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Imaging Developmental and
Interventional Plasticity Following
Perinatal Stroke

Brandon T. Craig, Alicia Hilderley, Adam Kirton, Helen L. Carlson

ABSTRACT: Perinatal stroke occurs around the time of birth and leads to lifelong neurological disabilities including hemiparetic
cerebral palsy. Magnetic resonance imaging (MRI) has revolutionized our understanding of developmental neuroplasticity following
early injury, quantifying volumetric, structural, functional, and metabolic compensatory changes after perinatal stroke. Such techniques
can also be used to investigate how the brain responds to treatment (interventional neuroplasticity). Here, we review the current state of
knowledge of how established and emerging neuroimaging modalities are informing neuroplasticity models in children with perinatal
stroke. Specifically, we review structural imaging characterizing lesion characteristics and volumetrics, diffusion tensor imaging
investigating white matter tracts and networks, task-based functional MRI for localizing function, resting state functional imaging for
characterizing functional connectomes, and spectroscopy examining neurometabolic changes. Key challenges and exciting avenues for
future investigations are also considered.

RESUME : Recourir aux examens d’IRM pour mieux comprendre la plasticité développementale et interventionnelle a la suite d’un AVC
périnatal. Les AVC périnataux vont survenir a peu pres au moment de la naissance et entrainer des déficiences neurologiques a vie, par exemple une
infirmité motrice cérébrale hémiparétique. Les examens d’IRM ont quant a eux révolutionné notre compréhension de la neuroplasticité développementale
a la suite d’une Iésion cérébrale survenue a un stade précoce. Ils permettent en effet de quantifier les changements compensatoires de nature volumique,
structurelle, fonctionnelle et métabolique qui sont consécutifs a un AVC périnatal. De tels examens peuvent également &tre utilisés pour étudier la fagon
dont le cerveau réagit a un traitement (neuroplasticité interventionnelle). Nous voulons donc nous pencher ici sur I’état actuel de nos connaissances quant a
la capacité des techniques de neuroimagerie, qu’elles soient établies ou émergentes, a nous renseigner au sujet des modeles de neuroplasticité chez des
enfants victimes d’AVC périnataux. De maniere plus spécifique, nous entendons passer en revue les résultats d’examens d’IRM ayant permis de
caractériser 1’étendue volumique et les 1ésions produites par ces AVC mais aussi des résultats basés sur la technique d’IRM de diffusion au sujet des sillons
et des réseaux de la matiere blanche, des résultats d’IRM fonctionnelle axée sur des taches pour identifier les fonctions atteintes, des résultats d’IRM
fonctionnelle a I’état de repos afin de caractériser les connectomes fonctionnels et des résultats spectroscopiques portant sur des changements d’ordre
neurométabolique. Enfin, nous avons aussi tenu compte des défis clés et des avenues de recherche passionnantes pour le futur.
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INTRODUCTION

Perinatal stroke causes hemiparetic cerebral palsy (HCP) and
lifelong neurological disability. With morbidity spanning diverse
aspects of a child’s life and lasting for decades, global impact is
large, including 10,000 Canadian children. The burden of dis-
abilities will persist as pathophysiology is poorly understood and
prevention strategies are non-existent. Limited treatments lead to
loss of hope for children and families, necessitating exploration
of new therapies.

As a focal injury in a healthy brain at the start of life, perinatal
stroke represents an ideal model for the study of human devel-
opmental plasticity. Fortunately, combinations of preclinical and
human studies are informing models of how the brain organizes
specific functions after perinatal stroke. These models in turn are
creating specific targets for neuromodulation where clinical trials
are now underway. Advanced neuroimaging has been essential to
this entire process, constructing the models to define individual
patterns of developmental plasticity and then exploring the
effects and potential mechanisms of intervention.
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Here, we summarize the approaches, evidence, and emerging
directions of how neuroimaging can inform our understanding of
both developmental and interventional plasticity, paving the way
for neuromodulation trials to improve outcomes for children with
perinatal stroke.

Perinatal Stroke: Disease States and Outcomes

You will not incur a higher period of risk for ischemic stroke
than the week you are born." A term newborn carries a risk
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Figure 1: Axial and coronal T1-weighted anatomical images of two teenage children with left hemisphere perinatal strokes. (A)
Arterial presumed perinatal ischemic stroke (APPIS). (B) Periventricular venous infarction (PVI). Both children have significant
motor disabilities (hemiparetic cerebral palsy) that will last a lifetime.

>1:1500, threefold higher than a week in the life of a diabetic,
hypertensive, smoking adult and eightfold above all adults.”> An
additional 50% of perinatal stroke presents later in infancy.’
Perinatal stroke is the leading cause of HCP and most survivors
experience additional neurological comorbidities including intel-
lectual disabilities, language impairments, developmental and
behavioral disorders, and epilepsy.4’5 Frequent occurrence com-
bined with lifelong morbidity generates a large global burden on
affected children and their caregivers. Identification of a causative
factor remains elusive in most cases' and with no means of
prevention, perinatal stroke will continue to impact the >10,000
affected Canadian children and their families for decades to come
(Dunbar & Kirton, under review).

An essential first step in improving outcomes from perinatal
stroke is to understand the underlying disease. We have helped
define distinct clinical-radiographic perinatal stroke syndromes
using magnetic resonance imaging (MRI),%’ refining perinatal
stroke research toward specific disease states. Two main stroke
types predominate (Figure 1). Arterial ischemic strokes (AISs)
are large brain injuries secondary to occlusion of major cerebral
arteries. Some present at birth with acute seizures (symptomatic
neonatal AIS), while others are not recognized until infancy when
hemiparesis becomes evident (arterial presumed perinatal ische-
mic stroke).L9 In contrast, periventricular venous infarctions
(PVIs) are subcortical white matter lesions acquired in the fetus
before 34 weeks gestation, secondary to medullary venous
infarction.”'®!" MRI studies by our group and others have
defined these fetal strokes, facilitating diagnosis.'>'> We have
validated this imaging-based classification system and demon-
strated its research applications including MRI prediction of
long-term outcomes, recognition of novel risk factors, MRI
markers of pathophysiology, and new imaging targets for thera-
peutic interventions.”**'4~

