cerebral artery; MT: motor threshold; PLIC:
posterior limb of internal capsule; R: right; y: years. Lesion location was identified by a pediatric neurologist as cortical, subcortical, or both cortical and
subcortical. CST circuitry pattern was identified with single-pulse transcranial magnetic stimulation testing.

The location of the TMS-derived motor hotspot was
marked daily after tDCS session using a nontoxic marking
pen (i.e., Sharpie marker).

2.5. Statistical Analysis. To determine the score used for
baseline, we first evaluated the reliability of behavioral
measures. The reliability of repeated pretest measures
was assessed with a one-way analysis of variance and the
appropriate intraclass correlation coefficient (Supplemental
Table 1). Intraclass coefficients of >0.90 reflect excellent
reliability, >0.75 demonstrates good reliability, >0.50 indi-
cates moderate reliability, and <0.50 indicates poor reli-
ability [39]. Using these established intraclass coefficient
ranges, the reliability of repeated baseline measures indi-
cated moderate to excellent reliability in the ABILHAND
and COPM-Performance subscale and poor reliability in
the COPM-satisfaction subscale and the Box and Blocks
(Supplemental Table 1).

To evaluate for change following intervention, single-
subject analysis involved review of the participant’s magni-
tude of change relative to clinically meaningful changes for
each behavioral outcome. The statistic used to determine
the clinically meaningful change varied for each behavioral
measure. Previously published SDD, minimal clinically
important difference (MCID), least measurable difference,
and standard error of the mean (SEM) were used for the
AHA [28], COPM [40], ABILHAND [32], and the Box and
Blocks, respectively. In the absence of a published meaningful
difference for the Box and Blocks, the SEM calculated from
the multiple pretests in this study was used. If there were
multiple baselines of a behavioral measure, we used the

average for pre-/post-comparisons. For a single baseline
measure, this testing time point was used for comparisons.
Magnitude of change was calculated with net change scores,
comparing the average of all pretest measures to the post-
test score [41]. We also performed a responder analysis of
the behavioral outcome measures, where a responder
achieved at least the SDD of 5 points on the AHA. No for-
mal analyses were conducted within groups due to sample
size. Statistical analyses were conducted using SPSS (IBM,
Armonk, NY) and GraphPad Prism (GraphPad Software,
La Jolla, CA).

3. Results

Nine children enrolled in this study (Figure 1). One partici-
pant was excluded following preintervention TMS testing
due to the absence of bilateral or contralateral circuitry
resulting in a final sample of eight undergoing the pretest-
ing, intervention, and posttesting. Baseline characteristics
are reported in Table 1. Structural T1 magnetic resonance
images displaying the participant’s lesion are provided in
the supplemental materials (Supplemental Figure 1).

Structural T1 imaging, data on birth history, age at first
imaging, and age at research imaging are provided in supple-
mental materials (Supplemental Table 3).

3.1. Safety Measures. All enrolled participants completed
the study without any serious adverse events. In this study,
37.5% (3 participants) reported minor adverse events related
to active tDCS in more than one tDCS session, with the most
common symptom being unusual feelings on the skin of the
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TaBLE 2: Participant function and behavioral change scores.

Box and Box and Box and Box and
ID Circuitry AHA AHAA Blocks MA Blocks Blocks LA Blocks COPM-Perf COPM-Perf A ABILHAND ABILHAND A
MA A LA A
1 Contra 60 8 19.08 7 57.58 9 3.45 1.55 1.48 0.28
2 Contra 83 10 27.08 8 70.33 15 3.70 1.31 3.90 0.00
3 Contra 52 0 15.08 -7 31.33 1 2.67 4.00 0.52 0.62
4  Bilateral 54 -2 3.78 2 61.17 -4 4.69 3.56 2.02 0.15
5 Bilateral 53 0 12.58 -2 48.33 10 3.83 2.83 3.80 0.10
6  Bilateral 75 0 25.67 7 79.33 3 1.00 5.00 0.72 0.48
7 Bilateral 55 4 41.25 3 65.92 7 5.00 3.00 1.79 -0.03
8 Bilateral 34 8 0 -10 34.92 -2 3.35 0.85 0.25 —0.08

AHA: Assisting Hand Assessment; Contra: contralateral; COPM: Canadian Occupational Performance Measure; LA: less affected hand, MA: more affected
hand; A: change. AHA is reported in 0-100 AHA units, Box and Blocks is reported as a mean, COPM is reported as a mean, and ABILHAND is reported
in logits. Baseline testing for Box and Blocks, COPM, and ABILHAND reflects the average of 4 pretests. The change score is calculated with posttest-
average baseline score. Achievement of smallest detectable difference (AHA), least measurable difference (ABILHAND), and clinically meaningful
differences (COPM) are denoted in bold. Given the precision of the measurement, change in Box and Blocks that exceeds the standard error of the measure

is denoted in bold (>3 blocks for MA hand and >6 blocks for LA hand).

head (Supplemental Table 2). Three participants experienced
spasms in their more affected hand during tDCS + biman-
ual intervention. All reported symptoms resolved within
the same session. Overall, a small proportion (12-37%)
of individuals reported tDCS-related minor adverse events
suggesting that the tDCS intensity of 1.5 mA was well toler-
ated by participants.

3.1.1. Individual Analysis of Meaningful Change. All partici-
pants achieved clinically meaningful change on at least one
measure (AHA, COPM-Performance and/or Satisfaction,
and ABILHAND). Individual changes on behavioral mea-
sures are reported in Table 2, and individual performance
measures over all testing sessions are provided in the supple-
mental data (Supplemental Figure 2). Changes on each of the
behavioral measures based on the responder analysis are
reported in Figure 2.

Collectively, changes in behavioral measures varied for
participants in this study including bimanual, unimanual,
self-report, and general study satisfaction. For the primary
outcome measure, the AHA, 3 of 8 participants achieved
the SDD. Increases on the Box and Blocks that exceeded
the SEM were observed in 2 participants for the more affected
hand and 1 participant for the less affected hand. For the self-
reported measures, 5 of 8 participants achieved the MCID for
the COPM and 3 of 8 participants achieved the least measur-
able difference on the ABILHAND. Of the 3 participants who
achieved the SDD on the AHA, none of them achieved the
MCID on the COPM. For this open-label study, families
reported an average satisfaction rating of 9.5 out of 10 related
to their study experience.

3.1.2. TMS Measures. Four participants completed full TMS
testing on all measures. In the remaining 4 participants, data
collection was limited by the presence of an AMT only,
machine intensity exceeding protocol limit of 85% maximum
stimulator output, and limited tolerance for lesioned hemi-
sphere testing at posttest. No participants reported use of

centrally acting medications for seizure control that would
influence neurophysiologic responses.

Single-pulse amplitude was measured in 8 of 8 partici-
pants on the nonlesioned hemisphere with hypothesized
decreases observed in 5 of 8 children. The nonlesioned hemi-
sphere CSP duration was measured in 6 of 8 children and all
exhibited decreases from pretest to posttest. Lesioned hemi-
sphere single-pulse amplitude was measured in 7 of 8 chil-
dren with hypothesized increases observed in 3 children.
Lesioned hemisphere CSP duration was measured in 3 of 8
children with increases observed in 2 children. No statistical
analyses were conducted on cortical excitability data due to
small sample. Individual changes in MEP amplitude and
CSP duration are shown in Figure 3.

TMS motor map data were collected on 6 participants; 4
of 6 had mapping data for both hemispheres. Hemispheric
differences (lesioned vs. nonlesioned) appeared to influence
changes in cortical mapping with variations in map features
observed. The lesioned hemisphere cortical map sites
decreased in 3 participants and increased in 1 participant
(Table 3). The nonlesioned hemisphere cortical map sites
increased in 4 participants and decreased in 2 participants
(Table 4). In the 4 participants who have cortical maps for
both hemispheres, the changes in response sites for one
hemisphere resulted in an inverse change in the opposite
hemisphere (e.g., if the lesioned hemisphere increased in
number of responsive sites, the nonlesioned hemisphere
decreased in number of responsive sites). Figure 4 displays
map changes in one representative participant with mapping
data collected from both hemispheres.

Exploratory correlations were conducted between behav-
ioral and neurophysiologic outcomes. There was a strong
correlation observed between baseline AHA score and the
motor threshold of the lesioned hemisphere at baseline
(Spearman’s rho correlation coefficient: —0.71, p=0.05)
(Supplemental Table 4). All other correlations between base-
line neurophysiologic measures and change in behavior were
nonsignificant (p > 0.05).
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FIGURE 2: Individual change in behavioral measures (a) AHA with the SDD denoted with a dashed line. (b) COPM-Performance. The MCID
of the COPM is denoted with a dashed line. (c) Box and Blocks with more affected hand. The SEM of repeated baseline testing with the Box
and Blocks is denoted with a dashed line. AHA: Assisting Hand Assessment; COPM: Canadian Occupational Performance Measure; MCID:
minimal clinically important difference; SDD: smallest detectable difference. Note: the y-axis representing change differs between the
measures. Blue bars represent participants identified as a responder on the primary outcome (AHA), and black bars represent participants

identified as a nonresponder on the primary outcome (AHA).

4. Discussion

4.1. Confirming Safety Results. Serial sessions of combined
active tDCS +bimanual intervention were safe and feasible
in children with UCP. In our study, the most common minor
adverse events were unusual feelings on the skin of the head,
and symptoms were mitigated using study protocols. For
participants who experienced spasms, alternating fine and
gross motor activities were found to be beneficial in reducing
the occurrence of a spasm during the same session.

4.2. Variable Gains in Hand Function and Self-Reported
Measures. For this study, we identified “responders” to tDCS
based on changes on the AHA. In this sample, three partici-
pants (37.5% of sample) achieved the SDD (5 points) on the
AHA following the 20 hours of combined intervention.
Others have reported that 30% of participants achieved the
SDD on the AHA following 90 hours of bimanual interven-
tion alone [16]. Of the participants identified as a responder,
two displayed contralateral circuitry and one displayed bilat-
eral circuitry. In this subgroup of responders, we observed a

wide range of baseline AHA scores (34 AHA units to
83 AHA units), age (8 to 14 years old), and both types of
circuitry patterns.

The single-case design of our study also allowed for indi-
vidual analysis which may allow us to generate hypotheses
for larger studies and may be preferred over group analyses
that mask sensitivity of changes by evaluating group mean
response. For example, participants 1 and 2 could be consid-
ered strong candidates for tDCS as they both displayed con-
tralateral circuitry and high AHA scores at baseline. Both of
these participants demonstrated further improvements fol-
lowing intervention on bimanual (AHA) and unimanual
(Box and Blocks) measures. The improvements suggest that
these participants had the ability to differentiate roles of the
hands for bimanual tasks, and further improvements on the
Box and Blocks may reflect a training benefit to each hand.
In contrast, participant 8 displayed lower bimanual hand
function at baseline and achieved the SDD on the AHA fol-
lowing intervention but did not demonstrate unimanual
gains on the Box and Blocks. This suggests that this partici-
pant may have significantly benefitted from bimanual
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FIGURE 3: Pre- and posttest neurophysiologic measures. (a) Nonlesioned hemisphere amplitude with single-pulse TMS testing. (b) Lesioned
hemisphere amplitude with single-pulse TMS testing. (c) Nonlesioned hemisphere CSP duration. (d) Lesioned hemisphere CSP duration.
Nonlesioned data is denoted by a closed circle, and lesioned data is denoted by an open circle. Note: data points are labeled with a
superscript participant identifier consistent with Table 1 (participant IDs 1-8). The y-axis representing change differs between the
measures. CSP: cortical silent period; ms: milliseconds; SP: single-pulse; TMS: transcranial magnetic stimulation. Amplitudes are measured

in puV (microvolts).

TaBLE 3: Lesioned hemisphere cortical excitability mapping measures.

Lesioned hemisphere

ID Laterality hi\:[;psil}r’l%(;)eij[lg g) Pretefst Pretest FDI mapping Postt.est Posttest FDI mapping % A .in
FDI sites latency (ms) FDI sites latency (ms) FDI sites

1 Contralateral t T T T i T

2 Contralateral 48 24 22.50 18 20.19 -25.00

3 Contralateral 70 24 27.06 23 25.26 —4.17

4 Bilateral T T T T T T

5 Bilateral 51 39 49.95 57 47.51 46.15

6 Bilateral 38 38 58.00 27 58.36 -28.95

7 Bilateral T i i T T T

8 Bilateral T T T T i T

FDI: first dorsal interosseous; ID: participant identifier; ms: milliseconds; NA: not assessed at baseline; NC: not calculated due to missing baseline data; RMT:
resting motor threshold; A: change; t: missing data; % MSO: percentage of maximum stimulator output. Motor mapping testing intensity was 110% RMT
(resting motor threshold). MEP latency durations are reported using the mean time (ms). Bolded values are considered significant defined as >20%

mapping response sites.

training alone. These preliminary data contribute to our Our behavioral measures were selected to reflect observed
understanding of who might benefit most from combined  performance of bimanual (AHA) and unimanual (Box
interventions or motor training alone which could be  and Blocks) hand function, the child’s perception of goal
assessed in future studies that could guide personalized med-  attainment (COPM), and the caregiver’s perception of hand
icine approaches for stroke rehabilitation. use (ABILHAND). Each of these assessments contributes to
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TaBLE 4: Nonlesioned hemisphere cortical excitability mapping measures.
. Mapping testing Nonles}oned hemisphere . .
ID Laterality intensity (% MSO) Prete.st Pretest FDI mapping Posttfest Posttest FDI mapping % A in
FDI sites latency (ms) FDI sites latency (ms) FDI sites

1 Contralateral T i i i T T

2 Contralateral 45 25 20.47 31 20.47 24.00

3 Contralateral 63 27 21.41 32 20.20 18.52
4 Bilateral 69 17 18.65 14 16.73 —-17.65
5 Bilateral 46 15 19.51 13 19.19 -13.33
6 Bilateral 42 10 18.06 14 19.20 40.00
7 Bilateral 59 15 26.50 23 19.30 53.33
8 Bilateral i T T i T T

FDI first dorsal interosseous; ID: participant identifier; ms: milliseconds; NA: not assessed at baseline; NC: not calculated due to missing baseline data; RMT:
resting motor threshold; A: change; t: missing data; % MSO: percentage of maximum stimulator output. Motor mapping testing intensity was 110% RMT
(resting motor threshold). MEP latency durations are reported using the mean time (ms). Bolded values are considered significant defined as >20%

mapping response sites.

Posttest

Pretest

825

100
(a)

uv
3000

2275

= 1550

Posttest

Pretest

1000

775

= 550

325

100
()

FI1GURE 4: TMS-derived motor map of (a) nonlesioned and (b) lesioned hemispheres of participant 2 with the grid centered on the TMS-
derived motor hotspot. The brain reconstruction has been rotated to allow for a direct view of the TMS-derived motor hotspot. Grey grid
points signify no MEP responses, and teal grid points signify MEP responses > 50 4V (microvolts). The color bar represents the range of
amplitude of MEP responses in pV. The range in the amplitude color bar is dependent on the magnitude of the responses observed. Note:
ranges are consistent across pre- and posttesting sessions but may differ across hemispheres. CST: corticospinal tract; MEP: motor-evoked

potential; TMS: transcranial magnetic stimulation.

a broader understanding of how combined interventions
impacted hand function in this sample of eight children. No
one pattern of change was desired as the baseline behavioral
function of each child varied.

From a behavioral standpoint, the motor learning result-
ing from the intervention may have been highly task-specific
with changes in motor function not observed in general
movements captured on the primary outcome measure, the
AHA. The AHA is a measure of how the participant chooses
to use his/her hand during a novel task whereas the COPM is
a self-reported measure of the participant’s perspective of
their achievement of goals regardless of how the partici-
pant is able to accomplish the goal (e.g., compensatory
vs. newly acquired motor movements). Therefore, the con-
struct underlying each of the behavioral measures may have
differed providing a comprehensive assessment of the inter-
vention effects on physical abilities for desired activities.

Variability in the Box and Blocks was observed during
multiple baseline testing sessions and with average pretest/
posttest comparisons. Decreases observed in the more
affected hand, measured with the Box and Blocks, could be
attributed to sensitivity of the measure or engagement in test-
ing procedures. Others have used the Box and Blocks as a
daily measure of safety with results suggesting that individual
variability is observed in children with UCP [42]. This evi-
dence warrants continued monitoring for a decrement in
unimanual dexterity in combined NIBS and motor training
studies with larger samples.

The assessment tools selected for this study when taken
together represent components of bimanual and unimanual
hand function reporting both on the impairment and activity
levels of the World Health Organization’s International Clas-
sification of Functioning, Disability, and Health framework.
The individual variability in gains observed between the
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assessment tools reflects differing constructs for each mea-
sure as reported by others [43].

4.3. Neurophysiologic Influences. The effects of tDCS can be
evaluated through changes in cortical excitability using
single-pulse TMS [21]. Varying neurophysiologic effects of
the combined tDCS and bimanual intervention were
observed in the nonlesioned hemispheres as measured by
TMS. We observed changes in the measures of amplitude
of the nonlesioned hemisphere in five of eight participants
consistent with a hypothesized decrease in excitability after
the tDCS + bimanual intervention. In contrast, a shortening
of CSP duration in six of six participants and an increase in
the number of mapping sites in four of six participants with
complete data suggests an increased excitability in the nonle-
sioned hemisphere. From a neurophysiologic standpoint, the
interindividual variability observed in this study could be
attributed to known factors (e.g., anatomical differences
and lesion locations) and factors unexamined in this study
(e.g., the influence of maturation on brain development,
genetics, functional organization of circuits, baseline neuro-
physiologic state, and capacity for change in motor learning)
that collectively may influence plasticity [44, 45].

Prior reports have shown that MEP amplitude changes
are dependent on tDCS polarity (e.g., anodal stimulation
results in increased MEP amplitude) [21]. However, the
duration of stimulation and the pairing of stimulation with
a cognitive task may result in paradoxical effects, such as
cathodal tDCS producing increased MEP amplitude [46,
47]. The combination of bimanual activity and stimulation
could have produced similar unexpected changes in cortical
excitability and explain the variability observed in MEP
amplitude and motor mapping data.

We did not measure IHI directly; however, our CSP mea-
surements suggest decreased intracortical inhibition. Because
exaggerated IHI may not be present in all children with
injury early in life, a comprehensive understanding of both
activity-dependent withdrawal and the balance of IHI on
CST development and resultant hand function is needed to
understand potential response to rehabilitation interventions
[6]. Future longitudinal studies with multimodal outcomes
will elucidate the neurophysiologic substrates of change fol-
lowing combined interventions in children and young adults
with UCP.

Similar conflicting results between neurophysiologic
measures were observed in the lesioned hemisphere. Three
participants displayed increased excitability (e.g., a decrease
in motor threshold and increase in MEP amplitude) whereas
three participants displayed a mixed response to stimulation
(e.g., decreased motor thresholds and decreased amplitudes).

