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2D PC-MRA two dimensional phase  

 contrast MRA

3D TOF-MRA three dimensional time of  

 flight MRA

ADC apparent diffusion coefficient

aEEG amplitude integrated   

 electroencephalogram

AHA assisting hand assessment

ASL arterial spin labelling

BA basilar artery

BEFIE behavioural visual field test

BG basal ganglia

BOLD blood oxygen level dependent

CBF cerebral blood flow 

CBFV cerebral blood flow velocity

CI confidence interval

CIMT constraint induced movement  

 therapy

CoW circle of Willis

CST corticospinal tract

CT computed tomography

cUS cranial ultrasound

DQ developmental quotient

DT euclidean distance

DTI diffusion tensor imaging

DWI diffusion weighted imaging

EPI echo planar imaging

FA fractional anisotropy

fMRI functional magnetic   

 resonance imaging

FSIQ full scale intelligence quotient

GMH-IVH germinal matrix haemorrhage  

 – intraventricular   

 haemorrhage 

HABIT hand arm bimanual therapy

HIE hypoxic ischemic   

 encephalopathy

iADC apparent diffusion coefficient  

 value of ischemic tissue

ICA internal carotid artery

IR inversion recovery

λ1 axial diffusivity

λ23 radial diffusivity

LDDMM large deformation   

 diffeomorphic metric mapping

MACS manual ability classification  

 system

MCA middle cerebral artery

mDWI mean diffusion weighted  

 image

MEP motor evoked potential

MNI montreal neurological   

 institute

MRA magnetic resonance   

 angiography

MRI magnetic resonance imaging

MTHFR methylenetetrahydrofolate  

 reductase

NE neonatal encephalopathy

NPV negative predictive value

PAIS perinatal arterial ischemic  

 stroke

PCA posterior cerebral artery

PET positron emission tomography

PHVD posthaemorrhagic ventricular  

 dilatation

PLIC posterior limb of the internal  

 capsule

PPV positive predictive value

PVHI periventricular haemorrhagic  

 infarction

PVL periventricular leukomalacia

PWI perfusion weighted imaging

rADC apparent diffusion coefficient  

 value ratio

ROC receiver operating 

 characteristic

ROI region of interest

SD standard deviation

SEM standard error of   

 measurement

SI signal intensity

T1WI T1 weighted imaging

T2WI T2 weighted imaging

TE echo time

TMS transcranial magnetic   

 stimulation

TR repetition time

UMD unilateral motor deficits

USCP unilateral spastic cerebral palsy
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Neonatal stroke may be defined as being a cerebrovascular injury, which occurs 
around birth and which is often associated with clinical neurological symptoms.1 
Injury may be focal or multifocal and may include both ischaemic and haemorrhagic 
injury. As such, neonatal stroke encompasses a wide spectrum of cerebral injury. 
In recent literature, neonatal stroke is most frequently referred to as perinatal 
cerebral injury of ischemic origin. In an international workshop on this subject, 
organized in 2006, ischemic perinatal stroke was defined 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”.2 Two common subtypes are neonatal or perinatal arterial 
ischemic stroke (PAIS) (70%) and cerebral sinovenous thrombosis (30%). There is still 
ongoing discussion, however, as to which other patterns of injury should be regarded 
as a stroke.3 One type of injury that is frequently regarded as being part of the stroke 
spectrum is the periventricular haemorrhagic infarction (PVHI), which is commonly 
seen in the preterm infant.4, 5 

In this thesis, we predominantly focus on neonatal imaging and outcome of PAIS. In the 
last chapters we describe patterns of cortical reorganisation and functional outcome 
following PAIS and PVHI. Several studies have shown that the compensatory capability 
of the immature, developing brain is superior to the adult brain.6-8 In this context, both 
PAIS and PVHI are attractive patterns of injury to study as they often involve unilateral 
injury, not infrequently to the corticospinal trajectory, inducing reorganisation of the 
sensorimotor cortex. In this chapter we will review the pathogenesis, diagnoses and 
outcome of both PAIS and PVHI. Finally we will review some studies that have reported 
on the compensatory capabilities of the neonatal brain. 

Perinatal arterial ischemic stroke

PAIS is not rare, with reported incidences ranging from 1/1600 to 1/5000.9-12 The 
large spread of reported incidences may be explained by differences in definition and 
diagnosis of PAIS, including both perinatal and presumed perinatal stroke and both 
ischemic and haemorrhagic lesions. As all studies are of retrospective design, 
therefore depending on the accuracy of the databases used. In view of the fact that 
MRI scans are nor routinely obtained in all neonatal intensive care units, the true 
incidence may be even higher. 
PAIS may affect both term and preterm born infants. It has been suggested that the 
incidence of PAIS is higher in preterm born infants, but this might also reflect the 
routine use of cranial ultrasound in preterm infants.13 Several studies have reported a 
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male predominance of approximately 60%, and PAIS is known to more often involve 
the left hemisphere.14, 15

Pathogenesis
Though several risk factors have been associated with PAIS, little is known regarding 
the exact pathophysiological mechanisms responsible for most cases.4 It is generally 
thought that the patent foramen ovale allows passage of thrombi derived from the 
placenta or venous circulation, causing occlusion of an arterial artery. Injury of the 
carotid arteries following forced extraction during delivery, resulting in arterial 
dissection, has been described in few cases.16

The list of potential risk factors is long and includes maternal, intrapartum, 
prothrombotic and cardiac factors. Maternal risk factors include infertility, 
primiparity, chorioamnionitis, preeclampsia and intrauterine growth retardation.17 
Complicated deliveries, both instrumental and emergency caesarean section, are 
more frequently observed in infants with PAIS.13, 17

Studies have reported prothrombotic factors in more than half of the population 
studied.18 In a large case control study, prothrombotic factors were more often 
observed than in the age- and sex matched controls: 68% vs 24%.19 Presence of 
prothrombotic factors has also been associated with poor neurological outcome, 
including development of hemiplegia.20 It is of interest, however, to note that despite 
the presence of these prothrombotic factors, recurrence of arterial ischemic stroke is 
rare, suggesting a multifactorial cause of PAIS. 

Congenital heart disease is an important risk factor for PAIS. Due to the disturbed 
anatomy intracardiac thrombi are easily formed, which may result in a spectrum of 
cerebral injury, including PAIS.21 Other factors associated with development of PAIS 
are infectious disorders like meningitis and sepsis, dehydration, arterial dissection, 
catheterization and extracorporeal membrane oxygenation which all increase the risk 
of thrombi formation. The role of the placenta remains uncertain, as data on placental 
abnormalities in infants suffering PAIS are scarce, probably because the placenta is 
often discarded before the onset of clinical symptoms.

Clinical presentation
As the definition of PAIS includes only those infants who are diagnosed with an 
arterial ischemic stroke before the 28th postnatal day, infants diagnosed with PAIS 
will show symptoms early. The first manifestation most often occurs during the first 
week. Seizures are the most common first clinical sign of PAIS, occurring in 70-90% of 
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all infants with PAIS.22 When compared to seizures observed following hypoxic 
ischemic encephalopathy (HIE), seizures following PAIS tend to arise later and are 
more often lateralized.23 Seizures may however be very subtle and may go unnoticed, 
causing a delay in diagnosis. Additional signs may include hypotonia, lethargy, 
feeding difficulties and apnea.24 Some infant may show asymmetry of tone during the 
first days to weeks. Infants may however remain asymptomatic. 

