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GENERAL INTRODUCTION
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INTRODUCTION

Perinatal stroke comprises a spectrum of brain injury caused by a cerebrovascular
event around birth. Its origin can be both hemorrhagic or ischemic, although it is
most commonly referred to as perinatal cerebral injury of ischemic origin. This was
confirmed by an international workshop on this subject describing ischemic perinatal
stroke as “a group of heterogeneous conditions in which there is focal disruption
of cerebral blood flow secondary to arterial or cerebral venous thrombosis or
embolization, between 20 weeks of fetal life through to the 28th postnatal day,
confirmed by neuroimaging or neuropathological studies.”” Within this timeframe,
classification of perinatal stroke is possible based on timing of onset: fetal ischemic
stroke is diagnosed before birth; neonatal ischemic stroke is diagnosed after birth
but before the 28th postnatal day; and presumed perinatal ischemic stroke (PPIS)
is diagnosed after 28 postnatal days, but the event is presumed to have occurred
between the 20th week of fetal life and the 28th postnatal day." The use of the
definition proposed by the workshop also results in differentiation of two types of
perinatal stroke: perinatal arterial ischemic stroke (PAIS) as induced by arterial blood
flow disruption; and cerebral sinovenous thrombosis (CSVT) caused by venous blood
flow disruption.?

Hemorrhagic brain injury in the (preterm) neonate, most frequently caused by
periventricular hemorrhagic infarction (PVHI), is not considered perinatal stroke under
the workshop definition, although this is part of an ongoing debate. PVHI results
from hemorrhage in the vulnerable medullary veins surrounding the ventricles.?
Hemorrhage in the germinal matrix may cause a restriction of periventricular blood
drainage, thereby inducing hemorrhagic-ischemic brain injury in the white matter
and eventually resulting in white matter lesions.*

This thesis mainly focuses on perinatal stroke of ischemic and arterial origin and
therefore encompasses the diagnosis of PAIS. However, some other chapters include
patients with other forms of unilateral or asymmetric brain lesions, in whom both
PAIS and PVHI are the most common diagnoses and have equally severe impact on
neurodevelopmental outcome. Therefore, when referring to perinatal stroke in this
thesis, data or results from studies on prediction of outcome from part | can most
often be applied to patients with both PAIS and PVHI.

Epidemiology/incidence

The incidence of PAIS is reported around 1:2300 — 1:5000 live births, and this wide
spread in incidence results from differences in definition and diagnosis of PAIS.2 The
exact pathophysiology of arterial blood flow disruption leading to PAIS is unknown,
but it has been described that the occlusion is often temporarily. Many risk factors
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have been determined that are related to complicated deliveries or intrapartum
events." PAIS is more often found in males than females (3:2) and has a left-sided
predominance. Most studies report PAIS as a condition of the term neonate, but
preterm infants have also been described to be affected by PAIS.®

Presentation

Most infants affected by PAIS present with seizures in the first days after birth, usually
hemi convulsions. Other, often aspecific symptoms include apneas, bradycardia,
hypotonia and feeding difficulties. Some infants remain asymptomatic and their
lesion may be detected by (routine) ultrasonography during the first days after birth.
Seizures or other symptoms are sometimes subtle, leading to a delayed or missed
diagnosis. Those infants who develop neurological deficits that can be attributed
to presumed perinatal stroke present later in life, depending on the severity of the
sequelae. These neurological deficits include early hand preference, hypertonia,
seizures or cognitive delay.

Diagnosis

Infants that present with seizures during the first days after birth, are highly suspected
of braininjury. Seizures after PAIS mainly distinguish themselves from other underlying
pathology, such as diffuse brain injury caused by HIE or metabolic disorders, by a
delayed onset (>12 hours) and lateralization.” Next to the history of the patients
in presentation of the symptoms, several neuro-imaging and neuromonitoring
modalities have been recommended to differentiate between different types of brain
injury.® However, other diagnostics including blood sampling should be performed
to rule out other non-neurologic conditions that may underlie epileptic activity,
such as infection or meningitis, electrolyte disturbances, hypoglycemia, metabolic
disorders, congenital abnormalities or syndromes.

Cranial ultrasound

Cranial ultrasound in a fast and non-invasive tool that can be used at the bedside
in infants suspected of cerebral injury. Asymmetry in echogenicity in the deep white
matter is often the first sign of PAIS, although the onset of visualization of these
abnormalities may take a few days. Therefore, cranial ultrasound has a relatively low
detection rate in the first three days after birth/injury (around 70%), while it improves
between day 4 and 10.° Furthermore, small strokes in the deep gray matter or cortex,
may be missed by cranial ultrasound, although this is dependent on the experience
of the sonographer. Doppler ultrasound may improve detection of PAIS and evaluate
severity of the lesion as it detects asymmetric changes in cerebral blood flow after
PAIS. 1o
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MRI

Magnetic resonance imaging is considered the gold standard to diagnose PAIS."? The
most frequently used sequences to detect PAIS include T1- and T2-weighted imaging
(T2WI) and diffusion weighted imaging (DWI).(Figure 1) On T2WI, the first signs of
PAIS on MRI are increased signal intensity in the affected area (usually white matter,
deep gray matter and/or cortex), as well as reduced contrast between the cortical
gray matter and the white matter. On the other hand, first signs of PAIS on T1WI are
decreased signal intensity in the cortex and white matter. These abnormalities usually
appear within 24-48 after onset of injury/symptoms, and their patterns may change
over time. Dudink et al. presented an overview of the evolution of PAIS patterns on
MRI, which was shown to be remarkably consistent among patients.” DWI is highly
sensitive to acute ischemic injury and may therefore be able to detect PAIS before
abnormalities appear on conventional TTWI or T2WI. High signal intensity on DWI
and low signal intensity on the derived apparent diffusion coefficient (ADC) map often
appear within 24 hours and remain present until 6-10 days after injury. After that
stage, ADC values return to normal again, known as pseudo-normalization, resulting
in limited use of DWI to diagnose PAIS after one week after onset of symptoms.™
Diffusion tensor imaging (DTI) is used to visualize and quantify the integrity of white
matter tracts. As PAIS may lead to destruction or degeneration of these tracts, such
as the corticospinal tract, DTl can be used to demonstrate asymmetries in the white
matter organization and integrity between hemispheres.

Advanced imaging modalities can contribute to the diagnosis of PAIS.(Figure 2) For
example, MR angiography (MRA) provides a reconstruction of the cerebral arteries
and visualizes the location of arterial occlusions or other anatomical variations.'®
MR spectroscopy is able to detect increased lactate levels and decreased N-acetyl-
aspartate to choline ratios in the ischemic areas following PAIS, even up to a few
weeks after injury. A few studies have used perfusion weighted imaging, including
arterial spin labeling (ASL), to demonstrate changes after PAIS, but it's use in diagnosis
or prognosis still needs to be studied further.’”-"
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FIGURE 1 | MRI findings in an infant with PAIS. An infant presented with hemi convulsions in the left
arm and leg at 26 hours after birth. The MR, including T2-weighted imaging (A), T1-weighted imaging (B)
and diffusion-weighted imaging (ADC map) (C), was performed at 72 hours after initial presentation and
showed a main branch middle cerebral artery stroke in the right hemisphere. DWI shows clear restricted
diffusion in the descending corticospinal tract, referred to as “pre-Wallerian” degeneration (D). Three
months later, a follow-up MRI was performed that demonstrated cystic evolution of the middle cerebral
artery territory (E+F), including atrophy of the basal ganglia and thalamus. At three months of age,
multicystic encephalomalacia can be seen in the former stroke area (F). Degeneration of the corticospinal
tract (Wallerian degeneration) led to atrophy of the right cerebral peduncle (G) and base of the pons (H).
This child was at high risk of an adverse outcome, and was eventually diagnosed with cerebral palsy and
cognitive deficits at the age of two.

FIGURE 2 | Advanced MRI modalities used to diagnose PAIS. Examples of additional advanced MRI
modalities that can be used following perinatal arterial ischemic stroke, shown in an infant with a right
middle cerebral artery stroke. Magnetic resonance angiography (MRA) demonstrated absent cerebral
blood flow in the right middle cerebral artery (A). Diffusion tensor imaging (DTI) is able to create color-
coded fractional anisotropy maps, that demonstrated decreased anisotropy in the optic radiation and
an absent posterior limb of the internal capsule in the right hemisphere (B). MR spectroscopy detected
increased lactate levels and decreased N-acetyl-aspartate to choline ratios in the ischemic area of the
right hemisphere.



14 | CHAPTER T

Neuromonitoring: NIRS and aEEG

Near-infrared spectroscopy (NIRS) is used to measure cerebral oxygenation and
perfusion at the bedside. It monitors regional oxygen saturation and can be applied
uni- or bilaterally.(Figure 3) NIRS is proven to be sensitive to cerebral oxygenation
changes in newborns with HIE and in adults with strokes, but its use for term infants
with PAIS remains understudied.?>?* Electroencephalogram (EEG) and amplitude-
integrated EEG (aEEG) can be used to detect seizures after first clinical symptoms,
but also provides information on the location (and possible origin) of the seizures.?
As described above, seizures after PAIS mainly distinguish themselves from other
underlying pathology, such as HIE, by delayed onset (>12 hours) and lateralization.”
Two-channel akEG (figure 4) is recommended to detect asymmetries in background
pattern, which is more likely to occur after focal injury such as PAIS, than after global
injury resulting from hypoxic-ischemic encephalopathy (HIE), meningitis or inborn
errors of metabolism.?’

NIRS
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FIGURE 3 | Near-infrared spectroscopy in a neonate with right-sided PAIS. An infant presented with
left-sided hemi convulsions at 26 hours after birth caused by PAIS in the right middle cerebral artery
territory. Nine hours after initial presentation, the infant was admitted to the neonatal intensive care
united and monitored with near-infrared spectroscopy (NIRS). Although the regional cerebral oxygen
saturation (rScO,) fluctuated between 60% and 90% in the left hemisphere, it remained >90% in the right
hemisphere, indicating hyperperfusion or a loss of oxygen extraction in the right hemisphere caused by
PAIS.
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FIGURE 4 | Amplitude-integrated electroencephalogram in a neonate with right-sided PAIS.
An infant presented with left-sided hemi convulsions at 26 hours after birth. Nine hours after initial
presentation, the child was admitted to the neonatal intensive care united and monitored with amplitude-
integrated electroencephalogram (aEEG). Differences in background pattern between left and right can
be observed in the early stage (A) and later stage (B). Overall, the background pattern is worse in the right
hemisphere, which was found to be caused by a stroke in the middle cerebral artery territory. Subclinical
and clinical seizures were observed in the initial stage for which phenobarbital (A, green lines 8 and 11)
and midazolam (A, green line 15) were given, with clear rhythmic epileptic activity at, for example, 11.1
hours after clinical presentation.
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Prognosis

PAIS can have important consequences for neurological development. Most studies
focus on the development of motor abnormalities after PAIS: unilateral spastic
cerebral palsy (USCP) or hemiplegia has been reported to occur in around 30% of
cases.?*?> Infants with PVHI are equally at high risk for developing cerebral palsy
as studies report a rate of 28-47% of USCP after PVHI.?*® Development of USCP
depends greatly of the size and location of the lesion, but also on involvement of
specific structures, such as the motor tracts or basal ganglia.?® Children with USCP
after PAIS are at risk of developing an additional disabilities on other domains.*

Infants with PAIS are also at risk of learning difficulties due to cognitive or language
deficits. Impaired language or cognition has been described in 30-50% of cases,
and is dependent on size of the lesion, but also on the presence of post-neonatal
epilepsy.?*3™3* |t has also been shown that intellectual abilities in PAIS patients
decrease over time, which may be related to the onset of post-neonatal epilepsy, but
also to increasing intellectual demands at school-age.3>3¢

Although recurrence of PAIS is uncommon, recurrence of seizures is frequently
described. Post-neonatal epilepsy is found in about 27% of PAIS patients, with a
mean onset at four years of age and has a mean duration of around 10 years.>"*
Most epileptic activity responds well to anti-epileptic drugs, although drug-
resistant epilepsy is described in about 10% of cases.?#*4% This often follows after
West syndrome, a triad of infantile spasms, hypsarrhythmia on EEG, and intellectual
disability, and requires aggressive drug treatment or cranial epilepsy surgery. Risk
factors for development of epilepsy remain a topic of debate, but may include size
of the lesion, and neonatal seizure burden 32841

Visual impairment is also associated with PAIS, and most commonly includes visual
field defects, which is found in up to 42% of cases.* Development of such defects are
associated with larger lesions and involvement of specific brain structures such as the
optic radiation, or the occipital (visual) cortex.*? Other visual or visuospatial skills after
PAIS have not been well studied. Little is known on the risk of other developmental
disabilities after PAIS, such as adverse behavior, attention or executive functions.
Higher rates of deficits in attention and execute function were described after PAIS,
and negative risk factors for these included larger infarct size and comorbid epilepsy.*

Chapter one of this thesis provides an overview of neurodevelopmental outcome of
PAIS in six different outcome domains.

In contrast to PAIS, mortality rates of PVHI range between 30% and 60%, most often
associated with extent of the PVHI. However, other risk factors for increased mortality
include lower gestational age and associated complications such as circulatory failure
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or infections.2#44¢ As described above, studies reported high rates of USCP after
PVHI ranging between approximately 30% and 50%,%%"? and this risk was mainly
associated with several lesion characteristics on cranial ultrasound.? Infants with PVHI
are at risk of other neurodevelopmental disabilities, comparable to consequences of
PAIS. These additional sequelae include cognitive dysfunction, language disorders,
epilepsy and visual abnormalities.*>#’

Although quality of life is expected to be generally better after perinatal than adult
stroke, reduced quality of life is mainly reported in infants with disabilities. Overall,
the degree of disability, but also cognitive dysfunction, mainly determine parental
and family reported outcomes.*®*° Parents often experience a sense of guilt or blame
regarding the origin of their child’s disability, but also traumatic experiences or
depression may result from the inability to assign specific causes for the perinatal
events.®® Access to information, discussion and education are important interventions
during follow-up after perinatal stroke, that may reduce the burden of this disease
on patients, their families and society during their lifetime.

Prediction of outcome

Many studies on PAIS focus on early risk evaluation to predict who are most likely
to develop adverse neurodevelopmental outcome. This is important in order to
adequately counsel families and caregivers, but also to select those who might
benefit from early intervention programs or therapies. The chapters from part | of
this thesis focus on early prediction of outcome after perinatal stroke. As adverse
motor outcome is the most well-known complication following perinatal stroke,
most outcome prediction studies have used USCP as their primary end point, and
studied the use of ultrasound, MRI and clinical motor evaluation as their predictors
of interest. A recent review from Novak et al. described that infants with cerebral
palsy should be identified as soon as possible, preferably before five months of
age, and recommended a combination of neuro-imaging (preferably MRI) and
early motor assessment as the gold standard to diagnose cerebral palsy.*® However,
as most clinicians do not officially diagnose cerebral palsy before the age of two
years, this mainly implies the need for reliable parameters to select those at high
risk of developing CP. Furthermore, there is also a growing interest for the use of
MRI or other monitoring tools to predict other neurodevelopmental disabilities after
unilateral or asymmetric perinatal brain lesions such as PAIS and PVHI.

Conventional MRI

MRI has proven especially useful in the prediction of abnormal motor development
in later life, which is further demonstrated in chapter one of this thesis. Overall,
extent, size and location of the ischemic lesion are associated with adverse motor
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outcome.”™*? Several studies have demonstrated that involvement of the corticospinal
tract (CST) and basal ganglia on MRI increased the risk for the development of
USCP.%5354 Changes in the signal intensity of the corticospinal tracts are often
the result of secondary network injury after perinatal stroke. This phenomenon is
referred to as pre-Wallerian degeneration, as it precedes anterograde degeneration
of the descending axons in the white matter, as a result of injury to their cell
bodies within ischemic stroke area, first described as Wallerian degeneration.>>*®
(Figure 1) These early changes are best visualized using DWI: several studies have
demonstrated that involvement of the descending CST at the level of the posterior
limb of the internal capsule or cerebral peduncle (Figure 1D) is highly associated
with poor motor outcome or USCP.>-%° Quantification of ADC values in the CST was
also highly associated with future motor development: decreased ADC values in the
cerebral peduncle were found to be associated with the development of USCP.6"62
Involvement of basal ganglia has also been related to adverse motor outcome, but
the exact pattern on MRI is less well described. Most studies evaluating involvement
of the basal ganglia have used conventional imaging with T1WI or T2WI, and found
that a lesion at or including the region of the basal ganglia was associated with an
increased risk of USCP.515254

The use of MRI for prediction of other neurodevelopmental outcomes is less well
studied. Overall, size of the ischemic lesion on MRI increases the risk for cognitive
deficit, epilepsy and behavioral problems, but there is no consensus on an exact
definition or cut-off for size of the lesion.34404243 Evidence on involvement of specific
brain structures or regions in relation to cognition, epilepsy or behavior is sparse:
involvement of the basal ganglia was associated to cognitive deficits, while cortical
and multifocal infarction was related to epilepsy.?%¢* Chapter one demonstrates the
association of specific brain region on MRI with several domains of adverse outcome.

Advanced MRI

DTl is able to quantify integrity of white matter tracts and several studies have
described the association between fractional anisotropy (FA) within these tracts
and motor development. DTl analyses after PAIS and PVHI have been performed
using tractography or tract-based spatial statistics (TBSS) showing that decreased
levels of FA in the ipsilesional CST or increased asymmetry between FA values of
the CSTs (Figure 2B) were related to development of USCP.6264%7 These FA changes
usually take time to develop, and neonatal DTl may therefore underestimate the
effects of perinatal stroke on future development.®® In contrast, DTI measurements
at three months of age are related to motor, cognitive and visual development.466
To study the role of DTl in comparison with other MRI sequences, we used several
guantitative MRI parameters including DTI tractography at three months of age for
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the prediction of USCP after unilateral perinatal brain injury, including both PAIS and
PVHI, in chapter four.

Other advances in perfusion MRI techniques that have been used in perinatal stroke
patients are MRA and Arterial Spin Labeling (ASL). A study from our group found
that ASL is able to detect hypo- and hyperperfusion after PAIS. Another study found
that abnormal findings on MRA increased the risk for cerebral palsy™. However, the
association of perfusion techniques like ASL or MRA with the development of adverse
outcome needs to be elucidated further. Chapter six describes the use of NIRS to
detect oxygenation changes, most likely related to perfusion changes, after PAIS, and
may be a first step to continue exploring the field of perfusion MRI scanning.

Neuromonitoring

Early neuromonitoring with either NIRS, aEEG, or their combination, have proven
important early predictors for long-term neurodevelopmental outcome in neonates
with other subtypes of cerebral injury, such as HIE.®3%° However their predictive ability
for outcome after PAIS needs to be elucidated further, which is studied in chapter
six of this thesis. This chapter describes the course of brain activity and oxygenation
from aEEG and NIRS in the first five days after clinical symptoms of PAIS, and relates
these to neurodevelopmental outcome.

Clinical assessment

Several groups have studied the use of early motor behavior as a predictor for
future motor disabilities. General Movements have been described at three months
of age and abnormal patterns are strongly related to development of USCP.%"
Early binary hand function assessments are also often used to diagnose USCP,
but many of these tests can only be performed after 18 months of age.”? Other
studies focus on unilateral hand function as a measure for future development
of USCP specifically, and new tools are currently being developed to be used in
risk evaluation after perinatal brain injury.”>™ In chapter three, four and five
of this thesis the use of early hand assessment for the prediction of USCP is
described in infants with unilateral perinatal brain injury, including PAIS and PVHI.
As assessment of early motor function requires the need for a trained observer,
recent focus of studies has shifted to the use of automated measurements to assess
motion.” This includes the use of video-based assessment, wearable sensors and
machine learning. The ability of these tools to predict adverse motor outcome early
after perinatal stroke, remains however unstudied. Chapter five involves a pilot study
with accelerometry using wearable sensors in infants with unilateral brain injury at
three months of age, in order to detect early movement asymmetries.
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Therapy

Treatment strategies after PAIS focus on the management of (sub)clinical seizures,
concurrent infections or hypoglycemia. Until now, no curative therapies are available
to reduce cerebral injury after PAIS. Total body hypothermia used as a neuroprotective
therapy after HIE is not applied after PAIS, as it is known to exert neuroprotective
properties only when administered within 6 hours after the hypoxic-ischemic
event.’®”7 PAIS patients usually present around 24-48 hours after birth, and although
the exact timing of onset of PAIS is unknown, clinical presentation after onset lies
most likely beyond the timeframe of effective hypothermia. In adults with ischemic
stroke, early treatment with thrombolytic therapy is effective to improve neurological
outcome when administered within 4.5h after onset of ischemia.”® However, again,
delayed clinical presentation limits the role for thrombolytic therapy after PAIS.