Our motor mapping results reflect both expanded and
reduced map size on each hemisphere, which differs from
prior reports of map expansion in response to motor
training in both animal models and human studies. The
changes in motor maps suggest that cortical map changes
are activity-dependent [34, 48, 49]. These results strengthen
the argument for an activity-dependent competition model
of neuroplastic change in children with UCP [3]. Recent
rehabilitation studies have examined motor map changes
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after bimanual, occupation-focused intervention reporting
bilateral increases in map size and amplitude of responses
and no significant change in motor threshold [50] and
increases in the number of responsive sites following
bimanual intervention in children with UCP [34]. In our
study, the changes in the number of responsive sites may
reflect a broader intrahemispheric network as our grid
encompassed a region beyond primary motor cortical area,
but responses outside this region warrant further confirma-
tion in future studies.

4.4. Lesion Location and Clinical Presentation May Influence
Variability in Outcomes. In our sample, two participants with
a right-sided lesion demonstrated similar patterns of change
in neurophysiologic responses in the nonlesioned hemi-
sphere as well as similar change in behavior. The heterogene-
ity of changes observed in participants with left-sided lesions
may be attributed to the potential for hemispheric crowding
of function suggesting that reorganization of function to the
right hemisphere following a left hemisphere lesion may have
a negative impact on typical functions of the right hemi-
sphere [51-53]. Studies with larger samples may allow inves-
tigators to discern the association of lesion side to response to
intervention in children with UCP.

Lesion location could have influenced the results; how-
ever, we are unable to determine this potential with our
sample size. Our study represents a clinical sample of indi-
viduals with UCP where 6 of the 8 participants displayed
combined cortical and subcortical lesions and the remain-
ing 2 participants displayed subcortical lesions only. None
of our participants presented with documented bilateral
lesions. However, we cannot rule out that the lesion could
have influenced the contralateral hemisphere, which may
not be noted in the MRI report. We did observe a relation-
ship between single-pulse motor-evoked potential amplitude
of the nonlesioned hemisphere and baseline AHA score,
but no correlations existed when evaluating changes among
neurophysiologic and behavioral measures. One potential
explanation is that compensatory descending tracts may be
involved in recovery, warranting expanded investigations.

4.5. Limitations. Our conclusions are limited by the sam-
ple size, the open-label study design, and the sensitivity
of our measures, and as such, the findings should be con-
sidered preliminary. Our study was open-label which may
have influenced the self-reported measures of change and
satisfaction by both participants and caregivers. This study
design was selected to explore preliminary findings and
provide direction for future studies. The lack of control
group is limitation and must be considered when inter-
preting the findings.

We did not have an immediate measure of cortical excit-
ability following tDCS (e.g., within minutes of completing
tDCS). An immediate measure could evaluate not only reli-
ability of single-pulse measures in children with UCP but
also the time-effect of observed changes in neurophysiologic
responses. For this study, the duration of participation
encompassing daily safety measures and motor intervention
precluded any additional testing.



Neural Plasticity

In our study, motor training was individualized to the
child’s goals allowing for impairment-specific intervention
(e.g., increasing the distance a child can reach with the
more affected limb) in order to improve activity-specific
performance (e.g., pushing the more affected limb through
a t-shirt sleeve). This form of personalized intervention
positively impacted self-reported goal achievement but may
have influenced the effects of tDCS on other measures. Addi-
tionally, providing the intervention in a group format could
have influenced the engagement of the participants, reports
of side effects, and the caregiver and/or participant’s perspec-
tive of change as self-reported on behavioral measures.

4.6. Future Directions. Future personalized medicine will
allow for interventions to be optimally paired for children
based on biomarkers or clinical practice guidelines given
the child’s clinical presentation. Critical areas of need in the
pediatric investigations include computational modeling to
optimize electrode placement, expanded testing (behavioral,
neurophysiologic, and neuroimaging), and defined motor
training protocols.

Prior investigations suggest that the peak electric fields
are higher in children as compared to adults when modeled
at the same tDCS intensity [54, 55]. Studies that incorpo-
rate computational modeling could allow for individual-
ized stimulation parameters and may assist in controlling
for anatomical differences between participants. For exam-
ple, further comparison of electrode placement based on
individual circuitry such as using anodal stimulation to
the hemisphere of greatest control of the more affected
hand (e.g., participants with contralateral circuitry may
benefit from anodal stimulation to the lesioned hemisphere
as compared to targeting the nonlesioned hemisphere in par-
ticipants with ipsilateral circuitry). Electrode placement
taken into consideration with comparative effectiveness
studies on session frequency and duration of combined inter-
vention in differing CST circuitry subtypes (e.g., greater
number of sessions or a longer duration) could provide
guidance for treatment protocols in the future. Further, it
may be that alternate electrode placements (e.g., premotor
area) not previously studied in children with UCP are more
efficacious than the primary motor cortex as suggested in
the adult literature [56].

Future studies with larger samples and expanded testing
protocols will inform our knowledge of the mechanism of
tDCS on motor learning and the aspects of motor learning
that can be targeted with combined neuromodulatory inter-
ventions. Our performance and self-reported behavioral
measures may not be sensitive enough to detect changes
in neurophysiologic responses. Expanded testing protocols
could focus on sensorimotor input including isolated move-
ments and sensory function which may have stronger associ-
ations to neurophysiologic changes [57, 58]. Further, daily
motor learning curves captured by a kinematic measure of
hand function may allow for individualization of interven-
tion [59]. Altogether, these measures may identify the senso-
rimotor contributions to change in function following
intervention [60]. Expanded testing will assist in identifying
which pediatric measures have the greatest sensitivity for

11

measuring change following combined neuromodulatory
and rehabilitation interventions.

Defining the critical components of the motor training
and standardizing the motor training components (e.g., per-
centage of time spent on unimanual vs. bimanual tasks, types
of tasks and motor movements targeted, and home program
tasks) will allow for investigators to control for these poten-
tial influences when measuring for the effects of tDCS. Prior
studies report that tasks with cognitive challenges, isometric
contractions, and the duration of noninvasive brain stimu-
lation can influence the observed neurophysiologic changes
in response to tDCS [46, 47, 61]. Studies designed with an
immediate neurophysiological measure following tDCS can
provide insights into pairing activity with stimulation in
children with UCP and potential paradoxical effects when
pairing tDCS with a motor task.

5. Conclusion

The combined intervention of tDCS with occupation-
centered rehabilitation intervention was safe and well-
tolerated. Participants identified and rated their performance
on goals that were meaningful to them, and customized
activities during combined tDCS and bimanual training ses-
sions designed to promote goal achievement proved feasible
in a group setting. Our neurophysiologic findings suggest
that the combined intervention affects each hemisphere dif-
ferently, which may underlie variability observed with
changes in behavioral hand function measures. A consistent
neurophysiologic substrate that influences response to
change has not yet been identified in children with UCP.
Future clinical trials should consider cortical excitability eval-
uations based on underlying circuitry to measure changes
following interventions, which may elucidate neurophysio-
logic mechanisms related to recovery.

Data Availability

The data used to support the findings of this study are
restricted due to patient privacy. Access to these data will
be considered by the author upon request, with permission
from the Institutional Review Board.

Conflicts of Interest

No authors reported a conflict of interest.

Acknowledgments

This study was funded by the National Institutes of Health
(NIH) Eunice Kennedy Shriver National Institute of Child
Health and Development K01 Award (HD078484-01A1),
the Cerebral Palsy Foundation, the Foundation for Physi-
cal Therapy Magistro Family Grant, Minnesota’s Discov-
ery, Research and InnoVation Economy (MnDRIVE),
and the University of Minnesota Marie Louise Wales Fel-
lowship. The project described was also supported in part
by Award UL1 TR000114 and KL2 TR000113. The authors
thank the Center for Neurobehavioral Development and



12

Center for Magnetic Resonance Imaging (P41 EB015894,
1S100D017974-01) at the University of Minnesota. The
research team also thanks Ben Andre, Andrew Kunz, Isabel
Marbaker, Stephanie Palmer, Kayla Stark, Taylor Webster,
and April Wheeler for serving as student interventionists;
Gillette Lifetime Clinic seating specialist, Wayne Rydberg,
for the custom tray fabrication; Dr. Marcie Ward for
serving as a study physician; and Karen Chin for video
scoring. Most importantly, the research team thank the
families, caregivers, and participants involved in this study.

Supplementary Materials

Supplemental Table 1: reliability of pretesting measures. Each
participant completed repeated baseline behavioral testing
measures (1x/week for four weeks) as a part of this study pro-
tocol. This supplemental material includes the reliability data
of the repeated pretesting measures and an interpretation of
the reliability data. Based on this reliability data, we decided
to use an average of the four baseline pretesting scores as
the comparator for pre- and postintervention comparisons.
Supplemental Table 2: tDCS-related MAE. Supplemental
Figure 1: axial images of T1 anatomical magnetic resonance
image (MRI) to display lesion location in each participant.
Row one of the images reflects participants 1-4, and row
two reflects participants 5-8. Verification of diagnosis was a
criterion for inclusion for this study. T1 anatomical images
were collected either (1) at the time of study participation
or (2) within 2 years of study participation. The age range
of participants at the time of imaging for this study was 8
years, 1 month to 18 years, and 1 month. A pediatric neurol-
ogist verified the lesion location. All MRI data was acquired
using a 3 Tesla MRI scanner using a 32-channel head coil
(Siemens Prisma scanner). Supplemental Table 3: birth and
imaging history of participants. Supplemental Figure 2:
change in behavioral measures repeated over time. All partic-
ipants completed repeated baseline measure of behavioral
measures including Canadian Occupational Performance
Measure-Performance, ABILHAND, Box and Blocks with
each hand, and Assisting Hand Assessment. These data rep-
resent individual data for repeated baseline measures and
posttesting. Supplemental Table 4: Spearman’s correlation
coefficient between neurophysiologic and hand function
measures at baseline. (Supplementary Materials)
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We recently showed that impaired gait function in adults with cerebral palsy (CP) is associated with reduced rate of force
development in ankle dorsiflexors. Here, we explore potential mechanisms. We investigated the suppression of antagonist
excitability, calculated as the amount of soleus H-reflex depression at the onset of ankle dorsiflexion compared to rest, in 24
adults with CP (34.3 years, range 18-57; GMFCS 1.95, range 1-3) and 15 healthy, age-matched controls. Furthermore, the
central common drive to dorsiflexor motoneurons during a static contraction in the two groups was examined by coherence
analyses. The H-reflex was significantly reduced by 37% at the onset of dorsiflexion compared to rest in healthy adults
(P <0.001) but unchanged in adults with CP (P =0.91). Also, the adults with CP had significantly less coherence. These findings
suggest that the ability to suppress antagonist motoneuronal excitability at movement onset is impaired and that the central

common drive during static contractions is reduced in adults with CP.

1. Introduction

When we move, our nervous system ensures that our muscles
are activated to the appropriate extent and at the right time in
relation to each other so that the movement may progress
according to our intentions and with little or no conscious
attention required. This is not something that comes easily
and quickly. It takes children 10-12 years to attain the
mature characteristics of bipedal gait seen in adults [1-4].
Step-to-step variability of gait is significantly larger than in
adults and involves significantly more coactivation of antag-
onistic muscles [1, 3, 4]. Reaching and grasping follow a
similar developmental trajectory, and an adult-like movement
pattern is not achieved until around 12-14 years of age [5].
People with early brain lesion (cerebral palsy (CP)) in
contrast continue to show very significant coactivation of
muscles and high step-to-step variability of gait into adult-
hood [6-8]. They also lack the normal maturation of gating

of sensory feedback at rest [9] and during gait [10, 11]. This
may possibly be linked to an impaired development of the
ability to predict and therefore suppress sensory feedback,
which is linked to adequate prediction of the sensory conse-
quences of the movement [12]. However, little is known
about the underlying neural mechanisms that are responsible
for the maintained coactivation pattern in adults with CP.
One of the mechanisms known to be important for the
coordination of antagonist muscles is Ia reciprocal inhibition.
Ia reciprocal inhibition involves a group of interneurons,
which are activated through collaterals from descending path-
ways in parallel with agonist motoneurons and project to
antagonist motoneurons [13]. In contrast to what is usually
observed in other people with lesion of descending motor
pathways, such as stroke and multiple sclerosis [14, 15], Ia
reciprocal inhibition appears to be similar at rest in adults
with CP as in healthy, age-matched controls [9]. However,
pathophysiological changes in transmission in spinal motor
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circuitries observed at rest may have little relevance for how
those circuitries are controlled and modulated during motor
activities [16-18]. Indeed, Leonard et al. [19] found that Ia
reciprocal inhibition was similar in adults with CP and in
healthy adults when measured at rest, but during static agonist
contraction, the inhibition was increased in healthy subjects
and reduced in adults with CP [19]. Morita et al. have also
shown impaired regulation of Ia inhibition at the onset of
agonist contraction in adults with multiple sclerosis and
suggested that this could explain increased coactivation of
antagonists in these subjects [20]. We recently showed that
impaired gait function in adults with CP is associated with
the ability to perform fast ankle movements [21], but it is
not known how reciprocal inhibition is modulated at the
onset of contraction in adults with CP.

Here, we consequently hypothesized that impaired
descending control of spinal inhibitory circuits is responsible
for the inability of adults with CP to adequately suppress
antagonist muscle activity in relation to voluntary movement
and that this may explain their continued coactivation during
functional motor tasks. To assess modulation of spinal
reciprocal inhibition, we measured the suppression of the
soleus H-reflex at the onset of dorsiflexion, and to assess
the central drive to the agonist motor pool (dorsiflexors), we
measured the size of coupled oscillations in tibialis anterior
motor units.

2. Material and Methods

2.1. Participants. Twenty-four adults diagnosed with CP (age
34.3 years, range 18-57; 15 men, 9 women; GMFCS 1.95,
range 1-3) were recruited through the Danish Cerebral Palsy
Organization. Fifteen subjects were diplegic, eight hemiple-
gic, and one quadriplegic. All subjects were described as
spastic, and most of the subjects had received antispastic
medication for shorter or longer periods. Many subjects
had a history of multiple surgeries. See [21] for a detailed
description of the participants. Furthermore, 15 age-
matched (age 32.9 years, range 23-47; 9 men, 6 women)
neurologically healthy adults were recruited to serve as a
healthy control group.

The study was approved by the local ethics committee
(H-4-2012-107), and all procedures were conducted within
the standards of the Helsinki declaration. Prior to the exper-
iments, all the participants received written and verbal infor-
mation, and a consent form for participation was obtained.

2.2. Testing Procedures. Functional reciprocal inhibition
(experiment 1) and central common drive (experiment 2)
were assessed on the same day following the application of
electromyography (EMG) electrodes and tests of the maxi-
mal voluntary contraction strength (MVC) and the rate of
force development (RFD).

2.2.1. EMG Recordings. EMG activity was recorded using
bipolar electrodes (Ambu Blue sensor N-10-A/25, Ambu
A/S Ballerup; recording area 0.5cm?, interelectrode dis-
tance 2 cm) placed over the soleus muscle and the proximal
and distal parts of the tibialis anterior muscle (TA  _ and
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TA4 respectively). The skin was gently abraded with
sandpaper (3M red dot; 3M, Glostrup, Denmark). A
ground electrode was placed on the distal part of the tibia.
EMG signals were filtered (band-pass, 5 Hz-1kHz), ampli-
fied (500-2000x), sampled at 2kHz, and stored on a PC for
offline analysis.

All EMG and H-reflex measurements (see below) were
normalized to the maximal M-response (M, ,.) evoked in
either the TA or soleus muscle by supramaximal stimula-
tion (1ms rectangular pulses; model DS7A, Digitimer,
Hertfordshire, UK) of the common peroneal nerve or the tib-
ial nerve, respectively. In these measurements, the intensity
of stimulation of the respective nerves was increased from a
subliminal level until there was no further increase in the
peak-to-peak amplitude of the M-response with increasing
stimulation intensity [22].

2.2.2. Measurement of MVC, RFD, and Cocontraction. The
MVC and RFD procedures have been comprehensively
described by Geertsen et al. [21]. Briefly, subjects were seated
in a chair with their leg fastened to a stationary dynamometer
and were carefully instructed to contract “as fast and force-
fully as possible” and to hold the contraction for about 3 sec-
onds. During each trial, the subject was verbally encouraged
by the experimenter to produce maximal torque. Each
subject performed 3 dorsiflexions with maximal effort. If an
initial countermovement (identified by a visible drop in the
torque trace) was observed, a new trial was performed. Data
was recorded with Spike 2.611 software (CED 1401+;
Cambridge Electronics Design, Cambridge, UK). Offline,
the trial that produced the highest dorsiflexion peak torque
(MVCpp) was determined. The MVCp;: trial was then used
to calculate the RFD at 200 ms following the onset of contrac-
tion (RFD,,,) as a measure of explosive muscle force. The
level of cocontraction in the MVCpy, trial was calculated as
the area of rectified, smoothed soleus EMG (in percent of
soleus M, ) divided by the area of rectified, smoothed TA 4,
EMG (in percent of M, in TAy,) for the first 1000 ms
following the onset of TA 4, EMG.

2.2.3. Experiment 1: Functional Reciprocal Inhibition.
Functional reciprocal inhibition was evaluated by compar-
ing the size of soleus H-reflexes at rest with H-reflexes
elicited at the onset of explosive dorsiflexion contractions.
H-reflexes were elicited by stimulation (1ms rectangular
pulses; model DS7A, Digitimer, Hertfordshire, UK) of
the tibial nerve using a ball-shaped monopolar electrode
(Simon electrode) placed in the popliteal fossa and the anode
placed proximal to the patella. All H-reflex measurements
were normalized to M ..

To produce comparable afferent input to the soleus
motoneuron pool at rest and at the onset of dorsiflexion con-
traction, the tibial nerve stimulation intensity was adjusted, if
necessary, to elicit an M-response of approximately 10% of
M., in all trials. However, the actual intensities used were
similar at rest (15.78 +4.86 mA) and at the onset of dorsiflex-
ion (15.64+4.83mA). At rest, 15 H-reflexes were elicited
with an interstimulus interval of 10s. The subject was then
asked to dorsiflex the ankle as fast as possible every 10s
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F1GURE 1: Experimental setup. Subjects were seated with their examined leg fastened to a stationary dynamometer. For experiment 1, subjects
were instructed to dorsiflex their foot as fast as possible to 50% of MVC in response to an auditory cue. A window discriminator made it
possible to time the tibial nerve stimulation to the onset of tibialis anterior (TA) EMG activity. This elicited an M-response (first grey
shaded box) and an H-reflex (second grey shaded box) in the soleus (SOL) EMG. At least 45 trials, 15 tibial nerve stimulation and 30 no
stimulation trials randomly interspersed, were obtained during dorsiflexion contraction. In experiment 2, subjects were asked to keep a
steady dorsiflexion contraction at 10% of MVC for 2 min while given visual feedback of the target torque.

(to 50% of MVCypy to avoid fatigue) following an auditory
cue (see Figure 1). A window discriminator made it possi-
ble to time the tibial nerve stimulation to the onset of TA
EMG activity.

At least 45 trials, 15 tibial nerve stimulation and 30 no
stimulation trials randomly interspersed, were obtained dur-
ing dorsiflexion contraction. Offline, the peak-to-peak ampli-
tude of the H-reflex at the onset of dorsiflexion was then
compared to rest (see Figure 2).

In six participants with CP and one participant from
the healthy control group, it was not possible to obtain
an H-reflex at rest while keeping the M-response at 10% of
M., Also, two participants with CP could not produce a
voluntary dorsiflexion contraction. These subjects were
therefore excluded from this part of the analyses.