Both AIS and PVI injure primary components of the motor
system early in life, often resulting in HCP. Neurodevelopmental
deficits occur in ~75% of perinatal stroke survivors.*>!'” Motor
deficits are most prominent and are not limited to one body
side.>”-2*-2% Ability to predict motor outcome early is limited, but
MRI has dramatically improved the early identification of affect-
ed children,”19-20-23:24 including our use of diffusion MRI to
predict hemiparesis.'>*>° This has opened windows for earlier
intervention. Deficits in language, vision, cognition, behavior,
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and epilepsy complicate >50% of AIS with morbidities lasting a
lifetime. Physical disability remains the main determinant of
quality of life, and current interventions are limited.?”-®

Plastic Organization Following Perinatal Brain Injury

The common features of unilateral, focal injury in an
otherwise healthy brain, combined with distinct differences
in lesion timing and location, make perinatal stroke an ideal
human model for the study of developmental plasticity.”’ In
1936, Kennard described better outcomes in younger primates
following motor cortex lesions.*® This Kennard principle has
fostered efforts to understand and harness age-related plasticity.
Terms like “repair” and “reorganization” imply the existence of
inherent restorative mechanisms that evolutionary models
suggest do not exist.’' Instead, plastic adaptation represents
ongoing developmental and compensatory processes occurring
after injury.

Elegant animal work and human studies have solidified a
model that increasingly explains motor function following early
unilateral injury, creating novel avenues for therapeutic interven-
tions.””*>~3* These will be outlined here to then demonstrate how
advanced imaging has both informed progress and possesses new
potential to expand our understanding.

Synaptic Competition

The targets of developing upper motor neuron systems are the
spinal lower motor neurons, control of which appears to be a
major determinant of clinical function. In typical development,
ipsilateral and contralateral corticospinal tract (CST) projections
arising from primary motor cortex (M1) are present in equal
proportion at birth (Figure 2A). With continuous competition to
establish synapses occurring through development, eventual
contralateral domination results and ipsilateral projections have
been shown to physically withdraw in animal models
(Figure 2B).***33¢ In humans, these connections are also thought
to largely withdraw during the first 2 years of life, leaving few
(~15%), slower conducting ipsilateral projections.32 Evidence
from transcranial magnetic stimulation (TMS) studies in neuro-
logically typical children (aged 8—18 years) are consistent and
have found few detectible motor evoked responses in the ipsilat-
eral hand.”’ Continued motor practice during development
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Figure 2: An illustration of the synaptic competition model. (A) In typical development, ipsilateral (red dashed lines) and contralateral
corticospinal tract (CST) projections (green and blue lines) arising from primary motor cortex (M1) and broader cortical areas are present in
equal proportion at birth. They compete with each other to establish synapses with lower motor neurons during early development. (B) With
normal motor development, contralateral projections dominate and ipsilateral projections are withdrawn. (C) After an early unilateral injury
such as perinatal stroke (red x), abnormal ipsilateral projections that would have been withdrawn may persist (red dashed line), resulting in
ipsilateral (or bilateral) control of the weak hand (W), a pattern often associated with worse motor function. (D) Models suggest that
intervention strategies focused on restoring typical contralateral organization of the motor system might maximize function. Adjuvant
neuromodulation techniques may additionally influence this balance at multiple levels including the interhemispheric balance between primary
motor cortices (yellow dashed lines). LM1 — left motor cortex, RM1 — right motor cortex.

strengthens contralateral connections, with plastic changes in M1
occurring in a use-dependent fashion.*-

In the case of perinatal stroke, the injury reduces activity of
sensorimotor neurons in the lesioned hemisphere resulting in a
failure to maintain activity-dependent contralateral projections
subsequently sparing ipsilateral projections.® Resulting weak-
ened contralateral competition from the lesioned hemisphere may
cause ipsilateral projections that normally withdraw to persist
resulting in ipsilateral (or bilateral) control of the weak hand and
poorer motor function (Figure 2C).

The Lesioned Hemisphere: Contralateral Projections to the
Paretic Hand

Adult stroke and animal studies suggest that retaining motor
control in the lesioned hemisphere is associated with better
physical function.*®*' This organization may be most efficacious
because if relatively intact perilesional tissue mediates motor
function in the paretic hand, existing (albeit damaged) contralat-
eral CST projections are utilized which may be better suited to
motor execution compared to weaker or “unintended” ipsilateral
pathways.42 We and others have correlated preserved contralat-
eral projections with function.”**” HCP studies show decreased
excitability in the lesioned hemisphere with location of cortical
activations approximating typical motor areas.*>** Contralateral
CST orientations also have better function in PVL** Small
imaging studies suggest rehabilitation may increase lesioned
motor cortex activations in HCP.*>*® Enhancing motor control
in the lesioned hemisphere may favor improved function but
markers remain unestablished in perinatal stroke.

The Contralesional Hemisphere: Ipsilateral Projections to the
Paretic Hand

Abnormal ipsilateral projections from the non-lesioned hemi-
sphere to the paretic hand are common in HCP (Figure 2C).*"~°
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We and others have confirmed the association between this
ipsilateral arrangement and poor function in perinatal
stroke*>47 =1 Importantly, over-activity of the contralesional
M1 may be associated with larger deficits.***"% In the largest
TMS study of perinatal stroke (n = 52), we validated this neuro-
physiology of the contralesional M1."’

Interhemispheric Dynamics

Interhemispheric inhibition (IHI), whereby each hemisphere
inhibits the other, may help to maintain excitatory and inhibitory
balance in the motor systf:m.53 IHI between the primary motor
cortexes in school-aged children appears to be similar to that
observed in adults.>* In perinatal stroke, we have shown that less
IHI from the stroke to non-stroke M1 is associated with better
function.”® Decreasing over-activity of contralesional M1 has
been a commonly used approach to therapeutic neuromodulation
in adult stroke.’®>” Such techniques may modulate cortical
excitability to restore interhemispheric balance between the
primary motor cortices (Figure 2D, yellow dashed lines) and
thus represent a potential therapeutic target in HCP.