New potential therapeutic options therefore focus on restoration of brain injury after
the ischemic event. Focus of treatment has shifted from neuroprotection to neuro-
regeneration, in order to reduce lesion volume and improve neurodevelopmental
outcome after PAIS. Several strategies are currently being studied that include the
use of growth factors and stem cells. This thesis outlines the potential use of these
neuro-regenerative agents in the context of PAIS or other neonatal brain injury.
Chapter seven provides an overview on existing literature on the use of stem cells for
neonatal cerebral injury, and the steps necessary to bring this therapy to the clinic.
Chapter eight focuses on the therapeutic potential of growth factors and stem cells
for PAIS patients specifically. Most studies demonstrated efficacy of stem cell therapy
for neonatal brain injury in animal rodent models of (hypoxic)-ischemic brain injury.
In order to translate these results into clinical practice, models with larger animal
species are needed to demonstrate that stem cells are likely to exert similar beneficial
properties in humans. In preparation of studies in human neonates, chapter nine of
this thesis provides evidence of an effective migration route of mesenchymal stem
cells to the injured brain in an animal model of non-human primates.

Erythropoiesis-stimulating agents, such as erythropoietin and darbepoetin, are one of
the most promising neuro-regenerative growth factors that are currently studied by
many groups and in several neonatal populations.” Erythropoietin (EPO) is a cytokine,
which is produced in the developing brain where it functions as an important growth
factor, stimulating neurogenesis and angiogenesis. Furthermore, EPO is upregulated
after hypoxia, during a process mediated by hypoxia inducible factor-1 (HIF-1), and
it has described to exert several neuroprotective and neuro-regenerative abilities by
increasing angiogenesis and promoting neurogenesis.®® Our group has previously
performed a pilot safety and feasibility trial in newborns with PAIS and demonstrated
that intravenous administration of EPO is safe.®’ Although it was not the aim of that
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study, some trend was observed towards feasibility of EPO to improve lesion volume. 8
Future efficacy trials need to demonstrate the efficacy of erythropoiesis-stimulating
agents to decrease cerebral injury and improve neurodevelopmental outcome after
PAIS. The set-up and clinical protocol of a multicenter randomized controlled trial for
PAIS patients treated with darbepoetin or placebo to improve neurological deficits is
outlined in chapter 10.

The functional consequences of perinatal stroke not only depend on the size, location
and extent of the lesion, but also on the response of the brain after such injury. It has
been reported that the immature or developing brain is more capable to reorganize
after brain injury than the adult brain. Especially after unilateral brain injury, the
unaffected hemisphere is able to (partially) take over certain function to compensate
for the affected hemisphere. Several therapies aim at stimulating plasticity of the
developing brain after unilateral brain lesions, focusing mostly on reorganization of
the motor tracts. These therapies aim to increase extensive activity, which has been
shown to stimulate plasticity.82® Examples include physical or occupational therapy,
bimanual therapy or constraint-induced movement therapy, that have all proven
effective in improving motor performance in infants with USCP.#8> Transcranial
magnetic stimulation, in combination with MRI, provides information about the
reorganization patterns of the corticospinal tract(s) after perinatal stroke. These
patterns are predictive of potential functional outcomes, but may also select infants
eligible for activity based training.8 Moreover, interventions that aim to stimulate
reorganization should be initiated early in life, when plasticity of the developing
brain is highest. This underlines the need for early prediction tools to select infants
at risk, who are most likely to benefit from these interventions.
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OUTLINE OF THIS THESIS

Perinatal arterial ischemic stroke (PAIS) is an important cause of neurodevelopmental
disabilities in several domains, including motor, cognitive and behavior, as outlined
in this introduction. Early risk evaluation of these consequences is important in order
to adequately inform parents and caregivers, and to select those who might benefit
from early intervention strategies. Part | of this thesis describes the use of several
early parameters in order to improve prediction of outcome, and select those at risk,
with a combination of neuro-imaging, neuro-monitoring and clinical and functional
motor assessment.

Part Il of this thesis focuses on the improvement of neurodevelopmental outcome
by the development of new intervention strategies, including growth factors and
stem cells. An overview of several new potential therapies is outlined, as well as
the last translational steps to bring these therapies into clinical practice. The final
chapter concludes with the study protocol of an ongoing international multicenter
randomized controlled trial that studies the effect of a new potential therapy that
may improve the outcomes of infants with PAIS.
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ABSTRACT

Objectives: Perinatal arterial ischemic stroke (PAIS) leads to cerebral palsy in about
30% of affected children and has other neurological sequelae. Most outcome studies
focus on middle cerebral artery (MCA) stroke without differentiating between site
and extent of affected tissue. The aim of this study was to report outcomes after
different PAIS subtypes.

Methods: Between 1990-2015, 188 full-term infants, from two centers (London [n=79]
and Utrecht [n=109]) had PAIS on their neonatal MRI. Scans were re-evaluated to
classify stroke territory and determine specific tissue involvement. At 18-93 (median
41.7) months, adverse neurodevelopmental outcomes were recorded as one or more
of cerebral palsy, cognitive deficit, language delay, epilepsy, behavioral problems or
visual field defect.

Results: The MCA territory was most often involved (90%), posterior or anterior
cerebral artery (PCA/ACA) territory strokes occurring in 9% and 1% respectively.
Three infants died and 24 had scans unavailable for re-evaluation or were lost to
follow-up. Of 161 infants seen, 54% had an adverse outcome. Outcomes were the
same between centers. Main branch MCA stroke resulted in 100% adverse outcome,
while anterior, middle, posterior and cortical MCA strokes, perforator stroke and PCA/
ACA stroke had adverse outcomes in only 29-57%. The most important outcome
predictors were involvement of the corticospinal tracts and basal ganglia.

Conclusions: Although neurodevelopmental outcome was adverse in at least one
domain with main branch MCA stroke, in other PAIS subtypes outcome was favorable
in 43-71% of children. Site and tissue involvement is most important in determining
outcome in PAIS.
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INTRODUCTION

Perinatal arterial ischemic stroke (PAIS) is an important cause of long-lasting
neurodevelopmental problems."? With increased use of neuro-imaging techniques,
especially magnetic resonance imaging (MRI), the incidence from hospital-based
studies is now considered to be about 1 in 2300-5000 live born full-term neonates
with a low mortality rate.>*

Adverse consequences of PAIS include cerebral palsy (CP), usually of a hemiparetic
type, cognitive dysfunction, epilepsy, language, visual and behavioral problems
are reported to occur in 50-75% of infants." Several groups have described MRI
parameters that help in predicting adverse outcome after PAIS.>® More specifically,
the development of CP mainly depends on involvement of the corticospinal tracts
(CST) at the level of the PLIC or cerebral peduncles.?’”-"" Visual field defects occur
most often when PAIS clearly involves the optic radiation.™"

PAIS most often occurs in the territory of the middle cerebral artery (MCA) and
most studies on outcome focus on main branch MCA stroke.”™ As occlusion of the
proximal segment (M1) of the MCA will lead to infarction of the entire MCA region,
including the basal ganglia and CST, development of unilateral CP can be reliably
predicted. However, often only more distal MCA segments, or the anterior (ACA)
or posterior cerebral artery (PCA) are involved resulting in relatively characteristic
lesion patterns, that can be recognized on MRL"™ Most studies on outcome in PAIS
do not differentiate between these lesion patterns involving various sites and extent
of affected tissue. We hypothesized that outcome of PAIS primarily depends on the
brain area that is affected by the stroke. Therefore, the aim of this study was to report
on neurodevelopmental outcomes of different subtypes of PAIS in full-term infants,
taking into account its lesion site and involvement of well-defined important brain
structures.

PATIENTS AND METHODS

The neonates in this study comprised two cohorts of full-term newborn infants
that were admitted to the neonatal intensive care unit or referred for neurological
assessment to Queen Charlotte’s/Hammersmith Hospitals in London, United
Kingdom (n=79) or the Wilhelmina Children’s Hospital of the University Medical
Center in Utrecht (UMCU), the Netherlands (n=117) between October 1990 and
January 2015. All infants had acute symptoms in the first week after birth, most often
(hemi)convulsions, but in a few infants their symptoms were less neurologically
specific. All had PAIS confirmed on their neonatal MRI. Eight infants were excluded
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due to congenital syndromes with known adverse outcome (n=4) or other significant
brain lesions (n=4), resulting in a total cohort of n=187 infants. Infants who died
in the neonatal period (n=3), whose neonatal MRI scan could not be re-evaluated
(n=4) or who were lost-to-follow-up (n=20) were excluded from further analyses.
This resulted in a total study cohort of 161 full-term neonates.

Informed verbal parental consent was obtained to perform an MRI for clinical
purposes. The institutional review board of the UMCU approved the use of MRI data
for anonymous data analysis and waived the requirement to obtain written informed
consent. In London, neonatal MRI scans were performed after written informed
consent and permission to use these scans and clinical data for research.

Magnetic Resonance Imaging

In both centers, MRl was performed on a 1.0T, 1.5T or 3 Tesla whole-body system
(Philips Medical Systems, Best, the Netherlands, or Picker System, Cleveland, OH,
USA), using a scanning protocol including at least T1-weighted, T2-weighted and
diffusion weighted imaging (DWI). In general, infants were sedated to minimize
movement artefacts. As we included infants over a long time period, the MRI protocol
was not always the same; imaging details have been reported previously.>'6™

Evaluation of MRI data

Neonatologists experienced in neonatal brain MRI (FC and LdV) re-evaluated each
(of both centers) MRI scan. The lesions were assessed in three planes if possible.
Based on the shape, extent and localization of the area of signal intensity changes,
all infants were classified to one of the stroke subtypes shown in figure 1 based on
their most predominant stroke pattern.

Classification was mostly based on vascular territory of specific named arteries that
resulted in characteristic infarctions as described by Govaert et al.” However, we
felt that consistency of involvement of particular anatomical structures was more
important and the involvement of specific anatomical hallmarks was also used for
classification. A hemispheric lesion in the MCA territory located posterior to the
central sulcus was attributed to the posterior branch of the MCA while involvement
anterior to the central sulcus was attributed to the anterior branch. When the full
central sulcus was involved but not regions more anterior or posterior this was
attributed to the middle branch MCA. If the anterior or posterior areas and middle
branch MCA were involved, the most predominant branch was chosen, and central
sulcus involvement noted separately. Involvement of the central sulcus region was
best assessed in the parasagittal plane. Where more than one MCA branch artery was
involved this was also noted separately as multiple lesions. Small punctate lesions
were not considered part of the spectrum of ‘multiple lesions'.
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FIGURE 1 | Classification of stroke territory subtypes:
Stroke subtypes were classified based on infarction territories as:
»  Main MCA: complete MCA infarction
» Anterior MCA branch: partial MCA infarction anterior to the central sulcus
» Middle MCA branch: partial MCA infarction involving the central sulcus
» Posterior MCA branch: partial MCA infarction posterior to the central sulcus
» Cortical MCA branch: superficial MCA infarction involving only the cortex, without involvement of
the striatum
« Perforator branch: perforator stroke involving only the deep gray matter (thalamus and/or basal
ganglia)
» Posterior cerebral artery (PCA) / Anterior cerebral artery (ACA): non-MCA infarction
In these examples, corticospinal tract involvement is seen in the main MCA stroke, and the anterior and
posterior MCA branch strokes. Secondary network injury to the thalamus is seen with the main branch
and the anterior MCA stroke.

MR images were also evaluated for involvement of specific regions we considered
likely to be of major importance in predicting outcome, i.e. the CST, the central
sulcus region, thalami and basal ganglia, as described previously?#, mainly by visual
inspection of the DWI from MRI scans done in the first week MRI and from T1- and
T2-weighted images when the MRI was acquired later.” Involvement of the CSTs has
been described previously." Only when the middle part of PLIC and cerebral peduncle
were affected, carrying the main motor tracts, was this classified as involvement
(figure 2) for the purposes of this study.
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FIGURE 2 | Classification of cerebral peduncle involvement. Involvement of the cerebral peduncle was
only scored when the full (A+E) or middle third of the cerebral peduncle was involved (B+F), as described
by Kirton et al.". Lateral (C+G) or median (D+H) peduncle abnormalities were not defined as ‘cerebral
peduncle involvement’ in our analyses. Involvement of the PLIC was only scored when the full (I) or middle
(J) part of the PLIC was involved and not when there was only anterior (K) or posterior (L) PLIC involvement.

Often with hemispheric strokes, signal changes were also seen in the thalami,
particularly the pulvinar, that are likely secondary to “network” injury rather than
part of the primary stroke.”® Examples of primary thalamic stroke (perforator stroke)
and secondary network injury to the thalamus are shown in figure 1 (anterior MCA).
Bilateral lesions were described as bilateral stroke when stroke lesions were equally
severe or as smaller contralateral lesions when one region of stroke predominated.



NEURODEVELOPMENT AFTER PERINATAL STROKE | 37

Neurodevelopmental outcome

Neurodevelopmental outcome was determined during routine follow-up
appointments. We only used data from after 12 months until 7 years.

Cognitive development was determined using the Developmental Quotient (DQ)
of the Griffiths Mental Development Scale (GMDS), calculated using all subscale
scores except locomotion, the Bayley Scales of Infant and Toddler Development
third edition (BSITD-III) or the Wechsler Preschool and Primary Scale of Intelligence
(WPPSI)."™2" For all cognitive tests, Z-scores were calculated to allow comparison of
the data for statistical analyses. Cognitive delay was defined as a Z-score below -1,
corresponding to -1 SD. Language delay was defined as a language score on the
GMDS of <-1 SD, >15 points on the Dutch language screening instrument 22 or a
diagnosis of speech- and/or language disorders.

CP was diagnosed using criteria from the European CP Network? and severity
determined using the Gross Motor Function Classification System (GMFCS).2
Behavioral problems were asked about at each clinic visit and when appropriate
children were referred to a clinical psychologist; additionally in the UMCU cohort
parents completed the Child Behavior Checklist.?>. Only behavioral assessments after
two years of age were taken into account. Post-neonatal epilepsy was classified as
(recurrence of) seizures, diagnosed on EEG for which regular medication was given.
Visual field defects included hemianopia and quadrantanopia, diagnosed by a
specialized visual development unitin London or pediatric ophthalmologist specialized
in assessing visual field defects in infancy in Utrecht. An adverse outcome was defined
as the presence of one or more of the following: CP, cognitive deficit, language delay,
epilepsy, behavioral problems or visual field defect at latest follow-up.

Statistical Analyses

Descriptive statistics are summarized as percentages of the available study cohort
or as median and IQR where appropriate. Stroke subtypes and other imaging
features were compared with outcome parameters by using X2 tests, independent
t tests, or Mann-Whitney U tests (for non-parametric variables). Binary logistic
regression analysis was performed to determine independent MRI predictors for
adverse outcome, which were expressed as odds ratios (ORs) with 95% confidence
intervals (Cl). These regression analyses were performed for the total cohort and also
separately for those without main MCA branch infarction.

Statistical analyses were performed with SPSS, version 21 (IBM Inc, Armonk, New
York). P values <.05 were considered to be statistically significant.



38 | CHAPTER?2

RESULTS

The total study cohort consisted of 161 term-neonates born at a median of 40.3
weeks’ gestation and a median birth weight of 3440 grams. (Table 1) There were
no differences in infant clinical parameters between the two centers, so results are
reported for the total cohort. In Utrecht, 30 infants received erythropoietin as part of
an intervention study or off-label use.?® These infants did not differ in stroke patterns
and also had equal rates of adverse outcome (unpublished data) and were therefore
not reported separately.

TABLE 1 | General characteristics of the study population.

Characteristics

Total (n=161)

Gestational age 40.3 [39.0-41.1]
Birth weight 3440 [3040-3700]
Birth weight Z-score < -1 SD 41 (26)
Head circumference at birth 34.8 [33.5-36.0]
Male 103 (64)
Apgar score at 1 minute 7 [5-9]
Apgar score at 5 minutes 9 [7-10]
Seizures 142 (88)
Postnatal day at first seizures 1[0-2]
Hypoglycemia* 28 (17)
Postnatal day at MRI 5[3.5-7]
MRI >7 days after first symptoms or birth 22 (14)
Side of stroke lesion:
Right 51 (32)
Left 103 (64)
Bilateral 74
Lesion subtype
Main middle cerebral artery (MCA) 31(19)
Anterior MCA branch 17 (11)
Middle MCA branch 21 (13)
Posterior MCA branch 28 (17)
Cortical MCA branch 21 (13)
Perforator branch 27 (17)

Posterior CA / Anterior CA

Data reported as median [Interquartile Range] or number (percentage), where applicable.

*Hypoglycemia was defined as a blood glucose <2 mmol/L.
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MRI findings

MRI was performed at a median of 5 (IQR 3.5-7) days after birth. The MCA was most
commonly involved, and most often affected were the main branch, posterior, and
perforator branches (19%, 17%, 17% respectively) and less often the anterior, middle,
or one of the cortical branches (11%, 13%, 13% respectively). PCA stroke was found in
14 cases (9%) and ACA stroke in 2 cases (1%). Clinical characteristics are given in Table
1 and details of involvement of specific regions in Table 2. Involvement of the CST
could not be determined in 5 infants (3%), who had an MRI in the second week after
birth without DWI abnormalities and T1 or T2-weighted imaging of insufficient quality
to assess the CST. Infants that were lost-to-follow up did not differ in terms of stroke
pattern classification, basal ganglia/thalamus or corticospinal tract involvement.

TABLE 2| MRI features per stroke territory subtype.

Total Main Anterior Middle Posterior Cortical Perforator PCA /
MCA MCA MCA MCA MCA branch ACA
branch branch branch branch branch

(n=161) (n=31) (n=17) (n=21) (n=28) (n=21) (n=27) (n=16)

CST involvement :
PLIC alone 28 (18) 0(0) 8(47) 5(4) 9(32 0 (0) 6 (26) 0 (0)
PLIC and peduncle 46 (30) 28(100) 3(18) 6(29) 4 (14) 0 (0) 2(9) 0 (0)

Basal ganglia and/or
thalamic involvement:

BG alone 25(16) 1 (3) 529 15 14) 0) 17 (63) 0 (0)
Thalamus alone 17(11)  0(0) 1(6) 3(14) 2() 0(0) 8 (30) 3(21)
BG and thalamus 41(6) 30(97) 2(12) 1(5) 6 (21) 0 (0) 2 (7) 0 (0)
Central sulcus
involvement 68 (43) 31(100) 7 (41)  21(100) 9 (35) 0(0) 0 (0) 0(0)
Bilateral lesions:
Smaller lesions 26(18) 10(39) 1(6) 1(5) 5(19) 4 (19) 2 (8) 3(21)
Bilateral stroke 7 (5) 2 (8) 1(6) 1(5) 0 (0) 0 (0) 2 (8) 1(7)
Multiple lesions 58(39) 12(46) 5(31) 6(30) 12@46) 7(33) 7 (28) 9 (64)

Neonatal MR images were re-evaluated for involvement of the corticospinal tracts (CST) at the peduncle
and the posterior limb of the internal capsule (PLIC) (n=156), basal ganglia (BG) (n=159) and central sulcus
region (n=157). In 148 infants we could assess the presence of multiple and/or bilateral lesions.

Clinical Characteristics per stroke subtype
Infants with cortical MCA infarction were born at significantly later gestational age
(mean 40.7+1.3 vs. 40.0+£1.4 weeks, p<0.03) compared to other subtypes.

Hypoglycemia was more often found in infants with PCA infarction compared to
the other subtypes (58% vs. 16%, p<0.0001), and more often in main branch MCA
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strokes compared to other subtypes (36% vs. 16%, p<0.02), while the incidence of
hypoglycemia was not significantly different between PCA and main branch MCA
stroke (p>0.1).

Seizures at presentation were less common in perforator stroke compared to the
other subtypes (62% vs 94%, p<0.0001). Also, perforator stroke was less often left
sided compared to the other subtypes (48% vs. 71%, p<0.03). Other characteristics
from table 1 were not significantly different between stroke subtypes.

TABLE 3 | Cognitive developmental score after the age of 12 months per time-point.

Age at GMDS: BSITD: WPPSI:
. DQ (without Cognitive Z-score
testing . Total IQ Z-score
Locomotor Composite <-1SD
(months) score
subscore) Score
12-18 months 15.2 98.2 -0.15 15 (18)
(n=83) [13.0-17.6] [92.2 - 110.0] [-0.65 - 0.83]
Around 2 years 24.0 98.5 105.0 -0.03 17 (13)
(n=123)* [21.1-25.0] [91.1-104.7] [95.0-113.8] [-0.67 - 0.67]**
Around 3-4 years 411 98.9 -0.09 14.(19)
(n=71) [36.0 -42.4] [88.6-107.5] [-0.95 - 0.64]
Around 5-7 years 67.0 102.0 0.10 1317
(n=64) [65.0 - 70.0] [88.0-111.0] [-0.80 - 0.73]
Latest follow-up 417 -0.04***
7 (2
(n=160) [24.6 - 66.0] [-0.95 - 0.68] 37(@3)

Data presented as median [IQR] or number (percentage), where applicable. DQ, Developmental Quotient;
GMDS, Griffiths Mental Development Scale; BSITD, Bayley Scales of Infant and Toddler Development;
WPPSI, Wechsler Preschool and Primary Scale of Intelligence. * Around 2 years, 106 tested with the GMDS
and 28 tested with the BSITD-3. ** When tested with both GMDS and BSITD-Ill, a Z-score was calculated
for latest test.