2.2.4. Experiment 2: Central Common Drive. The common
drive to the dorsiflexor motoneuron pool was evaluated by
coherence analysis of the surface EMG activity from TA,,
and TA 4, obtained while subjects performed a static dorsi-
flexion contraction to a torque level of 10% MVCp;. for two
minutes while given visual feedback. Coherence in the beta
band (15-35Hz) has been shown to be dependent on intact
corticospinal activity [23-25] and is therefore thought to
reflect central common drive.

H-reflex

1 mV

10 ms

— Rest
—— DF

F1GURE 2: Evaluation of functional reciprocal inhibition in a healthy
control. To produce a comparable afferent input to the soleus
motoneuron pool at rest and during contraction, the tibial nerve
stimulation intensity was adjusted to keep the M-response (first
shaded box) at approximately 10% of M,,,, both at rest and at the
onset of dorsiflexion (DF). The peak-to-peak amplitude of the
H-reflex (second shaded box) could then be compared in the two
situations, as a measure of the ability to suppress excitability of
antagonist motoneurons at the onset of dorsiflexion (i.e., functional
reciprocal inhibition).
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FIGURE 3: Example of intramuscular coherence analyses from a healthy control. (a, b) Autospectra from the proximal (TA,,,,) and the distal
(TAg;,) parts of the tibialis anterior during static dorsiflexion. (c) Coherence at frequencies from 1 to 60 Hz between TA_ _ and TA 4
rectified EMG signals. The dashed horizontal line denotes the upper 95% confidence level, and the grey shaded area highlights the

15-35Hz frequency band referred to as beta coherence. (d) The phase between the TA

and TA 4, rectified EMG signals indicating the
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synchronization between coherent EMG frequencies. (e) Cumulant density (range + 250 ms) associated with the coherence.

Time and frequency domain analysis of the data was
performed in MATLAB (version R2016b, MathWorks, MA,
USA) using the methods described by Halliday et al. [26]
and Farmer et al. [27]. Full-wave rectification of surface
EMG signals was performed in order to maximize the infor-
mation regarding timing of motor unit action potentials while
suppressing information regarding waveform shape [28, 29].
The two rectified TA EMG signals were then normalized to
have unit variance [30]. Rectified and normalized EMG sig-
nals are assumed to be realizations of stationary zero mean
time series, denoted by x and y. The analysis of individual
records generated estimates of the autospectra of the two
EMGs [fxx(A), fyy(A)], and their cross-spectra [fxy(A)]. Fre-
quency domain analyses were performed with a frequency
resolution of 1 Hz. We estimated three functions that charac-

terize the signals’ correlation structure: coherence, ny(/\)z;

phase, @,,(A); and cumulant density, g, (u). Coherence

Xy (
describes the linear association between two signals at each
frequency of interest and reflects the consistency of phase dif-

ferences and amplitude ratios between signals across trials.

Coherence estimates are bounded measures of association
defined over the range of [0, 1] where 0 indicates no associa-
tion between signals, and 1 indicates a strong association;
cumulant density estimates are not bounded, and phase is
defined over the range [-m,+7]. For the present data,
coherence estimates provide a measure of the fraction of
the activity in one surface EMG signal (TA,,,) that is
correlated with the activity in the second surface EMG sig-
nal (TAg,). In this way, coherence estimates quantify the
strength and range of frequencies of common rhythmic
synaptic inputs distributed across the motoneuron pool
[27, 31-33]. The timing relations between the EMG signals
are estimated from the phase. The cumulant density pro-
vides a time-domain representation of the correlation
structure analogous to the cross-correlogram. The signifi-
cance of the individual coherence and cumulant density
estimates are assessed by inclusion of an upper 95% confi-
dence limit in coherence plots and upper and lower 95%
confidence limits in cumulant density plots (see example
in Figure 3), based on the assumption of statistical inde-
pendence. For details, see [26].
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All individual coherence plots were visually inspected for
signs of cross-talk, i.e., high coherence across a wide range of
frequencies and close to zero lag synchronization in the time
domain as evidenced in cumulant density plots [27]. None of
the coherence plots displayed these characteristics, so all data
from each group were pooled resulting in single group esti-
mates at each frequency of interest for the adults with CP
and the healthy controls, respectively. Pooled coherence
estimates, like individual coherence estimates, provide a
normative measure of linear association on a scale from 0
to 1 [30]. The interpretation of pooled estimates is similar
to those for individual records, except that any interference
relates to the population as a whole [27]. Group differences
were investigated using the x* extended difference of coher-
ence test [34], a nonparametric test that provides the
amount of pooled coherence differences between groups at
each frequency in relation to an upper 95% confidence
interval limit.

As described previously, two participants with CP
could not produce a voluntary dorsiflexion contraction.
These subjects were therefore excluded from this part of
the analyses.

2.2.5. Statistics. Sigma Plot statistical software version 12.5
was used for statistical analysis. A one-way ANOVA was
used to investigate differences in the amount of cocontrac-
tion between adults with CP and healthy controls. A two-
way repeated measure ANOVA with group (CP or CON)
and state (rest or onset of dorsiflexion) was applied for
H-reflex and M-response analyses. To investigate possible
associations between H-reflex modulation and muscle
strength in the adults with CP, we used the Pearson product-
moment correlations. For experiment 2, the extended y? test
was used to calculate the difference of coherence between
adults with CP and healthy controls. Coherence was also
quantified as the sum (i.e., area) of alpha (5-15 Hz) and beta
(15-35Hz) coherence. These values were transformed loga-
rithmically to symmetrize distributions for statistical analyses
[35] and compared using Student’s t-test. Associations
between H-reflex modulation and coherence area within and
across groups were assessed by means of the Pearson
product-moment correlations. Statistical significance was
given for P values smaller than 0.05. Data are presented as
the means + standard error unless reported otherwise.

3. Results

Data from the test of the dorsiflexion strength has already
been reported by Geertsen et al., where we showed that for
adults with CP, MVC,. was 42% of healthy controls
(P<0.001) and RFD,,, only 21% healthy controls
(P <0.001) [21]. Further analyses performed here showed
that during MVCp, adults with CP exhibited significantly
more cocontraction (10.6+1.5%) than healthy controls
(5.9+1.2%; P=0.003).

3.1. Functional Reciprocal Inhibition. We found a significant
group-state interaction when comparing the H-reflex
amplitude at rest with the amplitude at the onset of

80 A ok
70
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"] i ﬁ

M-response H-reflex
CON CP

Size of response (% of M-max)

N
" |

M-response H-reflex

Il Rest
B Onset of DF

F1GURE 4: Functional reciprocal inhibition in healthy controls and
adults with CP. Mean and individual M-response and H-reflex
amplitudes in % of the maximal M-responses (M-max) at rest and
at the onset of dorsiflexion (DF). The M-response was comparable
at rest and at the onset of DF for both healthy controls (CON)
and adults with CP. At the onset of DF, the H-reflex was
significantly reduced in the healthy controls, whereas it was
unchanged in adults with CP. Significant differences between rest
and onset of DF are indicated by ***P < 0.001.

dorsiflexion for the adults with CP and healthy controls
(F,,;,=22.35, P<0.001). Post hoc analysis revealed that
the healthy control group significantly reduced the H-reflex
amplitude by 37% from 40.7+4.1% of M, at rest to
25.6+5.0% at the onset of contraction (P <0.001). This
functional reciprocal inhibition was not evident in the partic-
ipants with CP (rest: 37.3 +5.1%, dorsiflexion: 37.5+4.5%,
P =0.91; Figure 4). There was no significant group-state
interaction when comparing the amplitude of the
M-response at rest with the amplitude at the onset of dorsi-
flexion for the adults with CP and healthy controls
(F 5, =1.32, P=0.26), indicating a comparable afferent
input to the soleus motoneuron pool in the two states for both
groups (Figure 4).

In adults with CP, the amount of H-reflex suppression
was significantly correlated with both MVCp (r=0.58,
P=0.02) and RFD,, (r=0.56, P =0.03).

3.2. Central Common Drive. Figure 3 shows individual coher-
ence data from a healthy control during static dorsiflexion.
The autospectra for TA,, and TAy, (Figures 3(a) and
3(b)) illustrate the origin of the elements used for time and
frequency domain analysis. Coherence estimates calculated
from the autospectra and cross-spectra are shown in
Figure 3(c). Here, a clear peak can be seen in the beta
(15-35Hz) frequency band, as well as a small peak in the
alpha (5-15 Hz) frequency band. Figure 3(d) shows the phase
difference between the two rectified EMGs. The cumulant
density constructed from the rectified EMG data is shown
in Figure 3(e). Note the clear central peak around 0 ms indi-
cating synchronization between the rectified EMG data from
TA .. and TA 4.

prox
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Pooled TA-TA EMG coherence estimates from adults
with CP and healthy controls are presented in Figure 5(a).
For both groups, pooled alpha and beta coherence esti-
mates exceeded significance levels, but adults with CP dis-
played considerably less coherence across all frequencies
compared with the healthy adults. This observation was con-
firmed by the results from the extended y? test of the group

coherence estimates displayed in Figure 5(b), which showed
a statistical difference at both alpha (5-15Hz) and beta
(15-35Hz) frequencies.

Reduced TA-TA coherence in adults with CP was also
confirmed when comparing the coherence areas at alpha
and beta frequencies across individuals (Figure 6). Compared
to healthy controls, adults with CP had significantly less
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FIGURE 6: Coherence area estimates. Logarithmic coherence area
between the proximal (TA,,,,) and distal (TAy) part of the
tibialis anterior in alpha (5-15Hz) and beta (15-35 Hz) frequencies
during static dorsiflexion for healthy controls (CON; blue) and
adults with CP (red). Significant differences between the groups are
indicated by ***P < 0.001.

alpha (—0.705+0.083 vs. 0.034 +0.071; P <0.001) and beta
(=0.549 £ 0.079 vs. 0.155 +0.064; P < 0.001) coherence.

We also investigated possible associations between
the central common drive to the TA motoneuron pool
(log TA-TA coherence area) and the ability to suppress the
antagonist motoneuron pool (reduction in soleus H-reflex
amplitude at the onset of DF compared to rest). We observed
a negative correlation (i.e, more coherence and larger
H-reflex reduction) that approached significance in both
healthy controls (r=-0.53, P=0.05) and adults with
CP (r=-0.43, P=0.13), and the correlation was significant
across groups (r =—0.74, P < 0.001).

4. Discussion

The main findings of this study are that the central common
drive to ankle dorsiflexors and functional reciprocal inhibi-
tion of ankle plantar flexors are impaired in adults with CP.
This may contribute to the reduced coordination of antago-
nistic muscles and impaired gait function observed in adults
with CP.

4.1. Impaired Functional Reciprocal Inhibition in Adults with
CP. The inability of adults with CP to suppress the soleus
H-reflex to the same extent as healthy adults at the onset of
dorsiflexion is similar to what has been observed in adults
who have acquired lesion of descending motor pathways as
adults because of multiple sclerosis [20], stroke [36], or spinal
cord injury [37, 38]. Our findings indicate that a similar
impaired control in adults may also be seen as the result of
a lesion early in life and that the intervening years of motor
practice and experience apparently do little to change this.
We were not able to address the mechanisms responsible
for the reduced suppression of the H-reflex further, but based

on previous experiments in healthy subjects [13] and adults
with lesion of central motor pathways [20, 39], it appears
likely that impaired regulation of spinal interneurons
responsible for conveying reciprocal Ia inhibition and/or
presynaptic inhibition of Ia afferents is involved. These two
spinal interneuronal populations have been shown to be
responsible for suppressing stretch reflex activity in antago-
nist muscles by reducing antagonist motoneuronal excitabil-
ity and limiting the input from antagonist stretch-sensitive
receptors to the motoneurons at the onset of movement
[39, 40]. Suppressing transmission in the stretch reflex cir-
cuitry through two different populations of interneurons
and at two different points may be an efficient safeguard to
ensure that stretch of the antagonists does not elicit
unwanted stretch reflex activity.

It follows from this that the impaired functional recipro-
cal inhibition that we have found in adults with CP here
could provide an explanation of the inability of the subjects
to generate force quickly and efficiently [21]. Previous studies
have indicated that people with central motor lesions may
move slowly in order to avoid eliciting stretch reflex activity
in antagonists when they are stretched at the onset of (fast)
movements [15, 16, 41, 42]. However, some caution is
required. The adults with CP in our study did not as a group
have larger stretch reflexes than healthy subjects at rest
(see Figure 4) and the subjects who were the least able to sup-
press the H-reflex were not those who had the largest stretch
reflexes. It should also be kept in mind that the opposite
causal relationship is equally likely and that H-reflexes were
only slightly suppressed in the adults with CP because they
were unable to generate an efficient descending drive to the
agonist motoneurons and thereby activate reciprocal inhibi-
tory mechanism efficiently. Our observations of strongly
reduced common synaptic drive to ankle dorsiflexors sup-
port this interpretation.

4.2. Reduced Central Common Drive in Adults with CP. We
used coherence between surface EMG recordings obtained
from two different sites over the tibialis anterior muscle as a
measure of the central common drive to populations of
motoneurons within the same motor pool. This approach
requires that the EMG recordings reflected the activity of dif-
ferent populations of motoneurons and that the recordings
were not contaminated by cross-talk. Although cross-talk is
difficult to rule out definitively, we are confident that we were
able to minimize cross-talk to the extent that it cannot
explain the findings in the present study: First, we made sure
always to position electrodes at least 10 cm apart since muscle
fibers in the tibialis anterior muscle have been shown not to
exceed 6. cm [43, 44]. Second, cross-talk is easily identified
from coherence between the recordings at all frequencies
and a large, narrow peak at zero time lag in the cumulant
density function [45, 46]. The recordings in the present study
only showed coherence within restricted frequency bands
(Figures 3 and 5) and peaks of synchronization in the cumu-
lant density function were always found to have a distinct lag
with respect to zero. We may therefore safely conclude that
the observed coherence and synchronization peaks in the
cumulant density function reflect a common central drive



to the tibialis anterior motoneurons in the spinal cord
[47-49]. The narrow central peak in the cumulant density
function and the coherence dominantly in the alpha and beta
bands are similar to what has been observed in numerous
studies during static contraction in healthy adults previously
[31, 47, 49]. There are strong arguments supporting the
notion that the narrow central synchronization reflects input
to the motoneurons from collaterals of common last order
neurons [31, 47, 49], and there is also strong evidence to sug-
gest that the coherence in the beta band reflects activity in
corticospinal neurons and that the central drive responsible
for these two phenomena therefore originates in the motor
cortex and may possibly be explained by activity in the direct
monosynaptic corticospinal pathway to the spinal motoneu-
rons [31, 47, 49]. If so, our findings would be consistent with
impaired transmission in the corticomotoneuronal pathway
in adults with CP, since both coherence and the central
short-term synchronization peak in the cumulant density
function were reduced in this group. Similar findings with
similar interpretation have been reported previously for chil-
dren with CP [3, 7] and for adults with spinal cord injury
[45], stroke [23, 25], and multiple sclerosis [50], but we
believe that our findings are the first to demonstrate this for
adults with CP. Although the coherence measurements were
performed during static contraction rather at the onset of
dorsiflexion where reciprocal inhibition was evaluated, the
two measures were correlated, and it makes sense from a
physiological perspective that the reduced common drive to
the dorsiflexors and the impaired reciprocal inhibition at
the onset of dorsiflexion are related. The corticomotoneuro-
nal pathway has been shown to be important for the initia-
tion of fast, ballistic movements such as the dorsiflexion we
used when testing reciprocal inhibition [51-53]. Corticomo-
toneuronal cells have also been shown to have collaterals to
the Ia inhibitory interneurons responsible for reciprocal inhi-
bition [54-56]. It is therefore, in our opinion, very likely that
the reduced coherence between tibialis anterior motor units
during static dorsiflexion and the reduced reciprocal inhibi-
tion at the onset of dorsiflexion are both linked to impaired
transmission in the corticomotoneuronal pathway in the
adults with CP.

Petersen et al. [3] found that coherence between tibialis
anterior motor units during both static dorsiflexion and gait
reached adult levels when children are 10-12 years old in
parallel with reduced step-to-step variability of gait and
suggested that this was related to the development of the
corticospinal tract. In children with CP, this development
of coherence was not observed and Petersen et al. [7] there-
fore suggested that the development of corticospinal drive
was impaired. We may now extend these findings to
conclude that adults with CP continue to show impaired
corticospinal drive to the dorsiflexors and that this also
impacts the coordination of antagonistic muscles. It follows
that the intervening years of motor practice have not been
sufficient to change this.

In children younger than 10 years, 4 weeks of daily tread-
mill training may increase coherence between tibialis ante-
rior motor units in parallel with improved ability to lift the
toes and make ground contact with the heel during gait
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[57]. This suggests that transmission in the corticospinal
pathway is sufficiently plastic in this age group to induce
important functional improvements through relatively
short-lasting training. However, Willerslev-Olsen et al. [57]
also found that such improvements were not found in chil-
dren older than 10 years and it may therefore be anticipated
that this is also the case in adults, although we have at present
no knowledge about this. This may be put into the context of
current ideas in computational neuroscience, which suggests
that motor abilities are the result of a continuous updating of
a predictive model that monitors the discrepancy between
predicted and actual sensory consequences of movement
[58-60]. With 10-12 years of gait experience, a relatively pre-
cise predictive model is likely to have been developed and it
may therefore be more difficult to alter and require more
training than earlier in life. This is consistent with the find-
ings showing that an adult-like gait pattern with little vari-
ability (and little cocontraction) is attained around 10-12
years of age [1-4]. It is of interest in this relation that imped-
ance control (i.e, cocontraction of antagonists) and slow
movements (i.e., low RFD) have been found to be an optimal
control strategy under dynamic conditions that are difficult
to predict [61-63]. The characteristics of gait and other
movements in adults with CP thus may reflect the most opti-
mal strategy that their nervous system could find under the
restrictions imposed by weak muscles and noisy and rela-
tively unpredictable sensory feedback signals. It follows from
this that efficient interventions in this group will have to
involve “de-learning” of the unwanted movement pattern
(cocontraction). This may be followed by learning of a more
adequate movement pattern once the prerequisites for this
have been established by strengthening muscles, reducing
noise in the motor and sensory systems and facilitating rele-
vant sensory signals.