Imaging studies in hemiplegic children born at term suggest that approximately half of 
the infants with PAIS are diagnosed during the neonatal period.17 Infants who are not 
diagnosed during the neonatal period who develop neurological deficits attributable 
focal infarction on neuroimaging later in childhood will be diagnosed with arterial 
presumed perinatal ischemic stroke.25 Clinical presentation of these children will 
depend on the age at which they are recognised and the extent of injury, and include 
early handedness, decreased hand use and rigidity of the upper limb or fisting. Other 
presentations include seizures, developmental delay and cognitive deficiency.24, 26

Diagnosis
A 2-channel amplitude integrated EEG (aEEG) or full EEG should be obtained in any 
infant presenting with seizures and may help to localize the origin of the seizures. The 
occurrence of periodic lateralized epileptiform discharges has been associated with 
the presence of PAIS.  In case of PAIS, EEG may further assist in predicting 
development of motor outcome, which is often worse following the persistence of an 
abnormal background pattern. 
As most infants will present with seizures, laboratory studies should be performed to 
rule out other pathology, including hypoglycemia, electrolyte disturbances and 
infection. After confirmation of PAIS, the coagulation status should be evaluated. 
While prothrombotic mutations may be tested for at any time, evaluation of protein-
bases assays should take place shortly after the diagnosis.27

Cranial ultrasound is often the first imaging modality used in infants who are 
suspected of suffering cerebral injury (Figure 1A). If performed shortly after the onset 
of symptoms, scans may still appear normal. In a study with serial cranial ultrasound 
exams in 47 infants with PAIS, sensitivity increased from 68% in the first three days to 
87% between days four and ten.28 Strokes were not detected in six infants, whose 
MRI’s showed cortical strokes and strokes in the posterior cerebral artery territory. 
Whilst the use of the posterior fontanelle improves the detection of the PCA strokes29, 
detection of smaller cortical strokes remains challenging. Cranial ultrasound is 
furthermore operator dependent and detection of PAIS may therefore differ between 
centres. 

Chapter 1 — General Introduction 11

Proefschrift 66 Niek vanderAe.indd   11 02-08-13   12:47



12

MRI is the most sensitive imaging modality for detection of PAIS. Like cranial 
ultrasound it has the advantage of no radiation. Additional advantages are that it 
allows multiple image contrast and enables visualisation of the entire brain. The 
most frequently used sequences include T1-weighted (T1WI), T2-weighted (T2WI) 
and diffusion weighted imaging (DWI, Figure 1). Knowledge of the expected signal 
changes in grey and white matter structures allows timing of the onset of the 
stroke. Within the first week after PAIS, T2WI will show high signal intensity in the 
affected cortex and white matter, which can be first observed from 24-48 hours 
onward.30, 31 The reduced contrast between the cortex and white matter and 
underlying white matter is referred to as the ‘missing-cortex sign’. In contrast, 
T1WI will display lower signal intensity in the cortex and white matter. By the end 
of the first week the pattern starts to change. T2WI will show a lower signal 
intensity in the cortex while a high signal intensity can be observed on T1WI, so-
called cortical highlighting. A concurrent change of signal intensity towards lower 
signal intensity can be observed in the white matter on T1WI. In large strokes, 
swelling may be observed, compressing the ventricles and in some cases resulting 
in a mid-line shift. 

Figure 1
Cranial ultrasound and MRI findings of 
a full-term infant with a perinatal 
arterial ischemic stroke. Cranial 
ultrasound on day 5 shows an 
echodense region in the territory of 
the left middle cerebral artery, 
including involvement of the thalamus 
(A). An MRI, including diffusion 
weighted imaging (B) and T2 weighted 
imaging (C), was obtained on the same 
day and showed a main trunk middle 
cerebral artery stroke.  
A second MRI, acquired at the age of 
10 days showed normalisation of the 
diffusion abnormalities (D), but cystic 
evolution of the white matter (E). At 
three months of age, multicystic 
encephalomalacia can be seen in the 
former stroke area (F). Due to the 
extent of the injury, this infant was 
closely followed and development of a 
hemiplegia, hemianopia and postnatal 
epilepsy was observed in the first six 
months after birth.
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Besides conventional imaging, DWI plays an important role in the diagnosis of PAIS 
due to its high sensitivity for detecting ischemic lesions in the acute phase.32  
Experimental studies have shown that the rapid shift of water from the extracellular 
space to the intracellular space, resulting in cytotoxic oedema, can be assessed within 
minutes as increased signal intensity on DWI.33, 34 Changes on DWI can therefore 
precede those on conventional T1WI and T2WI and are often seen more clearly on 
DWI during the first 24-72 hours.  The changes are characterized by 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 three after which ADC values 
will slowly increase.30, 35 At approximately six to ten days after the injury, ADC values 
in the ischemic tissue appear to have normalized, i.e. the so-called 
pseudonormalization, at which point in time DWI has become of limited value in 
diagnosing PAIS.35-38 Following this period, there is subsequently a further increase of 
the ADC during the subsequent days reflecting the underlying cell lysis and vasogenic 
oedema, which will eventually result in cystic evolution.

MRI plays an important role in the prediction of motor outcome, especially for 
development of a hemiplegia. On conventional imaging, concomitant involvement of 
the hemisphere, the basal ganglia, and the posterior limb of the internal capsule is 
highly predictive for development of a contralateral hemiplegia.39 Restricted 
diffusion on DWI at the level of the cerebral peduncle has been interpreted as pre-
Wallerian degeneration of the descending corticospinal tracts and is a predictor of 
poor motor outcome.40-42 Finally, diffusion tensor imaging (DTI) based tractography 
may reveal an asymmetry of the corticospinal tracts, which is highly predictive for 
development of a hemiplegia.43, 44

Several other MRI sequences may provide additional information following PAIS 
(Figure 2). DTI involves the application of diffusion gradients in multiple directions 
and provides information about the amount and direction of water diffusion. In white 
matter structures, water diffuses preferentially parallel to the axons and is restricted 
in its diffusion perpendicular to the axons. This so-called anisotropic diffusion can 
therefore be used as a marker for white matter integrity. Directional information 
furthermore allows 3D reconstruction of white matter tracts.45 Few studies have 
however reported DTI findings during the first days following PAIS, possible due to 
the disturbed anisotropy measurements in ischemic areas.43, 46, 47

Depending on the technique used, magnetic resonance angiography (MRA) may 
provide haemodynamic and anatomical information on the cerebral arteries. 3D 
reconstructions can be used to study the anatomy and may demonstrate anatomical 
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variations or occlusion a vessel.48 Phase contrast MRA can be used to quantify the 
blood flow in large vessels and may indicate asymmetry in carotid blood flow due to 
hypo- of hyperperfusion.49

Other sequences include MR spectroscopy, perfusion-weighted imaging and 
functional MRI. MR spectroscopy allows quantification of several metabolites such as 
N-acetyl-aspartate, choline and creatine. Presence of lactate in the spectrum is 
suggestive for recent ischemia. While MR spectroscopy plays an important role in the 
diagnoses of diffuse hypoxic ischemic injury36, it provides little additional 
information following PAIS and is therefore less frequently used.50, 51 Studies in adults 
suggest that perfusion weighted imaging may be of value in determining the amount 
of salvageable tissue by looking at the perfusion-diffusion mismatch.52 Few studies 
have reported results of perfusion weighted in neonates and its role following PAIS 
requires further research.53, 54

Therapy
During the neonatal phase, therapeutic options are limited and mainly involve 
supportive measures such as maintenance of normal hydration, electrolytes, glucose, 

Figure 2

Examples of additional MRI sequences 

that can be used following perinatal 

arterial ischemic stroke, shown in an 

infant with a left middle cerebral 

artery stroke (A). On the 3D time of 

flight magnetic resonance 

angiography no flow is observed in 

the left middle cerebral artery (B, 

arrow). Perfusion weighted imaging, 

using arterial spin labelling, shows 

restricted diffusion in the stroke area 

with focal regions of hyperperfusion 

(C). A fractional anisotropy map, 

derived from diffusion tensor imaging 

at three months of age, shows 

decreased anisotropy in the posterior 

limb of the internal capsule and an 

absent external capsule (D).
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haemoglobin, oxygen, and pH levels. Hyperthermia should be prevented, whilst the 
role of therapeutic hypothermia has yet to be determined. Clinical or subclinical 
seizures should be treated. Guidelines on anticonvulsive therapy vary per centre, but 
often involve phenobarbitone as a first line treatment. In some centres, anti-epileptic 
drugs are continued beyond the neonatal period, although there is no proof that this 
will prevent development of postneonatal epilepsy. There is little evidence for the 
use of anticoagulants, which may cause haemorrhaging into infarcted tissue.55

Beyond the neonatal period, therapy is aimed at treatment of sequelae and often 
requires a multidisciplinary approach. Most research has focused on the treatment of 
motor disabilities. Therapy should be started as soon as asymmetry arises and is 
traditionally aimed at minimizing spasticity and maximizing range of motion. Severe 
spasticity can be reduced by oral medication or botulinum toxin injections and is 
often combined with intensive physical therapy.56 Constraint induced movement 
therapy, which addresses the non-use of the affected hand has shown positive results 
in children with hemiplegia and can already be applied at a young age.57 A pilot study 
on repetitive transcranial magnetic stimulation has shown positive results in children 
with hemiplegia, but requires further investigation.58

Epilepsy is another sequela that may arise and requires appropriate pharmacological 
treatment. Children with cognitive impairment due to PAIS may require additional 
attention at school or may need special education. Assisting and behavioural 
strategies devices may be helpful in hearing deficits and visual field deficits. There 
should be awareness of any social issues, behavioural problems and lowered self-
esteem as these are more often observed in children with PAIS and may affect the 
quality of life.59

Neurodevelopmental outcome
Mortality rates in infants suffering PAIS are low and are often the result of the causal 
disease, rather than the stroke itself. In contrast to adult stroke, recurrence of stroke 
within the child’s siblings is rare.60 Data on outcome vary in the incidence of sequelae, 
due mainly to differences in inclusion criteria and duration of follow-up. 