*** Z-score could not be calculated in three infants due to severe delay (<-2 SD).

Neurodevelopmental outcome

All infants were seen between 12 months and 7 years with a median age of 41.7
months when last seen (Table 3). There were no differences in outcomes between
centers. At their latest follow-up 49 infants (30%) had developed CP; GMFCS levels
were determined for 40 infants: 90% level |, 8% level Il, 3% level IV (one child with
bilateral main branch MCA). There were no infants in this study who were first
diagnosed with CP beyond two years of age. Cognitive test-results were available for
157 infants and three infants could not be tested due to severe delay (<-2 SD). This
resulted in 37 infants (23%) with a cognitive Z-score <-1 SD and 13 infants (8%) with
a cognitive Z-score <-2 SD (Table 3). At their latest follow-up, 87 of 161 infants (54%)
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had an adverse outcome: 38 infants (24%) had one or a combination of adverse
outcomes without having CP. More details on adverse outcome domains per stroke
subtype are given in Table 4. Further analyses were performed using outcome results
from each patient’s last follow-up.

Overall, 50 of 87 (57%) infants with adverse outcome developed sequelae in multiple
domains. Of the 49 infants with CP, 35 (71%) had another adverse outcome, most
commonly a cognitive deficit (n=22, 45%). Visual field defects did not occur in isolation,
and most often in combination with CP (13/17). Although adverse outcomes commonly
co-occurred, only four children were affected in all six developmental domains.

Infants with language delay had increased risk of cognitive delay (OR 11.8; 95% Cl
4.7 - 29.2), but excluding those with main MCA branch stroke, the odds for cognitive
delay were 6.5 times increased with language delay (95%Cl 2.1 — 20.1). Post-neonatal
epilepsy also increased the risk for cognitive delay (OR 9.1; 95% Cl 3.1 — 26.6), but this
was only significant in the main MCA branch stroke group.

TABLE 4 | Adverse outcome domains per stroke territory subtypes.

Main Anterior Middle Posterior Cortical
PAIS type and Total MCA MCA MCA MCA MCA Perforator PCA /
outcomes branch ACA
(number with data) (n=161) branch branch branch branch branch (n=27) (n=16)
(n=31) (n=17) (n=21) (n=28) (n=21)
Cerebral
palsy (n=161) 49(30) 31(100) 2(12) 4(19 621  0(0) 4 (15) 2 (13)
Cognitivedeficit ., . 17657y 16 304 s8Ry 304 20 3(19)
(n=160)
Language delay
(n=145) 34 (23) 15(58) 4 (25) 2 (10) 5 (20) 3(17) 3(11) 2(17)
Post-neonatal
epilepsy 18(12) 12 (41) 1(6) 0 (0) 3(12) 0 (0) 0 (0) 2(13)
(n=151)
Behavioral
problems (n=126) 31 (25) 10 (37) 431 1(6) 6 (25) 2 (13) 3(17) 5(42)
Visual field defect (. o) 1548 00 00 204 00 00 327)
(n=96)
Combination of
adverse outcomes 50 (31) 26 (84) 3(18) 2 (10) 8 (29) 2 (10) 2 (7) 7 (44)
(n=161)
Within normal
range 74 (46) 0 (0) 9 (53) 13 (62) 12 (43) 15 (71) 18 (67) 7 (44)

(n=161)

Data presented as number (percentage). Number of infants tested per outcome domain are presented in
the first column.



42 | CHAPTER?2

MRI parameters associated with neurodevelopmental outcome

Analyzing all infarcts together, univariate analyses showed associations between
several MRI parameters and neurodevelopmental outcome domains (Table 5).
Involvement of the cerebral peduncles and combined involvement of the basal
ganglia and thalami were both related to almost all adverse outcome domains with
ORs ranging between 3.8 and 115.6 (Table 5).

Multivariable modelling

For the total cohort, several MRI parameters were significantly and independently
associated with different outcome domains, as described in Table 6. Since there was
involvement of the CST, basal ganglia and central sulcus in all main MCA branch
infarcts, multivariable analyses were repeated separating all infants with main MCA
branch infarction from the others (Table 6).

TABLE 5 | Univariate associations between the MRI parameters and neurodevelopmental outcome
domains.

Involvement on MRI:

PLIC Cerebral  Basal  Thalamus BGT Central Bll?teral Ml.fltlp|e
peduncle Ganglia Sulcus lesions lesions

Cerebral 6.7 115.6 55 NS 102.2 16.7 2.3 NS
palsy (1.2-38.7) (35.2-379.4) (1.6-19.4) (27.8-376.2) (6.7-41.6) (1.0-5.2)
Cognitive 6.1 5.9 42
deficit NS (2.7-13.5) NS NS (2.5-14.1)  (1.9-94) NS NS
Language 4.7 7.2 4.1
delay NS (2.0-10.8) NS NS (2.7-18.8) (1.7-9.4) NS NS
Post-

114 11.8 4.1 4.4 2.9
neonatal NS 35374 N° NS (3.1-449) (14-12.2) (15-129) (1.0-8.6)
epilepsy
Behavioral 3.8
ol e S NS NS NS (15-9.5) NS NS NS
Visual field 84 7.8 35

N N N N N
defect > @a-286) > > 20307 (10-118) °
Adverse
. 17.7 68.6 4.9
R a— (5.9-529) N NS (89-5265) (24-97) ° NS
any domain

Data presented as Odds Ratio with (95% confidence interval). BGT, basal ganglia and thalami; PLIC,
posterior limb of the internal capsule; NS, non-significant.
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TABLE 6 | Logistic regression models for neurodevelopmental outcome domains with best fit.

Subgroup (n=130)

Outcome MRI Total cohort . .
domain arameters (n=161) excluding main branch

P - MCA stroke

OR 95% Cl OR 95% Cl

CcP 63.0 10.7-369.4 344 5.6-208.9

Cerebral peduncle BGT 41-106.6 6.9 1.1-45.1
Cognitive deficit BGT 5.9 2.5-14.1 44 1.2-16.9
Language delay  BGT 7.1 2.7-18.8 NS NS
Post-neonatal Cerebral peduncle 13.9 2.9-67.6 9.7 1.0-101.1
epilepsy Bilateral lesions 3.6 1.1-11.7 15.9 2.3-110.8
i BGT 38 15-9.5 8.9 19-412
problems
Visual field defect BGT 7.8 2.0-30.7 NS NS
Adverse outcome 4.0 1.1-14.7 NS NS
ewcknEn o ooe PSR B 3.2-2440 17.1 2.1-141.1

Data presented as odds ratio (OR) with 95% Confidence Interval (Cl). BGT, basal ganglia and thalamus;
NS, non-significant.

In infants with main MCA branch infarction, no specific MRl parameters were
associated with different adverse outcome domains. In the other subgroup (n=130),
CP was still associated with involvement of the cerebral peduncle (OR 34.4; 95%Cl
5.6 — 208.9) and combined basal ganglia and thalamus (BGT) involvement (OR 6.9;
95%Cl 1.1 — 45.1). Adverse cognitive outcome was associated with combined BGT
involvement (OR 4.4; 95%Cl 1.2 — 16.9). Language delay and visual field defects
were no longer associated with MRI features but post-neonatal epilepsy remained
associated with involvement of the cerebral peduncle (OR 9.7; 95%CI 1.0 - 101.1) and
bilateral lesions (OR 15.9; 95%CI 2.3 — 110.8). Behavioral problems were associated
with combined BGT involvement (OR 8.9; 95%Cl 1.9 — 41.2). Combined involvement
of the BGT increased the risk of adverse outcome in at least one domain (OR 17.1;
95%Cl 2.1 — 141.1) (Table 6 and Figure 3).
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Non-Main MCA branch (n=130)

Adverse
outcome INSse 55— OR171 21-141.0) BGT Cerebral Peduncle Bilateral lesions

any domain
OR15.9(23-110.8)

[

Cognitive Deficit Behavioral Cerebral Palsy Epilepsy
problems

FIGURE 3 | Graphic representation of the logistic regression models for neurodevelopmental
outcome domains. Specific brain regions as seen on early MRI increase the odds for cerebral palsy,
epilepsy and behavioral problems in subgroup of 130 infants excluding those with main branch MCA
stroke. Presented as odds ratio (OR) with 95% Confidence Interval (Cl). BGT, basal ganglia and thalamus.

DISCUSSION

In this study we have demonstrated that an adverse outcome in full-term infants
with PAIS depends on stroke territory: the site, extent, and location of the lesion.
To the best of our knowledge, this is the first study providing a precise overview
of a spectrum of different outcome domains per stroke pattern in a large cohort
of full-term infants from two centers. Additionally, our study highlights the use of
early neonatal MRI, and especially DWI, to predict neurodevelopmental outcome, as
outcome is not only dependent on stroke territory, but also on the involvement of
specific brain regions, such as the CST.

It is of great importance to clinicians and parents to evaluate promptly the risk of an
adverse outcome in patients with PAIS, because early intervention strategies, which
may attenuate unfavorable development, need to be appropriately focused.”’ It is
also important when possible to reassure parents that outcomes are likely to be
good. Several studies on neurodevelopmental following PAIS are available, but these
report a wide range of abnormal neurodevelopment, mainly because there is no
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distinction between specific stroke sub-types.2?® This makes risk-estimation difficult
for the individual child. Our study has distinguished several specific PAIS subtypes and
described incidence rates per outcome domain for them, enabling more personalized
prediction of long-term development. In the literature the incidence rate of CP after
PAIS is around 30%, comparable to our study.2'"2%2% However, infants with main MCA
branch infarction will all develop CP, while this percentage ranges between 0-21% in
other stroke subtypes. Our data provides a firm basis for informing parents of infants
with main MCA branch infarction differently about future prospects than parents of
infants with other stroke subtypes.

Involvement of the CST on neonatal MRI was seen in the majority of patients with
more extensive stroke subtypes, as reported in other studies®¥® The CST signal
changes are best seen on early DWI and have been described as ‘pre-Wallerian
degeneration’. When they are seen in the middle third of the cerebral peduncle they
are always associated with the development of hemiplegic CP 7® As ‘pre-Wallerian
degeneration’ is the result of anterograde degeneration of the descending axons of
injured cell bodies within the infarcted areas, it was found more often in infants with
larger infarctions (affecting the complete motor cortex). Infants with other stroke
subtypes, not resulting in involvement of the CST in our cohort did not develop
CP. We performed multivariable modelling separately for those without main MCA
branch infarction, to determine individual MRI risk factors for adverse outcome in
milder subtypes. For these subtypes, involvement of the cerebral peduncle was
still a risk factor for CP and epilepsy, illustrating the importance of ‘pre-Wallerian’
degeneration in the prediction of adverse outcome in those with less widespread
stroke.

Involvement of the BGT increased the risk for CP, in agreement with the literature.®332
In our cohort, basal ganglia and thalamic involvement most commonly occurred
with larger infarcts (main and partial MCA branches) and was most often part of the
primary stroke. But BGT involvement could also be a manifestation of secondary injury
to connectivity pathways, e.g. corticothalamic or corticostriatal networks, particularly
in the thalami and best seen on DWI.'®3"33 The increased risk for CP most likely
stemmed from the larger stroke than just the basal ganglia or thalami involvement.
This is supported by several studies showing that primary stroke lesions restricted
to the BGT (i.e. perforator stroke) are usually not associated with adverse motor
outcome.’”** In our cohort only 15% of infants with perforator stroke developed
unilateral spastic CP, all related to additional involvement of the PLIC.

A limited number of studies have reported on long-term cognitive outcome in infants
with PAIS 283537 We found that cognitive delay occurred in 23% of all PAIS patients,
but in 57% of those with a main branch MCA stroke, when last seen at a median age
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of 41 months. Other studies have reported even higher rates of cognitive impairment
after PAIS at school-age.3”*® As most infants were still young when last seen, we did
not see a trend over time. Multivariable analysis revealed that cognitive delay was
related to BGT involvement. However, this seemed to reflect larger strokes, as BGT
involvement was most often seen in main and partial branch MCA strokes. Other
studies have shown that larger infarct volume was associated with adverse cognitive
development in PAIS.2** We also found that posterior MCA branch and PCA strokes
had higher rates of cognitive delay compared to other non-main MCA subtypes,
indicating that not only volume but also location of affected tissue plays an important
role in cognitive development. A recent study by Stephan-Otto et al. reported that
stroke in regions posterior to the central sulcus, close to the arcuate fasciculus, may
account for language deficits after PAIS.*® In our cohort, rates of language delay were
not higher in posterior compared to anterior MCA branch strokes, but many children
were too young for detailed speech- or language assessment. It was of interest
that infants with language delay had 6.5-10 times increased risk of cognitive delay,
demonstrating that language and cognition are closely related. However, cognitive
delay might also precede language delay or share a common origin, and exact
causative mechanisms need to be studied further. Development of post-neonatal
epilepsy increased the risk for cognitive delay as described previously, but this was
limited to infants with main MCA stroke.*

This study has several limitations inherent to its retrospective design. Infants were
only eligible if they were admitted to the neonatal intensive care unit or referred for
neurological assessment, excluding infants with (smaller) infarcts that may not have
caused neonatal symptoms; also preterm infants were not included.** However, our
strict inclusion criteria resulted in a homogeneous group of term infants with PAIS.
This study focused on DWI from MRI, while early DWI may not always be possible in
all institutions. However, we were often able to see signal intensity changes in CST on
T2 weighted sequence as well, especially when the MRI was done in the second half
of the first week. The use of Apparent Diffusion Coefficient (ADC) maps from DWI to
assess acute ischemic injury is recommended, to avoid T2 shine through and other
artefacts. As the ADC map was not always available for our cohort, we used DWI
for all infants. When ADC maps were available, they were used to verify DWI signal
abnormalities, as is recommended in clinical practice. Infants that performed well
were sometimes discharged from follow-up and cognitive, language and behavioral
problems may have been under-diagnosed.?’* Long-term outcome studies with
a prospective design are needed to determine whether early predictions in PAIS
patients remain stable over time. Even with this large study some sub-groups were
small and we cannot exclude that some associations between brain regions and
outcomes might have been significant.
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CONCLUSION

In a large cohort of term-born infants from two centers, we have demonstrated
that neurodevelopmental outcomes vary between PAIS subtypes. Although
neurodevelopmental outcome was invariably adverse in at least one domain with
main branch MCA stroke, in other PAIS subtypes outcome was normal in 43-71% of
children. This study provides clinicians with important information for more precise
risk-evaluation of neurodevelopment in PAIS patients based on the tissue involved
assessed from early MRI allowing better counseling of parents in the neonatal
period, personalized planning of therapeutic interventions and long-term support
for behavioral and cognitive difficulties.
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ABSTRACT

Two full-term infants with perinatal arterial ischemic stroke (PAIS), with cerebral
sinovenous thrombosis of the superior sagittal sinus in one of them, are reported.
Diffusion weighted imaging (DWI)-MRI, performed within 24 hours following onset
of seizures and repeated 48 hours later, clearly showed restricted diffusion within
the middle cerebral artery territory on both MRIs, but clear patterns of signal
intensity changes in the descending corticospinal tracts on the second MRI only.
Since involvement of these structures is essential for prediction of motor outcome,
we may need to reconsider optimal timing of MR imaging for prediction of
neurodevelopmental outcome after PAIS.
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INTRODUCTION

Perinatal stroke consists of perinatal arterial ischemic stroke (PAIS) and cerebral
sinovenous thrombosis (CSVT), and both are associated with unfavourable
neurodevelopmental outcome. Adverse sequelae of PAIS include unilateral spastic
cerebral palsy (USCP) cognitive dysfunction, epilepsy and speech problems. In 40-
75% of infants, PAIS or CSVT lead to abnormal neuromotor and -developmental
outcome.” Early MRI is used for diagnostic purposes, and for dating PAIS, but is
also increasingly emphasized as an important prognostic value to predict the
neurodevelopmental outcome of the infant.®

PAIS, and especially middle cerebral artery (MCA) infarction, often involves the
descending corticospinal tracts (CST).*® MRI and especially diffusion weighted
imaging (DWI) offers the advantage of evaluating the posterior limb of the internal
capsule (PLIC) and the cerebral peduncles, i.e. the presence of “pre-Wallerian”
degeneration. Involvement of these structures is strongly correlated with adverse
motor outcome.*? CSVT is often associated with neurological comorbidity, such as
hypoxic-ischemic encephalopathy, venous infarction and thalamic haemorrhage.>'
The presence of such neurological comorbidity at diagnosis predicts poor outcome
in patients with CSVT.?

The aim of this short communication is to describe two newborns with PAIS who
both had two early MRIs showing delayed onset of “pre-Wallerian” degeneration on
sequential MRIs performed within 72 hours after onset of symptoms.

CASE DESCRIPTIONS

Casel

This boy was born at 40** weeks of gestation after an uncomplicated pregnancy
by secondary caesarean section due to slow dilatation of the cervix and meconium
stained amniotic fluid. His birth weight was 3570 gram (p15), length 53 cm (p50),
head circumference 36 cm (p50). He had good Apgar scores of at 9, 10 and 10 at
1, 5 and 10 minutes, respectively. He was admitted to the neonatal unit in a level Il
hospital for observation, where he developed fluctuations in temperature, frequent
apneas and lethargy, suspected for seizures. Amplitude integrated EEG (aEEG)
showed epileptic activity originating from the left hemisphere. Cranial ultrasound
and an early CT-scan showed an area of decreased attenuation in the distribution of
the left MCA. He received phenobarbital to control seizure activity, and antibiotics
and anti-viral medication until meningitis was ruled out by negative cerebrospinal
fluid cultures, and he was transferred to our level Il neonatal intensive care unit.
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The first MRI was performed on the third day of life, around 20 hours after the onset
of apneas (figure 1). In the complete left MCA territory, DWI and T2 weighed imaging
showed increased signal intensity in the cortex and white matter. The basal ganglia
including globus pallidus and putamen were also mildly affected. The left PLIC showed
only very mild highlighting on DWI and T2 imaging, while some asymmetry was found
laterally in the cerebral left peduncle (figure 1D-E). A small cortical lesion was also
found in the upper right hemisphere, not affecting the corticospinal tracts. Reduced
flow of the left MCA was seen on MR Angiography (MRA). The infant was included in
an imaging study and the MRI was repeated on day 5, around 72 hours after the onset
of clinical seizures and 48 hours after the first scan, to additionally perform arterial
spin labeling.” DWI and T2WI showed the same area of increased signal intensity in
the main left MCA territory. DWI hyperintensity in the PLIC had extended, showing a
clear asymmetrical pattern. Additionally, on DWI, the left cerebral peduncle now also
clearly showed restricted diffusion, including the middle part.

The aEEG did not show any seizure activity, but the background pattern showed a
continuous normal voltage with sleep-wake cycling on the right, while there was
discontinuous normal voltage pattern on the left.

After the second MRI, the child was included in a pilot trial and treated with
erythropoietin (EPO) 1000 U/kg per day for three days to improve neuroregeneration.’
The infant improved clinically, could be fully breastfed and was discharged home
one week after onset of seizures. A thrombophilia screen was performed, showing
normal clotting time and homocysteine, no MTHFR, factor V Leiden or prothrombin
mutation.

Repeat MRI at the age of three months showed cysts in the left hemisphere, especially
in the region of the anterior branch of the MCA, and Wallerian degeneration of the left
descending CST (Figure 1). On neurological assessment there was a hand preference
for his left hand, suggestive of development of USCP, which was subsequently
confirmed at two years of age, with Manual Ability Classification System score of
2, Gross Motor Function Classification System score of 1 and Hand Assessment for
Infants (HAI) of 83% (whereas 0% equals no asymmetry).'
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FIGURE 1 | MRI of Case 1. MRI of a newborn (case 1) with a left sided MCA PAIS who had three MRls:
the first within 24 hours (upper row), the second at 72 hours after onset of symptoms (middle row) and
the last at three months of age (bottom row). At 72 hours there was an increase in signal intensity in the
right cerebral peduncle (A versus E) and PLIC (B versus F) on axial T2 weighted imaging compared to the
first scan. On early axial DW imaging mild lateral signal changes can be observed in the cerebral peduncle
(C), while a profound hyperintense signal was seen at 72 hours after onset of seizures (G). Signal changes
in the PLIC on DW imaging were very clear after 72 hours (H), but not on the first MRI (D). Repeat MRI
(bottom row) at the age of three months showed cysts in the left hemisphere, especially in the region of
the anterior branch of the MCA (I-J). On Inversion Recovery T1 weighted imaging (axial view) Wallerian
degeneration of the left descending CST, involving the cerebral peduncle (K) and PLIC (L) is noted.
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Case 2

This male infant was born at 42*" weeks' gestation after a secondary caesarean
section because of slow dilatation of the cervix, meconium stained amniotic fluid,
and fetal heart rate abnormalities following induction of labor. His birth weight was
3190 grams (<p5), length 51 cm (p3-p50), head circumference 35 cm (p3-p50). Apgar
scores were 4,7 and 9 at 1, 5 and 10 minutes, respectively. He recovered quickly after
stimulation, insufflation breaths and CPAP (with max 40% O,) and no longer needed
respiratory support after 5 minutes. He was admitted to the neonatal unit in a level
[l hospital, where he developed frequent apneas and desaturations 26 hours after
birth, suggestive of seizures. He was transferred to our neonatal intensive care unit
and was intubated because of respiratory insufficiency. Cranial ultrasound (9 hours
after onset of apneas) showed a large wedge-shaped area of increased echogenicity
in the distribution of the right MCA, and reduced flow in the superior sagittal sinus.
aEEG showed epileptic activity originating from the right hemisphere.