5. Conclusion

We have shown in this study that the central common drive
to ankle dorsiflexors and functional reciprocal inhibition of
ankle plantar flexors are impaired in adults with CP. This
likely reflects the most optimal control strategy under the
constraints imposed by an early brain lesion. We suggest
that the development of efficient functional interventions
in adults with CP will have to take into account that all
movements—including “abnormal” movements—may have
to be seen as the result of a long learning process involving
predictive coding of the sensory consequences of movement.
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Brain lesion characteristics (timing, location, and extent) and the type of corticospinal tract (CST) wiring have been proposed as
determinants of upper limb (UL) motor function in unilateral cerebral palsy (uCP), yet an investigation of the relative combined
impact of these factors on both motor and sensory functions is still lacking. Here, we first investigated whether structural brain
lesion characteristics could predict the underlying CST wiring and we explored the role of CST wiring and brain lesion
characteristics to predict UL motor and sensory functions in uCP. Fifty-two participants with uCP (mean age (SD): 11y and 3 m
(3y and 10m)) underwent a single-pulse Transcranial Magnetic Stimulation session to determine CST wiring between the
motor cortex and the more affected hand (n = 17 contralateral, n = 19 ipsilateral, and # = 16 bilateral) and an MRI to determine
lesion timing (n =34 periventricular (PV) lesion, n =18 corticosubcortical (CSC) lesion), location, and extent. Lesion location
and extent were evaluated with a semiquantitative scale. A standardized protocol included UL motor (grip strength, unimanual
capacity, and bimanual performance) and sensory measures. A combination of lesion locations (damage to the PLIC and frontal
lobe) significantly contributed to differentiate between the CST wiring groups, reclassifying the participants in their original
group with 57% of accuracy. Motor and sensory functions were influenced by each of the investigated neurological factors.
However, multiple regression analyses showed that motor function was predicted by the CST wiring (more preserved in
individuals with contralateral CST (p < 0.01)), lesion extent, and damage to the basal ganglia and thalamus. Sensory function
was predicted by the combination of a large and later lesion and an ipsilateral or bilateral CST wiring, which led to increased
sensory deficits (p < 0.05). These novel insights contribute to a better understanding of the underlying pathophysiology of UL
function and may be useful to delineate individualized treatment strategies.

1. Introduction

Upper limb (UL) function is commonly impaired in individ-
uals with unilateral cerebral palsy (uCP), negatively impact-
ing on daily life activities [1]. The large variability in the
clinical presentation of UL function, but also in treatment
response, has resulted in increasing interest in understanding
the underlying neural mechanisms that determine UL

function and its contribution to further optimize therapy
planning for the individual with uCP. A number of neurolog-
ical factors have been put forward as potential predictors of
UL function, i.e., the structural brain lesion characteristics
(i.e., lesion timing, location, and extent), and the type of
corticospinal tract (CST) wiring [2-6].

The timing of the lesion during gestation is closely related
to the type of the damaged tissue and can be classified into
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three categories: malformations (1° and 2™ trimesters of
pregnancy), periventricular lesion (PV, early 3™ trimester),
and corticosubcortical lesions (CSC, late 3" trimester and
around birth) [7]. Previous studies investigating the impact
of lesion timing on UL function have shown that individuals
with a later lesion (i.e., CSC lesions) present with poorer UL
motor and sensory functions [2, 3, 5]. Besides lesion timing,
lesion location and extent have shown to play an important
role in determining UL function, whereby damage to the
posterior limb of the internal capsule (PLIC) and the basal
ganglia, and a larger lesion extent is related to worse UL
motor and sensory functions [2, 3]. However, there is still
large variability in UL function that remains unexplained
based on these factors.

The unilateral brain damage in individuals with uCP can
also result in a partial or complete reorganization of the CST
toward the nonlesioned hemisphere [8]. This reorganization
of the CST wiring is unique in uCP and refers to the efferent
motor input to the affected hand. Researchers have identified
three types of CST wiring, i.e., contralateral (CST_,,,, the
affected hand receives input from the crossed CST, originat-
ing in the lesioned hemisphere), ipsilateral (CST,,;, the
affected hand receives input from the uncrossed CST, orig-
inating in the nonlesioned hemisphere), and bilateral
(CST} ;100 the affected hand receives input from both the
crossed and uncrossed CSTs, originating in the lesioned
and nonlesioned hemispheres, respectively) [8, 9]. It has
been suggested that the type of CST wiring is the main fac-
tor influencing UL function, whereby individuals with
CST o ira Present with more preserved UL function com-
pared to the other groups [6, 10-13]. Nevertheless, assessing
the underlying CST wiring with Transcranial Magnetic
Stimulation (TMS) in young children might become chal-
lenging. Therefore, the identification of either behavioural
or brain lesion features that relate to the underlying CST
wiring could be useful to define tailor-made interventions
in a clinical setting.

Whilst the role of lesion timing, location, and extent
has been well investigated [2, 3, 14], only a few studies
examined the impact of the CST wiring on UL function
and they often have several limitations (i.e., small sample
sizes, ordinal scoring of impairments, and limited to motor
deficits) [5, 10, 15]. Moreover, studies thus far focused on
each factor independently, whereas only one study
described the impact of the CST wiring and lesion timing
on UL function in uCP [10], and only one study reports
the impact of CST wiring and lesion extent in children with
PV lesions [4]. Although the authors suggested the rele-
vance of both lesion timing and type of CST wiring in pre-
dicting UL function, the small sample size, the lack of a
standardized evaluation of motor function, and the merely
descriptive nature of the study hampered the possibility of
drawing strong conclusions.Furthermore, it has been shown
that an intact sensory function is essential to develop an
adequate motor function in other neurological disorders
(such as adult stroke) [16, 17]. Also in individuals with
uCP, sensory and motor functions are highly related [1],
although the impact of the CST wiring on this relationship
remains unknown.
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In this study, we investigated the impact of CST wiring
and structural brain lesion characteristics on UL motor and
sensory functions in a large group of individuals with uCP,
using a systematic and comprehensive evaluation. Our first
hypothesis is that the type of the CST wiring pattern in uni-
lateral CP can be predicted based on a linear combination
of measures of lesion timing, location, and extent. Second,
we hypothesize that the combination of these predictors
together with the CST wiring has a stronger predicting value
for UL motor and sensory functions than any of these factors
alone. Last, we speculate that the relation between motor and
sensory functions is disrupted by the type of CST wiring.

2. Materials and Methods

2.1. Participants. Children and adolescents with uCP aged
between 5 and 21 years old were recruited via the CP refer-
ence center of the University Hospitals Leuven between
2014 and 2017. They were excluded if they (1) received UL
botulinum toxin injections six months prior to the assess-
ment, (2) had UL surgery two years prior to the assessment,
and/or (3) had other neurological or genetic disorders. All
individuals assented to participate; all parents signed the
informed consent (participants younger than 18 years old),
and participants older than 12 years also signed the informed
consent, in accordance with the Declaration of Helsinki. This
study was approved by the Medical Ethical Committee of the
University Hospital Leuven (S55555 and S56513).
Participants with contraindications for the MRI (e.g.,
metal implants) or the Transcranial Magnetic Stimulation
(TMS; ventricular-peritoneal (VP) shunt, seizure two years
prior to the study) did not undergo the respective assessment.
All TMS measurements were conducted by two experienced
physiotherapists (CSM and EJ), and UL function was evalu-
ated by four experienced physiotherapists (LM, CSM, JH,
and EJ) at the Clinical Motion Analysis Laboratory of the
University Hospitals Leuven (campus Pellenberg, Belgium).

2.2. Upper Limb Evaluation

2.2.1. Motor Function. Grip strength, unimanual capacity,
and bimanual performance composed the motor evaluation.
Maximum grip strength was assessed using the Jamar®
hydraulic hand dynamometer (Sammons Preston, Rolyan,
Bolingbrook, IL, USA). The less-affected hand was measured
first, and the mean of three maximum contractions was
calculated per hand. The ratio between hands was used for
further analyses to cancel out the effect of age (grip strength
ratio=grip strength less—affected hand/grip strength
affected hand, whereby a lower score (closer to 1) indicates
a grip strength in the affected hand similar to that of the
less-affected hand). Unimanual capacity was assessed with
the Jebsen-Taylor hand function test (JTHFT). The JTHFT
reliably measures movement speed during six unimanual
tasks [18, 19]. Similar to other studies, we used a modified
version for children and adolescents with uCP in which the
writing task was removed and the time to carry out each task
was reduced from 3 to 2 minutes to avoid frustration [19, 20].
The time to perform every task was summed up, and the ratio
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between hands was used for further analyses to cancel out
the effect of age (JTHFT ratio=JTHFT affected hand/JTHFT
less-affected hand, whereby a lower score (closer to 1) indi-
cates movement speed in the affected hand similar to that
of the less-affected hand). Bimanual performance was evalu-
ated with the Assisting Hand Assessment (AHA), which
assesses how effectively the affected hand is used in biman-
ual activities [21-23]. The spontaneous use is evaluated
during a semistructured play session with standardized toys
requiring bimanual handling. Given the age range of the
participants of this study, the School Kids AHA and the
Ad-AHA were administered [22, 24]. The AHA was scored
by certified raters (LM and CSM), using the 5.0 version which
includes 20 items that are scored from 0 (“does not do”) to 4
(“effective use”), resulting in a final score between 0 and 100
AHA units.

2.2.2. Sensory Function. Sensory assessments comprised
measures of exteroception (tactile sense), proprioception
(movement sense), two-point discrimination (2PD, Aesthesi-
ometer®), and stereognosis (tactile object identification),
which have been shown to be reliable in this population
[25]. Tactile and movement senses were classified as normal
(score 2), impaired (score 1), or absent (score 0). 2PD was
classified according to the width between the two points that
the participants could discriminate: normal (0-4 mm, score 2)
or impaired (>4 mm, score 1) [26]. Tactile object identifica-
tion was used as the number of objects that the children
could recognize (0-6). In addition, a kit of 20 nylon mono-
filaments (0.04g-300g) (Jamar Monofilaments, Sammons
Preston, Rolyan, Bolingbrook, IL, USA) was used to reliably
determine threshold values for touch sensation [27, 28].
Touch sensation was categorized as normal (0.008-0.07 g),
diminished light touch (0.16-0.4g), diminished protective
sensation (0.6-2 g), loss of protective sensation (4.19-180g),
and untestable (300 g), according to the manual (Jamar Mono-
filaments, Sammons Preston, Rolyan, Bolingbrook, IL, USA).

2.3. Structural MRI. Structural images were acquired
using three-dimensional fluid-attenuated inversion recovery
(3D FLAIR) (321 slices, slice thickness=1.2mm, slice
gap = 0.6 mm, repetition time =4800 ms, echo time =353 ms,
field of view (FOV)=250x250mm? 1.1x1.1x0.56 mm’
voxel size, acquisition time = 5 minutes). In addition, magne-
tization prepared rapid gradient echo (MPRAGE) was
acquired (182 slices, slice thickness=1.2mm, slice
gap =0mm, TR =9.7 ms, TE = 4.6 ms, FOV =250 x 250 mm?,
voxel size=0.98x0.98x 1.2, acquisition time =6 minutes).
The structural MRI was used to provide a detailed descrip-
tion of the lesion location and extent and to classify the
timing of the lesion, which was conducted by a paediatric
neurologist (EO).

Timing of the brain lesion was classified according to the
predominant pattern of damage as described by Krigeloh-
Mann and Horber [7]: malformations (1% and 2°¢ trimesters
of pregnancy), periventricular lesion (PV, early 3" trimester),
corticosubcortical lesions (CSC, late 3" trimester and term),
or acquired brain lesions (between 28 days and two
years postnatally).

Lesion location and extent were determined using a semi-
quantitative scale recently developed by Fiori et al. [29]. The
scale consists of a graphical template with six axial slices
of the brain and an extra template for the basal ganglia
(lenticular and caudate), thalamus, posterior limb of the
internal capsule (PLIC), brainstem, corpus callosum, and
cerebellum. Firstly, the slices corresponding to the template
slices are to be found and the lesion is drawn onto the tem-
plate. Next, the damage to the periventricular, middle, and
corticosubcortical layers of each lobe is scored for both hemi-
spheres separately. The sum of the damage to each lobe
results in the lobar score, ranging from 0 to 3 for each lobe.
Damage to the basal ganglia (lenticular and caudate), thala-
mus, PLIC, and brainstem directly is binarily scored from
the MRI (affected or nonaffected). Damage to the corpus
callosum is scored from 0 to 3, based on the involvement of
the anterior, middle, and posterior thirds of the corpus
callosum on a sagittal view. Last, the involvement of the cer-
ebellum is based on damage to the vermis (0-1) and each of
the hemispheres (0-2), resulting in a total score ranging from
0 to 3. A total ipsilesional score is calculated based on the
damage to the lobes (0-3 for each lobe, i.e., total of 0-12)
and damage to the subcortical structures (0-5; ranging from
0 to 17). More detailed information about the scale and its
scoring procedure can be found in the respective study
[29]. This semiquantitative scale has been shown valid and
reliable in children with uCP [29, 30].

In the present study, lesion location was indicated by the
damage to the frontal and parietal lobes (0-4), damage to the
basal ganglia and thalamus (0-3), and damage to the PLIC
(0-1). These locations were chosen based on their relation
to the sensorimotor system [31]. Lesion extent was indicated
by the total ipsilesional score (0-17).

2.4. Transcranial Magnetic Stimulation. Single-pulse TMS
was conducted to assess CST wiring. TMS was applied using
a Magstim 200 stimulator (Magstim Ltd., Whitland, Wales,
UK) equipped with a focal 70 mm figure-eight coil and a
Bagnoli electromyography (EMG) system with two single dif-
ferential surface electrodes (Delsys Inc., Natick, MA, USA). A
Micro1401-3 acquisition unit and Spike software version 4.11
(Cambridge Electronic Design Limited, Cambridge, UK)
were used to synchronize the TMS stimuli and the EMG data
acquisition. Motor evoked potentials (MEPs) were bilaterally
recorded from the muscles opponens pollicis brevis. During
the TMS assessment, participants wore a cap that allows cre-
ating a grip with a coordinate system to identify the optimal
point to stimulate (hotspot) in a standardized and systematic
way. The hotspot and the resting motor threshold (RMT,
defined as the minimum intensity required to obtain 5/10
MEP of at least 504V in the corresponding muscle) were
identified by starting the stimulation intensity at 30% with
an incremental increase of 5% [4]. For each hemisphere,
stimulation started from the assumed “motor hotspot,”
which is located 5 cm lateral and 1 cm anterior from the scalp
middle point (Cz), at 30%. After approximately 2-3 pulses,
the stimulation intensity was increased 5% for another 2-3
pulses, until MEPs were found. If no MEP can be elicited after
increasing up to 60 to 80%, the coil would be moved to a



different location on the scalp grid and the procedure would
be repeated until an MEP was elicited. Stimulation up to
100% of the maximum stimulator output was continued until
an MEP was elicited. The nonlesioned hemisphere was
always stimulated first and allowed to identify contralateral
CST projections to the less-affected hand. Stimulation in
the nonlesioned hemisphere was continued up to 100% of
the maximum stimulator output to search for possible ipsilat-
eral CST projections to the affected hand. Next, the lesioned
hemisphere was stimulated to identify possible contralateral
CST projections to the affected hand. If only contralateral
MEPs from each hemisphere were found, the child was cate-
gorized as having a CST__,,, wiring. If MEPs in the affected
hand were evoked from both hemispheres, the child was
categorized as having a CST);., wiring. Lastly, if MEPs in
the impaired hand were only evoked when stimulating the
nonaffected hemisphere, the child was categorized as having
a CST;,; wiring. TMS measures have been shown to be reli-
able in adults [32, 33] and in children [34]. In this study,
the TMS assessment was used for diagnostic purposes. In
cases when high intensities were not tolerated, the stimula-
tion intensity was increased up to at least 80% of the maxi-
mum stimulator output and children were asked to hold a
pen to ensure precontraction of the evaluated muscle and
thereby facilitate the CST and MEP detection. This allowed
us to rule out the possibility of miscategorizing the child
regarding their CST wiring pattern.

2.5. Statistical Analyses. First, descriptive statistics were used
to document the distribution of brain lesion characteristics
according to the CST wiring. Next, we investigated the differ-
ences in occurrence of lesion timing, location, and extent
between the CST wiring groups by using analysis of contin-
gency tables (chi-square and Fisher’s exact tests), Kruskal-
Wallis test (ordinal data), and ANOVA (lesion extent). Lastly,
we used discriminant analysis to explore whether the type of
CST wiring would differ depending on the linear combination
of lesion timing, location, and extent, in a multivariate way.
Cross-validation procedure was included to investigate the
accuracy of the model in reclassifying the participants in the
original CST wiring groups. Variables related to lesion timing,
lesion location (damage to the frontal lobe, parietal lobe,
PLIC, basal ganglia, and thalamus), and extent (ipsilesional
extent of the lesion) were included in the model, which was
fitted using the stepwise selection method.

To investigate the impact of the type of CST wiring and
brain lesion characteristics on UL function, we first used
linear simple regression and then multiple regression analysis
to investigate the combined impact of these factors on UL
motor and sensory functions. For the continuous variables
related to motor function, normality was first verified by
inspecting the histograms and with the Shapiro-Wilk test,
showing a normal distribution only for the AHA. For the
JTHFT ratio and the grip strength ratio, a logarithmic trans-
formation was applied (y' =log 10 (y)). To investigate the
impact of the type of CST wiring and brain lesion charac-
teristics on UL motor function, we computed a multiple
regression analysis. Similarly, for UL sensory function, we
conducted a simple ordinal logistic regression for stereognosis
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and thresholds for touch sensation and a simple logistic
regression for 2PD to investigate the impact of each individual
neurological factor on the sensory function. Next, we per-
formed multiple regression analyses (ordinal and logistic) to
investigate the combined impact of the neurological predic-
tors on the sensory deficits. The predictors included in the
multiple regression model were the type of CST wiring, lesion
timing, location (damage to the frontal lobe, parietal lobe,
PLIC, basal ganglia, and thalamus), and ipsilesional extent
of the lesion. To predict both motor and sensory functions,
interaction terms were built between the CST wiring and (i)
lesion timing and (ii) lesion extent and included in the model.
The multiple regression models were fitted with the backward
elimination method until a set of variables significantly
contributing to the model was identified.

Lastly, to investigate the relation between sensory and
motor functions for the whole group and within CST wiring
groups, Spearman rank correlation coefficients were used
between each of the motor function variables and deficits
in stereognosis. Correlation coefficients were considered
as little or no correlation (<0.30), low (0.30-0.50), moder-
ate (0.50-0.70), high (0.70-0.90), and very high correlation
(>0.90) [35].

In addition, effects sizes were calculated for the compari-
sons and interpreted according to Cohen, depending on the
computed test: #° (partial eta squared) for the prediction
models (small 0.01, medium 0.06, and large 0.14) [36, 37].
Statistical significance was set at « <0.05 for main tests with
Bonferroni correction for post hoc tests. All statistical analy-
ses were computed with SPSS Statistics for Windows version
24.0 (IBM Corp., Armonk, NY).