Modulating Developmental Plasticity in Cerebral Palsy

Interventional strategies may enhance contralateral (or inhibit
ipsilateral) CST projections to improve physical function. There is
strong animal evidence to support activity-dependent enhancement
of contralateral CST connections.*®® These findings complement
evidence in human histopathological and neurophysiological stud-
ies including demonstration in healthy and injured newborns and
infants.”>**° Leading interventional approaches for children with
HCP build on evidence from adult stroke, namely manual therapies
and non-invasive brain stimulation of cortical areas.

Manual Therapy

Manual therapies are designed to deliver motor learning-based
therapy, the essential substrate for use-dependent plasticity.

159


https://doi.org/10.1017/cjn.2020.166

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

Limited use of the contralesional limb reduces opportunity for
strengthening desirable contralateral CST connections, calling for
therapies that focus on actively engaging children in intensive,
repetitive, functional motor practice. The bulk of research to date
has focused on constraint-induced movement therapy (CIMT).
CIMT promotes use of an impaired limb by constraint of the less-
impaired limb,®" with multiple pediatric studies supporting CIMT
effectiveness in HCP.>~®° In adult stroke, 2 weeks of CIMT can
generate gains lasting years.®® Limitations of CIMT include a
somewhat invasive nature and the exclusion of bimanual learn-
ing, which is arguably more useful for children’s everyday life
and may target sensorimotor deficits observed in function of both
hands.®”°® Bimanual approaches provide interventional options
that can also improve function in HCP,%>%° with comparable
benefits to CIMT. Many programs now combine these meth-
ods.”® Response patterns vary with continued efforts to identify
individual factors that may guide intervention selection.”’

Non-Invasive Brain Stimulation

Transcranial Magnetic Stimulation

TMS uses electromagnetic induction to apply a suprathreshold
pulse to focal cortical areas. TMS has high spatial resolution to
affect discrete functional areas, offering non-invasive, painless
mapping of motor systems.47’72_74 TMS neurophysiology pro-
cedures can quantify motor pathway integrity and cortical excit-
ability’> and can elucidate interactions between different brain
areas. Advances with TMS robotic measurements’® offer meth-
ods to assess dynamic changes in M1 that may occur following
interventions.”” That non-invasive brain stimulation that can
produce lasting changes in brain function is now well estab-
lished.”® TMS is amenable to randomized, sham-controlled
clinical trials with dozens in adult stroke demonstrating improved
function. High-frequency repetitive pulse TMS (rTMS) stimu-
lates cortex which both animal’®®! and human®® stroke studies
can facilitate motor function. Low-frequency rTMS often reduces
the excitability of the cerebral cortex®>® and contralesional
application may enhance stroke recovery in adults®® and hand
function in HCP,**™ with additive effects of CIMT and rTMS.*
Strong evidence supports rTMS safety in both adult and pediatric
stroke trials including no adverse effects on hand function.”®>~%
Limitations of rTMS include burdensome, immobile hardware
that prevents simultaneous rehabilitation.

Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) applies simple
scalp electrodes (anode and cathode) to generate weak currents
(1-2 mA) that induce polarity-dependent changesgo and regional
modulation of resting membrane potential and neuronal excit-
ability.”! Anodal stimulation generally increases excitability,
while cathodal stimulation decreases it but there are exceptions.””
tDCS safety and tolerability in adults” and children®* are well
established, and the portable nature of tDCS systems allows
patient mobility during active rehabilitation, providing opportu-
nity to potentially augment motor practice with concurrent
neurostimulation. Motor cortex tDCS can enhance motor learning
in animals, healthy adults and children, and adults with stroke
during training.”*~” Investigations in children with HCP suggest
benefit of combining tDCS with motor training.gg’99 Use of tDCS
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and TMS seem promising, but mechanisms of action are not yet
well understood.

Across intervention approaches, missing is an understanding
of the underlying plastic changes that drive improvements in
hand function following manual therapies and neuromodulation.
This is required to identify individual factors that predict respon-
siveness to generate personalized neurorehabilitation to optimize
function.

NEUROIMAGING

MRI affords incredible opportunities to explore how brain
structure and function change as children with perinatal stroke
grow (developmental plasticity) and to better understand the
effects of training and neuromodulation (interventional plastici-
ty). Application of advanced MRI techniques in perinatal stroke
will allow us to further understand the brain’s structure, function,
and metabolism to identify individual markers with which to
design targeted, personalized interventions. With the exciting
advent of large publicly available imaging databases (including
pediatric databases), future developments may establish large,
normative comparison groups to further development of person-
alized neuroimaging biomarkers that can inform rehabilitation
strategies in individual patients.

Structural Imaging

Perhaps the simplest method of imaging perinatal stroke is
structural MRI. A standard T1- or T2-weighted anatomical image
can provide a myriad of information regarding lesion location,
character, and size as well as structural volumes, tissue signal
intensity, thickness of cortical areas, and cortical complexity
(i.e., gyrification or sulcal depth). Clinically obtained anatomical
scans, including T2-weighted fluid-attenuated inversion recov-
ery, often help classify the majority of stroke subtypes based on
infarct shape, territory, and associated features. %’

Historically, clinical brain lesion studies in adults have provid-
ed evidence of functional speciﬁcity.]("’m2 Advanced magnetic
resonance (MR)-based lesion analysis techniques are now avail-
able such as voxel-based lesion symptom mapping'®, lesion-
behavior mapping'®*'?, lesion-network symptom-mapping,'®
and most recently, connectome-based lesion-symptom map-
ping.'”” Despite relatively simple acquisition and processing
leading to powerful structure—function comparisons, studies using
structural imaging in perinatal stroke are somewhat scarce. Frontal
lesions typically associate with cognitive impairments,'® whereas
damage to motor circuits (basal ganglia, M1) influence motor
ability.'” Systematic lesion-symptom investigations in large num-
bers of perinatal stroke patients have not been reported thus far.