The first MRI was performed at 50 hours of age, 24 hours after the onset of apneas
(Figure 2). DWI and T2 weighed imaging showed increased signal intensity in the
cortex and white matter of the complete MCA territory in the right hemisphere. The
basal ganglia including globus pallidus, putamen and part of the thalamus were
also mildly affected. Very subtle restricted diffusion of the PLIC and right peduncle
were noted (Figure 2D-E). On MRA there was interrupted flow of the right MCA. MR
Venography (MRV) showed no flow in the anterior part of the superior sagittal sinus,
suggestive of CSVT.

The infant was started on low molecular weight heparin (Dalteparin, 200 U/
kg subcutaneously) to prevent propagation of the thrombus. Clinical seizures
were controlled following administration of phenobarbital and midazolam and
subsequently lidocaine on day 2 that controlled ongoing subclinical seizures on akEG.
There was a persistent asymmetry in background activity due to decreased activity
on the right side. On day 2, activity on the right side was still mildly suppressed, but
sleep-wake cycling had returned.

To assess the effect of therapy on CSVT, the MRI was repeated around 72 hours after
the onset of clinical seizures and 48 hours after the first scan. DWI and T2WI showed
the same area of increased signal intensity in the main MCA territory, including
parts of the thalamus. In contrast, on DWI, the PLIC, anterior limb of the internal
capsule and right cerebral peduncle now also clearly showed restricted diffusion.
MRV showed recurrence of flow in the superior sagittal sinus.

After the second MR, the child was treated with EPO.™ The infant improved clinically,
was extubated, started to bottle feed, and was discharged home on day 10 after birth.
A thrombophilia screen was performed, showing a transient increase in homocysteine
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(13.7 pmol/L, normal upper level 10 umol/L), but no MTHFR, factor V Leiden or
prothrombin mutation.

At the age of three months, the infant returned for a repeat MRI, which showed a
large area of cavitation in the right MCA region and Wallerian degeneration (Figure
1). On neurological assessment, he showed a clear preference for using his right hand,
with intermittent fisting of the left hand, suggestive of a development of unilateral
spastic cerebral palsy (USCP). The HAI at three months of age was 58%.

FIGURE 2 | MRI of Case 2. MRI of a newborn (case 2) with a rare combination of PAIS and CSVT who had
three MRIs: the first at 24 hours (upper row) and the second at 72 hours after onset of symptoms (middle
row) and the third at three months of age (bottom row). Compared to the first scan there was an increase
in signal intensity in the right cerebral peduncle (A versus G) and PLIC (B versus H) on axial T2 weighted
imaging at the second scan. On early axial DW imaging very little signal intensity changes were observed in
the cerebral peduncle (C), while a hyperintense signal was seen at 72 hours after onset of seizures (l). Signal
changes in the PLIC on DW imaging were clear after 72 hours (J), but not on the first MRI (D). MRV (sagittal
view) showed initially no flow in the anterior part of the superior sagittal sinus (E), and recurrence of flow in
the sinus on the second MRV after treatment with low molecular weight heparin (K). On MR angiography
(axial view) there was persistent hypoperfusion of the right MCA until 72 hours after onset of seizures (F and
L). At the age of three months a large cyst had developed in the right hemisphere (M-N). Additionally, there
was Wallerian degeneration seen in the descending right CST involving both the cerebral peduncle (O) and
the PLIC (P). On MRV flow in the superior sagittal sinus had restored completely (Q).
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DISCUSSION

In this case report on two PAIS patients with main branch MCA stroke, DWI showed
different patterns of CST involvement at 24 and 72 hours after the onset of clinical
seizures. Also, the unusual combination of PAIS and CSVT is reported in the second
infant, with recurrence of flow across the superior sagittal sinus on the second scan.

CT was performed in the level Il hospital, but this neuro-imaging technique is not
recommended as radiation is involved and CT will provide less information than MR
imaging which is considered the gold standard.™ Within the first week after PAIS,
especially T2WI and DWI are most useful for detection and prediction of motor
outcome. T2WI will show high signal intensity in the affected cortex and white matter,
which can first be observed from 24 to 48 h onwards.” Changes on DWI can precede
those on conventional T2WI and are often seen more clearly during the first 24-72
h as high signal intensity on DWI or low signal intensity on the derived apparent
diffusion coefficient (ADC) map.™ The lowest ADC can be observed around day 3,
followed by a slow increase and pseudo-normalization of ADC values.”" Clinicians
are inclined to perform an MRI as quickly as possible in order to make a diagnosis
in an infant presenting with neonatal seizures.’® However, MR imaging also plays an
important role in the prediction of motor outcome, especially in the development of
USCP, and the cases presented have shown that “pre-Wallerian” degeneration may
take time to develop and may not yet be present 1-2 days after onset of PAIS.

Wallerian degeneration was first described by Augustus Waller in 1850 and refers
to anterograde degeneration of axons and their myelin sheaths, secondary to
proximal axonal or cell body injury.” Wallerian degeneration of the descending
CST and cerebral peduncle is first seen several weeks after cortical injury, and is
associated with development of USCP. This was shown by Bouza et al. in a group of
20 infants and later by Kirton et al. “'® They described that the degree of Wallerian
degeneration in the CSTs shown with MRI, well beyond the neonatal period, was
correlated with the presence and severity of USCP later in life. Therefore, a follow-up
MRI after several weeks is recommended for optimal prognosis of motor outcome.
DW imaging is sensitive to early changes of cytotoxic edema and therefore able to
depict acute injury. Several studies have now shown that DWI can show subsequent
axonal ischemia to the descending CST and the term “pre-Wallerian” degeneration
was coined.*>'20 The presence of these DW changes in the CST, in particular the
PLIC and the middle part of the cerebral peduncle, were found to be predictive of
developing USCP.*
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Our second infant presented with an unusual combination of main branch MCA
infarction and CSVT. We performed a second MRI shortly after the first scan to
evaluate the recurrence of flow in the sinus. This gave us the opportunity to obtain
two early MRI scans, within the first week after birth. The first scan was performed at
24 hours after onset of seizures. Although DW imaging clearly showed acute injury
in the MCA region, we could hardly find DW changes in the descending CST. This
absence of early “pre-Wallerian” degeneration was also shown by Kang et al. in 2
adult patients and suggested by Husson et al.®?' On a repeat MRI at 72 hours after
seizure onset, we found clear signal changes in the PLIC and cerebral peduncle. The
increase of DWI abnormalities was also found in the first case. This delay in “pre-
Wallerian” degeneration is in agreement with experimental data of Tuor et al. who
showed in neonatal rats a delay of 24 hours for the decline in apparent diffusion
coefficient (ADC) values and concomitant cellular correlates of degenerating neurons
in the cerebral peduncle compared to the ADC values in the affected cortex. They
proposed associated axonal ischemia as an explanation for this delay, induced by
ischemic cell bodies of the axons in the descending motor pathways that lie within
the primary motor cortex in the ischemic region. Subsequently, diffusivity reductions
in the cerebral peduncle increase in magnitude over the first few days, but might not
be visible on DWI or not yet involve the middle part of the peduncle the first day
after hypoxia-ischemia.?®2' However, these findings are important for prognosis of
an adverse outcome.*® This supports the different DWI findings in our two newborn
infants with PAIS. It is of interest and rather unexpected that an increase in signal
intensity was already present in the mesencephalon on the T2 weighted sequence
on the first MRl in the first patient.

In summary, we have shown that early DWI-MRI, performed within 24 following
onset of seizures and repeated 48 hours later, clearly showed restricted diffusion
within the MCA territory, but showed different patterns of signal intensity changes
at the level of the PLIC and cerebral peduncles. When infants present with clinical
seizures, an MRI scan is usually performed as soon as possible in order to make a
diagnosis.’® However, MR imaging in suspected PAIS may even be more important
to predict neurodevelopmental outcome and its timing should depend on when it
is most sensitive to see “pre-Wallerian” degeneration. As our data suggest that for
accurate prediction of outcome ‘sooner is not necessarily better’, as early MRl may
underestimate the full extent of the injury and one might underestimate or even
miss “pre-Wallerian” degeneration, in the PLIC and cerebral peduncle. In case of
suspected PAIS, timing of the MRI therefore needs to be well considered to optimize
prediction of neurodevelopmental outcome.
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ABSTRACT

Objective: Early diagnosis of unilateral cerebral palsy is important after asymmetric
perinatal brain injury (APBI). Our objective is to estimate the risk of unilateral cerebral
palsy (UCP) in infants with APBI during the first months of life using neuroimaging
and clinical assessment.

Methods: Prognostic multivariable prediction modelling study including 52 infants
(27 males), median gestational age 39.3 weeks with APBI from Sweden (n = 33)
and the Netherlands (n = 19). Inclusion criteria: (1) neonatal MRI within one month
after term equivalent age (TEA), (2) Hand Assessment for Infants (HAI) between
3.5-4.5 months of (corrected) age. UCP was diagnosed > 24 months of age. Firth
regression with cross-validation was used to construct and internally validate the
model to estimate the risk for UCP based on the predictors corticospinal tract (CST)
and basal ganglia/thalamus (BGT) involvement, contralesional HAI Each hand sum
score (EaHS), gestational age and sex.

Results: UCP was diagnosed in 18 infants (35%). Infants who developed UCP
more often had involvement of the CST and BGT on neonatal MRI and had lower
contralesional HAI EaHS compared to those who did not develop UCP. The final
model showed excellent accuracy for UCP prediction between 3.5-4.5 months (area
under the curve, AUC = 0.980; 95% CI 0.95-1.00).

Conclusions: Combining neonatal MRI, the HAI, gestational age and sex accurately
identify the prognostic risk of UCP at 3.5-4.5 months in infants with APBI.
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INTRODUCTION

Unilateral perinatal brain injury is commonly diagnosed in the neonatal intensive care
unit. Most frequent forms of unilateral brain injury include perinatal arterial ischemic
stroke (PAIS) in term born infants and periventricular haemorrhagic infarction (PVHI)
in preterm infants. However, also other conditions such as white matter injury or
parenchymal haemorrhages may lead to asymmetric brain injury in newborns.
Infants with such asymmetric perinatal brain injury (APBI) are at high risk to develop
unilateral cerebral palsy (UCP)."3

UCP is usually diagnosed at the age of two to four years or even later in mildly affected
children, while asymmetric hand use is typically reported much earlier by clinicians
and parents.*® Early diagnosis of UCP is important to adequately counsel families
and to provide access to early interventions."”® Increased knowledge about high
plasticity in the young brain suggests that activity-based training should occur at an
early age in order to be effective, in parallel with the development of the corticospinal
tract.”'® New treatment strategies for neonatal brain injury, such as neuroprotective
or neuroregenerative repair, have also become available and new motor assessment
tools are needed to accurately and objectively study their effect.! '

Magnetic resonance brain imaging (MRI) during the neonatal period is increasingly
used as a predictive tool to identify infants at high risk for UCP >, Involvement of
specific regions, such as the corticospinal tracts or the basal ganglia/thalamus, have
been associated with adverse motor development and UCP ™17 To improve the
prediction of UCP at an early age, a combination of MRI with standardized clinical
assessments is recommended.® A promising clinical tool for prognosis of UCP is the
newly developed Hand Assessment for Infants (HAI). The HAI is the first standardized
assessment quantifying hand function in terms of asymmetry and measuring both
hands use in infants at high risk for UCP from 3-12 month of age.” This makes the
HAI especially suitable for infants with unilateral or asymmetric perinatal brain injury,
in contrast to more commonly used motor assessment tools, which do not measure
asymmetric hand use.”

The aim of this study is to develop and internally validate a multivariable prediction
model to estimate the prognostic risk of UCP in infants with APBI following the
recommendation of combining neuroimaging with a clinical assessment for the
prediction of UCP as early as possible.>?2" |t is hypothesised that neonatal brain
imaging in combination with an early assessment of hand asymmetry using the HAI
and additional infant characteristics can predict UCP during the first months of life
in infants with APBI. If so, this method may have the potential to predict the risk of
UCP and facilitate individualized treatment that focuses on the infant’s specific needs
and prognosis.
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MATERIALS AND METHODS

Participants

This prognostic multivariable prediction modelling study included a convenience
sample of 52 infants with evidence of APBI from the Karolinska University Hospital
and Sodersjukhuset in Stockholm (n = 33), Sweden and the Wilhelmina Children’s
Hospital of the University Medical Center in Utrecht (UMCU), the Netherlands (n
= 19), within April 2008 and May 2016. APBI was diagnosed after MR investigation
in the neonatal unit during the first month after term equivalent age (TEA). In
Stockholm, all infants were recruited from the national stroke follow-up program
based on neurological signs and MRI evidence of APBI, and referred to the
occupational therapy department for HAI assessments. In contrast, in Utrecht, only
infants with high risk of UCP based on MRI findings were included and followed by
HAI assessments. Inclusion criteria were: (1) an MRI within one month of TEA and
(2) early assessment of hand function between 3.5-4.5 months of (corrected) age
using HAI. Exclusion criteria were major congenital malformation or surgery before
the first symptom was apparent. No children have been included in any specific
training program prior to the investigation, five infants received erythropoietin as
part of a safety and feasibility trial (Table 1).> UCP was diagnosed based on a clinical
assessment by an experienced child neurologist or rehabilitation specialist at > 24
months in compliance with international European guidelines.?

Ethical approval

Ethical approval was granted from the Regional Ethics Committee Stockholm
(2008/148-31), and was applied for, but not required by the Medical Ethical
Committee Utrecht (WAG/th/14/038370) because HAI assessment and MR imaging
are considered standard medical care for infants with APBI who were considered at
high risk of UCP.

Magnetic resonance imaging of the brain (MRI) and evaluation of MRI data

The MRI assessment was performed as part of the clinical examination of APBI.
In the UMCU, MRI was performed on either a 3 Tesla whole-body system (Philips
Medical Systems, Best, the Netherlands), using a coronal or axial scanning protocol
that consisted of at least a T1-weighed imaging (T1WI), T2WI and DWI. Infants at the
UMCU were sedated for the MRI to avoid movement artefacts. MR imaging details
for the Utrecht group have previously been described 2. In the Karolinska University
Hospital and Sodersjukhuset, MRI was performed using a 1.5 Tesla MRI system with
protocols including TTWI and T2WI. Infants were not sedated, instead positioned in
bean bags after being fed breastmilk or formula.
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All images were re-evaluated by two experts in the field of neonatal neurology (LdV,
NW) through visual inspection of specific regions that are known to be predictive of
adverse motor outcome: the corticospinal tract (CST), basal ganglia and thalamus
(BGT)™?4, The assessors were unaware of the clinical diagnosis and functional
outcome. Visual inspection of the DWI was done when the MRI was performed during
the first week after symptom onset or of the T1- and T2-weighted images when the
MRI was acquired later. Involvement of the CSTs was determined at the level of the
posterior limb of the internal capsule (PLIC) and the cerebral peduncle as described
previously 7%, Involvement of the BGT was noted when there was involvement of the
basal ganglia and/or the thalamus.

Hand Assessment for Infants (HAI)

The HAl is a newly developed standardized observation-based assessment for infants
3-12 months of age at risk of developing UCP ™. It assesses the degree and quality of
goal-directed manual actions performed with each hand separately as well as both
hands together.

In a semi-structured, video-recorded 10-15 min play session 12 unimanual and 5
bimanual items are tested and scored on a 3-point rating scale ™. The sum score
is Rasch-transformed into an interval level logit-based Both hands measure, BoHM
(0-100 HAI-units) with higher scores indicating better performance. For unimanual
items, each hand is scored separately resulting in the Each hand sum score, EaHS (0-
24 points). Based on the EaHS an asymmetry index, Al, (0-100 percentage difference)
is calculated.”® The HAI showed excellent validity and reliability of scores for the
evaluation of bilateral hand use in infants from 3-12 months of age at risk of UCP,
and showed very good predictive validity for UCP in infants at risk .

HAI data was collected at 3.5-4.5 months of corrected age. The time of the initial
assessment varied depending on different clinical routines. HAIl assessments were
video-recorded and subsequently scored by experienced assessors from Utrecht and
Stockholm, who were unaware of the clinical diagnosis.

Statistical analysis

Descriptive summary measures were reported either as mean with standard deviation
(SD) or median with interquartile ranges [IQR] depending on their distribution.

To investigate the predictive validity of the qualitative evaluation of involvement of
the CST and BGT on neonatal MRI, predictive values, accuracy, and likelihood ratios
were calculated from contingency tables.
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Firth penalized regression was applied to construct a multivariable prediction model
to estimate the prognostic risk of UCP at > 24 months and at the same time consider
the quasi-complete separation in the predictor CST involvement, i.e. all infants that
did not show CST involvement on the MR, did not develop UCP. As Firth penalized
regression does not allow for variable selection, the model was based on all available
and relevant clinical predictors (CST, BGT, HAI, gestational age, sex). A single model
constructed from the sample data may be overly optimistic in predicting UCP. To
limit overfitting, we applied tenfold cross-validation, i.e. dividing the sample data
in ten subsets, where nine serve to construct the model and the tenth is used to
evaluate its accuracy; this procedure is repeated for each subset and results in
reduced model coefficients. Receiver operating characteristics (ROC) curve analysis
was performed and the area under the curve (AUC) calculated to evaluate the model
accuracy. Statistical analysis was performed in Stata IC 15.

RESULTS

Participants

Baseline characteristics of all 52 infants are summarized in Table 1. PAIS and PVHI were
the most common forms of ABPI in our cohort with 26 and 11 infants (50% and 21%)
affected respectively. Other diagnoses (n = 15) included parenchymal haemorrhage
(n = 5), white matter injury (n = 3), watershed injury (n = 2), subdural haemorrhage (n
= 2), antenatal PVHI leading to porencephalic cyst (n = 1) and thalamic haemorrhage
(n = 1). At the age of 24 months 18 infants (35 %) had developed UCP. More preterm
infants (61%, n = 11) than term infants (39%, n = 7) developed UCP (p<0.01), and
more males than females (66% vs. 33%) developed UCP, but this difference did not
reach statistical significance (p>0.05). The HAI was collected across the whole age
range of 3.5-4.5 months with the majority of assessments at the lower age (Table
1). Median [IQR] scores of the HAI (contralesional EaHS, Al and BoHM) at 3.5-4.5
months of age were lower in infants who developed UCP compared to those who did
not develop UCP (all p<0.002) (Table 2).
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TABLE 1 | Descriptive data of participants.

Total Stockholm Utrecht
(n =52) (n=33) (n=19)
Male 27 (52) 17 (52) 10 (53)
Gestational age at birth (in weeks)* 39.3[33.5,40.5] 40.3[38.1,40.5] 32.3[26.1,37.5]
Preterm (< 37 weeks of gestation)* 19 (37) 6 (18) 13 (68)
Diagnosis
Perinatal arterial ischemic stroke (PAIS) 26 (50) 19 (58) 7 (37)
Periventricular haemorrhagic infarction (PVHI)* 11(21) 2 (6) 9 (47)
Other 15 (29) 12 (36) 3 (16)
Laterality of lesion
Left 25 (48) 13 (40) 12 (63)
Right 24 (46) 17 (51) 7 (37)
Asymmetric bilateral 3 (6) 3(9) 0 (0)
Erythropoietin 5(10) 0 (0) 5 (26)*
UCP diagnosis* 18 (35) 6 (18) 12 (63)
Corrected age at HAI assessment
15-16 weeks 18 (35) 12 (37) 6 (32)
16-17 weeks 9(17) 5(15) 4 (21)
17-18 weeks 9 (17) 5 (15) 4 (21)
18-19 weeks 5(10) 2 (6) 3(16)
19-20 weeks 11 (21) 9 (27) 2 (10)
Postnatal age at MRI scan* 5.0 [3.0, 10.0] 5.0 [3.0, 6.8] 10.0 [5.0, 34.0]

Data presented as median [Interquartile Range] or number (percentage), where applicable. UCP —unilateral
cerebral palsy, GA - gestational age *differences between Stockholm and Utrecht group (p<0.05); #Two
infants who received EPO did develop UCP.

TABLE 2 | Descriptive data from neonatal MRI and HAI.

Total No UCP ucp

(n =52) (n = 34) (n=18)
No CST involvement* 24 (46) 24 (71) 0 (0)
CST involvement: 28 (54) 10 (29) 18 (100)
PLIC alone 12 (23) 4(12) 8 (44)
PLIC and cerebral peduncles 16 (31) 6 (18) 10 (56)
No BGT involvement* 27 (52) 23 (68) 4 (22)
BGT involvement: 25 (48) 11 (32) 14 (78)
HAI contralesional EaHS* 1519 - 18] 17 [15 - 19] 7 [5-10]
HAl ipsilesional EaHS 17 [15 - 19] 18 [15 - 19] 17 [13 - 19]
HAI asymmetry index* 12 [5 - 47] 6 [0 - 15] 59 [46 - 71]
HAI BoHM* 51 [40 - 59] 57 [51 - 61] 38 [35 - 48]

Data presented as median [Interquartile Range] or number (percentage), where applicable.

* significant difference between infants with and without UCP, p<0.01.