3. Results

3.1. Participants. Seventy-five children and adolescents with
uCP participated in this study (mean age (SD): 11y and
Im (3y and 6m); 33 girls; 39 left uCP). According to the
Manual Ability Classification System (MACS), 25 individuals
were classified as MACS I, 25 as MACS II, and 25 as MACS
III. Sixteen participants did not have CST wiring data
(n=1 panic attack, n = 2 hemispherectomy, n =3 VP shunt,
n =2 epilepsy, n =1 tumor, n = 4 refusals to participate, and
n =3 inconclusive TMS results), resulting in a total of 59
participants. The TMS assessment identified 20 individuals
with CST,,> 18 with CSTyy,,, and 21 with CST,;. For
the analyses in this study, participants with malformations
(n=1), acquired lesions (n =4), or no visible lesions (n =2)
were excluded due to the very small sample size of these sub-
groups, resulting in a total group of 52 participants (mean age
(SD): 11y and 4m (3y and 10 m); 22 girls; 28 left uCP) with
available CST wiring (n = 17 contralateral, n = 19 ipsilateral,
and 7 = 16 bilateral) and data related to the timing, location,
and extent of the lesion. A summary of the lesion locations
and extent according to the lesion timing is provided in
Supplementary Materials (Table 1). Thirty-four individuals
had a PV lesion, and 18 had a CSC lesion. Clinical motor
and sensory data was missing in one participant (boy, 19y
and 7m, PV lesion, and CST wiring), and sensory data

contra
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TasLE 1: Contingency table (count and percentage, descriptive statistics) of the occurrence of lesion timing, location, and extent according to

the CST wiring.
CST wiring value
Contralateral Bilateral Ipsilateral p
Timing
oy PV 15 (88.2%) 8 (50%) 11 (57.9%)
Lesion timing N (%) 0.04
CsC 2(11.8) 8 (50%) 8 (42.1%)
Location
. Not affected 8 (47%) 1 (6%) 0 (0%)
PLIC N (%) <0.001
Affected 9 (53%) 15 (94%) 19 (100%)
Basal ganglia and thalamus® Me (p25-p75) 0 (0-1) 1.50 (0-2.50) 1(1-2) 0.006™°
Frontal lobe® Me (p25-p75) 1(1-1) 1.50 (1-2.25) 1 (1-1.50) 0.004>P
Parietal lobe® Me (p25-p75) 2 (1-2) 2 (1.25-3) 2 (2-2.50) 0.09
Extent
Ipsilesional extent® X (SD) 5.18 (3.07) 8.38 (3.95) 9.05 (3.27) 0.004*®

CST: corticospinal tract; PV: periventricular; CSC: corticosubcortical; PLIC: posterior limb of the internal capsule. *Chi-square statistic. SFisher’s exact test.
“Kruskal-Wallis test. >ANOVA. *Contralateral vs. ipsilateral. "Contralateral vs. bilateral.

was evaluated in a subsample of participants (see Section
3.3.2 for more details).

3.2. CST Wiring and Brain Lesion Characteristics. Table 1
displays the distribution of lesion timing, location, and extent
variables according to the three CST wiring groups. Except
for the damage to the parietal lobe, all variables were signifi-
cantly different between the CST wiring groups (p < 0.05)
(Table 1).

In the discriminant analysis, we found that the combined
value of the damage to the PLIC and the damage to the
frontal lobe could significantly discriminate between the type
of CST wiring (Wilks’ A =0.611, chi-square test=23.88,
df =4, canonical correlation=0.602, p <0.001). The two
functions extracted accounted for nearly 57% of the variance
in the type of CST wiring. The standardized discriminant
function coefficients of the two extracted functions indicated
the contribution of each retained independent variable
(damage to the PLIC and damage to the frontal lobe) to each
function, showing how strongly the discriminant variables
affect the score. These coefficients can be then used for the
classification of a single individual (function 1=0.81 * dam-
age to the PLIC +0.50 * damage to the frontal lobe; function
2=-0.60 * damage to the PLIC+0.88 * damage to the
frontal lobe).

Cross-validated reclassification of cases based on the new
canonical variables was successful in 57.7% of the cases:
89.5% were correctly classified in the CST,,; group, 47.1%
in the CST ;. group, and only 31.3% in the CST;,, group
(Figure 1).

3.3. CST Wiring, Brain Lesion Characteristics, and
UL Function

3.3.1. Motor Function. Descriptive statistics of the motor func-
tion according to the type of CST wiring, lesion timing, loca-
tion, and extent are presented in Supplementary Materials
(Table 2). The simple linear regression analyses to predict
motor function based on a single neurological factor showed
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FIGUure 1: Territorial map showing the relative location of the
boundaries of each CST wiring category and the location of each
of the participants. The group centroids are indicated with a
black-filled square (CST,,, (~1.05, 0.01), CST;,; (0.48, —0.23),
and CST,,,, (0.54, 0.26)).

that every factor had an influence on motor function (grip
strength, p <0.04; JTHFT, p<0.004; AHA, p<0.01; see
Supplementary Materials Table 2 for detailed information).
When all the neurological factors were included in the
same model in a multiple regression analysis, the backward
elimination method identified the variables that were signifi-
cantly contributing to the model. Table 2 documents the esti-
mated marginal means, which represent the mean response
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TaBLE 2: Descriptive statistics of the observed and estimated marginal means of upper limb motor function according to the CST wiring
groups.

Estimated marginal means and SD

CST oira (1 =16) CSTyg; (n=19) CST ;10 (1 =16)
Grip strength ratio (log)* 0.14 (0.13) 0.55 (0.20) 0.46 (0.24)
JTHFT ratio (log)® 0.30 (0.24) 0.67 (0.23) 0.64 (0.22)
AHA (0-100)° 79.66 (10.28) 58.70 (9.81) 61.58 (9.67)

CST: corticospinal tract; JTHFT: Jebsen-Taylor hand function test; AHA: Assisting Hand Assessment; SD: standard deviation. “The values coincide with the
observed values, as there is no significant covariate in the model. "Adjustments based on ipsilesional lesion extent mean = 7.67. Adjustments based on
ipsilesional lesion extent mean =7.67 and damage to the basal ganglia and thalamus mean = 1.12.

Grip strength ratio JTHFT ratio AHA
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F1GURE 2: Upper limb motor function differs in individuals with CST .., Wiring compared to those with CST,, or CST;,; wiring. Estimated
marginal means and 95% CI per CST wiring type and lesion timing group for (a) grip strength (log ratio, i.e., closer to zero indicates preserved
grip strength), (b) JTHFT (log ratio, i.e., closer to zero indicates preserved manual dexterity, measured by speed), and (c) AHA. AHA:
Assisting Hand Assessment; JTHFT: Jebsen-Taylor hand function test; CST: corticospinal tract. “*p < 0.01; **p < 0.001. Estimated marginal
means are adjusted according to the significant covariates (see Table 2 for details).

in each CST wiring group adjusted by the covariates that The simple linear analyses to predict sensory function
significantly contribute to the model. The multiple regres-  based on a single neurological predictor indicated that every
sion model to predict grip strength deficits only retained  predictor impacted on stereognosis (p < 0.032). In contrast,
the type of CST wiring, explaining 46% of the variance ~ 2PD was influenced by all neurological predictors (p < 0.04)
(F(2, 51)=20.90; p<0.001; r]Z =0.47). For the JTHFT, except the damage to the PLIC (p < 0.17) and touch sensa-
54% of the variance was explained by the type of CST  tion could be significantly predicted by all factors (p < 0.01)
wiring (F(2, 51)=12.20; p<0.0001; #° =0.34, R> =46%)  except damage to the PLIC (p = 0.99) and type of CST wiring
and the total extent of the lesion (F(1, 51)=8.05; p=0.007; (p=0.42).
#* =0.15, AR* =8%). For bimanual performance (AHA), When all the neurological factors were included in the
the regression model explained 61% of the variance, with ~ same model in a multiple regression analysis, the backward
the type of CST wiring (F(2, 51)=19.03; p<0.0001;  elimination method identified predictors that were signifi-
W’ =045 AR* =52%), the total extent of the lesion  cantly contributing to the model. For stereognosis, the
(F(1, 51)=10.65; p <0.001; 112 =0.19, AR*> =5%), and the retained main effects were the CST wiring (Wald chi-square
damage to the basal ganglia and thalamus (F(1, 51)=4.90;  test (2)=9.09, p =0.011), lesion timing (Wald chi-square test
p=0.03; r]2 =0.10, AR? =4%) significantly contributing to (1)=4.34, p=0.04), and ipsilesional extent of the lesion
the model (Figure 2). No interaction effects were identified ~ (Wald chi-square test (1)=7.15, p=0.008) (Table 3(a)).
for any of the motor outcome variables. These results show that the odds of having better stereognosis
function were 5.56 times higher in the group with PV lesions
than in the CSC group (p = 0.04). Similarly, individuals with
3.3.2. Sensory Function. Descriptive information of sensory ~ a CST_ . wiring show 10.23 and 9.7 times higher probabil-
function according to each neurological factor is summarized ity of having better scores in the stereognosis test compared
in Table 3 of Supplementary Materials. Sensory function data  to those with a CST, ; or CST,, wiring, respectively
(tactile sense, movement sense, stereognosis, and 2PD) and (p=0.02), whilst there was no difference between the last
thresholds for touch sensation, as assessed with the monofil-  two (p = 0.34). Lastly, the odds of having higher stereognosis
aments, were available in 46 and 35 individuals, respectively.  scores decrease by 0.74 for every unit change in the ipsile-
Due to the lack of variation in the tactile sense and movement sional extent of the lesion (p=0.01). No interactions were
sense modalities, the predictive model was only applied tothe ~ found between the CST wiring and the brain lesion charac-
stereognosis, 2PD, and the thresholds for touch sensation. teristics to predict deficits in stereognosis (p > 0.05).
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TaBLE 3: Descriptive statistics of the sensory function ((a) stereognosis (number of correctly recognized objects), (b) two-point
discrimination, and (c) touch sensation) according to each of the variables significantly contributing to each prediction model.

(a)
Stereognosis (number of correctly guessed objects)
0 1 2 3 4 5 6
Lesion timing
PV N (%) 0 (0%) 0 (0%) 1 (25%) 0 (0%) 5 (71%) 6 (67%) 17 (44%)
CSC N (%) 5 (100%) 2 (100%) 3 (75%) 1 (100%) 2 (29%) 3 (33%) 1 (6%)
CST wiring
Contralateral N (%) 0 (0%) 0 (0%) 1 (25%) 0 (0%) 0 (0%) 1 (11%) 13 (72%)
Bilateral N (%) 4 (80%) 0 (0%) 2 (50%) 0 (0%) 3 (43%) 3 (33%) 3 (17%)
Ipsilateral N (%) 1 (20%) 2 (100%) 1 (25%) 1 (100%) 4 (57%) 5 (56%) 2 (11%)
Lesion extent
Ipsilesional Me (IQR) 13 (2.07) 13 (—) 10 (3.88) — 6 (3.50) 6 (5.25) 5.25 (3.75)
(b)
Two-point discrimination
Normal (<4 mm) Impaired (>5 mm)
Lesion timing
PV N (%) 26 (93%) 3 (17%)
CSC N (%) 2 (7%) 15 (83%)
Lesion extent
Ipsilesional Me (IQR) 5.25(3.88) 12 (5.25)

(©)

Threshold of touch sensation

Normal Diminished light touch Diminished protective sensation Loss of protective sensation Untestable

Lesion extent
Ipsilesional Me (IQR) 6 (4.50) —

10.50 (11.25) 13 (2.41) 12.50 (—)

PV: periventricular lesion; CSC: corticosubcortical lesion; CST: corticospinal tract; N: number of cases; Me: median; IQR: interquartile range.

The logistic multiple regression to predict 2PD showed
lesion timing (Wald chi-square test (1)=10.62, p=0.001)
and ipsilesional extent of the lesion (Wald chi-square test
(1)=3.75, p=0.05) to be significant contributors (p > 0.05)
(Table 3(b)). The odds of having an impaired 2PD are 31
times higher in the group with CSC lesions than in the PVL
group (p=0.001). Secondly, the odds of having impaired
2PD increase by 1.34 for every unit change in the ipsilesional
extent of the lesion (p=0.05). No interactions were found
between the CST wiring and the brain lesion characteristics
to predict deficits in 2PD (p > 0.05).

The ordinal logistic multiple regression for touch sensa-
tion, as measured by the monofilaments, indicated that only
the lesion extent significantly contributed to the deficits in
touch sensation (Wald chi-square test (1) =10.75, p =0.001)
(Table 3(c)). The odds of having better touch sensation
decrease by 0.66 for every unit change in the ipsilesional
extent of the lesion. No interactions were found between the
CST wiring and the brain lesion characteristics to predict
deficits in touch sensation (p > 0.05).

3.3.3. Impact of CST Wiring on the Relation between Motor
and Sensory Functions. The correlation analyses between

the motor and sensory functions for the whole group indi-
cated a moderate association between the stereognosis score
and grip strength ratio (r, =—0.60, p < 0.001), JTHFT ratio
(r, =—0.60, p < 0.001), and AHA (r, =0.61, p < 0.001).

After group division according to CST wiring, there was
no low correlation between motor function and stereognosis
in the CST,,,, and CST;; groups (r, (range) = -0.31-0.36,
p>0.05). Interestingly, in the CST;,. group, moderate
correlations were found with the JTHFT ratio (r, =-0.48,
p=0.07) and the AHA (r, =0.65, p <0.01), despite a low
correlation with grip strength ratio (r, =-0.31, p=0.2). An
illustration of the individual data points regarding these
results can be found in Figure 3.

4. Discussion

In this study, we explored the predictive value of brain lesion
characteristics on the type of CST wiring as well as the impact
of these factors on UL motor and sensory functions. A com-
prehensive and standardized evaluation of both motor (grip
strength, unimanual capacity, and bimanual performance)
and sensory functions was used to predict UL function in a
large cohort of individuals with uCP.
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FIGURE 3: The relation between motor and sensory functions seems to vary depending on the CST wiring. Individuals with a CST__ ., and
CST,,; wiring showed no low correlations, whereas those with CSTy,,, showed moderate correlations. Each dot represents an individual
child, with CST,, (blue), CSTyy,, (green), and CST;,; (orange). Correlations between stereognosis with grip strength ratio (ratio, i.e.,
closer to one indicates preserved grip strength), JTHFT ratio (ratio, ie., closer to one indicates preserved grip strength), and AHA.

Correlation coefficients correspond to the analysis for the whole group.

Our first research question examined the discriminant  that the type of CST wiring depended on the lesion extent.
ability of lesion timing, location, and extent to predict the = However, as they only included children with a PV lesion,
type of CST wiring. A simple linear analysis demonstrated  their results cannot be extended to all the uCP populations.
that lesion timing, location, and extent were significantly dif-  Further efforts should be made to underpin whether struc-
ferent between the CST wiring groups. Our results showed  tural damage of the brain lesion may serve as a biomarker
that a CST ., was only seen in 2 out of 18 children witha  of the underlying CST wiring.

CSC lesion, compared to 15 out of 34 children with a PV Next to the predictive model, we also investigated how
lesion. Current results suggest that damage to cortical  accurate the two functions derived from the discriminant
and/or subcortical structures (i.e., CSC lesion) reduces the  analysis would be to reclassify the individuals in their original
potential of the CST to develop according to its typical con-  categories. Despite the significant contribution of the PLIC
tralateral trajectory. We hypothesize that this is likely driven ~ and the frontal lobe to the discriminant model, the classifica-
by the reduced neural activity in the motor cortical areas after ~ tion accuracy only reached 57%, suggesting that timing, loca-
a CSC lesion, which are crucial for the development of the  tion, and extent of the lesion (as included in the model) do
CST during the postnatal period [38]. However, a contralat-  not provide sufficient accurate information to predict the
eral development of the CST is still possible in CSC lesions,  underlying type of CST wiring. Notwithstanding the validity
and it may occur differently depending on lesion location  and reliability of the semiquantitative scale that was used to
and extent. investigate lesion location and extent, we acknowledge that

Once all predictors were simultaneously entered in a  the semiquantitative character of the scale may have underes-
multiple linear analysis, we found that the combination of  timated the predictive value of the structural brain damage.
the damage to the PLIC and the frontal lobe significantly = Therefore, these results should be replicated in the future
discriminated between the CST wiring groups. Half of the = with volumetric measures of the different brain structures.
children in the CST_,,, group showed damage to the PLIC, = For example, the projections to the PLIC have been shown
in contrast to the 94% and 100% in the CSTy;,, and CST;,;  to be topographically organized with reduced microstruc-
groups who showed damage to this white matter bundle.  tural integrity in children with uCP [39] by using diffusion
Furthermore, the frontal lobe was also more damaged in  measures. Investigating the volumetric damage to the frontal
the CSTy;,, and CST,; groups, compared to the CST,,,,,  lobe and the microstructural integrity of the PLIC may
group. Although it is not unexpected that the PLIC and the =~ provide with further insights in determining the type of
frontal lobe are the two significant predictors in the model, ~ CST wiring in uCP.
due to their undoubtable relation with the motor cortex For our second research question, we investigated the
and the performance of actions, this is the first time that this ~ impact of CST wiring and brain lesion characteristics
interaction with the type of CST wiring is shown. Contrary to  (timing, location, and extent) on motor and sensory func-
the importance of the location, Staudt et al. [4] postulated  tions. Regarding motor outcome, simple linear regression
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analyses indicated that the CST wiring and all brain lesion
characteristics had an influence on the grip strength, manual
dexterity, and bimanual performance, which confirmed what
previous studies have shown [5, 6, 10]. However, in the multi-
ple linear regression analysis, we found that the underlying
CST wiring plays a major, but not unique, role in determining
UL motor function, as lesion location and extent also signifi-
cantly contributed to increasing the explained variance for
the JTHFT and AHA. Specifically, the type of CST wiring
explained 46% and 52% of the JTHFT and AHA variances,
respectively, which was increased up to 54% and 61% by
including lesion extent and damage to the basal ganglia and
thalamus into the model. In general, our results show that a
CST,; or CST,;,, leads to poorer UL motor function com-
pared to CST ... for all motor outcomes, even when control-
ling for the significant contribution of lesion extent and
location. The importance of the underlying CST wiring is an
expected result, as the CST is the main motor drive and its
damage causes vast disturbances on voluntary motor control,
drastically reducing motor capabilities [38]. Whilst lesion
timing, location, and extent have been put forward as a predic-
tor of UL function [2, 3] and were also confirmed in our linear
regression analysis, the huge variability in motor function
reported by previous studies seems to be mainly explained
by the underlying CST wiring. Staudt et al. [10] were the first
to report on the relation between CST reorganization poten-
tial at different gestational ages and UL motor function. These
authors also found that, along with the CST wiring, UL motor
function further worsened in later lesions (CSC lesions) [10].
Linear regression analysis also showed that later lesions led to
poor motor outcome, but multiple regression analysis
revealed that lesion location and extent were key factors, next
to the type of CST wiring. Although later lesions seem to be
associated to a larger extent [3], it seems that the lesion extent
itself plays a more important role in motor outcome, i.e., chil-
dren with a PV lesion with large extent will also present with
poorer hand function. Interestingly, the damage to the basal
ganglia and thalamus explained an extra 4% of the variability
in the AHA. In accordance with our results, previous studies
have reported the negative impact of these subcortical struc-
tures on UL motor outcome [2, 5].

It is important to note that we still found large variability
in the three motor outcome measures within both the
CST,,; and CST;,, groups, whereas the variability in the
CST ., ira group was rather small (Figure 2, see also Table 2
Supplementary Materials for observed means). In other
words, some individuals with a CST,; and CSTy;,, wiring
had good motor function, similar to those with a CST__ ..
wiring. This variability could not be completely explained
by the location and extent of the lesion, and other factors
may play a role. In the CST,; group, this large variability
may be explained by the amount of overlap of the hotspot
within the nonlesioned hemisphere to evoke MEPs in the
affected and less-affected hands. Vandermeeren et al. [40]
showed that dexterity indeed varies in individuals with ipsi-
lateral wiring depending on the location of the hotspot of the
CST innervating the affected hand and less-affected hand;
overlapping hotspots resulted in poorer dexterity, whereas
distinct nonoverlapping hotspots resulted in a preserved

dexterity. Conversely, in the CST\;.. group, the large variabil-
ity may be explained by a predominant contralateral or ipsi-
lateral projection that controls the affected hand, as Jaspers
et al. [9] proposed in their theoretical framework. Altogether,
this seems to point toward a distinct underlying pathophysiol-
ogy of the UL motor impairments in these two CST groups
(CSTy,g; or CSTyy,,), suggesting that individuals with either a
CSTyc Or CST,; pattern should be treated as two separate
groups for future research. To further unravel the underlying
mechanisms of the pathophysiology of motor control and
motor capabilities in uCP, additional functional measures
should be included such as excitatory and inhibitory intracor-
tical circuits based on TMS (e.g., cortical silent period or
paired-pulse paradigms) [15, 41] or functional connectivity
of the sensorimotor network based on resting-state functional
MRI [42, 43].