Hemiplegia is the most frequently observed sequela, and has been reported in up to 
50% of all cases.39, 61 Clinical signs may evolve over time but may already be present at 
three months.62 MRI plays an important role in prediction of motor outcome, as 
described above. 
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Recurrence of seizures after the neonatal period has been reported in 50% of all 
infants with PAIS, and is more common in children who develop a hemiplegia.63, 64 
Seizures tend to respond well to anti-epileptic drugs and drug resistant epilepsy is 
only observed in 10-15% of all cases. Some infants will develop hysparrythmia. This is 
often followed by development of epilepsy at a later age, which sometimes require 
surgical removal of epileptogenic tissue.64

There is little consensus on cognitive outcome following PAIS, which may also depend 
on the duration of follow-up. Studies with serial measurements have shown that 
cognitive function may decline over time, possibly as a result of the development of 
postneonatal epilepsy.65, 66 Cognitive delay and behavioural problems are more often 
observed in children with hemiplegia.67, 68

Finally, abnormalities in visual function are not uncommon following PAIS and are, 
again, associated with larger lesions and development of hemiplegia.69 These 
abnormalities are not always related to involvement of the optic radiation or visual 
cortex on MRI, suggesting involvement of other cortical and subcortical structures. 

Periventricular Haemorrhagic Infarction

Periventricular haemorrhagic infarction (PVHI) is a parenchymal lesion involving the 
periventricular white matter and is most often seen in the context of a germinal 
matrix-intraventricular haemorrhage (GMH-IVH). It is therefore predominantly seen 
in preterm born infants, although some cases have been described in full term infants. 
The overall incidence of PVHI in very preterm born infants is approximately 1%.70, 71 
However, higher incidences of PVHI can be observed in infants born at a lower 
gestational age or with lower birth weights. Bassan et al. described the incidence of 
PVHI over a six-year period and found an incidence of less than 1% in infants between 
30 and 32 weeks of gestational age increasing to more than 12% in those born before 
25 weeks of gestation.72 A similar correlation was seen with birth weight, with an 
incidence of 0.1% in the 1.500-2.500 g group and an incidence of 10% in infants with 
a birth weight below 750g. In this last group, there was an increase in the incidence of 
PVHI with a concomitant decrease of mortality over time. This would suggest that 
improved perinatal care has resulted in a better survival of extremely preterm infants, 
but increased the burden of PVHI. 

Pathogenesis
PVHI is most frequently observed in the context of an intraventricular haemorrhage. 
It was previously regarded as an extension of intraventricular blood into the 
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parenchyma and was therefore classified as grade IV GMH-IVH according to Papile. 
Work of Takashima and colleagues did, however, shed new light on the pathogenesis 
by visualizing the periventricular venous architecture, and suggested a role for 
venous infarction.73 A post-mortem study of Gould et al. showing periventricular 
haemorrhages, which closely followed the fan-shaped network of medullary veins, 
provided further evidence for this theory.74 Positron emission tomography (PET) 
studies have shown diminished blood flow in the periventricular white matter75 and 
Doppler studies showed a reduced flow in the terminal vein during the development 
of PVHI.76 Finally, MRI has shown that the pattern of injury following PVHI often 
follows the fan-shaped network of obstructed medullary veins.77, 78 These findings 
have resulted in wide acceptance of PVHI as a complication of GMH-IVH, due to 
impaired venous drainage of the medullary veins in the white matter, rather than an 
extension of an existing haemorrhage. 

Several potential risk factors for development of GMH-IVH, including PVHI, have 
been identified. Differentiation can be made between antenatal, intrapartum and 
postnatal factors. Antenatal risk factors include assisted conception, maternal fever 
or infection, chorioamnionitis and neonatal infection.72, 79, 80 Fetal distress, reflected 
by an emergency caesarean section, low Apgar scores or need for respiratory or 
cardiac resuscitation, is an important intrapartum risk factor for development PVHI.72, 

81, 82 Postnatal factors associated with PVHI are generally related to cerebral 
autoregulation and hemodynamic fluctuations. Numerous factors have been 
identified, and include a patent ductus arteriosus, pneumothorax, pulmonary 
haemorrhage, high frequency ventilation, inotropic support, acidosis and 
hypercarbia.72, 82, 83 A few studies have also reported the role of thrombophilic factors 
in the development of PVHI.84, 85 Harteman et al. recently showed that these factors 
are, in particular, more frequently seen in infants with an atypical presentation, i.e. 
PVHI with an antenatal or late onset.84

Clinical presentation
Whilst GMH-IVH was previously thought to be a devastating condition, the 
introduction of cranial ultrasound, computed tomography (CT) and MRI has increased 
the diagnosis of GMH-IVH in infants with no overt signs. Volpe has described three 
basic syndromes that may accompany GM-IVH.86 The catastrophic syndrome involves 
a detrimental course, with a rapid progression consisting of coma, cardiorespiratory 
abnormalities, seizures, flaccid quadriplegia and light-fixed pupils.86 This syndrome is 
most often associated with large bleeds and PVHI. The salutatory syndrome is subtler 
and includes such signs as an altered level of consciousness, poor motility, hypotonia, 
subtle abnormalities in eye position and movement and an abnormal popliteal 
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angle.87 The third and last syndrome is the clinically silent syndrome, in which infants 
have very little or no signs suggesting presence of a GMH-IVH. Lazzara et al showed 
how difficult it can be to clinically diagnose infants with GM-IVH by showing that in a 
group of infants with a CT-confirmed GMH-IVH, only half was suspected of having a 
bleed based on clinical signs.88 

Diagnosis
Cranial ultrasound offers a high sensitivity for detecting PVHI (Figure 3A).89 It also has 
the advantage of being able to be used in the neonatal intensive care immediately 
following delivery, even in sick and ventilated infants. It is furthermore non-invasive 
and has shown to be in good agreement with MRI.89-91 Serial ultrasound examinations 
provide information about the time of onset of the haemorrhage and subsequent 
PVHI. As most haemorrhages occur within the first 72-96 hours after birth and may 
progress during the following days, sequential scans during the first week are 
recommended, then followed by weekly scans until discharge.70, 92, 93

Different patterns of PVHI may be observed. Rademaker et al classified PVHI in to 
three groups, based on the initial findings during the acute phase and the evolution 
over time.94 Similar patterns of injury have been described more recently by Bassan et 
al. 70 The first group involve infants with a triangular area of increased echogenicity at 
the external angle of, but separate from, the lateral ventricle. After seven to ten days, 
multiple small cysts are visible in the area of increased echogenicity, which will 
resolve at six-ten weeks, often resulting in slight ventricular enlargement. This 
pattern resembles injury observed following cystic periventricular leukomalacia 
(PVL). Differentiation between the two patterns of injury may be difficult, in which 
case the de Vries criteria can help.83 The second group consists of infants with a 
similarly shaped lesion at the external angle of the lateral ventricle. This lesion does, 
however, partially communicate with the ventricle, and after seven to ten days one 
large cyst can be observed which partially communicates with the ventricle. The third 
group consists of infants with globular-shaped lesions that are continuous with the 
lateral ventricle. Repeat scans show evolution of the lesion into one large cyst that is 
completely continuous with the ventricle. 