UCP - unilateral cerebral palsy, GA - gestational age, CST - corticospinal tract, BGT - basal ganglia/
thalamus, PLIC - posterior limb of internal capsule, HAI — Hand Assessment for Infants, EaHS — Each hand
sum score, BoHM - Both hands measure
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Predictive validity of CST and BGT involvement on neonatal MRI

All infants who developed UCP showed CST involvement, while infants who did not
develop UCP predominantly showed no CST involvement (71%, n = 24) (Table 2). CST
involvement on neonatal MRI had excellent sensitivity (100%), but only moderate
specificity (71%) and likewise an excellent NPV (100%), but moderate PPV (64%) to
predict the presence of UCP at > 24 months of (corrected) age with an accuracy of
81% (Table 3). MRI performance increases the likelihood to identify UCP in infants
that later developed UCP to a minor extent (LR+ 3.4). In infants who developed UCP,
78% (n = 14) showed BGT involvement, while in infants who did not develop UCP,
32% (n = 11) showed BGT involvement. BGT involvement showed somewhat lower
values with 78% sensitivity and 68% specificity, 56% PPV and 85% NPV with 71%
accuracy (Table 3).

TABLE 3 | Predictive value of MRI parameters for UCP.

Sen (%) Spec (%) PPV (%) NPV (%) Acc (%) LR + LR -
CST involvement 100 71 64 100 81 34 0.0
BGT involvement 78 68 56 85 71 24 0.3

MRI - magnetic resonance imaging, UCP - unilateral cerebral palsy, CST - corticospinal tract, BGT - basal
ganglia and/or thalamus, Sen - sensitivity, Spec — specificity, PPV — positive predictive value, NPV —
negative predictive value, Acc — accuracy, LR +/- — positive / negative likelihood ratio.

Prognostic risk of developing UCP

The final model included all available predictors, including gestational age (in
weeks), male sex, CST and BGT involvement observed from neonatal MRI, and
the contralesional HAI EaHS between 3.5-4.5 months. ROC analysis for this model
yielded an AUC of 0.980 (95% ClI 0.953-1.00, Figure 1). The equation of the final
model to estimate the prognostic risk of developing UCP between 3.5-4.5 months of
(corrected) age is: invilogit = 2.19 + 3.49*CST + 1.85* BGT — 0.5T*contralesional HAI
EaHS - 0.04 gestational age + 1.81*sex.
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FIGURE 1 | Receiver operating characteristics (ROC) curve displaying sensitivity and 1-specificity of
the final prediction model for UCP at 3.5-4.5 months. A nomogram based on the final model presented
in the equation above serves to estimate the prognostic risk or probability of an individual infant (Figure
2). For further explanation of the nomogram, see also Appendix 1. The sensitivity and specificity at various
thresholds of the prognostic risk of UCP at >24 months is displayed in Figure 3.
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FIGURE 2 | Nomogram relating potential predictors to the prognostic risk score of UCP. Nomogram
relating potential predictors (sex, gestational weeks at birth, basal ganglia/thalamus involvement on
neonatal MR, contralesional HAI Each hand sum score (EaHS) between 3.5-4.5 months (corrected) age,
corticospinal tract involvement) to the prognostic risk score of UCP. For each predictor, read the points
assigned on the 0-11 ‘Score’ scale (green) and then sum these points. Find the sum score on the 0-18
‘Total score’ (blue) scale and then read the corresponding ‘Probability’ (prognostic risk, purple) of UCP
above it. Application of the nomogram is explained in a practice example displayed in the appendix. UCP
= unilateral cerebral palsy.
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An alternative to the final model with all available data at one month of term
equivalent age (thereby excluding HAI) yielded an AUC of 0.842 (95% CI 0.733-
0.950). In contrast, another variant of the model excluding the MRI evaluation of
CST and BGT still including HAI EaHS between 3.5-4.5 months, gestational age and
sex resulted in a similar performance as the complete final model, but with wider
confidence intervals (AUC of 0.930, 95% Cl 0.859-1.00).

Sensitivity (solid line) and specificity (dashed line)

0 02 0.4 06 08 1
Prognostic risk of UCP

FIGURE 3 | Graph displaying the sensitivity and specificity of the prognostic risk (probability) of UCP.

DISCUSSION

A multivariable prediction model, that was developed and internally cross-validated,
was able to calculate with high accuracy the risk of UCP already from 3.5 months of
age based on CST and BGT involvement observed from neonatal MRI, a contralesional
HAI EaHS between 3.5-4.5 months, and the infant's gestational age and sex.
However, external validation is required before implementation of this model and its
accompanying nomogram in clinical practice.

MRI is recognized as the most reliable neuroimaging method to predict CP and
several distinct MRI parameters have been associated with CP in later life. For
example, brain injury with involvement of the CSTs at the level of the PLIC and/or
cerebral peduncles is associated with CP.%™2¢ |[n our study, no UCP was seen in the
absence of CST involvement (100% NPV). However, involvement of the CST resulted
in 10 infants who did not develop UCP, and therefore a low specificity (71%) and
PPV, leading to considerable overdiagnosis of UCP. These findings are similar to
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other research reporting that absence of CST involvement resulted in typical motor
development in 94% of infants, while CST involvement had lower sensitivity (67%)
and associated PPV."” BGT involvement is another MRI parameter that has been
associated with adverse motor outcome in neonatal brain injury’®'”?¢, but was much
less predictive in our cohort. This may be due to a heterogeneous group of infants,
including a large number of preterm infants with PVHI in our cohort, for whom the
predictive value of BGT involvement has not yet been established. Additionally, in
our cohort CST and BGT involvement was perhaps low due to timing of the MRI.
The MRI was not always performed in the acute phase after injury, when predictive
ability of MRI (including DWI) is highest, but sometimes >7 days in term infants or
around TEA in preterm infants. By dichotomizing the evaluation of brain structures
(CST, BGT) additional information on the location and size of the lesion, which are
also assumed to be predictive for the extent of UCP, could not be taken into account.

Although MRI is a good predictor, a prediction model for UCP based on neonatal
MRI combined only with gestational age and sex, can indeed within one month of
TEA predict UCP with good accuracy, but with less confidence. This seems helpful
for very early preliminary risk estimation, as the MRI is performed much earlier than
the assessment of hand function. Prediction performance increases further at 3.5-4.5
months in the same model using HAI instead of MRI. However, when information
about CST and BGT involvement from neonatal MRI and asymmetric hand function
measured by HAl are combined in a final model the prediction performance becomes
excellent. Such a combination of imaging and standard assessment has also been
recommended in recent guidelines®. It needs to be noted though that this prediction
model is valid only for the predictors measured at specific time-points, i.e. MRI
within one month of TEA and the contralesional HAI EaHS between 3.5-4.5 months
of (corrected) age. An earlier model including HAI prior to 3.5 month of age shows
insufficient predictive ability due to large variations of voluntary upper limb actions
at this early age.

Asymmetric hand function has been described as one of the earliest clinical
manifestations of UCP.?” The HAI enables us to measure this asymmetric hand
function in infants as early as three months of age.'® Indeed, our results show that of
all three HAl scales (contralesional EaHS, BoHM and the Al) were significantly different
between infants who developed UCP and those who did not. The contralesional EaHS
was the most predictive HAI scale for infants with risk for UCP when investigating
the statistical model. Due to large variations of voluntary upper limb actions before
3.5 month of age, this study only included HAI scores from 3.5 months onwards. HAI
values typically increase by age and asymmetric hand function may also become more
obvious, thereby changing the predictive ability of the model at other ages. This will
be elaborated upon in future studies of our own group (personal communication).
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Recently, we have described three distinct developmental trajectories of hand
function in infants with UCP over the first year of life (3-12 month). Although, the
future severity level of UCP could not yet be detected at 3-4 months of age due to
large variation and overlap between curves, at six months of age the trajectories
were clearly delineated.?® Additionally, normative values of different HAI scores are
established and can be used to further compare the development of infants at risk of
UCP and typical developing infants.? In future, HAl may not only serve as a predictive
tool, but also as an outcome measure of early intervention. It has already been used
in a study demonstrating improvement of manual ability after constraint induced
movement therapy in infants younger than 12 months of age.” Overall, accumulating
results of these studies will increase our knowledge about the development of upper
limb function in children with UCP.

A limitation of this study is that the cohort consisted of infants with different
diagnoses of APBI, and consequences of these types of injury on motor behaviour
differ. Around 30-50 % of children who suffer from PAIS develop UCP.'®173%0 Unilateral
PVHI in preterm infants leads to UCP in 50-70% of children.2'* Other diagnoses,
such as white matter injury, are less likely to lead to UCP, depending on site and
extent of the injury. To account for these differences, we focused on MRI parameters
that can be applied to various forms of brain injury such as involvement of the
CST and BGT. Differences in recruitment might have caused selection bias, though
combining of infants from two sites had the advantage to increase variation and to
identify various prediction factors in order to build a more clinically relevant model.
To address potential selection bias, the model was tested separately in both groups
in a post hoc-analysis and showed very similar performance (AUC for Utrecht 0.97,
95% Cl 0.920-1.00; AUC for Stockholm 0.96, 95% CI 0.901-1.00).

Erythropoietin is another factor that might be assumed to influence the outcome,
but in this study treatment with erythropoietin did not add to the prediction model.
It would also be of interest to investigate General Movements (GMs) assessment or
Hammersmith Infant Neurological Examination (HINE) as they are currently the most
predictive tools of CP.> Unfortunately, this data was inconsistently collected in our
clinical cohort and could not be included in this study. It has to be noted that this
is a convenience, hospital-based cohort including high risk infants. Infants without
a neonatal event would most likely have been referred to other health care services
at later age and are not the target group for this model. An important next step
in this research is to externally validate the model in a similar population before
implementation in clinical practice.
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Clinical implication

In general, the diagnosis of UCP is based on clinical signs from neurological
examination and medical history in accordance with national guidelines. This first
explorative study strengthens the interpretation of the signs, showing that neonatal
MRI gives good information about UCP development already at one month TEA,
but prediction performance increases considerably with complementary information
about hand asymmetry between 3.5-4.5 month of age measured by HAI.

A clinically relevant threshold for sensitivity and specificity of the prognostic risk
of UCP depends on the context and the actions that follow. For early treatment,
one wants to choose a lower threshold at higher sensitivity to not miss any infant
that could benefit from early intervention that does not harm the infant. If on the
other hand one would like to inform the parents, one would like to choose a higher
threshold at higher specificity in order to minimize the number of false-positives and
thus not unnecessarily worry parents.

As a next step, this model needs to be externally validated and possibly refined in
a larger sample with similar participants in order to implement the nomogram into
clinical practice, to enable clinicians to early inform families about their infant’s risk to
develop UCP, and refer those with a high probability to early intervention programs.
The case in Appendix 1 may help to illustrate the further use of the nomogram in
clinical practice.

CONCLUSIONS

A combination of a qualitative evaluation of the CST and BGT from neonatal MR, a
contralesional HAI Each hand sum score, gestational age and sex of the infant can
already between 3.5-4.5 months of (corrected) age predict the prognostic risk of UCP
in infants with APBI.
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APPENDIX

Clinical Case explaining the use of the Nomogram

A baby girl was born at 25+3 weeks of gestation. She was born after an emergency
caesarean section due to decelerations on cardiotocography. Her birth weight was
900 grams and her Apgar scores were 4/7/9 after 1/5/10 minutes. She had her MRI
around term equivalent age that showed clear asymmetry of the corticospinal
tracts (CST) at the level of the PLIC (A). The basal ganglia and thalamus (BGT) were
also affected, as they showed clear asymmetry. She was discharged and returned for
follow-up at 17 weeks of corrected age, when the HAIl was performed. The HAI Each
hand sum score (EaHS) of the left (contralesional) hand was 7.
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Basal ganglia/thalamus invol
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Read from the nomogram (B) by drawing a vertical line (arrow) from each predictor
scale to the 0-11 ‘Score’ scale and read:

For sex, ‘Score’ scale for being female (purple) is 0

For gestational age ‘Score’ scale for 25 gestational weeks (yellow) is 0.6

For basal ganglia involvement (yes/no) ‘Score’ scale for yes (turquoise) is 1.5
For HAI contralesional Each hand sum score (EaHS) ‘Score’ scale (pink) for the
7 EaHS is 7.1

For corticospinal tract involvement (yes/no) ‘Score’ scale for yes (orange) is 2.8.
Sum these scores: 0 + 0.6 + 1.5 + 7.1 + 2.8 = 12.

Find the sum score of 12 points on the 0-18 ‘Total score’ (bottom line).

Read the assigned prognostic risk of developing UCP from the ‘Probability’
scale by drawing an orthogonal line (red arrow) from 12 ‘Total score’ scale to
the 'Probability’ scale: 0.94.
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ABSTRACT

Objective: Neonates with unilateral perinatal brain injury (UPBI) are at risk for
developing unilateral spastic cerebral palsy (USCP). This study compares several
predictors for USCP later in life.

Methods: 21 preterm and 24 term born infants with UPBI were included, with an
MRI scan including diffusion tensor imaging (DTI) performed at term equivalent
age or around three months after birth, respectively. T2-weighted images and DTI-
based tractography were used to measure the surface area, diameter and fractional
anisotropy (FA) of both corticospinal tracts (CST). The Hand Assessment for Infants
(HAI) was performed before 5, between 5-8 and between 8-12 months of (corrected)
age. Asymmetry indices were derived from all techniques and related to USCP at >2
years of age.

Results: MRl measures and HAI scores were significantly lower for the affected
compared to the unaffected side. Before five months of age, FA asymmetry on DTI
yielded the highest area under the curve compared to conventional MRI and HAI.

Conclusion: Prediction of USCP after UPBI is reliable using asymmetry of the CST on
MRI, as well as clinical hand assessment. Before five months of age, DTI-tractography
provides strongest predictive information, while HAI specifically aids to prognosis of
USCP at later age points.
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INTRODUCTION

Unilateral perinatal brain injury (UPBI) is commonly diagnosed in newborn infants,
but the type of injury varies with gestational age (GA). In term born neonates,
perinatal arterial ischemic stroke (PAIS) is the most frequent form of UPBI, which is
the result of focal disruption in arterial cerebral blood flow."? In preterm neonates,
periventricular hemorrhagic infarction (PVHI) is the most common unilateral brain
lesion, which results from impaired venous drainage of the vulnerable medullary
veins in the germinal matrix.>4

UPBI may lead to adverse neurodevelopmental outcome, including unilateral cerebral
palsy (USCP). Several studies showed that 30- 50% of infants with PAIS and around
28-47% of preterm infants with PVHI developed USCP, which is mainly dependent on
extent of the lesion and (secondary) tissue involvement.>® Although no interventions
specifically aim to treat UPBI and prevent the development of USCP, new therapies
that target neuroprotection or -regeneration are on its way.”'® Other early-
intervention programmes include constraint-induced movement therapy (CIMT),
which is specifically developed for patients at risk for developing USCP."" These
intervention strategies should be initiated as early as possible, when plasticity of the
developing brain is highest. To start therapy as early as possible, early identification
of those at risk for developing USCP is required.

MR imaging is a reliable technique for early diagnosis and prediction of motor
outcome after UPBI, both in the acute phase as on follow-up.*¢™ On follow-up
scans, degeneration of axons in the corticospinal tracts (CST), known as Wallerian
degeneration, is associated with development of USCP.>6'314 However, most studies
have used a qualitative evaluation of CST involvement on MRI, while objective
guantitative measures of Wallerian degeneration are preferable to increase clinical
use. Kirton et al. has demonstrated a quantitative measure of Wallerian degeneration
at the level of the cerebral peduncle that corresponds to adverse motor outcome.™
Diffusion tensor imaging (DTl) can be used to reconstruct white matter fiber
tracts, such as the CST, in vivo and allow for quantative measurement of diffusion
parameters in these tracts.’ DTI tractography offers more detailed information on
brain connectivity compared to conventional MR, is able to provide a quatitative
measure of white matter integrity and can therefore aid in early prognosis of USCP
in infants with UPBI."6-"°

In the literature, a combination of neuroimaging and standardized clinical
assessments is recommended for most reliable prediction of USCP at an early age.®®
A relatively new instrument that may contribute to diagnosing motor impairment in
young children is the hand assessment for infants (HAI).2" The HAI scores the function
of both hands separately in play-related tasks and provides a scale of asymmetry
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between hands. The HAI is a non-invasive clinical test that can be performed at
multiple timepoints from three to twelve months of age.?'?? This makes HAI suitable
to quantify the development of asymmetric hand function early in life, although its
predictive ability compared to early neuroimaging is unknown.

In this study, we aim to investigate the predictive value of several quantitative
asymmetry indices based on conventional MRI, DTl and HAI in infants with UPBI
to predict USCP later in life. As many studies have described the predictive value
of one measure to predict USCP, this study specifically aims at comparing several
quantitative measures in a large group of infants specifically at risk for unilateral CP,
additionally studying whether these prediction measures differ between term and
preterm infants with UPBI.

METHODS

Patients

For this study we selected all infants with UPBI on their neonatal MRI, who were
born between August 2011 and May 2016 and underwent HAI assessment in the
Wilhelmina Children’s Hospital in Utrecht, the Netherlands, at some point during
their first year of life. Parents signed informed consent for the use of their child’s data
for research purposes. A waiver of authorization to conduct this study was approved
by the Medical Ethical Committee Utrecht because HAI assessment and MR imaging
(including DTI) are considered standard medical care for infants with UPBI who were
considered at high risk of UCP.(WAG/th/14/038370)

Clinical and obstetric characteristics were obtained from the infants’ charts (Table 1).
Prematurity was defined as infants born before 37 weeks of gestation. Infants had
their early MRl when they were admitted to the neonatal intensive care unit at the
Wilhelmina Children’s Hospital (Utrecht, The Netherlands) and as soon as they were
stable enough for transportation to the MRI scanner. A follow-up MRI was obtained
several weeks later, which corresponded to term equivalent age (TEA) in preterm
infants and three months postnatal age in term infants. Based on previous reseach in
term and preterm neonates, the follow-up scan was chosen as optimal timepoint for
MRI measurements and DTI tractography.'232 MRI measurements used in this study
therefore refer to the follow-up MRI scan.

Imaging methods

MRI was performed on either a 1.5T or 3T Philips Achieva MR system (Philips Medical
Systems, Best, Netherlands) equipped with a 8-channel SENSE head coil and included
both conventional MR imaging and DTl sequences. The conventional axial or coronal
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MR protocol consisted of at least a T1-weighted imaging (TTWI), T2WI and diffusion
weighted imaging (DWI), of which the scanning protocols details have previously
been reported.?

Single-shot echo planar DTl was acquired in either 32 or 45 noncollinear directions
with one of the following scanning protocols; 1.5T, 32 directions: repetition time (TR):
6817ms, echo time (TE) = 87 ms, voxel size = 1.98 x 1.98 x 2 mm?, b value 800 s/mm?,
SENSE factor of 2.5. On 3T, 32 directions: TR: 5685 ms, TE = 70 ms, voxel size = 1.41 x
1.41 x 2 mm?, b-value 800 s/mm?, SENSE factor of 2. 3T, 45 directions: TR: 6.500 ms,
TE = 80 ms, voxel size = 2 x 2 x 2 mm?3, b value 800 s/mm?, SENSE factor of 1.4.

Intensive care was continued throughout the examination with the attendance of a
neonatologist or physician assistant, and the heart rate and transcutaneous oxygen
saturation were monitored by pulse oximetry in all infants (Nonin, Minneapolis, MN) as
well as respiration rate (Philips ACS-NT, Best, The Netherlands) A vacuum pillow (Med-
Tec, Orange City, I1A) was used to prevent head movement. Minimuffs (Natus Medical,
San Carlos, CA) were used for hearing protection. Preterm infants at TEA were sedated
using oral chloralhydrate 50 to 60 mg/kg, according to clinical protocol. At three
months after birth, the term infants were sedated throughout the examination with
an i.m. injection of 0.1 ml/kg of a combination of pethidine (2 mg/kg body weight),
chlorpromazine (0.5 mg/kg body weight) and promethazine (0.5 mg/kg).

Conventional MRI analysis

Using T2-weighted images, brain stem sections were analyzed using a previously
described technique ?7. When T2WI were unavailable, TTWI or inverse recovery T1WI
images were used. Asymmetry of the cerebral peduncle diameter and surface area
was used as a proxy of CST asymmetry. A first line was drawn paralel to the fronto-
medial part of each peduncle, towards the midbrain (figure 1A, line AB). A second
line (figure 1A, line BC ) was drawn perpendicular to this line, crossing the peduncle.
The area frontolateral to this line was considered to be the 2D-surface area of the
cerebral peduncle (figure 1B) Finally, a third line was drawn, parallel to line BC at the
broadest part of the peduncle (line D), reflecting the width of the peduncle (figure 1A).
Interrater reliability was determined between two researchers by repeating volume
and diameter measurements of both cerebral peduncles in 15 infants.

DTI analysis

DTl data were processed with ExploreDTl.2¢ The diffusion-weighted images were
realigned to the b0 image to correct for subject motion and eddy current-induced
geometric distortions. In this process, the diffusion tensor was fitted for each voxel
after adjusting the diffusion gradients for the b-matrix rotation.?® Furthermore, the
DTl data were registered to a single-subject neonatal DTI template (freely available
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http://cmrm.med.jhmi.edu), using a rigid registration method, to correct for any
angulation-asymmetries. A quality check was performed using the outlier profile.
Diffusion weighted images with >0.5% outliers were discarded; and if the number of
discarded diffusion weighted images exceeded 10% of the total number of images
(32 or 45), the whole DTI scan was excluded from further analyses. Whole brain
tractography was performed, using a 1 mm step size.>° Propagation of the fibers was
stopped if a voxel with a FA value <0.1 was entered or if the angle of a fiber between
two consecutive steps exceeded 40 degrees.