We also investigated the impact of the CST wiring and
brain lesion characteristics on sensory function, based on
the fact that CST projections also extend from the primary
sensory cortex and mediate several sensory functions at the
level of the spinal cord (control of nociceptive, somatosen-
sory, and somatic motor functions) [44, 45]. Although our
simple linear regression analyses suggested that all neurolog-
ical factors individually played a role in determining sensory
function, the multiple prediction model showed that a larger
lesion extent, a later lesion (i.e., CSC lesion), and a CST;; or
CST,;.¢ led to higher chances of developing sensory deficits.
Our results are in agreement with a recent study by Gupta
et al. [6], who showed that more than 80% of the children
with larger extent and later lesions (CSC) had disrupted
somatosensory anatomy and physiology (lack of ascending
sensory tracts and lack of somatosensory evoked potentials),
consequently leading to a loss of sensory function [6]. If the
sensory tracts are present, there is evidence suggesting that
their main compensatory mechanism is an intrahemispheric
reorganization, i.e., the sensory system reaches the original
cortical destination on the postcentral gyrus, regardless of
lesion timing (PV or CSC lesion) or CST wiring [11, 46, 47].
Current study results suggest that lesion extent best predicts
the sensory deficits in individuals with uCP, although lesion
timing and CST wiring also play an important role. Future
research focusing on the pathophysiology of the sensory sys-
tem based on noninvasive neurophysiological techniques
(e.g., short-latency afferent inhibition [48] or sensory evoked
potentials [11]), as well as functional connectivity measures,
may contribute to increase our understanding of the underly-
ing sensory pathways in uCP.

Lastly, we investigated whether the relationship between
motor and sensory functions was disrupted by the type of
CST wiring. We first confirmed previous study results indi-
cating a significant relation between the motor and sensory
outcomes in the total group [1, 25]. However, this association
was disrupted by the type of CST wiring, whereby no little
association was shown in the CST,  and CST_, ., groups,
but a moderate association was found for the CST},, group.
In the CST . group, the lack of a significant (or high) cor-
relation seems to be due to the fact that these participants
show both adequate motor and sensory functions, with little
variation in the sensory scale, due to its ordinal nature. This
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scale used to evaluate sensory function may not be sensitive
enough to detect subtle sensory deficits, leading to a possible
ceiling effect in the CST_,,,, group. By measuring with more
quantitative techniques and devices, e.g., KINARM End-
Point Lab (BKIN Technologies) [49], we may be able to dis-
cern the potential sensory problems that these individuals
may present with. Secondly, the sensorimotor dissociation
found in the CST,; group may be explained at two different
levels of the central nervous system. At the level of the spinal
cord, the descending CST fibres entering the dorsal horn play
an important role in presynaptic inhibition of primary
sensory afferent fibres [45, 50], ensuring smooth execution
of a movement. A CST,_; wiring may have consequences in
the presynaptic inhibition at the level of the spinal cord and
could, consequently, affect the relation between motor and
sensory functions. On the other hand, at the level of the
brain, the intrahemispheric communication between M1
and S1 has been shown to be very relevant for adequate
processing of sensorimotor information [51-53]. As such,
the lack of intrahemispheric corticocortical connections
may affect the processing of sensory information, having a
negative impact on the motor command. On the contrary,
the CST\,.. group seems to preserve the relation between
motor and sensory functions, as shown by the stereognosis
modality. This may be potentially explained by the predom-
inant behaviour that those with a CSTy;,, wiring hypotheti-
cally show [9]. A relation between adequate sensory and
adequate motor functions, as seen in the CST_, ., group,
may indicate a more “contralateral” behaviour, whilst a
disparate relation may be indicative of rather an “ipsilateral”
behaviour. However, this needs further confirmation with
neurophysiological tools. Although current data do not allow
drawing strong conclusions regarding sensorimotor integra-
tion, our results highlight the importance of investigating
these aspects in the future to better understand the mecha-
nisms of sensorimotor information processing in uCP. By
using more advanced techniques to unravel the coupling
between the sensory and motor systems, we will be able to
determine the impact of such dissociation on motor control
and motor performance. For instance, short-latency afferent
inhibition has been put forward as a valuable indicator of
the process of bilateral sensorimotor integration [48] and
may potentially aid in measuring the reorganization of
sensorimotor pathways in uCP.

There might be some important clinical implications
based on the results of this study. A better understanding of
the underlying mechanisms of motor and sensory impair-
ments will surely contribute to developing new treatment
approaches, specifically targeting the individual pathophys-
iological deficits. First, the type of CST wiring has been
investigated as a potential biomarker of treatment response.
Although motor improvement does not seem to be CST-
type dependent after bimanual training [12, 54], there are
conflicting results regarding unimanual training [55-57].
Furthermore, our results highlight the importance of consid-
ering the sensory system together with the available motor
execution paradigms during UL training. Preliminary results
of recent studies have shown the effectiveness of bimanual
and sensory training on both motor and sensory functions
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in uCP [58, 59]. To further support interventions targeting
sensory deficits, there is evidence in healthy adults suggest-
ing that sensory input can modulate the excitability in both
motor cortices simultaneously, as well as the communication
between hemispheres [60]. In this line, it seems relevant to
combine bimanual and sensory training to enhance the
excitability of both motor cortices, which may increase
intra- and interhemispheric connections between the sensory
and motor systems, potentially resulting in long-lasting
neuroplastic changes.

Next to the training approaches, it is also important to
identify clinically feasible measures to infer the CST wiring
and the sensory system. As these assessments are not always
pleasant in young children nor practical in a clinical setting,
there is a necessity to find tools that are more applicable to
daily practice than neurophysiological techniques. To probe
the motor system, mirror movements have been put forward
as a valid clinical assessment tool that may reflect the under-
lying individual CST wiring [9, 61]. On the other hand, it
seems very challenging to develop an accessible and simple
tool to clinically probe the sensory system in uCP. Further
research in this field is required to develop quantitative and
valid measures of sensory function (e.g., perceptual threshold
of touch with electrical stimulation [62] or robotic measures
of proprioception [49, 63]) and to link these measures to the
underlying mechanisms of the sensory system in uCP.

There are some limitations to be considered for the cur-
rent study. First, we used scales for the evaluation of lesion
location and extent, as well as for assessing sensory function
that was based on an ordinal scoring. Although they have
been shown to be reliable in uCP [25, 29], such scales may
lack sensitivity. Second, our study lacked a neurophysiologi-
cal technique to probe the sensory system (i.e., sensory
evoked potentials) that may contribute to better understand
the underlying mechanisms of sensory function in individ-
uals with uCP. Third, the main limitation of the TMS assess-
ment itself lays in the maximum stimulator output intensity
that can be reached. This intensity may not have been
sufficient to elicit a MEP from either the lesioned or the
nonlesioned hemisphere, as the resting motor thresholds
are normally higher in children and may be even higher in
individuals with uCP. This limitation might have prevented
us from finding a CST projection to eventually diagnose the
individual as CSTy;,, or CST, ; wiring. Furthermore, the
MEP data were not analysed, which may provide with useful
insights in future studies. Lastly, although our sample size
was large and covers the most common lesion timing groups,
our results cannot be completely extended to those children
with malformations or postnatally acquired brain injuries,
as these were not included in the analyses.

5. Conclusions

CST wiring mainly determines UL motor function, although
also lesion extent and damage to the basal ganglia and
thalamus significantly contributed to the prediction of UL
motor deficits. For sensory function, lesion extent, timing,
and the type of CST wiring pattern seem to be important to
develop adequate sensory function. The underlying CST
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wiring seems to disrupt the association between sensory and
motor functions, pointing toward different mechanisms of
sensorimotor integration in uCP. The results of our study
contribute to a better understanding of the underlying path-
ophysiology of motor and sensory functions and highlight
the importance of investigating sensorimotor integration in
future studies. Subsequently, these insights will aid in
developing new intervention strategies tailored to the specific
deficits of the motor and sensory systems of the individual
child with uCP.
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Little is known about the action observation network (AON) in children with unilateral cerebral palsy (UCP). Using fMRI, we
aimed to explore AON and sensory-motor network (SMN) in UCP children and compare them to typically developed (TD)
children and analyse the relationship between AON (re-)organization and several neurophysiological and clinical measures.
Twelve UCP children were assessed with clinical scales and transcranial magnetic stimulation (TMS). For the fMRI study, they
underwent a paradigm based on observation of complex and simple object-manipulation tasks executed by dominant and
nondominant hand. Moreover, UCP and TD children carried out a further fMRI session to explore SMN in both an active
motor and passive sensory task. AON in the UCP group showed higher lateralization, negatively related to performances on
clinical scales, and had greater activation of unaffected hemisphere as compared to the bilateral representation in the TD group.
In addition, a good congruence was found between bilateral or contralateral activation of AON and activation of SMN and TMS
data. These findings indicate that our paradigm might be useful in exploring AON and the response to therapy in UCP subjects.

1. Introduction

Functional representation of actions, either observed or
performed or even imagined, relies on the human action
observation network (AON), constituted by the premotor,
inferior frontal, parietal, and temporal regions. Its function-
ality is crucial for action understanding and for subserving
imitation by observation of new motor skills [1, 2].

Some neurophysiological studies exploring the presence
and functionality of AON networks in children have sug-
gested that maturation of AON has an age-related course

from a more bilateral to a more lateralized representation,
indicating physiological plasticity [3-5]. These properties
are very meaningful, and it would be important to know if
similar mechanisms could also be observed in pathological
conditions such as unilateral or asymmetrical early brain
injuries in children with unilateral cerebral palsy (UCP). It
has been extensively demonstrated that the type of lesion
and reorganization, studied through functional magnetic res-
onance imaging (fMRI) and transcranial magnetic stimula-
tion (TMS), of the central nervous system have an impact
on severity of upper limb deficits [6, 7]. Types of lesion,
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underlying UCP, are often categorized into three groups,
according to location and timing of insult: type I (prenatal):
malformations or 1st and 2nd trimester patterns, presumed
to occur in utero such as lissencephaly, focal cortical dys-
plasia, unilateral schizencephaly; type II (perinatal): periven-
tricular white matter lesions mainly occurring in the early
3rd trimester and often in preterm born infants such as
periventricular leukomalacia (PVL); type III (connatal): cor-
tical or deep grey matter lesions that occur towards the end
of gestation, that is, around term age, such as infarcts in the
territory of the middle cerebral artery (MCA) [7-9].

Previous studies have shown that children with type II
lesions demonstrated better upper limb sensorimotor func-
tioning, compared to children with type III lesions [10, 11].
Regarding type of motor reorganization, there are two main
types of (re-)organization: ipsilesional and contralesional
[12]. In adults with stroke and in some children, the main
mechanism for reconnection of the motor cortex to spinal
cord consists of (re-)organization within the ipsilesional cor-
tex. This mechanism is based on partial sparing of the primary
motor cortex or on the possibility that functions may be taken
over by intact nonprimary motor areas within the damaged
hemisphere (ipsilesional (re-)organization). However, when
lesions occur at an early development stage, either during
intrauterine life or soon after birth, a different mechanism
can be observed. This is based on the persistence of a signifi-
cant component of monosynaptic fast-conducting ipsilateral
motor projections, normally withdrawing within the first
months of life, that may be permanently maintained if brain
damage occurs early in life [6, 13, 14]. In this case, the unaf-
fected hemisphere directly controls both upper limbs, giving
rise to a pattern of reorganization unknown in adult
pathologies (contralesional (re-)organization). It has been
extensively demonstrated that ipsilesional motor projection
is definitely correlated to better motor outcomes, measured
by functional scales (e.g., Melbourne Unilateral Upper Limb
Measurement [15] and Assisting Hand Assessment [16]),
than contralesional reorganization [11]. The sensory system
generally follows an ipsilesional reorganization, but when a
dissociation of sensorimotor representation occurs, that is, a
contralesional reorganization for motor function and an
ipsilesional reorganization for sensory one, quality of motor
function is usually more affected [6].

Regarding AON in UCP children, Dinomais et al. [17]
have shown, in eighteen UCP patients, aged 7-21 years, that
observation at rest of a simple opening-closing hand move-
ment performed by either the left or the right hand of an
actor produces large bilateral activations in the occipito-tem-
poro-parieto-frontal network, including most AON nodes.
Moreover, a stronger ipsilesional activation of primary motor
cortex (M1) was shown when they viewed movement of the
hand corresponding to the affected one. Finally, observation
of hand movement engaged motor execution networks
regardless of degree of motor impairment.

The fMRI paradigm in this latter study was created around
the observation of a simple movement without an object. We
have developed an fMRI paradigm to explore AON based on
the observation of simple and complex object-manipulation
tasks executed by both dominant and nondominant hand.

Neural Plasticity

This fMRI paradigm has been already tested on healthy
adults [18] and in a sample TD children [5].

The aim of this fMRI study was to explore AON and
sensory-motor network (SMN) in UCP children in com-
parison to age-matched TD children and analyse the
relationship between AON (re-)organization and several
neurophysiological and clinical measures.

2. Methods

2.1. Subjects. Twelve UCP patients (6 with left UCP, age
range = 6.2 - 16.3y, mean age * standard deviation (SD) =
10.3 + 2.9'y) were enrolled in this study. The sample included
seven males (age range=7.5-14.5y; mean age+SD=
10.7+2.6y) and five females (age range=6.2-16.3y;
mean age + SD = 10.5 £ 4.0y). All UCP children had IQ > 70.

Dataset from 12 healthy right-handed children and
adolescents (6 M, 6 F; age range =7.0 - 15.3y, mean age +
SD (SD) =10.6 + 2.1y) already described in a previous study
[5] were used as age-matched controls (TD children).

All subjects and their parents gave written informed
consent in accordance with protocol approved by the Ethics
Committee of the IRCCS Fondazione Stella Maris.

2.2. Clinical Tests. All children were classified according to
the House Functional Classification System (HFCS) for asses-
sing upper limb function. HFCS consists of nine grades ranging
from a completely excluded hand (grade 0) to a spontaneous
and independent one (grade 8) [19, 20]. In addition, they were
clinically assessed with two standardized function tests, Assist-
ing Hand Assessment (AHA, Version 4.4) [16] and Melbourne
Assessment of Unilateral Upper Limb Function (MUUL) [15],
in order to evaluate assisting hand use during bimanual
performance and upper limb movement capacity, respectively.

AHA is a standardized, criterion-referenced test based on
observations of affected hand/arm used during a videotaped
15-minute play session with toys from the AHA test kit. Video
scoring produces raw values ranging from 22 (low ability) to 88
(high ability) that are converted to scaled scores ranging from 0
to 100. AHA was administered and scored by a certified rater.

MUUL is a standardized tool for measuring quality of
upper limb movement capacity during 16 criterion-
referenced items representative of reach, grasp, release, and
manipulation. Performance is videotaped and scored using
criteria for rating qualities of movement range, fluency, and
dexterity [15, 21]. Scores vary from 0 to 100%, the latter indi-
cating best performance.

Presence or absence of mirror movements in the unaf-
fected hand during voluntary unimanual movements of the
affected hand was evaluated by consensus by two experienced
child physical therapists (ES and EB, 30 and 8 years of expe-
rience in clinical evaluation of UCP), analyzing the video-
tapes of the standardized clinical tests.

2.3. Transcranial Magnetic Stimulation. TMS was performed
using a mapping procedure as described in Borghetti et al.
[22], by using a Magstim 200® device (Magstim Company
Ltd., Whitland, Wales, UK) connected to a figure-eight coil
(diameter: 11cm). Both hemispheres were searched
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(b)

F1GURE 1: (a) Examples, taken from a single frame, of the six videoclips showing object manipulation performed by the right hand in three
different contexts (“cubes,” “piano,” and “key”): three complex actions (A, B, C) and three simple actions with the same object (D, E, F).
(G, H, I) Initial static frames of the corresponding action types, used as BASELINE conditions. (b) Diagram of the functional series presented
to children: the block design comprises two TASK blocks for each of the four different conditions (CR, SR, CL, and SL) for complex (C) or
simple (S) actions performed by the right (R) or left (L) hand, alternating with the same number of BASELINE blocks. Each block lasts 24
seconds and is composed of the random sequence of the 8-second videoclips of hand actions or still pictures of the resting hands. The
presentation of the different conditions in the TASK blocks was completely randomized. Each functional series included four initial extra
scans (12's) to allow the stabilization of signal. Reproduced with permission (Copyright © 2015 John Wiley & Sons Ltd) from Biagi et al. [5].

systematically for ipsilateral or contralateral motor-evoked
potentials, during a monitored low-level contraction of
abductor digiti minimi (ADM) muscles. TMS results were
used globally to establish the type of reorganization of senso-
rimotor system. In particular, contralesional (CL) reorgani-
zation was used to indicate a reorganization involving the
unaffected hemisphere, and ipsilesional (IL) for a reorganiza-
tion involving the lesioned hemisphere. Data acquisition was
conducted following the international guidelines for TMS in
children for aspects of safety [23].

2.4. Experimental Design. In order to investigate the relation
of AON with reorganization of SMN, two different fMRI
paradigms were used.

AON was explored as described by Biagi et al. [5].
Eight-second videoclips in a first-person perspective of
three simple and three complex hand actions, performed
by dominant and nondominant hand, were presented
(Figure 1(a)). The three complex actions were grasping lit-
tle cubes and putting them into a box (cubes), performing
a simple scale on a piano keyboard (piano), and grasping



a key, putting it into a lock, and turning it (key). The
three simple actions consisted of a whole hand grasping
a small box performed in the same visual contexts of the
complex actions, in order to match luminance, colour,
and visual information. Videoclips of the same type (hand,
complexity) in the three contexts (cubes, piano, and key)
were randomly combined to create four distinct conditions
(TASKS), each lasting 24 seconds, corresponding to the
presentation of a simple or a complex action performed by
dominant or nondominant hand (simple-dominant (S-D),
complex-dominant (C-D), simple-nondominant (S-ND),
and complex-nondominant (C-ND)). The 24-second corre-
sponding control condition (BASELINE) was created by
combining a sequence of three still pictures of resting hands
in the respective contexts. The paradigm of stimulus presen-
tation was built on a block design scheme, with two blocks for
each of the previous four TASKS intertwined with the same
number of BASELINE blocks (16 blocks total). In each
functional series, the order of TASKS blocks was randomly
generated and four initial extra scans (dummies, 12 seconds)
were added to allow for stabilization of signal, giving a total
acquisition time of 636" (Figure 1(b)). The AON experiment
consisted of the acquisition of two functional series. Visual
stimuli were presented through LCD goggles (Resonance
Technology, USA). Subjects were asked to observe videos,
staring at the middle of a screen. Gaze and attention to
stimuli were continuously monitored using an eye tracker
infrared camera mounted on goggles. Recorded eye move-
ments were analysed to verify gaze and attention during
AON stimuli.