Several classifications and scoring systems of PVHI have been used and related to 
outcome.70, 71, 83, 92-94 Guzzetta et al. described imaging and outcome data of 75 infants 
and showed that extensive injury was associated with high mortality and motor and 
cognitive disabilities in those who survived.92 Infants with focal injury often 
developed motor deficits (80%), but most infants had a (near) normal cognitive 
performance at follow-up. In a smaller study of 20 infants, Rademaker et al. 
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demonstrated that the location of PVHI on the parasagittal view was useful in the 
prediction of motor deficits.94 Development of a hemiplegia was rare in infants with a 
PVHI anterior to the trigone, whilst all infants with PVHI posterior to the trigone died 
or developed a hemiplegia. More recently, Bassan et al. used a severity score based 
on the extent of the lesion, unilateral versus bilateral lesions and presence or absence 
of a midline shift.70 They showed that higher scores were associated with mortality, 
early neonatal seizures and motor disabilities. In contrast to Rademaker et al, Bassan 
reported an association between anterior frontal PVHI and abnormal motor outcome. 
In the study of Roze et al., abnormal outcome was associated with extensive PVHI, 
involving the fronto-parietal-occipital white matter, but not with any specific 
localisation of PVHI. Finally Dudink et al classified infants with unilateral PVHI 
according to the affected veins and observed development of motor deficits in 
infants with extensive injury and infants with involvement of the complete terminal 
vein.93 From these different studies, one may conclude that prediction of 
(neuromotor) outcome can be difficult and that the different associations observed 
will most likely represent differences in clinical policies, scanning protocols and user 
experience.

Figure 3

Cranial ultrasound and MRI findings of 

an infant born at a gestational age of 

256/7 weeks. Serial ultrasound showed 

the development of an intraventricular 

haemorrhage with a periventricular 

haemorrhagic infarction on day three 

after birth (A). MRI at a gestational 

age of 292/7 weeks confirmed the 

diagnosis (B). A repeat MRI at term 

equivalent age showed a porencep-

halic cyst (C), but symmetrical 

myelination of the posterior limb of 

the internal capsule (D). At the age of 

24 months this child showed a normal 

motor development and his 

developmental quotient was 95 on the 

Griffiths developmental assessment 

scale.
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CT has been frequently used in the past for the diagnosis of PVHI and together with 
PET has provided valuable information in the underlying pathophysiological 
mechanism. Both modalities are, however, no longer used in neonatal imaging, due to 
their ionizing radiation and have been replaced by cranial ultrasound.83, 86

MRI is increasingly being used as a matter of routine in very preterm born infants. It is 
usually obtained at term equivalent age or at discharge, although some clinics obtain 
serial scans (Figure 3). If scans are obtained during the acute phase, these can show 
the haemorrhage, which can be seen as a decreased signal on T2WI during the first 
week. T1WI will show an area of high signal intensity from day 4 onwards. After the 
first week, the signal intensity will increase on T2WI, resulting in high signal intensity 
on both T1WI and T2WI. The more recently developed susceptibility weighted 
imaging sequence has a high sensitivity for haemorrhagic lesions and may display 
additional haemorrhagic white matter injury.95

MRI scans acquired around term equivalent age are (PLIC) useful in predicting 
neuromotor outcome. The posterior limb of the internal capsule is one of the first 
structures that myelinates and carries major motor and sensory pathways. Absence of 
myelin on the affected side at term equivalent age has been shown to be strongly 
predictive of development of motor deficits, whilst normal appearance is associated 
with a normal motor outcome.83, 96 Similar to PAIS, DTI-based tractography of the 
corticospinal tracts allows quantification of white matter integrity and is highly 
predictive for motor outcome. 

Secondary injury, remote from the PVHI has also been reported, and includes 
thinning of the corpus callosum, Wallerian degeneration at the level of the PLIC, 
mesencephalon, reduced ipsilateral cortical volume, reduced volume of the 
contralateral cerebellar hemisphere and cortical dysplasia.90, 97, 98 When MRI scans are 
acquired at later ages, gliosis can be often observed surrounding the former PVHI.90

Therapy
Some measures can be taken in order to reduce the risk of PVHI. Antenatal measures 
include referral to a perinatal centre in case of impending premature labour and 
postponement of labour using tocolytics if possible.86, 99 An important pharmacologic 
preventive intervention is the administration of antenatal glucocorticosteroids. 
While initially used to promote fetal lung development, early studies discovered that 
glucocorticosteroids also reduced the development of GMH-IVH.99, 100 Though the 
exact mechanism behind the beneficial effect is unknown, antenatal steroids are 
thought to improve cardiovascular stability, resulting in less postnatal hypotension. 
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Administration of antenatal steroids has therefore become standard therapy in most 
centres.

Postnatal preventive measures are aimed at maintaining the hemodynamic balance. 
This includes prevention of hypoxemia and hypercarbia, as they can induce a 
pressure-passive cerebral circulation, which is an important factor in the 
development of both GMH-IVH and PVL. Other factors which may induce 
hemodynamic disturbances include rapid infusions of blood or other colloid products, 
tracheal suctioning, apneic spells and pneumothorax.
An important complication of GMH-IVH is post haemorrhagic ventricular dilatation 
(PHVD), which is caused by impaired CSF circulation or absorption. Approximately 
25% of all infants with GM-IVH developed PHVD, which is closely related to the 
severity of the haemorrhage.101 The ventricular index of Levene, in which the distance 
from the midline to the lateral border of the lateral ventricle in the mid-coronal view 
is measured, is often used to determine the ventricular size.102 Most centres use 
either the 97th percentile or 4mm above the 97th percentile to diagnose PHVD.103 Not 
all infants with PHVD require treatment, as spontaneous stabilization occurs in 40% 
of all cases. Pharmacological treatment or serial lumbar punctures may stabilize the 
progression of PHVD in half the cases, while surgical intervention, such as placement 
of a ventricular reservoir or a ventriculoperitoneal drain is required in a third. Despite 
early treatment, development of PHVD remains associated with poor 
neurodevelopmental outcome.104-106

Neurodevelopmental outcome
In an early study of Guzzetta, mortality was reported to depend on the extent of 
PVHI, this being 38% when focal and 79% in infants with extensive PVHI.92 More 
recent papers have also reported high mortality rates between 30% and 60%, 
although this was not always associated with the extent of PVHI.70, 71, 81, 83

Several perinatal and neonatal factors have been associated with death following 
PVHI. Roze et al. related lower gestational age, circulatory failure, neonatal seizures, 
maternal intrauterine infection and the presence of grade III GMH-IVH to mortality.71 
Bassan et al confirmed the association with the severity of PVHI, as previously 
reported by Guzzetta et al, and reported a mortality rate of 80% in infants with most 
severe injury.70

Recent studies have reported an incidence of 30-50% for development of 
hemiplegia.90, 104, 106, 107 It tends to be mild with predominant involvement of the lower 
limbs.86, 104 Different characteristics of the lesion on cranial ultrasound have been 
associated with development of hemiplegia, as discussed before. 
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Cognitive dysfunction is frequently observed, reported in 50-60% of all infants with 
PVHI.104, 108 These findings should, however, be observed within the context of the 
lower IQ scores frequently observed in preterm born infants. Higher incidences of 
cognitive delays have been reported by some studies92, 107, but this most likely reflects 
differences in selection criteria and differences in policies of termination of life 
support. Other domains that may be affected include verbal memory and receptive 
language skills.104, 108   

Additional sequelae which may arise include development of visual abnormalities and 
epilepsy. Bassan et al reported oculomotor abnormalities occurring in 43% and visual 
field defects in a third of the tested children.108 PVHI has also been associated with 
development of postneonatal epilepsy, which has been observed in 10-20% of all 
children.106, 108 A possible explanation for the development of epilepsy is impaired 
development of the overlying cortex.97, 98

Brain Plasticity Following Perintal Injury

The functional consequences of PAIS and PVHI will predominantly depend on the 
structures that have been affected. Several studies have, however, shown that the 
immature, developing brain has a large capacity to reorganize following such focal 
injury. Outcome following perinatal injury may therefore be better than following 
similar injury in adults. Unilateral injury, such as PAIS and PVHI, provides an interesting 
model for studying the compensatory mechanisms, as timing of injury is well known 
and the unaffected hemisphere is often used to (partially) take over certain functions.

Motor system
Reorganization of the motor system has been extensively investigated using 
electrophysiological and neuroimaging studies. Early transcranial magnetic 
stimulation studies (TMS) have demonstrated short latency ipsilateral responses 
originating from the unaffected hemisphere following perinatal brain injury and 
injury up to the age of two years.7, 109 Such fast-conducting latencies have not been 
reported in children who developed brain injury after the age of two years or 
following an adult stroke. Neuroimaging studies using PET and later functional MRI 
(fMRI), allowed visualisation of cortical activation in the unaffected hemisphere 
during movement of the paretic hand.6, 8, 110, 111 These regions include the primary 
motor cortex, the premotor cortex and parietal areas.