FIGURE 1 | Example of MRI measurements. Cerebral peduncle measurements were performed on axial
T2-weighted images (1A-B). First, a line was drawn paralel to the medio frontal part of each peduncle,
towards the midbrain (figure 1A, line AB). A second line (figure 1A, line BC ) was drawn perpendicular to
this line, crossing the peduncle. The area frontolateral to this line was considered to be the 2D-surface area
of the cerebral peduncle (figure 1B) Finally, a third line was drawn, parallel to the second at the broadest
part of the penducle, reflecting the width of the peduncle (line D, figure 1A). Tractography in CSTs of an
infant who developed USCP (1C) and an infant with normal outcome (1D) using diffusion tensor imaging
(DTI). After tractography of the full CST, segments between the PLIC and cerebral peduncle were selected
for FA measurements. Clear FA asymmetry is shown in the infant who developed USCP (1E) compared to
a typical developing infant (1F).
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Following the whole brain tractography, the CST was identified using two regions of
interest (ROI) as described before.'” The first ROIs was drawn around the frontal part of
the middle cerebral peduncles at the level of crossing pontine fibres where the anterior
and posterior parts of the peduncles were completely seperated on the colourmap.
The second ROl was drawn around the posterior limb of the internal capsule (PLIC)
two to three slices below the corpus callosum. In case tissue loss hindered specific
drawing of any of the ROIs based on visible landmarks, a ROl was drawn based on
the location and size of the corresponding ROl in the unaffected hemisphere. Fibers
passing the two ROIs were identified as the CST. Any fibers continuing into the other
hemisphere, the cerebellum and the medial lemniscus or single aberrant fibers that
were considered not to be part of the CST were removed. The segment between the
two ROIs was used for further analysis. The FA was calculated for each CST segment
separately and used to calculate an asymmetry index (Al). If no FA could be calculated
from the affected CST, this resulted in an Al of 100%. Interrater reliability was
determined between two researchers by repeating tractography, segment selection
and subsequent FA measurements in 20 CSTs of 10 infants.

Assessment of early motor development

Motor development was assessed using the HAI <5 months, between 5-8 and
between 8-12 months of corrected age. The HAI assessment was performed by
a pediatric occupational therapist with expertise in HAIl evaluation and who was
unaware of the MRl results. The HAI consists of a 15-minute play-related session that
stimulates unilateral and bilateral upper limb movement.?2 The assessment was video
recorded and scored afterwards. The HAI scores 12 items for each individual hand
(Contralesional/lpsilesional each Hand Sum Score, score 0-24 for each hand), and 5
bimanual items creating a total score for both hands combined (Both hand measure,
score 0-100) and an Al. For the study, the Al was re-calculated using the each Hand
Sum scores for the unaffected and affected hand.

Development of USCP

After discharge from the NICU, children were seen at regular time intervals in the
neonatal follow-up clinic. USCP development was assessed at the age of two years or
above by a pediatric neurologist (LdV) who was unaware of the DTl and HAI results
using criteria from a report from 2007.3" Severity of USCP was classified using the
Gross Motor Function Classification System (GMFCS).
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Statistics

For all conventional MRI, DTl and HAI measures, an asymmetry index (Al) was
calculated as: asymmetry index = ((measure unaffected [MU] - measure affected
[MA])/(MU+ MA))*100%, where affected refers to the affected hemisphere and
contralesional hand. IBM SPSS Statistics® v25 (IBM Corp., Armonk, NY,) was used
for statistical analysis. Patient characteristics were summarized as counts with
percentages for categorical variables, means + standard deviation (SD) for parametric
data, and as median + interquartile ranges (IQR) for nonparametric data. To test
for differences between groups, chi-square test, one sample T-tests, paired sample
T-test, independent T-tests, one-way ANOVA or the nonparametric variant were used.
Receiver operater characteristic (ROC) curves were created using Prism GraphPad
Software (version 7.04 for Windows, GraphPad Sofware, Inc.) to determine sensitivity
and specificity at various Al thresholds. Each threshold value is midway between two
values. Optimal cutoff values were determined by calculating the maximal Youden'’s
Index using Youden'’s J = Sensitivity + Specifity — 1. When cutoffs resulted in similar
Youden's Index, the cutoff yielding in highest sensitivity was chosen since these
predictors are part of a screening test. AUC from ROC curves were compared using a
calculation as described by Hanley et al.?

RESULTS

After admission to the department of Neonatoly in the Wilhelmina Children’s Hospital
in Utrecht, 48 infants with UPBI were considered at risk of developing USCP based
on MRI parameters such as involvement of the corticospinal tract, and therefore
referred for HAI assessment by the attending physician. Of these, 45 children had
HAI data available and were included in this study.(Table 1) Of those, 24 were born
at term (mean GA 39.5+1.5 weeks) and 21 were born preterm (mean GA 28.7+3.7
weeks). Infants were diagnosed with PVHI (n=18), PAIS (n=18) or other diagnoses
including thalamic hemorrhage (n=4), antenatal PVHI with porencephalic cyst (n=3),
parenchymal hemorrhage based on COL4A1 mutation (n=1) and herpes encephalitis
with diffuse unilateral lesions (n=1). PHVI was mainly observed in preterm infants
(n=16), while PAIS was more common in term born infants (n=15).

After a follow-up of at least two years, 27 children (60.0%) were diagnosed with USCP.
USCP was diagnosed in 12 term (50%) and 15 (71.4%) preterm born infants. GMFCS
could be determined in 23 USCP patients (85%) and was most often grade | (67%).
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TABLE 1 | Patients characteristics.

Total (n=45) Term (n=24) Preterm (n=21)

Male 27 (60.0%) 14 (58.3%) 13 (61.9%)
Gestational age (weeks)* 34.5 (£6.1) 39.5 (£1.5) 28.7 (£3.7)
Birth weight* 2308 (£1153) 3191 (£555) 1299 (£753)
Diagnosis:*

PAIS 18 (40.0%) 15 (62.5%) 3 (14.3%)

PVHI 18 (40.0%) 2 (8.3%) 16 (76.2%)

Other 9 (20.0%) 7 (29.2%) 2 (9.5%)
(Sub)clinical seizures* 22 (48.9%) 18 (75.0%) 4 (19.0%)
Follow-up MRI available 40 (88.8% ) 20 (83.3%) 20 (95.2%)
Age at follow-up MRI

Postmenstrual age (weeks) 47.9 (£5.8) 53.0 (£1.6) 42.9 (+£3.7)

Postnatal age (days) 97.1 (£19.3) 93.4 (+14.2) 100.8 (£23.0)
Good quality follow-up DTI 37 (82.2%) 19 (79.2%) 18 (85.7%)
Corrected age at HAI (weeks):

1: <5 months (n=44) 149 (£2.2) 14.5 (£2.5) 15.3 (£1.8)

2: 5-8 months (n=32) 28.1 (£2.9) 27.0 (£2.3) 29.5 (£3.1)

3: >8 months (n=32) 42.1 (£5.1) 424 (£6.0) 41.9 (£4.1)
uUscp 27 (60.0%) 12 (50.0%) 15 (71.4%)

GMFCS Grade | 18 (66.7%) 8 (66.7%) 10 (66.7%)

GMFCS Grade Il 4 (14.8%) 2 (16.6%) 2 (13.3%)

GMFCS Grade lll 1(3.7%) 0 (0%) 1(6.7%)

Data are given as a number (percentage) or mean (tstandard deviation). PAIS, perinatal arterial ischemic
stroke; PVHI, periventricular hemorrhagic infarction; MRI, magnetic resonance imaging; DTI, diffusion
tensor imaging; HAI, hand assessment for infants; USCP, unilateral spastic cerebral palsy; GMFCS, gross
motor function classification system. *significant difference between term and preterm infants, p<0.05.

MR imaging

An MRI scan was acquired in 22 preterm infants (100%) and 20 term born infants
(83.3%) at a mean age of 98.5 (£22) and 934 (+14.2) days, respectively. This
corresponded to a corrected age of 42.9 (+3.7) weeks for preterm and 53.0 (£1.6)
weeks for term infants (p<0.0001). A DTl scan of sufficient quality was available in
38 infants (82.6%), as DTl images were not obtained (n=2) or didn't reach quality
requirements (n=2).

Conventional MRl asymmetry indices

Median diameter and volume of the affected (ipsilesional) cerebral peduncle were
significantly lower compared to the non-affected cerebral peduncle (Table 2). Also,
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within subgroups of term and preterm infants, most differences between affected and
non-affected cerebral peduncle persisted.(Table 2) Median Al of peduncle diameter
was higher in infants who developed USCP while peduncle volume measurements
did not differ between infants with and without USCP.(Table 3). There were no
differences in cerebral peduncle Al between term and preterm infants (p>0.05).
Cerebral peduncle volumes did not significantly differ between researchers in 15
subjects (mean difference -2.1+11.6, p>0.1), and their Al was also similar (mean
difference -0.8+5.9, p>0.1). Cerebral peduncle diameter measurements differed
between researchers in 15 subjects (mean difference -0.5+0.7 mm, p<0.01), but Al
between researchers was similar (mean difference 0.7+£3.5 mm, p>0.1).

TABLE 2 | Measures of MRI, DTl and HAI in the affected and non-affected side.

Affected Non-affected
Total Term Preterm Total Term Preterm

:::'f:::':’n e 761 872 68.0 89.6 106.4 69.6
(n=40) (62.6 —98.4)* (69.3 — 116.3)% (57.0 — 78.9)® (66.4 — 109.8)* (94.4 — 117.2)* (63.2 — 84.1)°
:f:l::tc:: 96 9.9 9.3 103 109 9.8

— * - $ — # - * _ $a _ #a
mm (n=40) (8.6-10.5* (9.0-10.7) (8.5-10.2)* (9.5-11.3) (10.2-11.9)* (9.0-10.5)
FA CST 0.31 0.38 0.30 0.41 0.44 0.36
(n =37) (0.26 — 0.40)* (0.28 — 0.42)*  (0.22 —0.33)* (0.35 - 0.44)* (0.42 —0.45)%*® (0.33 — 0.39)*
HAI <5 months 9.0 10.0 9.0 14.0 12.0 16.5
(n=44) (6.0-12.8)* (5.0-12.8)* (7.0-15.00* (11.0-17.0)* (11.0-15.8)* (12.5-18.5)%*
HAI 5-8 months13.5 14.5 12.0 22.0 22.0 22.0
(n=32) (6.5-17.8)* (5.0-20.3)* (8.8-15.0* (21.3-23.0* (21.8-23.0)° (20.8-23.0)*
HAI >8 months 16.0 15.0 16.0 24.0 24.0 235
(n=32) (5.5-21.8)* (3.0-23.0°* (12.0 = 20.0)* (23.0 - 24.0)* (22.3-24.0)* (23.0-24.0)*

Measurements are presented as median (interquartile range). * Difference between affected/non-affected
within total group; *difference between affected/non-affected within term infants; *difference between
affected/non-affected within preterm infants; *difference between term and preterm infants. FA, fractional
anisotropy; CST, corticospinal tract; HAI, hand assessment for infants.

DTl asymmetry indices

FA values of the CST were also significantly lower ipsi- versus contralesional in the
total cohort, but also when analyzing term and preterm infants separately.(Table 2) FA
measurements differed between term and preterm infants in the non-affected CST
only. Median Al of FA values were higher in infants who developed USCP compared
to those with normal motor development (Table 3). There were no differences in
FA Al between term and preterm infants (p>0.05). FA values did not significantly
differ between researchers in 20 measurements (mean difference 0.02+0.06, p>0.1),
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and Al was also similar between researchers in these 10 subjects (mean difference
-8.0£27.8, p>0.01).

HAI asymmetry indices

HAI was performed at a corrected age of 14.9 (£2.2), 28.1 (+2.9) and/or 42.1 (£5.1)
weeks.(Table 1) HAI scores at all timepoints were significantly lower for the affected
(contralesional) hand compared to the non-affected (ipsilesional) hand in the total
cohort, but also when analyzing term and preterm infants separately.(Table 2) The
ipsilesional each Hand Sum Score <5 months of age differed between term and
preterm infants, while other HAI scores did not significantly differ. Al of HAI scores at
all timepoints were higher in infants who developed USCP compared to those who
did not.(Table 3) There were no differences in HAl asymmetry indices between term
and preterm infants (p>0.05 at all timepoints).

TABLE 3 | Asymmetry indices.

Asymmetry Index (%) Total (n=45) No USCP (n=18) USCP (n=27)
Peduncle surface (n=40) 30(-29-144) 1.1(-3.9-7.1) 6.7 (1.1 = 15.0)
Peduncle diameter (n=40)* 3.0 (0.9 - 5.6) 14 (-0.1-34) 39(.2-113)
FA CST (n = 37)* 8.2 (1.5-22.5) -0.2 (-0.8-13.5) 16.6 (8.0 — 34.4)
HAI <5 months (n=44)* 9.7 (0.0 - 42.6) 0.0 (0.0 -5.9) 38.8 (7.6 - 56.7)
HAI 5-8 months (n=32)* 23.3 (54 -54.1) 24 (0.0-54) 34.3 (21.9 - 65.8)
HAI >8 months (n=32)* 18.0 (2.1 -53.7) 0.0 (0.0-2.1) 314 (18.0-774)

Median (IQR) of asymmetry indices (Al) per predictor for total cohort, and subgroups of infants who
developed USCP and those who did not. Differences between subgroups are marked with * p<0.0001
or *p<0.05. USCP, unilateral spastic cerebral palsy; FA, fractional anisotropy; CST, corticospinal tract; HAI,
hand assessment for infants.

ROC analyses USCP

ROC analyses were performed for all asymmetry indices in relation to outcome in
the total cohort, and for term and preterm infants separately. Optimal cut-off values
per Al and their corresponding prediction measures, including sensitivity, specificity,
positive and negative predictive values (PPV and NPV) are presented in table 4 and
Figure 2.

Comparing asymmetry indices

To compare the different predictors for USCP, area under the curve (AUC) of ROC
curves were analyzed. Overall, the AUC of the HAI >8 months of age was highest
being 1 and cerebral peduncle measurements yielded lowest AUCs (Table 3).
However, as predicting USCP as early as possible is clinically most relevant, we
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focused on comparing prediction measures at the earliest time period (<5 months of
age). At this age, the FA Al on DTl yielded the highest AUC when compared to both
conventional MRI indices (p<0.05) and HAI in the first 5 months (p>0.05). When
analyzing the preterm infant subgroup, only the FA Al was found to be a significant
predictor, where the peduncle surface and diameter and the early HAI were not
significant predictors. For term infants, peduncle diameter measurements yielded
the highest AUC before 5 months of age, although conventional MRI, DTl and HAI
asymmetry measurements yielded comparable AUC (p>0.05) (Table 4).
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FIGURE 2 | Graphic representation of asymmetry indices for total cohort. Per asymmetry index,
optimal cut-offs to predict unilateral spastic cerebral palsy were calculated using Youden'’s index and
sensitivity (sens) and specificity (spec) were calculated. FA, fractional anisotropy; CST, corticospinal tract;
HAI, hand assessment for infants; USCP, unilateral spastic cerebral palsy.



TABLE 4 | Predictive performance of asymmetry indices in the prediction of unilateral spastic

cerebral palsy.
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Asymmetry Index  Total cohort (n=45) Term (n=24) Preterm (n=21)
Peduncle surface AUC 0.67* AUC 0.79 AUC 0.61*
(n=40) Cut-off 1.7% Cut-off 10.9% Cut-off 1.5%
Sens 71% Spec 63% Sens 70% Spec 90% Sens 64%  Spec 67%
PPV 74% NPV 59% PPV 88% NPV 75% PPV 82% NPV 44%
Peduncle diameter AUC 0.74 AUC 0.97 AUC 0.51*
(n=40) Cut-off 1.9% Cut-off 4.7% Cut-off 1.9%
Sens 79% Spec 56% Sens 90% Spec 100% Sens 64%  Spec 50%
PPV 73% NPV 64% PPV 100% NPV 91% PPV 75% NPV 38%
FA CST AUC 0.94 AUC 0.92 AUC 0.99
(n=37) Cut-off 2.6% Cut-off 2.6% Cut-off 6.3%
Sens 100% Spec 73% Sens 100% Spec 70% Sens 92% Spec 100%
PPV 85% NPV 100% PPV 75% NPV 100% PPV 100% NPV 83%
HAI <5 months AUC 0.85 AUC 0.93 AUC 0.74*
(n=44) Cut-off 7.7% Cut-off 2.0% Cut-off 19.9%
Sens 77% Spec 83% Sens 92% Spec 83% Sens 64% Spec 100%
PPV 87% NPV 71% PPV 85% NPV 91% PPV 100% NPV 55%
HAI 5-8 months AUC 0.99 AUC 0.97 AUC 1.00

(n=31)

HAI >8 months
(n=32)

Cut-off 8.2%

Sens 100% Spec 90%
PPV 95% NPV 100%
AUC 1.00

Cut-off 5.7%

Sens 100% Spec 100%
PPV 100% NPV 100%

Cut-off 6.9%

Sens 100% Spec 86%
PPV 92% NPV 100%
AUC 1.00

Cut-off 8.0%

Sens 100% Spec 100%
PPV 100% NPV 100%

Cut-off 14.2%

Sens 100% Spec 100%
PPV 100% NPV 100%
AUC 1.00

Cut-off 5.7%

Sens 100% Spec 100%
PPV 100% NPV 100%

Per index an area under the curve (AUC) is presented, where * presents non-significant AUC. Optimal cut-
offs were calculated using Youden's index and using this cut-off, sensitiviy (sens), specificity (spec), positive
predictive value (PPV) and negative predictive value (NPV) were calculated. FA, fractional anisotropy; CST,

corticospinal tract; HAI, hand assessment for infants.
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DISCUSSION

This study cohort consisted of infants with UPBI who were at high risk of developing
motor disabilities in later life. Early risk evaluation is important to adequately counsel
families and caregivers, and select those infants that might benefit from early
intervention strategies to attenuate adverse outcome. These interventions focus on
rehabilitation strategies to stimulate activity-dependent plasticity of the developing
brain, that have proven effective when initiated within the first 3-8 months of life.”
This study aimed to describe the predictive ability of several quantitative asymmetry
measures in order to provide simple cut-offs for the selection of high-risk infants.

UPBI leads to USCP by either primary injury of motor areas, or secondary injury of
axons of the CST, often referred to as Wallerian degeneration.”' MRI has proven
especially useful in evaluating CST involvement, which is highly associated with the
development of USCP." However, as visual qualification of CST involvement requires
knowledge and experience, quantifying Wallerian degeneration seems preferable.™
Using a method described by Kirton et al.,, we indeed found that asymmetry of the
descending CST a the level of the cerebral peduncle on conventional MR imaging
corresponded to poor motor outcome.’>?” However, in our study only diameter, and
not volume, of the cerebral peduncle reached significant predictive ability for USCP.
This may be explained by the fact that our cohort consisted of preterm infants, in
whom Wallerian degeneration is less well described.?* Additionally, we used the
complete frontal parts of the cerebral peduncle as a proxy of CST asymmetry, but
this structure also consists of other tracts (e.g. frontopontine fibres, corticonucleur
fibres, etc) that are not necessarily affected by UPBI.

As findings from us and others suggest, visual inspection of CST asymmetry on
conventional MRI is unable to correctly predict USCP in all infants.?* Kirton et al.
therefore suggested the use of ‘function-specific’ imaging with DTl tractography
to improve prediction, since it is able to specifically assess motor tracts." As DTI
quantifies detailed white matter connectivity, it may also be more sensitive to subtle
changes that increase the risk of adverse motor outcome, but are not visible on
conventional imaging. We confirmed that before five months of age, DTl yielded
the highest predictive ability with excellent prediction (AUC 0.94) with 100% NPV,
which was comparable to our previous studies.” ' These are optimal conditions for a
screening instrument because it means that after selecting high-risk infants with DTI,
no infants with USCP will be missed for early intervention.

As the follow-up scan is often performed when clinical parameters are also available,
we compared both measures for this study. The combination of neuro-imaging and
clinical assessment is also recommended as the golden standard for CP prediction.?°
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Before five months of age, clinical motor assessment is recommended with use of the
General Movements (GM) and after five months of age with the Hammersmith Infants
Neurological Examination (HINE).2%34 However, these tests are not designed for the
specific diagnosis of hemiplegia, which is the result of UPBI. Diagnosing hemiplegia
focuses on evaluation of movement asymmetry, which is often the first clinical
sign of USCP in young infants. Cioni et al. found reduced segmental movements
during fidgety movement period (9-16 weeks post term) to be more predictive for
development of hemiplegia than global abnormalities in GM.3*3¢ HAI also aims to
assess these segmental distal movements of the upper limbs by scoring the use and
quality of both hands separately, however during goal-directed movements, and
providing a clinical measure of asymmetry. We found a specificity to predict USCP
of HAI asymmetry <5 months of age of 77%, lower than the specificity of HINE and
GMs at this age (ranging between 95%-98%).2°3* This can potentially be explained
because goal-directed intentional movements are still emerging before five months
age, and can therefore be non-asymmetrical due to their bilateral immaturity. As
recently published normative reference values showed that the majority of infants
acquire all skills of HAI only after six months of age, predictive value of HAI may
increase after this age.*” Indeed, our study shows that after eight months of age, HAI
is able to correctly detect all infants who will develop USCP, comparable to other
studies. This demonstrates that HAl may have a potential role to diagnose USCP
before the first year of age, although other studies are needed to validate this. A
recent study from Hay et al. also described that addition of an asymmetry score
to the HINE also helps to distinguish infants with hemiplegia from controls after
5 months of age.® The comparison of HAI and these HINE asymmetry scores also
needs to be studied further.