For SMN localization, a block design paradigm was
designed with both an active movement task (alternated
hand opening and closing, MOTOR TASK) and a passive
sensory task (palm and fingers passively brushed by an exter-
nal operator by means of a wooden spatula, at a frequency of
about 1 Hz, SENSORY TASK), in the same functional series.
The series included eight blocks of 18 seconds each, alternat-
ing between motor and sensory tasks, each intertwined by an
equivalent number of REST periods (REST-MOTOR TASK-
REST-SENSORY TASK...). All subjects received detailed
instructions before acquisition. They were asked to keep
their eyes closed. During motor task, they were asked to
repetitively open and close their hand at a frequency of
1Hz; commands “move” and “stop” were given at the
beginning and end of each block. During the sensory
task and rest periods, they were asked simply to stay
still. The examiner visually controlled the task performance.
Each series included four initial extra scans (dummies, 12
seconds) for a total acquisition time of 5 minutes. Two
sessions were performed, the first for the dominant hand
and the second for the nondominant one, obtaining four
conditions of interest (sensory-dominant (Sens-D), motor-
dominant (Mot-D), sensory-nondominant (Sens-ND), and
motor-nondominant (Mot-ND)).

During fMRI acquisitions, ambient scanner noise was
constant and attenuated by ear plugs.

2.5. Imaging Acquisition and Processing. MR exams were
performed on a 1.5T MR scanner (HDx, GE Healthcare,
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Milwaukee, WI, USA). Standard MR protocol included FSE
T2-weighted, SE T1-weighted, FLAIR, and DWI sequences.
A whole brain, 3D high-resolution, T1-weighted series
(FSPGR) was collected in an axial plane (TR/TE =12.3 ms/
2.4ms; TI=700ms; voxel size=1mm? isotropic) for ana-
tomic localization of activated regions and delineation and
description of lesions.

MRI anatomical findings were classified retrospectively
according to literature [7, 9] into three main forms related
to timing of lesion: type I, brain malformations (early malfor-
mative); type II, abnormalities of periventricular white
matter (prenatal); and type III, cortical-subcortical lesions,
mainly due to middle cerebral artery infarction (connatal).

The fMRI session included four series, two functional
series for AON task (each lasting 6'36") and two series
for sensory-motor task (500"), one for each hand. Blood
oxygenation level-dependent (BOLD) responses were
registered by using an echo planar imaging gradient-
echo sequence (GRE-EPI) with the following parameters:
TE/TE =3000/50ms, FA=90", field of view (FOV)=
240 x 240 mm, matrix = 64 X 64, slice thickness =5mm.

Data preprocessing, performed using BrainVoyager QX
Software Package (BV, Brain Innovation, Maastricht, the
Netherlands), included mean intensity adjustment to com-
pensate for interscan intensity differences, temporal interpo-
lation and resample to compensate for slice-dependent time
differences (sinc function), 3D motion correction (sinc inter-
polation), and high-pass temporal filtering (GLM-Fourier
approach, two cycles/time course).

Functional data were coregistered on the three-
dimensional anatomical T1-weighted images by using an
affine alignment with the standard BV nine parameters
(three for translation, three for rotation, and three for FOV
scale). Anatomical datasets were in turn transformed into
standard Talairach’s Space [24].

In order to combine data from UCP children in a group
analysis, and considering that TD children were all right-
handed, we designated the left hemisphere as the hemisphere
contralateral to the dominant hand (unaffected hand in UCP,
right hand in TD) and the right hemisphere as the hemi-
sphere contralateral to the nondominant hand (affected hand
in UCP, left hand in TD). To do this, we flipped the right-left
(x) direction [17] of both functional and structural T1-
weighted images of children with left hemisphere lesions
(right hemiplegia), in order to have all lesioned hemispheres
on the right side of the brain and all unaffected hemispheres
on the left side.

2.6. fMRI and Statistical Analysis. BOLD responses were
analysed using the general linear model (GLM) approach,
using the same number of regressors as conditions of interest.
Each regressor was obtained by convolving a box-car func-
tion for each stimulation block with the standard Boynton
hemodynamic response function [25]. Four regressors were
selected both for the AON stimulus (S-D, C-D, S-ND, and
C-ND) and for the SMN task (Sens-D, Mot-D, Sens-ND,
and Mot-ND). In all analyses, six spurious movement regres-
sors (outputs of the 3D motion correction procedure) were
included in GLM.
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TaBLE 1: Demographic and clinical data of children with UCP enrolled in fMRI study.
ID Sex Age (y) Type of lesion Side of hemiplegia Type of reorganization HECS MUUL AHA MM
1 M 7.5 I RH CL 5 72.13 65.15 Y
2 M 11.0 I LH CL 4 60 47 Y
3 M 11.5 I LH CL 5 74.59 60.61 Y
4 F 16.3 I LH CL 4 55 42 Y
5 M 8.1 II RH IL 7 90.98 86.36 N
6 M 10.6 II RH IL 8 93.58 77.27 N
7 F 12.0 II LH CL 5 79 53 Y
8 M 13.6 II LH CL 5 79.51 56.06 Y
9 F 6.2 II RH IL 6 81.15 63.64 Y
10 F 7.2 1 RH IL 8 81.15 69.7 N
11 M 9.3 111 LH IL 7 91 80.3 N
12 F 10.6 III RH CL 5 80.32 75.76 Y

F: female; M: male; y: years; I: early malformative; II: prenatal; III: connatal; RH: right hemiplegia; LH: left hemiplegia; IL: ipsilesional; CL: contralesional; HFCS:
house functional classification system; MUUL: Melbourne Assessment of Unilateral Upper Limb Function; AHA: Assisting Hand Assessment; MM: mirror

movements; Y: present; N: absent.

FIGURE 2: Representative slices of 3D T1-weighted images depicting
the brain lesion of each UCP child. Numbers correspond to the ID
of UCP children as reported in Table 1.

Multisubject analyses were conducted using random-
effects (RFX) GLM-based analysis, for both groups (UCP
and TD) in order to identify a group representation of
cortical activations and to detect possible differences
between groups. Threshold of statistical maps was p < 0.05
Bonferroni-corrected, and a minimum cluster size of
150 mm® was also applied. Group analyses were also used
to reveal and define regions of interest (ROIs), to be selected
subsequently in single-subject analysis.

For the AON stimulus, contrasted activity for all
observed actions versus control condition was used (all
TASKS > BASELINE) in order to identify possible differ-
ences in the representation of AON in UCP children with
respect to their age-matched controls. Moreover, con-
trasted activities for observation of complex and simple
actions performed by the dominant or nondominant hand

versus control condition ((C-D+S-D)>BASELINE, (C-ND +
S-ND) > BASELINE)) were also performed, in order to investi-
gate hand identity properties in UCP children.

As in Biagi et al. [5, 18], a ROI analysis was conducted
on activated areas in order to investigate possible differen-
tial responses to observation of both hands (laterality) and
to observation of complex and simple actions (complexity).
In particular, a 2x2 factorial design ANOVA was per-
formed in specific areas (anterior intraparietal cortex
(AIP), inferior temporal gyrus, MT, as control), considering
as factors “hand” laterality (two levels: dominant and non-
dominant) and the “complexity” of action (two levels: simple
and complex).

Finally, probabilistic functional maps were calculated
to evaluate spatial consistency of activity patterns across
subjects.

For the SMN task, two contrasts were employed, consid-
ering together sensory and motor stimuli of each hand,
dominant or nondominant ((Sens-D + Mot-D) > REST and
(Sens-ND + Mot-ND) > REST).

For the same contrasts, single-subject analyses were
performed by using a fixed-effects (FFX) approach, with a
lower, uncorrected statistical threshold (p < 0.001, minimum
cluster size > 150 mm?) in order to extract, from each partic-
ipant, coordinates of foci and number of activated voxels of
areas identified by multisubject group analysis. Average and
variability (defined as standard deviation divided by
mean: SD/mean x 100) across subjects were also calculated.
Moreover, a laterality index (LI) was calculated by compar-
ing the size of homologous areas in both hemispheres. In
particular, for the AON task, LI was obtained by computing
the ratio (Npg—N,onps)/(Nps + Nyonps)> Where Npg and
N, onps are the number of activated voxels in the dominant
side of the brain (DS, hemisphere contralateral to dominant
hand) and in the nondominant side (non-DS, hemisphere
contralateral to nondominant hand), respectively. For the
SMN task, a laterality index was also calculated specifically
for the primary sensorimotor cortex (pSMC), using the
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TABLE 2: Areas elicited by observation of all object-related hand actions versus BASELINE condition in UCP children and age-matched TD

children [5].

UCP children

Talairach’s

TD children
Talairach’s

Area name BA . Cluster size  t-value . Cluster size  t-value
coordinates coordinates
X y z X y oz
. DS -44  -65 8307 18.4 -44 -64 15,536 20.6
Inferior temporal gyrus 37
Non-DS 47 -61 -2 8369 15.6 44  -61 18,659 18.7
. DS -48 =35 12 1357 10.4 =51 —40 11 1531 8.2
Superior temporal gyrus 22
Non-DS 53 -33 9 1534 8.6 50 -40 11 2584 9.2
i . DS -44 -40 39 4278 7.6 -56 -31 30 3751 9.9
Inferior parietal lobule 40
Non-DS 48 -36 36 2281 7.7 57 =31 27 1669 6.9
. DS -36 —45 45 4231 12.7 -32 -44 50 4806 15.4
Anterior IPS 40-7
Non-DS 37 50 48 3023 7.3 33 45 49 2265 10.6
. . DS -16 -66 45 5112 11.9 -25 -67 46 11,593 15.7
Superior parietal lobule 7
Non-DS 22 -62 45 3212 8.0 23 -64 47 8594 11.7
64 DS =35 -11 51 1688 6.2 -33 -16 52 3292 7.9
Non-DS 35 -9 53 1458 7.2 32 -14 52 1865 53
Precentral gyrus
6.9 DS -40 38 1260 8.3 -47 -2 32 2019 9.5
Non-DS 43 6 39 1808 7.1 43 2 34 3242 9.7
) . DS -50 14 24 925 5.0 -39 38 22 1180 5.0
Middle-superior frontal gyrus ~ 9-10-46
Non-DS 41 23 17 899 7.2 43 17 21 1154 5.1
. DS -33 23 2 441 52
Inferior frontal gyrus 45-47
Non-DS 45 32 5 982 5.1 41 23 3 538 6.2
. . DS -23 -8 4 1465 10.3 =22 -83 3 3897 11.6
Middle occipital gyrus 18
Non-DS 22 -84 7 1417 7.4 24 -83 2 1369 14.9

BA =Brodmann area; UCP = unilateral cerebral palsy; TD =typically developing; DS =dominant side (controlateral to dominant hand); non-
DS =nondominant side (controlateral to nondominant hand); IPS=inferior parietal sulcus. For convention, the dominant hand corresponds to the
unaffected hand in UCP and to the right hand in TD children, while the nondominant hand corresponds to the plegic hand in UCP and to the left hand in

TD children.

same formula, but considering only the number of acti-
vated voxels in the two pSMCs.

For hemispheric dominance [26], we assumed a stan-
dard threshold of 0.20 in absolute value: LI > 0.20 domi-
nance in the hemisphere contralateral to the dominant
hand, LI < —0.20 dominance in the hemisphere contralateral
to the nondominant hand, and —0.20 < LI < 0.20 bilaterality.

Statistical analysis and data fitting were performed via
the software package OriginPro 9.0 (OriginLab Corpora-
tion). For linear data fit, Pearson correlation coeflicient and
equivalent p value were calculated. For data comparison of
both groups (UCP and TD) and for data regarding the two
hands and respective hemispheres, a nonparametric Mann—
Whitney U test was used.

3. Results

Table 1 shows demographic and clinical data of enrolled UCP
children. According to type and timing of lesions, the sample
was classified into three groups: the first one was composed of
four children with early malformative lesions (type I), the
second one of five children with white matter damage (type
II) and the third group by three children with connatal stroke

(type III). In all patients, except one, the lesion was strictly
unilateral (see Figure 2). In patient 5, who had bilateral alter-
ations on imaging, the more affected hemisphere was contra-
lateral to the side of motor impairment.

Based on TMS results, all children with type I lesions
showed a CL reorganization, while children with the other
two types of lesion showed either CL or IL reorganization.

Mirror movements (MM) were present in all children
with type I lesion, while they were variably present or not
in children with the other two types of lesion.

In the fMRI experiment, all children were able to under-
stand tasks and succeeded to collaborate and to maintain
gaze in the middle of the screen for the AON task. For the
SMN task, one child (number 4) in the UCP group was dis-
carded from the following analysis because of the presence
of excessive movement artefacts during functional acquisi-
tion, which were difficult to correct or compensate for.

3.1. AON in UCP and TD Children. As previously observed in
TD children [5], also UCP children showed activation of
areas belonging to the action observation network such as
the inferior temporal gyrus (BA37), superior temporal sulcus
(BA 22), anterior intraparietal sulcus (BA40-7), inferior
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FIGURE 3: Probabilistic functional maps of the action observation circuit for the ALL TASKS > BASELINE contrast in TD children
(as previously published in Biagi et al. 2015, top [5]) and in UCP children (bottom). Colour bar represents different levels of
probability of activation for the action observation task from 33% (red, meaning that a brain region appeared in the map only if
it was activated in at least 4 subjects) to 83% (cyan, equivalent to areas activated by more than 10 subjects). For each transversal
slice, the z Tailarach’s coordinate is indicated. On the right, we represent the left hemisphere for TD children (radiological
convention; R=right, L=Ieft) and the unaffected hemisphere, that is, the hemisphere contralateral to the unaffected hand, in UCP
children (unA =unaffected, A =affected); on the left, the right hemisphere for TD and the hemisphere contralateral to the affected

hand in UCP.

parietal lobule (BA40), superior parietal lobule (BA7), pre-
central gyrus (dorsolateral, BA6-9 and BA6-4), and inferior
frontal gyrus (BA45-47). As in TD children, further activa-
tions were found in visual and somatosensory areas and in
the middle frontal gyrus. Table 2 reports averages of Talair-
ach’s coordinates and of cluster sizes of activated areas, calcu-
lated across subjects of both groups, for the AON task.

Similarly, Figure 3 shows probabilistic maps about the
contrast of all TASKS > BASELINE for UCP and TD
children, allowing for a comparison of results between
both groups.

Pattern of activations of AON in TD children presented
higher levels of probability with respect to the UCP group,
suggesting a more reproducible network. This was also
confirmed by variability analysis conducted at the level of
single-subject data, where the coefficient of variation of
number of activated voxels across subjects was overall signif-
icantly different between TD children (67%) and UCP
children (89%) (Mann Whitney U test, p = 0.003).

Regarding features of stimuli (“hand” laterality and
“complexity” of action), a 2x2 factorial design ANOVA
revealed a significant effect only for hand identity property
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TABLE 3: Areas elicited by sensory-motor task for the dominant hand (DH) and nondominant hand (non-DH) in UCP children and in age-
matched TD children.

UCP children

Talairach’s

TD children
Talairach’s

BA . Cluster size t-value . Cluster size t-value
coordinates coordinates
x y z x y z
CLH -36 -27 53 8926 16.4 -40 -33 53 8811 17.9
pSMC 2-3-4
ILH 37 =29 48 1794 6.1 42  -30 54 1046 5.0
IPL 40 CLH -50 -29 26 1404 6.3 -50 -26 23 1212 5.5
ILH 51 -24 25 1946 5.0 54 =20 22 931 6.0
CLH -56 -3 29 1430 5.1 -57 -4 36 712 5.0
Motor-sensory ~ PrC gyrus 6 LH
task of DH
CLH -44 -11 16 663 6.2
Insula 13
ILH
SMA 6-31 IH -5 -17 48 1565 7.1 -4 =25 47 1024 6.9
CLH
Cerebellum
ILH 14 -52 -23 1243 5.0 20 =52 -28 562 5.0
CLH 35 -29 49 5928 10.1 38 -31 52 8645 18.3
pSMC 2-3-4
ILH -41 =22 46 1032 7.5 -40 -25 55 621 5.8
IPL 40 CLH 50 -20 27 1719 6.6 50 -25 22 1168 7.2
ILH -50 -29 25 502 5.1 -54 -30 28 1445 6.5
PrC 6 CLH 48 3 31 878 5.3 42 -9 43 839 6.6
_ r Tus
potorsensony, & ILH -54 -5 29 554 57
CLH 33 -24 17 613 5.6
Insula 13
ILH -46 -13 11 677 5.6
SMA 6-31 IH 0 -12 47 988 5.0 1 -18 52 788 6.1
CLH
Cerebellum
ILH -14 -52 =21 1495 7.3 -13 -61 -22 2288 7.0

BA = Brodmann area; UCP = unilateral cerebral palsy; TD = typically developing; pSMC = primary sensory-motor cortex; IPL = inferior parietal lobule; PrC
gyrus = precentral gyrus; SMA = supplementary motor area; DH =dominant hand; non-DH =nondominant hand; CLH = contralateral hemisphere;
ILH = ipsilateral hemisphere, IH = interhemispheric. For convention, the dominant hand corresponds to the unaffected hand in UCP and to the right hand

in TD children, while the nondominant hand corresponds to the plegic hand in UCP and to the left hand in TD children.

(“hand,” p <.001) in AIP of the hemisphere contralateral
to the nondominant hand. However, no significant effects
were found for the “complexity” factor (p=0.23) and the
interaction effect (“hand”x “complexity,” p=0.28). No
significant effect was found in either right or left MT, used
as a control area.

3.2. Sensory-Motor Task in UCP and TD Children. BOLD
responses to both sensory and motor tasks of both hands
(contrasts: (Sens-D + Mot-D) > REST and (Sens-ND + Mot-
ND) > REST) allowed for the identification of similar activity
patterns in a number of cortical areas belonging to SMN in
both groups.

In particular, the majority of subjects showed bilateral
activations in the primary sensory motor cortex (pSMC, BA
1-2-3-4) and in inferior parietal lobule (BA 40). Other activa-
tions were found medially in the supplementary motor area
(SMA), in a sector comprised between medial frontal gyrus
and cingulate gyrus (BA 6-31), in the precentral gyrus of
the hemisphere contralateral to the stimulated hand (BA 6),
and in the cerebellar hemisphere ipsilateral to the stimulated
hand. Differently from TD children, UCPs also showed

activity in the insula (BA 13), contralaterally in the case of
stimulation of the dominant hand, and bilaterally for the
nondominant one. Table 3 reports averages of coordinates
and number of activated voxels, calculated across subjects
for both groups.

3.3. Lateralization of AON and of pSMC in UCP and TD
Children. Concerning AON, Figure 3 shows bilateral brain
activation in TD children, as previously reported in Biagi
et al. [5]. On the contrary, UCP children presented a mildly
lateralized circuit in the hemisphere contralateral to the
dominant hand. This finding was obtained by computing
global lateralization indices, using number of voxels in the
two hemispheres obtained by multisubject analysis (LI =
0.01, LIcp = 0.23).