Volumetric analyses investigate differences in size of specific
structures and the relation to clinical symptomology. Structures
remote from, but connected to, the primary lesion have been shown
to be altered by a process called diaschisis.''” Two recent studies in
children with perinatal stroke have demonstrated smaller ipsile-
sional thalamic''' and contralesional cerebellar''> volumes com-
pared to the opposing hemisphere. These findings were highly
related to motor and cognitive function supporting the clinical
relevance of volumetric investigations in both lesioned and non-
lesioned hemispheres. Cortical volumes above subcortical PVI
lesions have also been shown to be smaller though were not found
to be associated with motor dysfunction.''* Volumetric studies thus
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provide converging evidence of neuroplastic changes occurring
remotely from the original lesion that have clinical implications and
may additionally shed light on changes in cortical volumes due to
reorganization of function between hemispheres. More complex
morphometry techniques investigating cortical thickness, gyrifica-
tion, and sulcal depth quantify characteristics of gyri and sulci.''*
While both of these methods have yet to be utilized in perinatal
stroke, results in pediatric populations are promising.''>''®

In addition to morphometric characteristics, image intensity of
T1- and T2-weighted images can quantify underlying tissue com-
position.''”"""® We have recently used this technique to explore
potential alterations in myelination in perinatal stroke.'"” Myelina-
tion, as estimated by T1 intensity, was decreased in perilesional
areas compared to distal, intrahemispheric areas, and a contrale-
sional homolog which itself had decreased intensity compared to
age-matched controls. Additional methods of assessing myelination
include taking a ratio of signal intensities between T1- and T2-
weighted images.lzo’121 This method may be effective in discerning
myelination processes in white matter and gray matter areas in the
very preterm 2% but has yet to be explored in perinatal stroke.

Diffusion Imaging

One of the most impactful neuroimaging sequences used in
both research and clinical settings is diffusion-weighted MRI
(dw-MRI). The high sensitivity and specificity of dw-MRI for
acute cerebral infarction make it the gold standard for clinical
diagnosis of acute perinatal stroke.'**~'%° The cytotoxic edema
that results from infarction leads to high signal intensity on the
dw-MRI and a corresponding decrease in apparent diffusion
coefficient or so-called “restricted diffusion”.'*"'*® The clear
visibility of acute infarcts on dw-MRI allows accurate diagnosis,
early volume measurements, and informs clinical image scoring
systems.lz(’ Additionally, infarct location on dw-MRI can be
helpful in estimating both mechanisms and prognosis.'*"**'3°

Early diffusion imaging can also demonstrate changes in areas
anatomically connected to, but remote from, the primary stroke
lesion via diaschisis. The extent of diffusion restriction along the
CST tracts has been correlated with long-term motor out-
come.">"3! Diffusion changes within specific locations may also
be associated with functional outcomes, including visual and
motor disability.'*'** Alterations in dw-MRI signal due to
diaschisis is also measurable in highly connected structures
remote from acute neonatal ischemic stroke, such as the thalamus
and corpus callosum.'**

More advanced diffusion imaging approaches may provide
further insight into perinatal stroke plasticity. Diffusion tensor
imaging (DTI) allows the estimation of diffusion properties
within specific areas, structural tracts, and across the entire
brain.'*>'*® Using region of interest and other approaches,
specific structural tracts can be modeled using DTT tractography.
Fractional anisotropy (FA) describes the unity of diffusion into
equal directions (isotropic and decreased FA) or in specific
directions (anisotropic and higher FA). Additional diffusion
metrics from DTI approaches include axial diffusivity and radial
diffusivity of each metric describing different characteristics and
possible damage to wunderlying white matter (WM)
microstructure. '’

White matter tract microstructure in children with perinatal
stroke has been investigated using tractography, isolating specific
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tracts of interest and informing on sensorimotor network devel-
opment following early brain injury. Differences in microstruc-
ture quantify potential alterations in underlying tract diffusion
properties and structural connectivity. Lesioned side CST diffu-
sion properties are often altered in perinatal stroke, the degree of
which appears to correlate with motor deficits.'*® A large,
controlled study correlated CST diffusion properties with detailed
robotic measures of motor function in hemiparetic children with
perinatal stroke demonstrated differences between arterial and
venous stroke populations.'*® A similar robotic approach capable
of measuring complex sensory functions such as proprioception
and kinesthesia demonstrated correlations between these clinical
functions and the diffusion properties of the dorsal column
medial lemniscus tract.®” Future tractography approaches may
explore broader components of sensorimotor (e.g., cortico-ponto-
cerebellar) or more complex pathways mediating cognition.
Further, tractography may also help to elucidate relative
functional contributions of ipsilateral, contralateral, and inter-
hemispheric pathways in models of developmental plasticity as
described in the synaptic competition model above.

Tractography approaches can also be applied to the entire
brain giving insight into global structural networks. Mathematical
models such as graph theory can characterize pathways between
regions and patterns of organization at the network level. 149 Such
structural white matter connectome methods that have been
applied to more heterogenous cerebral palsy populations suggest
that more ordered structural connectivity correlates with clinical
function. '#!-142 Additionally, such structural connectome techni-
ques may also quantify response to intervention, demonstrating
improvements in clinical function following rehabilitation,'**
suggesting possible utility in investigating interventional plastic-
ity. We have recently confirmed that a structural connectomics
approach is feasible in perinatal stroke.'** When investigating the
non-lesioned hemisphere, we revealed modest but consistent
relationships between baseline clinical motor function and some
graph theory metrics.'**

Advanced diffusion imaging methods may therefore open the
door for investigating how structural and whole-brain connectiv-
ity change following intensive occupational therapy or non-
invasive brain stimulation. Baseline microstructural variables in
the lesioned CST correlated with larger gains in rehabilitation in
children with unilateral cerebral palsy'* though results vary.'*
Larger sample sizes with more stringent inclusion and exclusion
criterion and robust, high-dose interventions capable of effecting
clinical and functional change are needed in order to better
understand how different forms of therapy are reflected in
neuroimaging outcomes of brain plasticity. An additional trans-
lational application would be improving the ability to predict
individual responsiveness to such interventions and more per-
sonalized neurorehabilitation.