This study described differences in predictive ability for MRl asymmetry indices
between term and preterm infants. This could be explained by timing of the scan:
although postnatal age at the time of MRI did not differ, the postmenstrual age
at time of the MRI was approximately 10 weeks shorter for preterm compared to
term infants. Consequently, preterm infants had less-developed brains with less
myelin, resulting in lower FA values and smaller peduncle measures compared to
term infants. Due to these differences, it may be more difficult to detect asymmetry
in preterm infants by conventional imaging, while DTl is more sensitive to minor
asymmetry changes in white matter connectivity.

We also found differences between term and preterm infants in the predictive
ability of HAI. Hand function asymmetry was highly predictive before five months of
corrected age in term infants, while it was not in preterm infants. This could potentially
be a result of differences in lesion type, which is closely linked to prematurity. PVHI
was the most prevalent type of UPBI in preterm infants, while it was PAIS for term
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infants. It has been described that periventricular lesions, such as PVHI, usually result
in milder USCP than lesions in the cortex, subcortical area and basal ganglia, as
seen in PAIS.*® Additionally, hand function after early brain injury is influenced by
reorganization of the CST, which is affected by both lesion type and age of onset of
the lesion.*® Future studies are necessary to investigate the distinctive effects of UPBI
type and premature birth on asymmetric hand function.

There are some limitations to this study. The HAI is a relatively new instrument that
requires a trained assessor to perform the assessment (10 minutes testing + 30
minutes assessment) during clinical follow-up. Therefore, only infants at high-risk of
developing USCP based on MRI findings were followed-up by HAI in our hospital,
and eligible for this study. The results of this study should therefore be validated in
a population at lower risk before extrapolation to the general population. Secondly,
extensive MRI post-processing techniques such as DTI tractography assumes strict
scanning protocols without movement artifacts, leading to exclusion of several
cases. Furthermore, this study focused on the use of follow-up MRI instead of
early MRI within days after birth, limiting its role for selecting candidates for early
neuroprotective therapies. Previous studies have shown that asymmetry in FA of the
CST is already predictive of motor outcome after UPBI when DTl is obtained within
4 weeks after birth."”?42” However, as DTl is prone to movement-artifacts, it is more
difficult to perform in preterm infants before term-equivalent age.##? Additionally,
DTl is especially sensitive to injury, and tractography is often unreliable in the
presence of acute edema/injury. Furthermore, secondary injury to the descending
CST takes time to develop.®® This resulted in the use of follow-up MRI including DTI
for this study, while conventional MRI tools may potentially be more useful when
obtained earlier in life

CONCLUSION

Prediction of USCP in children with UPBI can be done by asymmetry of the CST on
conventional MRI and DTI, as well as clinical hand assessment. This study revealved
that before five months of age, DTI-tractography provides strongest predictive
information in both preterm and term born infants, while HAI specifically aids to
prognosis of USCP at later time points. Therefore, HAl might be of additional value
in the infants of whom follow-up MRI and/or DTl is not performed or its result is
uncertain. Combining several quantitative asymmetry indices could potentially select
all infants with UPBI who are at high risk for developing USCP that could benefit from
intervention strategies.
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ABSTRACT

Objective: Asymmetric upper limb movement is often the first clinical sign of
abnormal motor development after unilateral perinatal brain injury. This study aimed
at comparing quality of hand function to quantitative measurements of upper limb
motion in infants with unilateral perinatal brain injury.

Methods: 16 infants (mean gestational age 34.7 + 4.7 weeks) with an MRI-diagnosis
of unilateral perinatal brain injury were simultaneously assessed with the Hand
Assessment for Infants (HAI) and bimanual accelerometry at 3.5 (+ 0.4) months
of corrected age. Asymmetry indices between both upper limbs were calculated
from HAI and accelerometry using: [(ipsilesional score — contralesional score) /
(contralesional + ipsilesional score)] * 100%. Hand preference was scored as none
(44%), mild (25%) or clear (31%) by an experienced pediatric neurologist.

Results: the HAI score and number of accelerations were both lower in the
contralesional limb (13 and 3638 units) compared to the ipsilesional limb (15 and
6994 units). Asymmetry indices were higher in the group with clear hand preference
compared to no/mild hand preference. Both HAI and accelerometry detected clear
hand preference when asymmetry was above 20% with negative predictive value of
100% and positive predictive value of 100% for HAI versus 71% for accelerometry.

Conclusions: Accelerometry is feasible to detect upper limb asymmetry in infants
with unilateral brain injury at the age of three months. More studies are needed to
validate the relation between quantity and quality of upper limb asymmetries, and
their predictive value for future development of motor disabilities.
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INTRODUCTION

Perinatal brain injury is still a common problem in the neonatal intensive care unit
and puts newborns at risk of developmental disabilities in later life.”> Neonatal care
focuses on monitoring infants at risk, early in life in order to assess brain injury,
predict adverse outcome and select those who might benefit from intervention
strategies.*™> These methods include neuro-imaging with cranial ultrasound or MR,
continuous neuro-monitoring including aEEG and NIRS, as well as clinical parameters
of motor behavior.®™ Non-invasive and objective bedside methods are preferable
because they allow continuous risk evaluation at an early stage, independent of the
clinical condition of the patient.

There is emerging evidence that motor patterns early in life are predictive of abnormal
neurodevelopment such as motor disabilities." > General Movements (GMs) is a
monitoring tool to qualitatively assess motor behavior in a clinical setting as early as
one to three months, which is found to be predictive of future neurodevelopment.™
This method was mainly developed for research settings, and its clinical use is limited
due to high inter-observer variability.™' More recently, studies have been conducted
that analyze motion of neonates using wearable sensors.'® Main advantages of
these devices include quantitative assessment of motion without the need for
trained observers, and their potential to monitor continuously and in non-hospital
settings. Most studies so far focus on the assessment of spontaneous movements
or sleep-wake patterns in, mostly, preterm born infants.”'® However, the feasibility
of movement monitoring sensors in neonates at risk of motor disabilities remains
unknown.

This study focuses on infants at risk of developing motor disabilities, in particular
unilateral spastic cerebral palsy (USCP), due to unilateral perinatal brain injury. In
these infants, movement asymmetry, especially in the upper limbs, is often the
first clinical sign of abnormal motor development at an early age.’?” As GMs do
not allow assessment of asymmetric movements in infants, new instruments have
been developed that specifically aim to evaluate unilateral and bilateral upper limb
function in the first year of life.?®?" The Hand Assessment for Infants (HAI) is such
an instrument that scores the quality and function of both hands independently
and provides a scale of asymmetry between hands.?? This study aimed at comparing
quality of hand function to quantitative measurements of upper limb motion by
using simultaneous HAI assessment and accelerometry in infants with unilateral
perinatal brain injury. This is the first study to describe feasibility of accelerometry in
measuring upper limb asymmetry as early as three months of age.
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METHODS

The participants of this study were infants with unilateral perinatal brain injury as
confirmed on MRI around term-equivalent age and who were seen at the outpatient
clinic at around 3 months corrected age for routine follow-up with HAI. All patients
had previously been admitted to the neonatal intensive care unit (NICU) of the
Wilhelmina Children’s Hospital, University Medical Center in Utrecht. Parents signed
informed consent for participation in an accelerometer study and approved the use
of their child’'s HAI data for research purposes. A waiver of authorization to conduct
this study was approved by the Medical Ethical Committee Utrecht because HAI
assessment is considered standard medical care for infants with unilateral brain injury
who are considered at high risk of USCP.(WAG/th/14/038370) During routine follow-
up, early hand preference or asymmetric upper limb development was determined by
a pediatric neurologist (LSdV) who is specialized in neonatal development with >20
years of experience, who was unaware of HAI scores and accelerometry data. It was
diagnosed following asymmetry in distal movements in upper and lower extremities,
tone and hand fisting on the side contralateral to the brain lesion. Hand preference
was used as a first clinical sign of unilateral motor abnormalities and scored as: none,
mild or clear.

HAI Assessment

Motor development of the upper limbs was qualitatively assessed using the HAI. The
HAI assessment was performed by a pediatric occupational therapist with expertise in
HAI evaluation and who was unaware of the MRI results. HAI consisted of a 10-minute
play-related video-recorded session that stimulated unilateral and bilateral upper
limb movement.?® Using the video-recording, the HAI was scored afterwards on17
items with 12 items for each individual hand (Contralesional/Ipsilesional each Hand
Sum Score [EaHS], score 0-24 for each hand), a total score for both hands combined
(Both Hand Sum Score [BoHS], score 0-48) as well as a scaled total score (Both Hands
Measure [BoHM], score 0-100) and an asymmetry index (Al).2 Recently published
normative reference values for the contralesional/ipsilesional EaHS and the BoHS
were used to determine the number of infants below -1 standard deviation (SD).?*

Accelerometry

Two triaxial accelerometers (Actical ® Version 2.12, Respironics, Bend, OR, USA) were
used to measure upper limb acceleration in 3-dimensional space. The accelerometers
were placed around the infant's wrist using a neonatal soft foam band (Precision®,
PDC Healthcare, Valencia, CA, USA). The accelerometer has a size of 29x37x11mm and
weighs 16 grams. The acceleration signal of all three directions was sampled at a rate



ACCELEROMETRY TO QUANTIFY ASYMMETRIC UPPER LIMB MOVEMENT | 109

of 32 Hz (1/0.03 second). Recorded data were stored in the system memory of the
accelerometer until they were transferred to a computer for subsequent processing
using analysis software (Actical Software, Version 2.10, Respironics). Acceleration
counts were available for each hand per epoch of 15 seconds.

Procedure

Infants were placed in a baby seat and their wrists were uncovered from any clothing.
A video camera was placed on a tripod, straight in front of the infant.(Figure 1)
After attaching two accelerometers to the left and right wrist, the marker button
was pressed to make sure video recordings could be matched to accelerations in
time. HAI assessment was performed by presenting objects mostly in midline, or
stimulating both hands equally for grasping, reaching, etc. The observer aimed for
at least 10 minutes (600 seconds) of continuous simultaneous video recording and
accelerometry. However, if participants were crying or expressed another form of
discomfort, observations were paused or stopped prematurely. At the end of the
assessment, the marker button was pressed again to mark the end of accelerometry.

Data analysis

Depending on their distribution, descriptive measures were reported either as
mean with standard deviation (SD) or median with interquartile ranges [IQR]. For
the study, an Al between ipsilesional and contralesional (unaffected and affected,
respectively) hand/arm was calculated for HAl and accelerometry: [(ipsilesional score
— contralesional score) / (contralesional + ipsilesional score)] * 100%. For HAI, the
Al was re-calculated using the each EaHS values and for accelerometry, the Al was
calculated using total count of accelerations. An Al <0 is the result of a preference
for the ipsilesional (unaffected) hand, whereas an Al >0 is the result of a preference
for the contralesional (affected) hand. To test for differences between groups, chi-
square test, one sample T-tests, paired sample T-test, independent T-tests, one-way
ANOVA or the nonparametric variant were used. Associations between continuous
variables were assessed using linear regression. Receiver operator curves were used
to calculate cut-offs for asymmetry indices and accelerometry scores in prediction
of clinical hand preference: the optimal cut-off was determined by calculating the
maximal Youden's Index using Youden’s J = Sensitivity + Specificity — 1. When cutoffs
resulted in similar Youden's Index, the cutoff yielding in highest sensitivity was
chosen since these predictors are part of a screening test. For EaHS and BoHS on
HAI, the cut-off was set at -1SD, in accordance with recently published reference
values.?* Statistical analyses were performed with IBM SPSS Statistics® v25 (IBM
Corp., Armonk, NY,); a p-value <0.05 was considered significant.
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FIGURE 1 | Study set-up of accelerometry during HAI assessment. Infants were placed in a baby
seat, their wrists uncovered from any clothing and positioned in midline towards the camera (A) Two
accelerometers were attached to the left and right wrist (B).

RESULTS

Sixteen infants born at a mean gestational age of 34.7 + 4.7 weeks were included
in this study during follow-up at a mean corrected age of 3.5 £ 0.4 months. Patient
characteristics are presented in table 1. There were seven infants without hand
preference (44%), four with mild preference (25%) and five with clear hand preference
who were likely to develop USCP (31%). The characteristics are reported in table 1
and were equally distributed among the subgroups.

TABLE 1 | Baseline characteristics.

Total group (n=16)

Male 11 (69%)
Gestational age (weeks) 347 + 47
Born <36 weeks of gestation 7 (44%)
Birth weight (grams) 2271 + 975
Diagnosis:

PAIS 8 (50%)
PVHI 5 (31%)
Focal of punctate white matter injury 3 (19%)
Affected hemisphere / side lesion:

Left 8 (50%)
Right 8 (50%)
Corrected age at FU (months) 35+04

Data presented as number (percentage) or mean +SD where applicable. PAIS = perinatal arterial ischemic
stroke; PVHI = periventricular hemorrhagic infarction; FU = follow-up.
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HAI

Overall, the EaHS was higher in the ipsilesional compared to the contralesional
hand (median 15 [IQR 13 — 17] versus median 13 [IQR 7 — 17], but the difference
did not reach statistical significance (p>0.05).(Table 2) BoHS and BoHM values are
presented in table 2. Gestational age was not correlated with HAI scores, because
HAI scores are calculated taking corrected age at time of assessment into account.
As expected, all HAI scores increased with increasing age at time of the assessment,
but this correlation was not significant. As HAI is a qualitative measure, duration of
the assessment was also not associated with HAI scores. Contralesional EaHS was
lower in infants with clear hand preferences (median 4, IQR 3-8) compared to those
with no/mild hand preference (median 14, IQR 13-18, p<0.001), while the ipsilesional
and bimanual scores did not significantly differ between hand preference subgroups.
(Table 2) Seven infants had a contralesional EaHS <-1 SD of norm value: five of these
infants (100%) had a clear hand preference, while two others (18%) did not (p<0.01).
Three infants hand an ipsilesional EaHS below -1SD, all without clear hand preference.
BoHS was <-1SD in eight infants: five (100%) vs. three (33%) were found to have clear
vs. no/mild hand preference (p<0.02). Predictive values for HAI scores for prediction
of clinical hand preference are shown in table 3.

Accelerometry

Accelerometry lasted a median of 645 (IQR 604 — 686) seconds (10.8 minutes).
Overall, the total amount of accelerations was higher in the ipsilesional compared
to the contralesional arm (median 6994 [IQR 3987 — 10895] versus median 3638
[IQR 2349 - 6566], p<0.05.(Table 2) There was no correlation between the duration
of the assessment and the amount of accelerations in the ipsilesional arm (p>0.05),
but increased duration of the assessment was associated with accelerations in the
contralesional arm (coefficient 11.1, 95%Cl 7.0-15.3). Therefore, the number of
accelerations per second was calculated per arm: this was still higher in the ipsilesional
compared to the contralesional arm (p<0.05).(Table 2) Gestational age and corrected
age at assessment were not associated with the amount of accelerations per arm.
The amount of accelerations (per second) of the contralesional arm was lower in the
groups with clear hand preferences (median 3.9 IQR 3.0 — 4.7) compared to those
with no/mild hand preference (median 8.4, IQR 5.0 - 9.8, p<0.01), while the amount of
accelerations of the contralesional arm was similar for subgroups.(Table 2) Examples
of accelerometer data are shown in figure 2. ROC analysis found an optimal cut-off
of 5.5 accelerations/second to predict clinical hand preference with a sensitivity of
100% and specificity of 73% at the contralesional arm.(Table 3)
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FIGURE 2 | Example of accelerometry of both contralesional (red) and ipsilesional (blue) arm in infants
with no (2A), mild (2B) and clear (2C) hand preference. In these cases, symmetry index was -0.5%, 13.5%
and 48.5% respectively.

Association of asymmetry and hand preference

Median Al of HAl and accelerometry are presented in table 2. Infants with clear hand
preference all showed more than 30% asymmetry on HAI and all infants without or
with mild hand preference were within -20% to 20% asymmetry. Overall, infants with
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clear hand preference had a median Al of 56% (IQR 36% - 73%) on HAI, while this
was 0% (IQR -6% - 0%) for those with no/mild hand preference (p<0.001).(Figure 3A)
ROC analyses found a cut-off of 20% on HAI to predict clinical hand preference with
100% sensitivity and 100% specificity (Table 3).

TABLE 2 | Median scores from HAI and accelerometry within subgroups.

Total group No/mild hand Clear hand

(n =16) preference (n=11) preference (n=5)
Duration of assessment (sec) 645 (604 — 686) 645 (630 - 735) 600 (480 — 683)
EaHS contralesional® 13(6-17) 14 (13-18) 4(3-38)
EaHS contralesional <-1SD* 7 (44%) 2 (18%) 5 (100%)
EaHS ipsilesional 15(13-17) 14 (12-17) 15 (15-17)
EaHS ipsilesional <-1SD 3 (19%) 3 (27%) 0 (0%)
BoHS (n=14) 25 (18 -31) 29 (21 -133) 19 (18 - 23)
BoHS <-1SD (n=14)* 8 (57%) 3 (33%) 5 (100%)
BoHM 45 (34 -53) 49 (44 - 54) 35(33-41)
Al HAI using EaHS (%)° 0.0 (-2.8-38.9) 0.0 (-5.6 - 0.0) 55.6 (36.1 —72.8)
Accelerations contralesional* 3638 (2349 — 6566) 5437 (3252 —7491) 2131 (1513 —3155)
Accelerations ipsilesional 6994 (3987 — 10895) 7940 (3005 — 12701) 6146 (4767 — 9366)
Accelerations/second contralesional* 5.6 (4.0 — 9.5) 8.4 (5.0-9.8) 39(3.0-47)
Accelerations/second ipsilesional 11.1 (5.9-13.6) 9.7 (4.7 -13.6) 11.7 (89 - 14.7)
Al Accelerometry (%)* 13.8 (0.4 - 48.8) 8.9 (-17.2-142) 48.9 (39.0-59.2)

Data presented as median (IQR) or number (percentage), where applicable. Al = asymmetry index
calculated by [(ipsilesional score — contralesional score) / (contralesional + ipsilesional score)] * 100%.
EaHS = each hand sum score; BoHS = both hands sum score; BoHM = both hands measure; HAl = hand
assessment for infants; SD = standard deviation. * p<0.02, * p<0.01, ® p<0.001.

Infants with clear hand preference showed more than 29% asymmetry on the
accelerometry. One infant with no and one infant with mild hand preference showed
an asymmetry on accelerometry of 64% and 40% respectively. All other infants without
or with mild hand preference (n=9) had an accelerometry Al between -20% - 20%.
Overall, infants with clear hand preference had a median Al of 49% (IQR 39% - 59%)
on accelerometry, while this was 8% (IQR -17% - 14%) for those with no/mild hand
preference (p<0.01).(Figure 3A) ROC analyses found a cut-off of 20% asymmetry
on accelerometry to predict clinical hand preference with 100% sensitivity and 82%
specificity (Table 3). Asymmetry on accelerometry was significantly associated with
asymmetry on HAI (B=0.6, 95%CI 0.1 — 1.1).(Figure 3B)
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TABLE 3 | Predictive value of HAI and accelerometry for hand preference.

Cutoff Sens Spec PPV NPV
EaHS contralesional 13 100% 82% 71% 100%
EaHS ipsilesional* 13 0% 73% 0% 62%
BoHS 27 100% 73% 63% 100%
Al each hand scores (%) 20% 100% 100% 100% 100%
Accelerations/second contralesional 5.5 100% 73% 63% 100%
Accelerations/second ipsilesional* 5.5 0% 73% 0% 62%
Al Accelerometry (%) 20% 100% 82% 71% 100%

Al = asymmetry index calculated by [(ipsilesional score — contralesional score) / (contralesional +
ipsilesional score)] * 100%. EaHS = each hand sum score; BoHS = both hands sum score; Sens = sensitivity;
spec = specificity, PPV = positive predictive value; NPV = negative predictive value. * non-significant
association.
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FIGURE 3 | Association between hand preference and asymmetry. Median (IQR) asymmetry index of
accelerations (left) and Each Hand Sum Score (EaHS) on HAI (right) between ipsi- and contralesional hand
differed between subgroups of hand preference (A). In A the dotted line represents an optimal cut-off of
20% asymmetry. There was an association between asymmetry on accelerometry and HAI with Nagelkerke
R? = 0.35 (B). HAI = hand assessment for infants.
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DISCUSSION

This study demonstrates feasibility of accelerometry in measuring upper limb
movement asymmetry during hand assessment as early as three months of age
in a group of infants with unilateral perinatal brain injury. Overall, the number of
accelerations per second in the contralesional arm is significantly lower than in the
ipsilesional arm, comparable to a qualitative score of hand functioning. Furthermore,
we aimed at comparing asymmetry of upper limb movement and quality of hand
functioning in infants with no/mild and clear clinical hand preference at the age of
three months. We found that both measures are able to detect clear hand preference
when asymmetry is above 20%.