Studies in animal models and in healthy newborns have provided insight in the 
mechanism leading to the short-latency responses in hemiplegic children. Eyre et al. 
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studied the neurophysiological development of the corticospinal tracts in healthy 
term born infants using TMS and demonstrated initial bilateral projections from each 
hemisphere, i.e. projections to both the contra- and the ipsilateral hand.112 At the age 
of 3 months the ipsilateral responses started to change and at 18 months ipsilateral 
responses were smaller, now requiring higher thresholds and showing longer 
latencies, whilst contralateral responses were stronger. This withdrawal of ipsilateral 
tracts has shown to be activity dependent and may be easily disturbed after injury to 
the corticospinal tract.113 Such injury can reduce or abolish activity of the 
corticospinal tract originating in the affected hemisphere, thereby allowing 
strengthening of the ipsilateral tract, which will then be retained and continue to 
innervate the paretic limb.112 This compensatory mechanism, however, does not 
result in normal hand function and is often accompanied by mirror movements.114, 115

Somatosensory system
It is generally thought that the somatosensory system reorganizes within the 
affected hemisphere and not in the contralesional unaffected hemisphere.116, 117 
Ipsilateral somatosensory evoked potentials have been reported in some cases, but 
these always involved long latency potentials, suggesting non-lemniscal sensory 
responses.118-120 Perinatal injury may therefore result in an interhemispheric 
dissociation between the afferent somatosensory input and the efferent 
corticomotor output. 

Staudt and co-workers hypothesized that the developing afferent somatosensory 
projections bypass the lesion in order to reach the primary sensory cortex in the 
affected hemisphere.121 This outgrowth starts during the third trimester at which the 
projections are still able to bypass periventiruclar lesions, such as PVHI. It is, 
however, uncertain whether this theory can also be applied to infants with large 
middle cerebral artery strokes as these most often occur in the late third trimester. 
However, even in these children, functional MRI of passive hand movement shows 
activity in those portions of the primary sensory cortex of the affected hemisphere 
which are still intact.117

Language system
In the majority of healthy subjects, language is predominantly located in the left 
hemisphere. Perinatal injury to the left hemisphere can induce language organization 
in the unaffected right hemisphere, with a normal language function.122 Functional 
MRI during language tasks in these children shows activity in regions homotopic to 
the classical language zones in the left hemisphere. Interestingly, a similar 
hemispheric dissociation has been observed following reorganization of the 
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sensorimotor system. In these patients, the perception of speech is still located in the 
affected hemisphere, while the production of speech has reorganized in the 
unaffected hemisphere.123

Modalities to study brain plasticity

Numerous techniques have been used to study brain plasticity and include 
magnetoencephalography, electroencephalography, TMS and neuroimaging 
techniques such as fMRI and PET.121, 124-126 During the last decade, studies on plasticity 
of the motor system in children have predominantly used fMRI and TMS. As these 
modalities are also used in our study, both will be reviewed here.

Functional MRI
FMRI is allows non-invasive studying of brain function and was first described in the 
early ‘90s.127 It is based on the concept that regional blood flow reflects neuronal 
activity, so-called neurovascular coupling, an idea that was already proposed a 
century ago.128 The most widely used contrast to study the changes is the blood 
oxygen level dependent (BOLD) contrast. At rest, the cortex has a relatively high 
concentration of deoxyhemoglobin. Following neuronal activity, the increased 
metabolic demand will induce an instantaneous increase of local blood flow, resulting 
in an increase in oxyhemoglobin concentration and a decrease in deoxyhemoglobin 
concentration. The changes in the oxyhemoglobin-deoxyhemoglobin ratio lead to a 
higher signal in BOLD images.129 Different designs exist, depending on the function 
studied. In general, active regions are visualized by subtracting images acquired 
during the resting state from images acquired during the activated state or by 
comparing activity during different events. A different approach involves network 
analyses, in which the temporal correlation between areas is studied.130

FMRI has the advantage of high temporal and spatial resolution without requiring 
ionizing radiation or administration of contrast agents. It this therefore frequently 
used in functional imaging studies in children. FMRI may not, however, always be 
successful in this population, especially in young children and in children with 
cognitive delays. Byars et al. showed failure rates up to 60% in 5-year olds, which 
decreased to 0% at the age of 15, and showed worse performance in boys.131 Imaging 
in children does therefore require special preparation in order to acquire usable data 
and assure the child’s comfort. Explanation of the MR procedure, including practicing 
of the fMRI task is in minimizing the child’s movement and optimizing task 
performance during the scan.132 A mock scanner can be helpful in this process. 
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Transcranial magnetic stimulation
Transcranial magnetic stimulation (TMS) was developed in the ‘80s and has been used 
in many studies since.133 TMS is based on the principle of electromagnetic induction. 
A pulse of current passing through the coil that is place on the subject’s head creates 
a magnetic pulse. This pulse passes through the skull and induces a secondary ionic 
current in the cortex, resulting in stimulation of neurons. When the coil is placed 
above the primary motor cortex, corticospinal neurons can be induced, resulting in 
contractions of contralateral muscles. Many studies have used TMS to provide 
information about the excitability of the motor cortex, the functional integrity of 
intracortical neuronal structures, and the conduction along corticospinal and callosal 
fibers.134

TMS derivatives used in studies on plasticity of the motor system generally include 
the motor threshold, the latency and more important, the pattern of innervation. The 
motor threshold refers to the lowest TMS stimulus intensity at which a motor evoked 
potential (MEP) can be generated. Most studies defined it as being the lowest 
intensity at which a MEP with an amplitude of more than 50 or 100 µV can be elicited 
in 50% of the trials.7, 8, 115 The latency can be defined as being the time between the 
stimulus onset and depolarisation of the target muscle, as observed on the 
electromyogram. Finally, three patterns of motor innervation can be observed. In the 
contralateral pattern, MEPs can only be observed in the contralateral limbs. In the 
ipsilateral pattern, stimulation of the unaffected hemisphere results in bilateral 
MEPs. Stimulation of the affected hemisphere does not result in a MEP in any limb. In 
the last pattern, the mixed pattern, stimulation of both the affected and unaffected 
hemisphere results in MEPs in the affected limbs.8

Though TMS has been described not to be painful, many subjects experience the 
repetitive tapping sensation as unpleasant, especially when performed at higher 
stimulus outputs. As the motor threshold shows an inverse correlation with age 
during childhood, higher thresholds are required in younger children.135 Performing 
TMS may in this group can therefore be a challenge. To reduce the burden, some 
adjustments to the ‘standard’ protocol have been suggested, including a more rapid 
increase of the stimulator output, using larger increments in order to reach the motor 
threshold and the use of less MEPs to determine the latency.136

Chapter 1 — General Introduction 25

Proefschrift 66 Niek vanderAe.indd   25 02-08-13   12:47



Aims and outline of the thesis

The general aim of this thesis is to both study and describe MRI findings in infants with 
PAIS and PVHI and where possible, relate this to neurodevelopmental outcome. The 
first part of the thesis focuses on neonatal neuroimaging in infants with PAIS. In the 
second part, the plasticity of the neonatal brain regarding motor and cognitive func-
tion is studied.

In chapter 2 the changes in apparent diffusion coefficient values, determined by dif-
fusion weighted imaging, are studied during the first week after birth in a group of 
infants with PAIS. 

In chapter 3 a novel method to segment ischemic tissue in infants with PAIS using dif-
fusion weighted imaging is described.

In chapter 4 changes in blood flow of the internal carotid arteries are studied during 
the first week following PAIS and at the age of three months.

In chapter 5 the residual pattern of injury following PAIS at different gestational ages 
is described.

Chapter 6 describes the clinical presentation, MRI findings and possible risk factors of 
a group of infants with PAIS in the territory of the posterior cerebral artery.

In chapter 7 the additional role of DTI at three months of age is studied as a predictor 
of motor outcome following PAIS.

Chapter 8 describes the changes in fractional anisotropy values of a number of brain 
structures in infants with PAIS in whom DTI scans were acquired serially. 

In chapter 9 the cognitive outcome of children with PVHI and PAIS is described and 
related to characteristics of their neonatal MRI scan.