Development of novel white matter diffusion techniques may
facilitate such progress. Neurite orientation dispersion and den-
sity imaging (NODDI) quantifies microstructural complexities of
dendrites and axons in vivo by calculating neurite density index
and orientation dispersion index.'*” These outcomes are sensitive
to somas and glial cells that make up the extracellular space
and the intraneurite space (between axons) thus quantifying
angular variations of structure within a voxel characterizing white
matter. NODDI has shown differences between lesioned and
non-lesioned CSTs in children with unilateral cerebral palsy
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relating strongly to clinical function suggesting higher sensitivity
for NODDI metrics (i.e., intracellular volume fraction) over
traditionally used DTI metrics such as FA.'*® Other emerging
methods, such as myelin water fraction, quantitative inhomoge-
neous magnetization transfer, McDespot, and g-ratio, are all
increasingly used in adults and may be translatable to pediatric
populations.'**~'>? These methods may allow further investiga-
tion of the developmental neuroplasticity of structural connec-
tions following perinatal stroke and how such connections
change or explain clinical behavior.

Perfusion

Brain perfusion can be quantified using techniques such as
arterial spin labeling (ASL) giving insight into cerebral blood
flow (CBF) after stroke. Traditionally, perfusion techniques have
been used in acute clinical diagnosis of stroke and can visualize
potentially salvageable tissue and disruptions in blood flow such
as hyper-, hypoperfusion, and the diffusion—perfusion mismatch
all of which may inform subsequent treatments. Currently, there
is a paucity of evidence as to how differences in blood perfusion
persist into chronic stages post-perinatal stroke and how this may
relate to long-term function.

ASL is a non-contrast MRI technique that magnetically
“labels” a bolus of blood in the carotid arteries before it enters
the brain. After a brief post-labeling delay, the labeled blood is
detectible as it perfuses the gray and white matter, and whole-
brain quantitative maps estimating CBF can be calculated. Dis-
ruptions in perfusion in the central and peripheral regions of the
infarct and changes in these disruptions over time have been
investigated in a few studies of perinatal AIS patients near birth
shortly after experiencing seizures.'>¥1°¢ Although potentially
informative in acute cases, longer-term developmental implica-
tions of such perfusion disruptions remain unclear. Given its non-
invasive nature (i.e., no use of radioactive tracers such as in
single-photon emission computed tomography ), ASL may be
informative in future studies to investigate chronic differences in
brain perfusion and development of perfusion-based biomarkers
correlated with function.

Functional MRI

Functional MRI (fMRI) is distinct from, but complementary
to, structural, diffusion, and perfusion MR sequences. The basis
of fMRI is the blood-oxygen-level-dependent (BOLD) contrast
which reflects changes in regional fluctuations in deoxyhemo-
globin as a surrogate marker for underlying neuronal activity. As
neural activity increases in a given brain area, demand for oxygen
also increases leading to increased CBF to the area. Such neural-
vascular coupling results in a hemodynamic response causing
changes in relative oxy- and deoxyhemoglobin concentrations.
Fluctuations in BOLD response over time can be measured
during a task or at rest, giving rise to powerful techniques for
investigating localization of function as well as intrinsic func-
tional connectivity among different brain regions.

Task-Based fMRI

Task-based fMRI is very effective in localizing brain areas
involved in execution of specific tasks. Commonly, participants
perform a task interleaved with periods of rest. BOLD signal
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fluctuations are then compared across task and rest time courses,
and resulting statistical maps (contrasting periods of rest
with task) show “active” areas of statistically significant task-
synchronized changes in BOLD signal. These activation maps
have high spatial resolution (at the mm level) for localization of
areas of the brain actively recruited during specific tasks of
interest and have been successful in characterizing patient-specific
re-organization of functional areas after stroke in adults'’~'>
and injuries to the developing brain.'®

Resting-State fMRI

Low-frequency BOLD fluctuations can also be assessed in the
absence of a task (resting-state fTMRI [RS-fMRI]) having the
distinct advantage of being task-free and thus accessible to
participants who cannot successfully complete specific tasks.
Participants typically fixate on a cross and think about “nothing
in particular”. Since it is very unlikely for BOLD signal within
multiple brain areas to significantly co-vary in time purely by
chance, it is inferred that these areas are functionally con-
nected.'®" Higher temporal correlations of BOLD response are
thus taken to represent higher functional connectivity.

Multiple reliable resting state networks have been identi-
fied,'®® development and strengthening of such networks occur-
ring across childhood and into early adulthood. The basic hubs
for primary sensory functions (vision, audition, and sensorimo-
tor) appear to develop very early, before birth.'® Throughout
childhood, networks strengthen and follow a local-to-global
pattern of development.'®* Primary sensory networks appear first
and are adult-like by around 8 years of age.'®® The higher-level
executive, attention, and default mode networks follow later in
childhood and appear to keep developing into the teenage
years.'®?

Analysis methods vary widely for RS-fMRI. Most commonly,
methods assume that networks remain static in time. Seed-based
analyses use regions of interest defined a priori based on
anatomical atlases to define seeds for use in temporal cross-
correlation measurements. Independent component analysis
(ICA) is another commonly used data-driven method that par-
cellates significantly co-varying voxels into resting-state net-
works from multivariate BOLD signals without using regions
of interest or atlases. Analyzing RS-fMRI as dynamic data is a
more advanced emerging approach that has yet to be applied in
perinatal stroke.