In infants with unilateral brain lesions, asymmetry between left and right limbs is
usually the first sign of asymmetrical motor development.’®* These asymmetries
become more apparent when the nervous system matures and voluntary motor
activity emerges. As the development of voluntary motor behavior corresponds
to a decreasing spontaneous pattern of GMs?, assessing GMs seems less suitable
to detect movement asymmetry. The HAI is a qualitative score that assesses upper
limb functioning separately and provides a score of each hand that can be used to
calculate asymmetry.? A study describing normative reference values for HAl showed
that in a large group of typically developing infants, the difference between EaHS on
HAI was maximal 1-5 points.?* This is comparable to our study: those with no/mild
hand preference had a difference of 0-5 points, while this was 7-15 points for the
infants with clear hand preference. We also found that all infants with clinical hand
preference displayed >20% asymmetry on HAI. The positive predictive (PPV) value of
the Al was higher (100%) than the PPV of the EaHS or BoHS values on HAI (71%) for
prediction of clinical hand preference. Reference values for asymmetry on HAI have
not been described yet®*, but based from our observations a cut-off of 20% is useful
to detect asymmetric motor behavior at the age of three months. More studies on
HAI asymmetry at different time points and in other populations including typically
developing infants are needed to confirm this.

Classification of hand preference and HAI scoring, but also observation of GMs, is
based on observations of movement quality, which proposes a risk of observation
bias and high inter-observer variability.” Therefore, this pilot was designed to study
feasibility of accelerometry to detect movement asymmetry at three months of
age in infants at risk of developing motor disabilities. Our main aim was to validate
the ability of wearable sensors to detect and quantify upper limb movement at a
young age, and we have shown variability in accelerations during a video-recorded
session, as described before.?”?® Trujilo-Priego et al. described no differences in
the amount of accelerations in the left and right arm during the first year of life in
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typically developing children, in agreement with other data.?® Our results confirm
that there were no differences between left and right in infants without clinical hand
preference, but additionally show that the number of accelerations is overall lower
in the contralesional arm, in infants with unilateral brain lesions. This suggests that
accelerometry is able to detect asymmetries that are consistent with unilateral brain
lesions in our study population as early as 3 months of age.

Several other groups found that accelerometry in the first months of life is able
to detect abnormal motor development. Heinze et al. described that accelerometry
between 1-6 months of age had 88-92% detection rate of at-risk infants with brain
abnormalities who were later diagnosed with cerebral palsy at two years of age.
Gravem et al. studied ten preterm born infants at 30-43 weeks of gestation with five
accelerometers for one hour and related motion algorithms from accelerometry with
GMs 2" In their study, accelerometry was found to have high accuracy and specificity
to detect a cramped-synchronized pattern on GMs, which is highly related to
abnormal motor development.3'32 All these studies focused on spontaneous motor
activity during the first months after birth, in contrast to our setting of active play
stimulating voluntary movement. As described before, asymmetric development
usually appears at a time when spontaneous movements disappear, making our
study set-up more applicable to infants at risk of unilateral motor disabilities.

We observed in our study that asymmetry in motion quantity from accelerometry
corresponded to asymmetry in motion quality from HAI and clinical assessment.
However, two cases were found to have more than 20% asymmetry on accelerometry
while they were not asymmetric clinically or on the HAI. One of these was a child with
PWML who developed a strong head preference with plagiocephaly and showed
mild hand preference. The other was a child with PAIS without clear hand preference,
without a clear explanation for increased movements in one of his arms and without
evidence of a USCP at 18months of age. From this study we may conclude that
accelerometry at this early age is a potentially excellent screening instrument for hand
preference with high sensitivity and low specificity. A potentially excellent screening
instrument means that no infants will be missed for further follow-up or possible
early intervention strategies.* However, the ability of movement quantity asymmetry
to predict motor disabilities or even USCP later in life remains unknown. Infants from
our cohort will be followed over time to see their motor development and future
studies are necessary to compare predictive abilities of the motor assessment tools
used in this study.

Our study has several limitations. The first is that we have so far only collected
accelerometry data at one timepoint in a relatively small number of infants. Others
described dynamics and variability of spontaneous movements in term infants in
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the first months of life.?”?® They described non-linear, unstable and unpredictable
movements of both upper and lower limbs, but also found that the dimensions and
dynamics change over time. As our study is ongoing, we are planning to collect
more simultaneous HAI and accelerometry data over time at different stages of
development. HAI is a qualitative score after active stimulation, and the observer
often stimulates the subject to show their best stages of upper limb development,
proposing a risk of manipulation of the accelerometry data by overstimulation of the
ipsilesional arm. Although accelerometry was able to detect all children with clinical
hand preference, Asymmetry Indices should be interpreted with care. Perhaps future
studies should also include a time-window of spontaneous movements without
active stimulation. Another limitation is the lack of future motor development, as
described above. A gold standard of motor outcome, such as the development of
unilateral spastic cerebral palsy, is needed to study the predictive ability of both HAI
and accelerometry in our study population. However, this pilot study was performed
to show feasibility to detect movement asymmetry. Furthermore, our group did not
consist of healthy controls because all were diagnosed with some form of unilateral
brain injury and therefore considered at risk of motor disabilities. This might have
biased our data, although infants without hand preference had low asymmetry on
HAI and accelerometry. However, to extrapolate our results to the general population,
infants without MRI abnormalities may need to be included in a future study as well.

Easily applicable and lightweight accelerometers may be useful as clinical tools to
assess asymmetric and potentially abnormal patterns of motor activity in infants at
risk of motor disabilities. Their application may add a new and objective method
that is less time-consuming, automated and without the need of experienced
observers. Early prediction of abnormal motor development with wearable motion
sensors could identify those that might benefit from early preventative strategies or
treatments, and possibly monitor the effects of these interventions. However, the use
of accelerometry might also be useful to detect other neurological conditions such
as tonic-clonic or rhythmic movements due to epileptic activity or developmental
disorders including autism, both at intensive care or out-of-hospital settings.

CONCLUSION

In summary, accelerometry is able to detect movement upper limb asymmetry in
infants with unilateral brain injury at the age of three months. More studies are needed
to validate the relation between quantity and quality of upper limb asymmetries, and
future development of motor disabilities including cerebral palsy.
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ABSTRACT

Objectives: In infants with perinatal arterial ischemic stroke (PAIS) early prognosis
of neurodevelopmental outcome is important to adequately inform parents and
caretakers. Early continuous neuro-monitoring after PAIS may improve early
prognosis. Our aim was to study early cerebral electrical activity and oxygenation
measured by amplitude-integrated electroencephalography (aEEG) and near-infrared
spectroscopy (NIRS) in term neonates with PAIS and relate these to the development
of cerebral palsy and cognitive deficit.

Methods: aEEG Patterns and regional cerebral oxygen saturation (rScO,) levels of
both hemispheres were studied for 120 hours from the first clinical symptoms of PAIS
(i.e. seizures) onwards. Multivariable analyses were used to investigate the association
between akEEG, NIRS, clinical variables and neurodevelopmental outcome.

Results: In 52 patients with PAIS (gestational age 40.4 +1.4 weeks, birth weight 3282
+479 grams), median time to a continuous background pattern was longer in the
ipsilesional compared with the contralesional hemisphere (13.5 vs. 10.0h, p<0.05).
rScO, decreased over time in both hemispheres but less in the ipsilesional one,
resulting in a rScO,-asymmetry ratio of 4.5% (IQR -4.3% — 15.9%, p<0.05) between
hemispheres from day 3 after symptoms onwards. Both time to normal background
pattern and asymmetry in rScO, were negatively affected by gestational age, size of
the PAIS, use of anti-epileptic drugs and mechanical ventilation. After correction for
size of the PAIS on MRI, a slower recovery of background pattern on ipsilesional aEEG
and increased rScO,-asymmetry between hemispheres was related with an increased
risk for cognitive deficit (< -1 SD) at a median of 24.0 (IQR 18.4-24.4) months of age.

Conclusions: Recovery of background pattern on akEEG and cerebral oxygenation
are both affected by PAIS, and related to neurocognitive development. Both
measurements may provide valuable early prognostic information. Additionally,
monitoring cerebral activity and oxygenation may be useful in identifying infants
eligible for early neuroprotective interventions and to detect early effects of these
interventions.
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INTRODUCTION

Perinatal arterial ischemic stroke (PAIS) is defined as an acute symptomatic insult in
an arterial territory confirmed by neuroimaging that occurs in 1:2300 newborns.™?
Most frequently, neonates with PAIS present with seizures within the first days after
birth.>®> PAIS can lead to severe morbidity, such as cerebral palsy (CP), epilepsy,
cognitive, behavioral and language impairments.'®

Early prognosis is important to adequately inform parents and caretakers, as
well as to initiate new early intervention strategies that aim for neuroprotection
or neuroregeneration.” Early estimation of the prognosis is currently based
on neuroimaging with MRI using diffusion weighted imaging (DWI). However,
neuroimaging with MRI is not always possible in neonates who are unstable. Besides,
use of early MRI mainly focuses on involvement of the corticospinal tracts, such
as pre-Wallerian degeneration, to predict motor development, while neuroimaging
predictors for cognitive outcome are far less established.®®° Furthermore,
neuroimaging only provides useful predictive information at the time of scanning,
while early installed continuous neuro-monitoring after PAIS may improve early
prognosis of neurodevelopmental outcome.

This study will focus on amplitude integrated electroencephalography (aEEG) and
near-infrared spectroscopy (NIRS), both noninvasive, continuous techniques to
monitor cerebral activity and oxygenation in unstable neonates before neuroimaging
can be performed in conditions such as hypoxic-ischemic encephalopathy.’"
aEEG-patterns and NIRS have shown to be related to neurological outcome in
several neonatal disorders.®>"7 Nevertheless, aEEG and NIRS monitoring are
still not standard practice in PAIS in most centers across the world.""” Therefore
we will investigate aEEG-patterns and NIRS values during the first five days after
clinical symptoms of PAIS and relate these to neurodevelopmental outcome. We
hypothesize that early neuro-monitoring after PAIS may improve early prediction of
neurodevelopmental outcome.

METHODS

The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Patients

This is an observational retrospective cohort study that included term neonates
(>36 weeks of gestational age), who were admitted to the tertiary neonatal intensive
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care unit (NICU) of the Wilhelmina Children’s Hospital (Utrecht, Netherlands) with
suspected PAIS based on clinical seizures between January 2009 and March 2018.
The diagnosis of PAIS was confirmed in all infants by neuroimaging with MRI
including DWI. For this study, infants with aEEG and/or NIRS recordings available
were selected. Anti-epileptic drugs (AEDs) were administered per clinical protocol
when neonates showed signs of clinical and aEEG confirmed seizures. The number
of AEDs was noted. In the Netherlands, phenobarbital is first-line AED after neonatal
seizures, while second line AED was either midazolam or lidocaine.

Information on relevant clinical parameters was collected from the patient chart.
Social economic status was approximated based on ZIP code, provided by the ‘Social
and Cultural Planning Agency' in the Netherlands.’ Furthermore, using neonatal MR,
PAIS was classified based on size and site of the lesion. A lesion was labelled large
when it affected the whole territory of the middle cerebral artery (MCA); medium
when it affected the MCA territory partially or the area of the anterior cerebral artery
(ACA) or posterior cerebral artery (PCA); or small when the lesion was defined as
a cortical or perforator stroke based on our previous work.® Lesions were located
anteriorly or posteriorly to the central sulcus, or were classified as central when they
involved the central sulcus, the deep gray matter or the complete MCA territory. The
presence of bilateral lesions was also recorded.

Between July 2009 and April 2016, 27 infants were part of a safety and feasibility
study and treated with 3x 1000lU recombinant human erythropoietin.” All parents
signed consent for this study and these infants were monitored with aEEG and NIRS
as part of the study protocol. After initiation of this trial, neuromonitoring with both
NIRS and aEEG became part of standard clinical care for all infants with (suspected)
PAIS. The research question as addressed in this study was not part of the initial trial,
but performing this study was waived by the ethical committee of our hospital. Two
infants were part of a randomized placebo-controlled trial that was recently initiated
in our center studying the effect of darbepoetin after PAIS. (DINOSAUR, ClinicalTrials.
gov NCT03171818)

Main analyses

Neuromonitoring included simultaneous, bilateral continuous assessment of regional
cerebral oxygen saturation (rScO,) and electrical activity, which became standard
clinical practice for infants with suspected PAIS in our neonatal intensive care unit.
Neuromonitoring is applied by the attending nursing staff as soon as possible after
admission. To allow comparison of the patients, data were calibrated from the time
of the first clinical symptoms (usually seizures). Recordings were used up till five days
(120 hours) after onset of symptoms.
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For data processing, SignalBase® v.7.8.1 (University Medical Center Utrecht,
Netherlands) was used. The first 120 hours after onset of PAIS were divided into
20 epochs of 6 hours each. From each epoch, one hour of continuous data was
randomly chosen as representative for this epoch and data were checked for the
absence of clinical and subclinical (suspected) seizures and artifacts. These periods
were used for analyzing patterns of the aEEG and mean rScO, in both hemispheres.

Monitoring brain activity using aEEG:

The aEEG (BrainZ Monitor, BRM3, Natus CA, Seattle, WA) signal was recorded
from two frontal and two parietal electrodes, (F3-P3 and F4-P4), according to the
international EEG 10-20 classification.’'® The aEEG recordings in both hemispheres
(ipsi- and contralesional of the stroke) were scored on background pattern and sleep
wake cycling by an experienced neonatal akEEG reviewer (LV). BGP was divided into:
flat trace, burst suppression-, burst suppression+ , discontinuous normal voltage
and continuous normal voltage, as described by Hellstrom-Westas et al.’® In further
analyses, continuous normal voltage is referred to as a normal background pattern.
Sleep-wake cycling was described as being absent, imminent or present, as reported
by Osredkar et al.?® In further analyses, present sleep-wake cycling is referred to as
normal.

Monitoring cerebral oxygenation and perfusion using NIRS:

Cerebral oxygenation was monitored by NIRS (INVOS 5100C, Medtronic, Minneapolis,
MN) with a bilateral sensors placed over the frontoparietal cortex (small adult
SomaSensor SAFB-SM, Medtronic, Minneapolis, MN).?" Simultaneously noninvasive
BP, HR and SaO, were measured. Median values for each variable were calculated
per epoch.

The mean percentage above or below the reference range for rScO, of 55-85%%
was calculated for each epoch. To correct for interindividual baseline differences,
the asymmetry index (%)) between rScO,-level at the ipsilesional and contralesional
hemisphere was calculated ((rScO, ipsilesional- rScO, contralesional) / rScO,
contralesional) * 100%. An asymmetry index in rScO, (rScO, —asymmetry) of 0%
indicates no difference between hemispheres. Positive values indicate higher rScO,
levels in the ipsilesional hemisphere, while negative values indicate higher rScO,
levels in the contralesional hemisphere.

Neurodevelopmental outcome

Neurodevelopmental outcome was determined during routine follow-up between
15 and 25 months of age. Cognitive development was determined by using the
developmental quotient of the Griffiths Mental Development Scale (GMDS),
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calculated by using all subscale scores except locomotion, or the Bayley Scales of
Infant and Toddler Development, Third Edition (BSITD-III), as previously described®.
Cerebral palsy (CP) was classified as unilateral spastic cerebral palsy by a pediatric
physiotherapist and neonatal neurologist who were unaware of neuromonitoring
data. Unfavorable outcome was defined as cognitive deficit (<-1SD on GMDS or
BSITD-IIl) or development of CP.

Statistical analysis

IBM SPSS Statistics® v25 (IBM Corp., Armonk, NY,) and R 3.0.0 for Windows with
the nlme package (The R Foundation of Statistical Computing, www.r-project.org)
were used for statistical analysis. Nonparametric variables were log-transformed
in order to achieve normal distribution. Patient characteristics were summarized as
counts and percentages for categorical variables, means + standard deviation (SD)
for parametric data, and as median * interquartile ranges (IQR) for nonparametric
data. To test for differences between groups, chi-square test, one sample T-tests,
paired sample T-test, independent T-tests, one-way ANOVA or the nonparametric
variant were used. Linear and binary regression analyses were performed to test
the association between variables. To assess the effect of time on rScO,-asymmetry
a mixed model analysis was performed, which allows to control for the number of
observations per patient. Linear, quadratic, and cubic functions were explored for
obtaining the best fitting data. Binary logistic regression models for cognitive deficit
were compared using Omnibus Tests of Model Coefficients where a baseline model
with size of lesion was compared to models including neuro-monitoring variables.
Receiver operating characteristic (ROC) curves were created using Prism GraphPad
Software (version 7.04 for Windows, GraphPad Software, Inc.) to determine sensitivity
and specificity at various cut-offs per outcome parameter. Estimated p-values <0.05
were considered statistically significant.

RESULTS

A total number of 62 PAIS patients were initially eligible. However, 10 infants had
to be excluded, because of concomitant syndromes (n=3), other severe brain
abnormalities (n=4), cardiac abnormalities requiring surgery (n=2) or death in the
neonatal period due to severe hypoxic-ischemic encephalopathy (n=1). Hence, we
included 52 patients. aEEG data were available in 49 patients, NIRS data in 39 patients,
and 36 infants had simultaneous aEEG and NIRS available. All patient characteristics
are displayed in Table 1.
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Male (%)

Gestational age (weeks)

Birthweight (gram)

Perinatal asphyxia* (%)

Hypothermia** (%)

Apgar score at 5 minutes

Hypoglycemia <2.0

First clinical symptoms of seizures (h after birth)
aEEG:

Duration before start monitoring after seizures (h)
Total duration monitoring (h)

NIRS:

Duration before start monitoring after seizures (h)
Total duration monitoring (h)

Number AEDs:

0-1

>1

Mechanical ventilation

Left-sided PAIS

Size of PAIS:

Small

Medium

Large

Artery involved:

MCA

PCA

Perforator stroke

PICA

Erythropoietin:

Safety and feasibility study
DINOSAUR

None

28 (54)
40.4 (39.3 - 41.0)
3268 (2981 - 3567)
7 (14)

24

9 (7-10)

9(21)

24.0 (10.5-48.0)

11.4 (4.9-42.1)
92.7 (66.7-115.1)

17.7 (5.8-51.4)
66.8 (50.8-92.6)

39 (75)
4(8)

8 (15)
1(2)

27
2
23

Gestational age and birthweight are represented as mean (SD). Other data as n(%) or median (IQR) where
applicable. *Perinatal asphyxia was defined as an Apgar-score <5 at 5 minutes or metabolic acidosis (cord
pH < 7.0 and/or base deficit (BE) <-16 mmol/L). **Hypothermia was applied when criteria for cooling were
met including signs of encephalopathy within 6 hours after birth.

aEEG

Figure 1 demonstrates aEEG patterns over time in both hemispheres. At 24 hours
after clinical symptoms of PAIS, 57% of the recordings showed a continuous normal
voltage in the ipsilesional hemisphere, while this was 65% in the contralesional
hemisphere. At the end of day 5 after symptoms, 71% of the aEEG recordings
showed full recovery for both background pattern and sleep-wake cycling in the



128 | CHAPTER7

ipsilesional and 78% in the contralesional hemisphere.(figure 1) Median time to
recovery to normal background pattern was longer for the ipsilesional than for the
contralesional hemisphere (13.5 [interquartile range (IQR) 0.0 —42.2] versus 10.0 [IQR
0.0 —38.4] hours, p<0.03) and also time to a mature sleep-wake cycling was longer in
the ipsilesional compared to the contralesional hemisphere (58.8 [IQR 32.4 — 120.0]
versus 54.5 [IQR 32.4 — 93.2] hours, p<0.05). In all infants, time to recovery of the
aEEG pattern was always longer in the ipsilesional hemisphere.

The effect of clinical parameters that are described in Table 1 on the aEEG pattern was
assessed. The aEEG patterns per lesion size subtype are presented in supplemental
figure | and Il (Available Online). Median time to a normal background pattern of
the ipsilesional hemisphere was significantly longer in patients with large lesions
compared to those with small lesions (59.3 [IQR 16.8 — 88.3] versus 0.0 [0.0 — 31.7]
hours, p<0.03). Lower gestational age, more than one AED and mechanical ventilation
all resulted in a longer time to normal background pattern of both hemispheres (all
p<0.03). Time to normal sleep-wake cycling was not related to clinical parameters.
After multivariable analyses, gestational age (coefficient -12.4, 95%Cl -18.3 — -6.5),
>1 AED (coefficient 19.8, 95%Cl 0.3 — 39.3) and mechanical ventilation (coefficient
22.0, 95%Cl 0.2 — 43.8) were significantly and independently associated with time to
normal background pattern.

NIRS

Mean rScO, values over time are presented in figure 2. Overall, the mean level of rScO,
was higher on the ipsilesional side (72.8+10.8%) compared to the contralesional one
(69.7£10.3%) (p<0.001). This resulted in a median rScO,-asymmetry of 4.2% (IQR
-5.0% — 15.4%). From day 3 after clinical symptoms onward, there was a significant
difference in rScO, levels between ipsi- and contralesional hemisphere.(Figure 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>