In chapter 10 an unusual pattern of cerebral injury in a preterm born infant is present-
ed, followed by a study on the reorganisation of her corticospinal system. 

In chapter 11 the corticospinal reorganisation and subsequent hand function of a group 
of children with PVHI and PAIS is studied and related to their neonatal MRI scans.

Finally, in chapter 12 the findings of the previous chapters are summarized, thereby 
discussing possible implications and providing suggestions for further research.
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Abstract

Background 

Diffusion weighted MR imaging (DWI) plays an important role in the diagnosis of 

perinatal arterial ischemic stroke (PAIS) during the acute phase. Its derived 

apparent diffusion coefficient (ADC) can be used to quantify the diffusion 

restriction. The aim of the current study was to identify the changes in ADC 

values in the acute phase following PAIS.

Methods 

A cohort of 36 infants with a confirmed PAIS who were examined once during the 

first ten days of life was studied. ADC values in the core of the ischemic tissue 

(iADC) were determined and correlated with postnatal age. ADC ratios (rADC) 

were calculated by dividing the iADC value by the ADC value of the 

corresponding area in the contralateral ‘healthy’ hemisphere.

Results 

Infants were scanned between days two and ten after birth. A non-linear increase 

in iADC and rADC values was observed over time and large middle cerebral artery 

strokes resulted in lower iADC and rADC values. Normalisation of rADC values 

was observed after day seven. rADC values were lower when compared to 

previously published rADC values of infants with hypoxic ischemic 

encephalopathy, suggesting more severe injury.

Conclusions 

Following PAIS, DWI showed decreased ADC values with a non-linear increase 

during the first week, and pseudonormalization after day seven, which limits the 

use of DWI to assess PAIS to the first week of life. Compared to previous studies, 

ADC values were lower when compared to infants with hypoxic ischemic 

encephalopathy, most likely due to more severe injury.
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Introduction

Perinatal arterial ischemic stroke (PAIS) is a serious condition with an incidence of 
1:2300–4000 newborns and often results in long-standing neurodisabilities.1, 2 
Approximately 70% of all infants present with (hemi)convulsions, initiating the 
diagnostic process.3 Clinical symptoms can, however, also be more subtle and non-
specific, including irritability, hypotonia and apnea.1, 4  

For eventual diagnosis, MRI is superior to cranial ultrasound or computed 
tomography.5 Several MRI sequences can be used for the diagnosis of PAIS, including 
T1, T2 and diffusion weighted imaging (DWI), MR spectroscopy and MR angiography. 
DWI plays an important role in the diagnosis of PAIS because of its high sensitivity to 
detect ischemic lesions in the acute phase. The rapid shift of water from the 
extracellular space to the intracellular space, resulting in cytotoxic edema, can be 
assessed within hours as increased signal intensity (SI) on DWI and as decreased SI on 
the derived apparent diffusion coefficient (ADC) map, preceding the signs of 
ischemia on conventional MRI.6  Moreover, it can be used to predict the development 
of hemiplegia based on involvement of the corticospinal tracts, which is often 
difficult to see shortly after the stroke on conventional T1 and T2 weighted 
imaging.7-9

The time course of ADC values has been previously studied and documented in 
newborns with hypoxic-ischemic perinatal brain injury.10-13 These studies mainly 
included infants with hypoxic ischemic encephalopathy (HIE) following perinatal 
asphyxia. Lowest ADC values have been observed between days two and four, after 
which ADC values increase again. At approximately six to eight days after the injury, 
ADC values in the ischemic tissue appear to have normalized, i.e. the so-called 
pseudonormalization, at which point in time DWI has become of limited value in 
diagnosing PAIS.10-13 T2-weighted imaging will now clearly show abnormal signal 
intensities in the ischemic tissue.14 Following this period, there is a further increase of 
the ADC during the subsequent days reflecting the underlying cell lysis and vasogenic 
edema which will eventually result in cystic evolution.

Little is known about changes in ADC values following PAIS. By using a visual SI 
classification Dudink et al showed changes on DWI following PAIS with a similar 
course as described in infants with HIE.14 They did not, however, quantify the changes 
over time. The aim of the present study therefore was to examine and quantify the 
course of ADC values following PAIS in full-term infants.
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Material and Methods

Patients
Full-term infants born between 2003 and 2011 with a confirmed PAIS on MRI after 
admission to our level III neonatal intensive care unit at the Wilhelmina Children’s 
Hospital were included in this study. Infants were admitted because of HIE or (sub)
clinical seizures and MRI of the brain was performed for clinical reasons. Clinical and 
obstetric characteristics were collected from the infants’ charts, including the time of 
birth. If the first clinical presentation was later than 48 hours after birth, infants were 
not included as a perinatal onset was less likely in these infants. This included infants 
with a sepsis, infants with focal ischemia due to congenital heart disease and infants 
with a stroke secondary to an intracranial haemorrhage.

Informed verbal parental consent was obtained to perform the MRI for clinical 
purposes. Due to the retrospective design of this study, no written parental consent 
was acquired for the use of MRI data in this study. The institutional review board of 
the University Medical Center Utrecht did, however, approve the use of MRI data for 
anonymous data analysis and waived the requirement to obtain informed consent.

Imaging Methods
MRI was performed on a 1.5T Phillips Gyroscan ACS-NT or Achieva MR system (Philips 
Medical Systems, Best, Netherlands). Axial images were acquired with a 128x77 
matrix (256x256 reconstruction matrix) and a field of view 180x180 mm. DWI was 
acquired in 3 orthogonal directions using single-shot echo planar imaging resulting in 
25 slices with a 4 mm thickness (TR 3700–5200 ms, TE 89 ms, b values of 0 and 1000 
mm2/s, no gap). An ADC map was created at the MR console and was used for further 
analyses.
The protocol further included an axial turbo spin echo T2 (TR/TE 7600/150) and an 
axial turbo spin echo inversion recovery (TR/TI/TE 4000/600/30) sequence. A second 
scan was acquired using the same protocol at three months of age to evaluate the 
residual damage.

Infants were sedated throughout the examination with a combination of pethidine (2 
mg/kg body weight), chlorpromazine (0.5 mg/kg body weight) and promethazine (0.5 
mg/kg). Infants who required mechanical ventilation were sedated with morphine 
(0.1 mg/kg i.v.) followed by administration of 0.1 mg/kg i.v. of vencuronium, to avoid 
movement artifacts. A vacuum pillow (Med-Tec, Orange City, IA) was used to prevent 
movement of the head and Minimuffs (Natus Medical Inc, San Carlos, CA) were used 
for hearing protection. Intensive care was continued throughout the examination 
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with the attendance of a neonatologist 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).

Image analysis
The ADC maps and conventional images were digitally transferred to a standalone 
Philips workstation. The ADC value in the ischemic tissue (iADC) was determined by 
means of manually drawn ellipsoid regions of interest (ROI) in the core of the stroke, 
carefully avoiding the inclusion of any CSF, which would increase the mean iADC 
value. As the size and visibility of the stroke on the ADC map changes over time, 
effort was made to standardize the placement of the ROI. This was done by 
determining the region with most tissue loss on a second scan, acquired at the age of 
three months, usually seen as an area of cavitation. This region was considered to be 
the core of the stroke, rather than the penumbra, and the ROI was placed in the 
corresponding region on the neonatal ADC map (Figure 1).

Figure 1

Examples of ADC measurements in the 

neonatal ADC map. This infant was 

scanned on day 4 and suffered a 

posterior cerebral artery stroke (A). 

The region of interest is placed in the 

region that corresponds with the 

cystic evolution at three months (B) 

and a corresponding region of interest 

is placed in the contralesional 

hemisphere. The same is shown for an 

infant with a cortical middle cerebral 

artery stroke who was scanned on day 

10 (C), but shows focal atrophy at 

three months. (D).
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As the sizes of the strokes varied, the size of the ROI also varied, with smaller ROIs in 
smaller strokes. To reduce the partial volume effect, ROIs were only drawn if the 
ischemic tissue was visible on at least three consecutive slices. If the ischemic tissue 
extended over more than three slices, or in case of multiple ischemic lesions, multiple 
ROIs were used and averaged.
Additional ROIs of the same size were placed in the corresponding regions of the 
contralateral hemisphere. These were used to calculate an ADC ratio (rADC) by 
dividing the iADC values by the ADC value of the corresponding ROIs of the 
contralateral hemisphere. All analyses were performed twice by the same observer 
(NvdA) to calculate the intra-observer reproducibility.