Sensorimotor Network

The hand sensorimotor system has been investigated via task
fMRI during active or passive finger tapping or hand-squeezing
tasks. In typically developing children and adults, the pattern of
activation during a unimanual hand task usually involves con-
tralateral primary sensorimotor, premotor, supplementary motor,
and posterior parietal cortices as well as the contralateral thala-
mus and basal ganglia, and ipsilateral cerebellum. Though acti-
vations typically follow a contralateral pattern, lesser bilateral
activations may occur.'®*'%®

After perinatal stroke, a comparison between paretic and less-
affected hand fMRI activation patterns may show one of three
main patterns of re-organization in M1 that appear consistent with
synaptic competition models. Ipsilesional re-organization reflects
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Figure 3: Diffusion imaging. (A) Restriction of water diffusion caused by an acute ischemic infarction on this axial diffusion image appears bright
leading to accurate clinical diagnosis as well as identification of secondary diaschisis displaced from the primary lesion (genu, splenium, thalamus,
and basal ganglia). (B) Diffusion tractography can isolate white matter bundles of interest such as the cortical spinal tract using known anatomy
(posterior limb of the internal capsule and cerebral peduncles [inlays]) to guide region of interest placement. (C) Whole-brain tractography can
quantify structural connectivity of wider brain networks.

recruitment of spared perilesional tissue to mediate sensorimotor
tasks.*>>1199-17% Contralesional re-organization results from the
shifting (or preservation) of motor function in the paretic limb to
contralesional (ipsilateral) sensorimotor areas which may be
associated with more extensive damage to the injured hemi-
sphere.“z’s1’]667170’]72 This reconfiguration results in ipsilateral
cortex-mediating hand function (illustrated in Figure 2).
More commonly, patients show a combination of both re-
organization patterns (Figure 3) which results in bilateral
representations of the paretic limb in both damaged and intact
hemispheres.*>>!:106-168170-173.175.176 Bjlatera] activations seen
on fMRI may also be due to sensorimotor feedback from
unintended mirror movements rather than bilateral representa-
tions of the sensorimotor network itself.*>'¢%1¢7-171-177 More
systematic investigation and online monitoring of mirror move-
ments may give insight into clinical manifestations of sensori-
motor re-organization.

Evidence suggests that maintaining functional organization in
ipsilesional areas is generally more effective in maximizing
clinical motor function compared to the recruitment of contralat-
eral or bilateral areas although considerable variability
exists.*>'>%1"2177 Further demonstrations using active (primarily
motor) and passive (primarily sensory) unimanual tasks show that
hemispheric dissociation of motor and sensory functions results
in the motor representation re-organizing into the non-lesioned
hemisphere and the sensory representations remaining in the
lesioned hemisphere.*>*"'®” Such organization may be maladap-
tive and could lead to decreased motor function — even if the
somatosensory projections of the sensory pathways can success-
fully divert around the lesion in the damaged hemisphere to reach
their original cortical targets.178 Children who do have activa-
tions in the contralesional primary and secondary somatosensory
cortices are likely to have poorer sensory function of their paretic
hand.'” We do concede that for children with large lesions,
ipsilesional reorganization may not be possible. In this situation,
contralesional organization may be the only option and would not
be maladaptive but rather necessary for preservation of residual
function.

Many task fMRI studies investigate volume and peak height
of activation areas during paretic hand sensorimotor tasks and
have found that peaks are higher (i.e., higher statistical
values)*>1%¢1%% and the volume of activations are larger
(i.e., more suprathreshold voxels)l“_168 than for less-affected
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hand tasks or in comparison to controls. This commonly reported
difference may be due to additional effort and wider cortical
recruitment required to move the paretic hand. Height of activa-
tion peaks appear to be functionally relevant,'®®'7'"7 and peak
heights in the ipsilesional central sulcus are highly correlated with
motor function.'”” Ipsilateral parietal lobule and premotor cortex
activations have also been linked to better performance on
measures of dexterity in the paretic hand.'®®

Additional components of the sensorimotor network are
likely altered and may include premotor, parietal, insular,
superior temporal, and mesial frontal areas (supplementary
and cingulate motor areas) as well as basal ganglia and
cerebellum, #1606~ 168172175177 1y typical development, basal
ganglia activations are usually contralateral given the rich con-
nectivity with many sensorimotor cortical areas.'® In stroke
patients with a contralesional (ipsilateral) re-organization pattern,
activations in the basal ganglia also show reorganization to the
contralesional side.'®” Interestingly, the cerebellum shows bilat-
eral recruitment after perinatal stroke, which may be a compen-
satory response to an effortful task'®®17° as exclusively ipsilateral
recruitment is commonly seen in healthy adults.'®®

Task fMRI can also be used to investigate interventional
changes. CIMT-induced cortical reorganization may include a
shift of motor control toward the lesioned hemisphere, but most
studies have been in adult stroke.'®'~'®® Small studies in HCP
support possible alterations in lesioned M1 activity,*>-#¢-18%-190
with a predominant focus on M1 and limited exploration of
network changes.

In typically developing children, resting-state sensorimotor
networks are usually bilateral and symmetrical including somato-
sensory areas. [CA has demonstrated that children with AISs
show trends toward lower sensorimotor system functional con-
nectivity values compared to peers, but that children with PVI are
not different from peers.'”! A small study of children with HCP
revealed unilateral, asymmetrical sensorimotor networks, with
notable differences compared to typically developing peers in
contralesional motor and supplementary motor areas. Differences
were not related to lesion volume.'** Children with more later-
alized motor networks responded better to CIMT, indicating that
RS-fMRI may be a useful correlate with intervention response.'*>
Other ICA studies have shown absent or disrupted resting-state
networks'*? in HCP compared to peers, but detectable networks
were stronger than peers and possibly spatially expanded to
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Figure 4: Motor task fMRI. (A) Coronal anatomical image of a 12-year-old child with a left periventricular
venous infarction. (B) Task fMRI activation patterns during a ball squeeze task with the paretic (blue) and intact
(red) hands show a bilateral re-organization pattern for the paretic hand. (C) Activation patterns for a typically
developing control participant performing the same task with dominant (blue) and non-dominant (red) hands.

include other nearby cortical areas.'”* A multimodal study in PVI
suggested that differences in inter- and intrahemispheric func-
tional connectivity may be CST-wiring specific.'”*