Regarding the two hands separately, Figure 4 reports
data on lateralization indices obtained in each subject
for both stimuli. For AON, LIs were calculated consid-
ering the whole neuronal circuit identified by multisub-
ject analysis, while for SMN, LIs referred more
specifically to lateralization of the primary sensorimotor
cortex (pSMC).
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FIGURE 4: Box plots of the laterality indices of each single subject for AON (top row) of the dominant hand (DH) (a) and of the nondominant
hand (non-DH) (b), as well as for the primary sensory-motor cortex, pSMC (bottom row), for the stimulation of the dominant hand (c) and of
the nondominant hand (d). UCP children are indicated by light grey triangles, TD children by black circles. Each box is defined by the 25th
and 75th percentiles. The whiskers are determined by the minimum and maximum values; the square indicates the mean value, while the line

corresponds to the median value.
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FIGURE 5: Lateralization index (LI) for the observation of all object-related actions versus BASELINE for each UCP child, plotted against
his/her clinical scores (MUUL scale on panel a; AHA scale on b). Children were represented with different colours and symbols
according to the classification of their lesions (type I=red circles, type II=green squares, type III=blue triangles). Data were fitted
with a standard linear function. Considering all the subjects, the correlations are not significant (Pearson’s value R =-0.55, p=0.06 for
MUUL; R =-0.34, p=0.28 for AHA; pink dotted line). They become significant when only children with lesions of type I and type II are
used in the fit (R=-0.90, p =0.0007 for MUUL; R = —0.68, p = 0.04, for AHA; cyan solid line), due to big variability of data from children

with type III lesion.
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FIGURE 6: Box plots of LI values obtained by different contrasts (AON task: all TASK>BASELINE, panel a; AON task: (C-ND +S-
ND) > BASELINE, panel b; and sensory-motor task: (Sens-ND + Mot-ND) > REST, panel ¢) in UCP children, grouped according to TMS
data (CL = contralesional reorganization, IL =ipsilesional). As in Figure 5, children were represented with different colours and symbols
with respect to the classification of their lesions (type I=red circles, type II=green squares, type III =blue triangles). Grey dotted lines
represent the threshold value of [0.20] for hemispheric lateralization.
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FiGure 7: Four-quadrants charts of LI values of pSMC in the sensory motor task (abscissae) and of the AON (ordinates) of the two hands:
dominant hand (DH) on panel a, nondominant hand (non-DH) on b. The first and third quadrants represent the congruence of the sign
(both positive in the first, I; both negative in the third, III), while the second and the fourth represent the discordance of the sign (pSMC-
negative and AON-positive in the second, II; pSMC-positive and AON-negative in the fourth, IV). TD children were represented by grey
diamonds, UCP children by black stars. In the chart for the nondominant hand, labels on data of UCP children are used to identify
subjects, according to Table 1.
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Observation of simple and complex actions performed by
the dominant hand ((C-D+S-D)>BASELINE) induced a
slightly higher, but not significant, activation of contralateral
hemisphere in UCP children (LIycp=0.35+0.22) with
respect to the TD group (LI;,=0.27+0.17) (p=0.35,
Figure 4(a)). LI mean values obtained from observation of
actions performed by the nondominant hand ((C-ND +S-
ND) > BASELINE) were very similar between the two
groups (LI cp = —0.04 + 0.40; LI, = —0.05+0.15, p = 0.98)
suggesting bilateral networks. However, in the UCP group
there was a higher variability among children (LIjprange =
—0.64 +0.58; Llprange=-0.40+0.12), because single
subjects presented very different lateralization indices. In
particular, 4 subjects were lateralized to the hemisphere con-
tralateral to the dominant hand, 6 subjects to the hemisphere
contralateral to the nondominant hand, and only 2 subjects
showed bilateral representation (Figure 4(b)). By comparing
the two hands with an intragroup analysis, both groups pre-
sented significant differences in LI values between observa-
tion of the dominant and nondominant hand (p=0.02 in
the UCP group, p=4-10"* in TD).

For SMN, laterality indices of pSMC for stimulation of
the dominant hand ((Sens-D + Mot-D) > REST) were similar
between the two groups (LIycp =0.85+0.21, LI, =0.93 +
0.11, Figure 4(c)). On the contrary, there was a significant
difference for values obtained with stimulation of the
nondominant hand ((Sens-ND + Mot-ND) > REST; LIjcp =
—0.35+0.7; LLtp = —0.89 £ 0.19; p = 0.02; Figure 4(d)). Also
for SMN, both groups presented significant differences in an
intragroup analysis, when comparing LI values of both hands
(p=0.001in UCP, p<1-10~* in TD).

3.4. Correlations between LI and Clinical Scores, Type of
Lesion, and Reorganization in UCP Children. Due to great
variability among subjects in the UCP group, a correlation
analysis was performed between laterality indices and clinical
scores, types of lesion, and type of reorganization.

For the AON task and all TASKS > BASELINE contrast,
LIs of single UCP subjects were plotted against their respec-
tive values of clinical scales (Figure 5).

A negative correlation was found between LI and
percentage MUUL and AHA scores. This finding is not sig-
nificant, considering all subjects with three types of lesions
in linear fit (p =0.06 for MUUL; p = 0.28 for AHA). On the
other hand, it is significant if only children with type I and
type II lesions are included in the analysis (p =0.0007 for
MUUL; p=0.04 for AHA). The same type of analysis was
repeated considering only LI values obtained from observa-
tion of actions performed by the nondominant hand ((C-
ND +S-ND) > BASELINE). Data showed similar trends, but
statistical analysis was not significant (p = 0.07 for MUUL,
p=0.08 for AHA). No significant correlations were found
in the same analysis using LI values of pSMC for sensory-
motor stimulation of nondominant hand and clinical scales.

Figure 6 shows box plots of LI values of UCP children,
grouped according to TMS results for different contrasts
and different stimuli.

For all TASKS>BASELINE contrast of AON
(Figure 6(a)), LI values of UCP children were significantly
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different when matched with the two types of reorganiza-
tion revealed by TMS (p =0.023, Mann-Whitney U test).
In particular, children with IL reorganization at TMS (i.e.,
in the affected hemisphere) had bilateral AON activation
(LI, =-0.08 £ 0.22), except for one case (number 10),
who presented a marked lateralization to the affected
hemisphere. On the contrary, children with CL reorgani-
zation at TMS (ie, in the unaffected hemisphere) pre-
sented either bilateral activation or higher activation in
the hemisphere contralateral to the dominant hand (L
I, =0.28 £0.20).

If the previous analysis is performed considering only
observation of the nondominant hand (contrast: (C-ND + S-
ND) > BASELINE, Figure 6(b)), both lateralization indices
decrease accordingly ((LI; =-0.36+0.25; LI =0.18 +
0.33) and their differences continue to be statistically signifi-
cant (p = 0.023, Mann-Whitney U-test).

Regarding SMN of the nondominant hand (Figure 6(c)),
UCP children with a different reorganization at TMS
presented different trends of LI values of pSMC, even if
globally their differences were not statistically significant
(p =0.58). Children with IL reorganization at TMS showed a
greater activation of pSMC in the affected hemisphere
(LI =-0.71 £ 0.25), in accordance to TMS. On the contrary,
children with CL reorganization did not present a common
behaviour, but rather a certain degree of variability (LI =—
0.13£0.88). Three cases (numbers 12, 2, and 8) showed
lateralization of pSMC in the unaffected hemisphere (LI > 0),
while the other three have it in the affected hemisphere
(LI <0): one (number 7) presented bilateral representation
of pSMC, and two subjects (numbers 1 and 3) showed discor-
dant reorganization with respect to TMS, showing an evident
lateralization of pSMC to the affected hemisphere.

Similar results were found when this analysis was per-
formed using the mirror movements data as discriminating
factor (Figure in Supplementary Materials (available here)) .

3.5. Comparisons between AON and SMC in UCP and TD
Children. In order to directly compare SMN and AON tasks,
LI values were reported in a four-quadrants chart (SMN in
abscissae and AON in ordinates), in which the first and third
quadrants represent concordance of sign (both positive in the
first, I, and both negative in the third, III), while the second
and the fourth represent discordance of sign (one positive
and one negative) (Figure 7).

In the case of stimuli performed by the dominant
hand (Figure 7(a)), all subjects of both groups lie within
the first or fourth quadrant, but very close to the zero
axis, corresponding to a concordance between contralat-
eral representation for pSMC and contralateral or bilat-
eral representation for AON. Instead, scattered data
were found in the case of stimuli performed by the non-
dominant hand (Figure 7(b)). All data of TD children are
placed in the third, or second quadrant, but very close to
the zero axis, meaning a contralateral representation for
pSMC and contralateral or bilateral representation for
AON, analogously to the dominant hand. For UCP chil-
dren, the majority of data lies within the first and third
quadrants, demonstrating a concordance in lateralization
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of pSMC and AON, with both representations in the
unaffected (first quadrant, numbers 2, 8, and 12) or in
the affected hemisphere (third quadrant, numbers 3, 5, 6,
7, 9, and 10). Subject number 11 is in line with the TD
group, with contralateral representation for pSMC and
bilateral representation for AON, while subject number 1
is the only exception with a shifted reorganization in
the contralesional hemisphere for AON (as at TMS), but
with a higher activation of ipsilesional pSMC for the
sensory-motor task.

4. Discussion

This study explores for the first time AON of goal-directed
actions in UCP children and its relation to type and
timing of lesion, sensory-motor reorganization, and
clinical assessment.

The first very relevant finding is that AON in UCP
children engages brain activations similar to healthy age-
matched children despite the presence of brain damage.
However, neural networks activated by UCP children present
a higher lateralization of maps with a higher activation of the
unaffected hemisphere with respect to bilateral representa-
tion in the TD group. In our previous study [5], by compar-
ing AON of TD children with that of healthy adults, we
demonstrated that lateralization of AON is age-dependent
and that adults have a more lateralized activated network in
the dominant hemisphere while healthy children have more
bilateral and widespread AON. This early lateralization, as
a consequence of reorganization due to brain damage, could
be reflective of unknown mechanisms that in turn determine
an exclusion of natural development through a bilateral acti-
vation phase, affecting functioning in UCP children. Our
results seem to confirm this hypothesis, because higher
AON lateralization was correlated with lower performances
on both scales (MUUL and AHA), while UCP children with
bilateral AON activation similar to that of the TD group have
better performances, reaching higher MUUL and AHA
values (Figure 5). This finding is in line with examples of
maladaptive plasticity in the context of reorganization of
the sensory-motor system where contralateral (ipsilesional)
reorganization is more effective in restoring good motor
function as opposed to ipsilateral (contralesional) reorgani-
zation which is associated with lower grasping and manipu-
lation skills [6, 7].

Another possible explanation could be related to the
crucial role of the mirror neuron system in early motor learn-
ing by facilitating associations between action perception and
corresponding motor programs [27-29]. An altered func-
tioning of imitation capabilities, associated with limited
motor system functioning, in early infancy, could contribute
to determining maladaptive plasticity.

Regarding properties of observed actions, we found a
significant “hand identity” effect in AIP of the hemisphere
contralateral to the nondominant hand, similar to TD
children [5]. However, contrarily to age-matched controls,
this area did not present a significant effect for the “complex-
ity” factor. Lack of significance for “complexity” could be
related to the fact that all observed actions may be viewed
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as complex for UCP children. Another possible explanation
could be that AON of UCP children processes mainly for
goals rather than kinematics. These explorative hypotheses
need further investigation.

For the first time, this study assessed in the same group of
subjects both AON and SMN by using fMRI and correlated
results with TMS data. Regarding fMRI results, we found a
congruence between activation of contralateral pPSMC during
execution of the sensory-motor task and bilateral or contra-
lateral activation of AON.

Moreover, a good correspondence was also found
between AON and TMS data. In particular, observation
of the nondominant hand elicited a greater activation of
the affected hemisphere in children with ipsilesional reor-
ganization at TMS, while children with contralesional
reorganization at TMS had generally either bilateral activa-
tion or higher activation in the unaffected hemisphere
(Figure 6(b)). However, relevant discrepancies between fMRI
results of SMN and reorganization, measured by TMS, were
found in two children (numbers 1 and 3, with type I lesion,
Figure 6(c)) who presented a higher activation of pSMC of
the affected hemisphere despite a TMS reorganization
shifted to the contralesional hemisphere. The lateralization
index for SMN should be driven by prevalence of sensory
contribution to the activity in pSMC of the ipsilesional
hemisphere, as confirmed by an explorative post hoc analysis
of fMRI data for the sensory-motor task of the nondominant
hand, using different regressors for sensory and motor
blocks. Considering also clinical performances of the two
patients, this finding could be related to a different reorgani-
zation of the motor and sensory system and to possible
sensory-motor dissociation [6].

Concerning relationships between lateralization index,
type of lesion, and type of reorganization evaluated with
TMS, all type I UCPs have an ipsilateral (contralesional)
reorganization, while type II and IIT UCPs are variable with
lower abilities in children with ipsilateral (contralesional)
reorganization and higher abilities in those with contralateral
(ipsilesional) reorganization (Table 1). This finding is in line
with current literature. In addition, this study shows that type
I presents lower clinical scores than the other types do and
higher values of lateralization indices, and type II has
higher clinical scores and LI values similar to the TD
group (bilateral representation), while type III has very
high variability. In particular, there are two subjects with
similar intermediate MUUL values but opposite Lls, one
being more lateralized to the contralateral hemisphere
and the other to the ipsilateral one. These diverse findings
are related to the different clinical features of these two
cases. In the child (number 10) with preferred AON later-
alization in the affected hemisphere (LI<0), also SMN
activation and reorganization at TMS were present in the
affected hemisphere and her functional level at HFCS
was very good. On the contrary, the other child (number
12), with a lower level at HFCS, had greater activations
in the contralateral unaffected hemisphere for AON and
PSMC, in accordance also to reorganization at TMS.

Another interesting result is that observation of the dom-
inant hand induced a higher, but not significant, activation of
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the contralateral hemisphere in UCP than the TD group
(Figure 4(a)), suggesting a more lateralized circuit in UCP
children. This is indirectly confirmed by observation of the
nondominant (affected) hand which showed similar Lls
between the two groups: although with bilateral activations,
the UCP group showed higher variability among subjects,
including single cases with high absolute LI values, indicating
a specific lateralization in one of the two hemispheres
(Figure 4(b)). This finding is in contrast with results of
another study in which, for either side, observation of hand
movements recruited the primary motor cortex contralateral
to the viewed hand, while observation of the paretic side acti-
vated more strongly ipsilesional pSMC than viewing move-
ment performed by the nonparetic side [17]. Moreover, in
the same study, an engagement of AON was revealed regard-
less of degree of motor impairment assessed by a hand motor
function Likert scale (1-4). These different findings could be
related to a difference in the employed paradigm and in
particular to non-goal-directed simple hand movements in
the allocentric (third person) perspective of that study.
Conversely, in the present study, simple and complex goal-
directed movements were presented in the egocentric (first
person) perspective. Concerning the issue of perspective
from which action is observed, in monkeys it has been
demonstrated that when comparing neural activation due
to different points of view, such as first-person or third-per-
son, first-person might be preferred [30]. An fMRI study in
healthy adults showed that while the first-person perspective
elicits activations in the hemisphere contralateral to the
performing hand as if modelled action was mimicked with
the same anatomical hand, in the third-person perspective,
parietal activation ipsilateral to the modelled hand was
found, indicating a specular strategy, rather than anatomical
reproduction [31].

Moreover, the lack of correlation with degree of motor
impairment in the study of [17] could be related to the
narrower range of the Likert scale with respect to MUUL
and AHA. The relationship between MUUL scale and type
of sensory-motor reorganization has been previously
reported [6], and both MUUL and AHA are highly correlated
to lesion extension [32]. We have shown that not only the
type of reorganization assessed with TMS but also the
laterality index of AON (ALL TASKS > BASELINE) is
related to MUUL and AHA scores if we consider type I
and type II brain lesions (Figure 5). A similar result was
found considering observation of actions performed by
the nondominant hand ((C-ND+S-ND)>BASELINE);
however, the lack of significance (p=0.07) could be due
to high variability of type III lesion (e.g., similar MUUL
values with different types of reorganization and opposite
laterality indices values).

As far as the relationship between SMN of each hand and
laterality index is concerned, we have shown that in the TD
group, beyond dominance, there is activation of pSMC of
the contralateral hemisphere, reaching values of complete
lateralization. In the UCP group, the dominant/unaffected
hand induces similar activations while the nondominant/
affected hand induces very variable activation with values
varying from activation of the contralateral (lesioned)
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hemisphere to prevalent activation of the ipsilateral, unaf-
fected hemisphere (Figure 4(d)). Another important finding
is the lack of relationship between LI values of the nondom-
inant hand and clinical scales, in contrast to the previous
interesting relationship of clinical scales with LI of AON.
This finding is in accordance with previous studies [33],
and it could be related to different reorganization patterns
among subjects that determine a huge variability of data with
widespread values. All enrolled subjects did not undergo any
intensive treatment for the upper limb, and from literature it
seems that intensive treatments induce higher LI values with
more lateralization in the affected hemisphere [34]. Another
possible explanation could be related to the possibility of
associated movements (e.g., mirror movements) that can
alter SMN data. The solution of excluding UCP children
with mirror movements from fMRI studies of SMN is
not practicable since it would limit applicability to a small
number of subjects. In our sample, the mirror movements,
even if assessed with a nonstandardized method [35, 36],
were present in 8 out of 12 UCP children. Further studies
in UCP children with quantitative and standardized
assessment of MM could shed light on the role of MM
in SMN reorganization and clinical outcome.

Moreover, the sensorimotor tasks, especially for the
affected hand, are often challenging for UCP children, and
their execution can generate and be accompanied by an
excessive head motion during fMRI sessions. In this study,
we paid careful attention to the analysis and compensation
of motion and we succeeded in obtaining fMRI data from
all subjects for AON and from 11 out of 12 subjects for
SMN. Taking into account these issues and considering the
good concordance of lateralization indexes for pSMC and
AON (Figure 7), the paradigm for exploring AON seems
more reliable for studying the motor system in all UCP
children, due to its greater feasibility. In fact, for AON tasks,
children must only observe actions without doing any phys-
ical movement. Plasticity of the AON system with respect to
the sensorimotor system still requires greater investigation.

5. Conclusion

This fMRI study explores, for the first time, AON of goal-
directed actions and SMN in UCP children and their relation
to type and timing of lesion, sensory-motor reorganization
(TMS), and clinical assessment.

A good congruence was found between bilateral or con-
tralateral activation of AON and SMN activation, TMS data,
and clinical scores, suggesting that our paradigm might be
useful in exploring AON and adaptive mechanisms or
maladaptive plasticity. All these results, based on a small
and variable group of UCP children, are necessarily explor-
atory and need to be extended to and confirmed by other
studies. However, collectively, they indicate that, despite con-
genital and large brain lesions, AON is very active in these
children, although with some characteristic differences when
compared to TD children. These findings support clinical tri-
als that have been carried out and are in line with numerous
ones in progress using action observation therapy (AOT) as a
tool to improve manual function, also in chronic phases of
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these children. Our explorative attempts to correlate man-
ual proficiencies as shown by clinical scales and fMRI,
TMS, and other findings may indicate ways to explain
and predict efficacy of rehabilitation in UCP children. The
fMRI paradigm could also be particularly suitable to investi-
gate effects of plasticity induced by this specific rehabilitation
program [37-39].
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