Clinical follow-up
All children were seen at regular intervals in the neonatal follow-up clinic. Gross motor 
development was assessed with items from Amiel-Tison and Touwen.15, 16 The Griffiths’ 
mental developmental scale was used to obtain a developmental quotient at 18 to 24 
months.17 Presence of a hemiplegia was assessed according to Claeys et al.18

Statistical analysis
The Kruskal-Wallis test or Fisher’s exact test was used to analyse any differences in 
clinical characteristics. In order to assess the relationship between the postnatal age 
and the ADC values, linear and quadratic regression analysis was performed with 
Prism 5.0 (Graphpad, La Jolla, CA). Results of the models were compared using the 
Akaike’s information criterion (AIC) whereby a lower value indicates a better fit. The 
relation between ADC values and clinical outcome was assessed with linear or logistic 
regression where appropriate. SPSS v19 (SPSS Inc. Chigaco, IL.) was used to perform 
regression analyses and to calculate the intra-observer reproducibility.

Results

Thirty-six infants admitted during their first week after birth were included (Table 1). 
Clinical or subclinical seizures were observed in 35 infants. A median number of three 
anti-epileptic drugs was required (range 1–5) and most seizures (27/35 infants, 54%) 
responded to therapy within the first 72 h after birth. The remaining infant presented 
with perinatal asphyxia. A stroke was most frequently observed in the territory of the 
middle cerebral artery (MCA, n = 32, 89%). The remaining four infants suffered a 
stroke in the posterior cerebral artery territory. No differences in postnatal age at 
scan were found between the different stroke subtypes. Six infants (17%) also 
showed an ischemic area, contralateral to the stroke. In one infant, the contralateral 
ischemia was so extensive that no rADC was calculated.
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Figure 3 

Time course of the ADC ratio. ADC 

ratios were determined in 35 infants 

with a middle cerebral artery (MCA) 

main trunk (∂), anterior MCA trunk  

( ), posterior MCA trunk ( ), 

lenticulostriate branches (   ), cortical 

branch (∞ ) and PCA (+) stroke. One 

infant with extensive bilateral 

ischemia was not included. The 

regression lines for the linear (dashed 

line) and quadratic regression 

(continuous line) are shown. Two 

infants who were scanned following 

total body cooling are identified with 

an asterisk (*).

Figure 2

Time course of the iADC values. ADC 

values were determined in the core of 

the stroke in 36 infants with a middle 

cerebral artery (MCA) main trunk (∂), 

anterior MCA trunk ( ), posterior MCA 

trunk ( ), lenticulostriate branches (   ), 

cortical branch (∞ ) and PCA (+) stroke. 

The regression lines for the linear 

(dashed line) and quadratic regression 

(continuous line) are depicted. Two 

infants who were scanned following 

total body cooling are identified with 

an asterisk (*).
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MCA PCA Significance

Main trunk Posterior trunk Anterior trunk Lenticulostriate branches Cortical branch

Gender (m/f) 7/2 5/7 1/1 0/1 5/3 3/1 n.s.

Gestational age (w) 40+4 [37+6-42+1] 40+6 [37+2-41+5] 41+2 [40+4 -42+1] 37+5 38+6 [37+1-42+5] 40+2 [39+0-41+3)] n.s.

Birth weight (g) 3250 [2600-4360] 3390 [2150-3860] 3521 [3470-3572] 2305 3120 [2740-3530] 3650 [2145-3880] n.s.

Apgar score 1’ 6 [2-9] 9 [1-9] 8 [6-9] 6 5 [1-9] 3 [1-5] n.s.

Apgar score 5’ 7 [6-10] 9 [4-10] 9 [9-10] 7 8 [4-10] 8 [7-8] n.s.

Instrumental delivery 6 7 1 - 6 2 n.s.

Seizures 9 12 2 1 8 3 n.s.

   Duration>72h 5 3 0 0 0 0 n.s.

   Anti-Epileptic drugs 3 [2-4] 3 [1-5] 1 1 2 [1-5] 1 [1-4] n.s.

Asphyxiated 1 3 0 1 2 1 n.s.

Follow-up (n) 8 12 0 1 7 4

   Hemiplegia 8 1 - 0 0 0 p<0.001¶

   Griffiths’ DQ 100 [55-105] 104 [97-126] - 96 106 [83-123] 102 [92-121] n.s.

 

The second scan, acquired at three months of age, showed cystic evolution in 25 
infants (69%). On the 11 remaining MRI’s only local atrophy could be observed in the 
prior stroke area.

Both iADC and rADC values could be reproduced accurately with an intraclass 
correlation coefficient of .90 and .91 respectively. When linear and quadratic 
regression analyses were performed (dependent: iADC, independent: postnatal age), 
the quadratic analysis resulted in a better fitting model (R2 .90 vs .64, Figure 2), 
reflected by a lower AIC. The same was found for the rADC (R2 .86 vs .64, Figure 3). All 
infants scanned up to day seven showed a rADC below 0.7 and only the two infants 
scanned on day nine and ten showed a rADC above 1.
No correlation was found between the ADC value in the unaffected hemisphere and 
the postnatal age.

Most infants were scanned between days three and seven after birth (n = 32, 89%). 
During this period, linear regression analysis resulted in a better fitting compared to 
quadratic regression analysis. Therefore multiple linear regression was applied to the 
data acquired in this period. As it was our impression from clinical experience that large 
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   Griffiths’ DQ 100 [55-105] 104 [97-126] - 96 106 [83-123] 102 [92-121] n.s.

 

MCA strokes show low ADC values during a longer period, the presence of a large MCA 
stroke, defined as the presence of a main trunk or posterior trunk MCA stroke, was 
included in the analysis (dependent: iADC/rADC, independent postnatal age, presence 
large stroke). In addition to the postnatal age, the presence of a large MCA stroke was 
indeed found to be associated with both the iADC and rADC values. With regards to the 
iADC, the addition of a large MCA stroke improved the model (R2 .56 vs. .39). The 
presence of a large stroke resulted in a decrease in iADC value of 69 (95% C.I. -111 - 
-27). The same was found for the rADC (R2 .54 vs .31), with a decrease in rADC of .07 in 
the presence of a large MCA stroke (95% C.I. -.11 - -.03). In order to study whether the 
course of ADC values over time was different in large strokes, the interaction was 
calculated between postnatal age and presence of a large stroke. This did not, 
however, contribute to the model, suggesting that the slope of the linear regression 
line (i.e. the speed at which the ADC value normalized) was not different between both 
groups. Finally, no association was found between the pattern of injury observed at 
three months (a cyst or focal atrophy) and the neonatal iADC or rADC values.

Nine children were diagnosed with a hemiplegia at follow-up, which was more 
frequently observed in infants with a main branch MCA stroke (p< 0.001, Table 1). No 

Table 1

Clinical characteristics of studied infants reported 

as median and [range]. In infants with (sub)clinical 

seizures, a distinction was made between seizures 

that responded to anti epileptic drugs within the 

first 72h after birth and seizures that required 

treatment beyond 72h. Follow-up data, including the 

Griffiths’ Developmental Quotient (DQ) are given for 

those infants who were tested between the age of 18 

and 24 months. ¶Main trunk MCA vs other strokes.
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difference in iADC or rADC values was observed between the children who developed a 
hemiplegia and those who did not. Forward logistic regression showed that only the 
presence of a large stroke was predictive of development of a hemiplegia. No 
association was found between any variable and the Griffiths’ developmental quotient.