Seed-based analyses have indicated that AISs have signifi-
cantly lower interhemispheric functional connectivity values in
sensorimotor cortical regions than peerslg5 196 and that PVI show
lower functional connectivity for supplementary motor areas
compared to peers'’® when seeding the lesioned M1. Higher
intrahemispheric functional connectivity in the anterior supra-
marginal gyrus in the lesioned hemisphere of AIS was also
observed compared to both typically developing peers and
PVI.'”® Alterations in resting-state sensorimotor networks within
AIS and PVI groups did not seem to relate to motor func-
tion."”"'” In contrast, a recent study investigating PVI patients
found functional connectivity within the sensorimotor network
and the thalamus was associated with clinical motor and sensory
function.'?®

These RS-fMRI studies suggest that children with AIS have
differences in network strength and topography compared to
peers and that children with PVI seem to be more similar to
peers. Relationships between functional connectivity and clinical
motor/sensory function are inconsistent, possibly due to the
heterogeneity of CST-wiring patterns. Future studies should
continue to explore the role of the non-lesioned hemisphere as
well as subcortical areas (i.e., thalamus and basal ganglia) as they
may play an important role in sensorimotor system circuitry but
have not been traditionally investigated in RS-fMRI studies.

Language Network

Uses of task fMRI and RS-fMRI are not limited to investiga-
tions of the sensorimotor network. The language network can be
studied using fMRI tasks, such as verb generation, naming simple
objects, saying words all starting with a certain letter, “word
chains” in which the next word starts with the last letter of the
preceding word,"”® and story listening.

Language functions are significantly left hemisphere latera-
lized in most right-handed children, showing activations in
anterior language areas such as left inferior frontal gyrus (i.e.,
Broca’s area) during language production tasks. During language
perception tasks, activations are typically more posterior in left
superior temporal gyrus (i.e., Wernicke’s area). This strong left
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laterality in typically developing participants develops over the
course of development into early adulthood, with very young
children usually showing bilateral organization.”” Additional
areas recruited during language tasks include the basal ganglia,
intraparietal sulcus, mesial frontal cortex, anterior cingulate, and
superior/middle frontal gyrus. 199,201,202

Similar to the sensorimotor system, there is a significant amount
of re-organization in the language system occurring after perinatal
stroke that can be examined using task fMRI. The most common
re-organization patterns for the language network following a left-
sided stroke are bilateral'***°'% or contralesional with remap-
ping to homologous areas in the right hemisphere.199’201_206’208
Retention of function in left hemisphere perilesional areas is
relatively uncommon and may preferentially occur in those chil-
dren with smaller lesions remote from primary language
areas.”*>?% There is considerable between-patient variability in
these patterns suggesting that lesion location®” and timjngzo7 may
play a role but apparently not lesion size 20%:203:206:207

Language function in children with contralesional (right) or
bilateral re-organization patterns is largely normal compared to
peers, highlighting the potential for neuroplastic re-organization
of extremely complex function after early injury.'*®-**>*%° Chil-
dren with bilateral activation patterns perform better than those
with solely contra- or ipsilesional configurations.’’® The loca-
tions of contralesional (right) peak activations after perinatal
stroke appear to be quite precise right hemisphere homologs
(i.e., mirror images) of left hemisphere activations in typically
developing peers, '9%-201-203:205 with similar peak heightmg’zoz’203
and activation volume.?*? Aphasia in these children is not
common if the injury was very early in life, yet observed
language performance differences may relate to activation
patterns.”*

It is unclear whether it is the innate equipotentiality of left and
right hemispheres at birth that makes the language network so
plastic,'”® whether bilateral re-organization reflects incomplete
re-mapping of language function to the contralesional (right)
hemisphere,?" or is possibly a disinhibition of “dormant circuit-
ry” available after early injury to interhemispheric inhibitory
mechanisms.”® Trrespective of the underlying mechanism,
emerging evidence indicates that language function in children
after perinatal stroke is largely normal compared to peers
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Figure 5: MR Spectroscopy. MRS voxel placements (yellow rectangles) guided by motor task fMRI activations for
patients with (A) arterial ischemic stroke, (B) periventricular venous infarction, and (C) a typically developing
control. (D) Resulting sample spectrum used to quantify neurometabolite concentrations within the MRS voxel
reflecting underlying motor cortex neurochemistry. Adapted from Carlson et al., 2017.

highlighting the potential for neuroplastic re-organization of
extremely complex function after early injury.

Use of RS-fMRI to explore language networks has been
limited in perinatal stroke. Overall, children with stroke may
have a disruption of resting-state networks and weaker interhemi-
spheric functional connectivity as compared to peers, with re-
gion-specific differences in connectivity that appears highly
related to language performance.”'%%!!

The bilateral symmetrical connectivity between left and right
inferior frontal, superior temporal, and superior frontal gyri
observed in typically developing children using seed-based
analyses are not observed in children with left hemisphere
stroke.”!" These children have significant right laterality accom-
panied by lower functional connectivity in left inferior frontal
gyrus, left middle temporal gyrus, left caudate nucleus, and left
anterior thalamus.?'' Intrahemispheric connectivity within the
left hemisphere was highly correlated with language comprehen-
sion and verbal memory.2“

During passive story listening, increased interhemispheric
connectivity between right and left angular gyri was associated
with poorer performance on a verbal comprehension test.”'® By
contrast, increased functional connectivity between right and left
superior temporal gyri was associated with better performance on
multiple measures of receptive language for children with peri-
natal stroke but typically developing children showed the oppo-
site pattern. Cerebellar interhemispheric connectivity was not
related to function.

Since language is a very complex skill, patients may have
unique compensatory mechanisms. Resting-state networks in
children are also still developing, and more global (i.e., longer
range) connectivity has not yet developed. These factors may
underlie differences in findings. More RS-fMRI investigations
are called for to better understand the development of language
resting-state networks after perinatal stroke.
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Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) quantifies neurome-
tabolite concentrations within a brain region of interest (i.e., an
MRS voxel). Since each neurochemical of interest has a different
molecular structure, they resonate at different MR frequencies and
can be individually identified within an MRS spectrum (Figure 5).
MRS analysis involves statistical modeling of a line of best fit to
the spectrum thus measuring neurometabolite concentration within
the voxel. Measuring metabolite concentrations provides informa-
tion on neuronal health (N-acetyl-aspartate [NAA]), cell membrane
turnover (choline compounds [Cho]=[GPC + PCh]), energy
metabolism (creatine compounds [Cre] = [Cr + PCr]), metabolic
activity and excitatory neurotransmitters (glutamate/glutamine
[Glx]), inhibitory neurotransmitters (y-aminobutyric acid
[GABAY]), and health of glial cells (myo-Inositol [Ins]).>"?

MRS has not been widely used in perinatal stroke; however,
meaningful comparisons have been made in the few studies to
date. Lower concentrations of NAA, Cre, and Ins in the lesioned
hemisphere motor cortex compared to the non-lesioned hemi-
sphere were found in children with AIS.?'* For children with
PVI, hemispheric differences were found only for Cre. Children
with spastic diplegia showed reductions in ratios of Cre, Cho, and
Ins to NAA in basal ganglia which was related to age, gender,”"*
and severity of disability.”'> This suggests that differences in
current neuronal health underlie hemispheric differences after
perinatal stroke rather than differences in glutamate-related met-
abolic activity or excitability. Further, NAA and Cre concentra-
tions were highly positively related to motor function on multiple
clinical tasks,”'? suggesting that MRS neurometabolites are
stable biomarkers of brain health after perinatal stroke.

Predictable changes in neurometabolite concentrations fol-
lowing interventions have been documented using MRS in
children with perinatal stroke. Reliable reductions in excitatory
metabolite concentrations (GIx, Cre) were seen under the
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electrode after inhibitory tDCS compared to sham stimulation.?'®
Higher neurometabolite concentrations (NAA, Cho, Cre and Glx)
at baseline were highly associated with better clinical motor
function and a subset of these (Cre and Cho) were associated
with subsequent response to intervention.>'® Another brain stim-
ulation trial using excitatory stimulation found increases in GIx:
Cre ratio in M1 accompanied by increased NAA:Cre, Cho:Cre,
and Ins:Cre ratios in the basal ganglia and concurrent improve-
ments in spasticity of the affected limb.*"’

In summary, the findings that neurometabolite concentrations
are highly associated with clinical motor function seem promis-
ing for defining a stable biomarker of neurochemistry that is
quantifiable, relate highly to function, and change predictably
with interventions. MRS-derived metabolite concentrations may
also shed light on excitatory and inhibitory neurotransmitter
concentrations informing models of synaptic competition and
neuroplasticity (described above) at the level of neurochemistry.
Advances in imaging technology are required to shorten MRS
sequences, making it feasible to sample more voxels across
cortical and subcortical areas.

CHALLENGES AND FUTURE DIRECTIONS

While the existing body of literature in imaging of HCP is
impressive given the unique challenges this population provides,
we can see several major challenges for neuroimaging in this
population that could be resolved moving forward.

First, neuroimaging and neurophysiology studies to date in
HCP have been underpowered and likely too simplistic to map
complex interventional and developmental changes in M1 and
across the motor network. Collaborative efforts among research-
ers studying HCP cohorts could overcome the issue of small
sample sizes with ongoing multi-site studies leading the way.

Second, cutting-edge imaging techniques are challenging to
adapt to a pediatric population given possibly long acquisition
durations and/or task requirements. Children with perinatal stroke
often have physical and cognitive disabilities introducing addi-
tional challenges with compliance and increased head motion
associated with tasks. As new innovative sequences are made
more efficient and developments in MR hardware improve
acquisition times, HCP imaging research will benefit.

Third, adult brain atlases are not ideal for use with pediatric
brains and automated tissue segmentation, coregistration, and
normalization algorithms often struggle with large lesions. As
preprocessing pipelines improve, possibly incorporating power-
ful machine learning techniques, these challenges may become
more manageable.

Fourth, neuroimaging in HCP has traditionally focussed on
single modalities. Converging evidence from multi-modal studies
reflects the power of neuroimaging and non-invasive brain
stimulation. For example, combining measures of neurophysiol-
ogy (i.e., TMS), WM tractography, and task fMRI would provide
a more comprehensive understanding of the re-organized senso-
rimotor system after perinatal stroke.*”**'"!

Fifth, neuroimaging analysis techniques often utilize correla-
tion estimates as outcomes, but this risks misinterpretation as
causative or predictive relationships despite best practice recom-
mendations.”'® It is important that such misinterpretations are
guarded against and appropriately predictive models should be
pursued such as regression that are better able to elucidate

166

https://doi.org/10.1017/cjn.2020.166 Published online by Cambridge University Press

possible causality in identifying biomarkers for brain—behavior
relationships.

Sixth, non-invasive brain stimulation techniques such as TMS
and tDCS are promising given their tolerability and apparent
effectiveness in modulating cortical excitability leading to lasting
improvements in motor function. Given that pairing brain stimu-
lation with intensive rehabilitation may have additive effects
compared to either technique alone, new hardware developments
could focus on portability and miniaturization to facilitate this
pairing, including in younger children. A recent example is
transcranial static magnetic stimulation which we recently dem-
onstrated is well tolerated and may modulate motor learning in
children.?' Further, customizing TMSADCS dosage for each
patient based on their individualized brain anatomy**°~*** would
effectively enhance personalized rehabilitation medicine.

Finally, as a field, we need to additionally focus not just on
group statistics which may obscure important patient-specific
nuances but move toward individualized patient neuroimaging
biomarkers and comparisons with large normative databases of
typically developing peers. By combining data from many
imaging modalities and brain stimulation techniques, we can
enhance our understanding of clinical function and neuroplasti-
city. Only by investigating individual imaging characteristics in
each patient, we can use neuroimaging to enhance patient-
centered interventional strategies.

CONCLUSION

Collectively, MRI modalities can be synergistically integrated
to create comprehensive, in vivo models of brain structure and
function to understand natural development and generate person-
alized maps of motor organization in children with perinatal
stroke. Importantly, each method has also demonstrated the
capacity to explore intervention-induced changes in brain func-
tion, bringing the potential to understand the mechanisms of
therapy and neuromodulation in individual patients enhancing
patient-centered personalized medicine after perinatal stroke.
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