Discussion

In the current study we have been able to demonstrate a positive correlation between 
the postnatal age and the ADC values in the stroke area in 36 infants with PAIS. The 
aetiology of PAIS is multifactorial and includes maternal, placental, coagulation, 
cardiac and infectious disorders.19 By carefully selecting only those infants with early 
onset of symptoms, i.e. within 48 hours after birth, we tried to create a homogeneous 
group in which stroke most likely occurred within the immediate perinatal period.20 
This is the first study describing the changes in ADC values following PAIS in such a 
large cohort. Our findings have important implications for the use of DWI in the acute 
phase, as it only shows low ADC values during the first week. DWI after the first week 
therefore seems to be of limited value and conventional imaging will then be required 
to diagnose PAIS. Not performing DWI during the first week in infants suspected of 
PAIS should therefore be regarded as a missed opportunity. However, in some cases, 
e.g. in unstable infants, MRI during the first week may not be possible. In these cases, 
signal intensity changes on T1- and T2-weighted images can be used for a prolonged 
time period to identify stroke areas.14

Besides the diagnosis of ischemic injury, DWI can also be used to predict motor 
outcome following PAIS.7-9 Involvement of the corticospinal tracts on DWI is 
predictive of motor disabilities and is referred to as ‘pre-Wallerian degeneration’. 
Our study does not suggest any additional value of a low ADC value by itself for 
prediction of motor outcome. Low ADC values were found in both small strokes, 
resulting in focal atrophy, and in larger strokes, resulting in cysts. The size of the 
lesion rather than the ADC value itself was predictive as to whether the stroke would 
evolve into an area of cavitation or only atrophy. The size and, more especially, the 
site of the area of infarction will eventually determine whether a motor handicap will 
occur.21 Furthermore, involvement of the cerebral peduncle has been found to be an 
important predictor.9, 22 Whilst we did not report any data on the descending 
corticospinal tracts at the level of the cerebral peduncles, Husson et al. recently 
reported DWI findings in a cohort of 73 infants with PAIS and noted that DWI may not 
yet show any abnormalities in the corticospinal trajectory on day two.9 Combined 
with our findings, this suggests that the time window for optimal usage of DWI is 
between days three and seven.
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Few other studies have reported DWI changes over time following PAIS. Cowan et al. 
were the first to report the use of DWI following PAIS and found a high SI during the 
first week and a normal SI from day seven onwards.23 Similar findings were reported 
by other studies.24-26 In a more recent study, Dudink et al. used a visual SI score to 
quantify the changes in SI on DWI over time and found the highest score from day 
two to five, though in some cases a high SI was observed until day 12. Our data 
suggests that diffusion abnormalities resolve around day eight or nine, although an 
more accurate estimation is difficult as few infants were scanned after the first week. 
This difference might be explained by the more confined inclusion criteria used in our 
study, requiring an onset of symptoms within 48 hours. Furthermore, the prolonged 
period during which high signal intensities were observed might also be explained by 
the visual classification used by Dudink et al, which gives a broader visual gestalt, 
than the focal measurement of ADC values.

The time course described here shows a similar pattern as the time course described 
by McKinstry et al. who studied serially obtained ADC values of ten infants with a 
brief hypoxic ischemic perinatal event resulting in HIE.10 MRI revealed a spectrum of 
injury, including injury to the BGT and watershed areas. McKinstry also calculated 
rADC values, but used a group of healthy controls as a reference. They observed a 
nadir at day 2–3, with a rADC of 0.65 and normalization from day seven onwards 
(Table 2). When we compare the courses of rADC values, we can observe that the 
rADC values following PAIS tend to be lower between day two and day eight. This 
suggests more severe injury, reflected by an increase in cytotoxic edema and often 
followed by cystic evolution. This difference might be explained by the underlying 
mechanism. In the McKinstry study, the adverse perinatal event was brief. Even 
though the exact mechanism of PAIS has yet to be revealed, the main hypothesis is 
that of a cerebral thrombo-embolism causing a temporary or permanent cerebral 
arterial occlusion resulting in prolonged ischemia and more severe injury.19 In a 
number of animal models, permanent or prolonged time periods of ischemia resulted 
in lower ADC values.27-30 Lower ADC values are also associated with tissue loss, as 
shown in an animal model of cerebral ischemia, where areas of low ADC values 
showed no restoration of ADC values following reperfusion and resulted in focal 
infarction on subsequent histopathology.31 Likewise in adults, rADC values are lower 
following a stroke when compared to a transient ischemic attack32 and are higher in 
stroke areas with restored perfusion.33 Similar findings have been reported in infants 
with HIE following perinatal asphyxia, where lower ADC values were associated with 
focal infarction.11 More recently, Bednarek et al. showed that in infants undergoing 
therapeutic cooling following HIE, the largest reduction in ADC was observed in 
those with the most severe injury (Table 2).34
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Following both experimental stroke and human stroke, lowest ADC values have been 
observed in the ischemic core, with a gradient of higher ADC values toward the 
border of the lesion.35, 36 Serial measurements in rats have shown that if the blood 
flow is not restored, the core of the lesion continuously spreads to surrounding areas 
of moderately reduced ADC values.36 In a recent study of infants with PAIS who were 
studied using perfusion weighted imaging (PWI), a similar gradient of blood 
perfusion of the stroke area was observed with decreased perfusion in the core and in 
increased perfusion in the periphery of the stroke.37 This may also explain why ADC 
values were found to be lower in large MCA strokes. It is likely that part of the 
periphery of the stroke, with restored blood flow and therefore higher ADC values, 
was included in the ROI in the smaller strokes, resulting in a higher ADC value. 
However, we were unable to study this, as PWI was not performed in this group.

In our study, pseudonormalization occurred around days eight and nine. In previous 
studies reporting changes in ADC following perinatal asphyxia this occurred from day 
seven onwards, although some infants already showed near normal rADC values 
before day seven.10-13 In animal studies no significant differences have been observed 
between the different durations of ischemia and the time to pseudonormalization.30 

Age at MRI (days)

Study 1-2 3 4 5 6 7 8-10

HIE, McKinstry et al. (n=10) 0.84 0.58 0.71 0.94 0.87 0.93 0.94

HIE, Bednarek et al. (n=23)

       Mild/moderate 0.75 0.75 0.70 0.72 0.76 0.8 0.81

       Severe 0.48 0.52 n.d. 0.35 n.d. 0.58 0.76

PAIS, current study (n=36) 0.43 0.45 0.43 0.51 0.54 0.54 1.1

Table 2

Median rADC values of the infants with perinatal 

arterial ischemic stroke (PAIS), and those of infants 

with hypoxic ischemic encephalopathy (HIE) as 

reported by McKinstry et al.10 and Bednarek et al.34 

In both studies serial measurements in infants with 

HIE and were compared to ADC values of healthy 

controls. In the study of Bednarek, infants received 

therapeutic hypothermia. Based on MRI, the 

patterns of injury were classified as mild/moderate 

or severe. On some days no data (n.d.) were 

available. 
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Only following permanent occlusion, has pseudonormalization been shown to occur 
later.29 A possible explanation for the slightly later pseudonormalization observed in 
our cohort might be a delayed restoration of blood flow which has been observed 
following PAIS.30

In animal models, brief periods of ischemia result in a decline of ADC values within 
minutes. After reperfusion, the ADC values rapidly go back to normal, showing a 
secondary ADC decline after 6–48 hours, depending on the type of animal.28, 38 
Following prolonged or permanent ischemia, no restoration of ADC values is 
observed and ADC values remain low until pseudonormalization occurs.29, 30 We were 
unable to identify the ADC changes during the first two days, as only two infants 
were scanned before day three. It would be of interest, however, to scan infants 
sequentially during the first days of life. This may differentiate between this 
secondary ADC decline and permanent low ADC values, thereby unravelling part of 
the pathophysiological mechanism of PAIS.

Two infants with HIE received body cooling during 72 h and were both scanned on 
day five after birth. Selective head or whole body cooling interrupts the complex 
cascade following HIE, leading to neuronal cell death.39 Recent data suggest that 
cooling results in delayed pseudonormalization, although this has not been studied in 
infants with PAIS.34  As the ADC values of the two cooled infants in our cohort did not 
differ from the other infants, they were not excluded.

There are some limitations to this study. Firstly, the limited number of scans before 
day three and after day seven due to the retrospective design of this study. Many of 
the infants included were referred to our hospital and were not admitted and 
therefore not scanned before day three. Scanning beyond day seven is rarely 
performed as we try to obtain a diagnosis as soon as possible in infants with seizures 
of unknown origin. To obtain more information about the changes in ADC values, a 
prospective, longitudinal study would be required to acquire sequential ADC values 
in the same patient over time. At present, the intensive care of these infants 
precluded repetitive measurements during the first week. Yet, despite this limitation, 
we were able to show lower iADC values in large MCA strokes and show lower rADC 
values when compared to the McKinstry study.

Secondly, one should be cautious when comparing ADC values acquired with 
different scanners or scanning parameters.40 However, any differences in ADC values 
due to scanner differences are most likely to be overcome by using a ratio, such as 
applied in this study. This also allowed us to correct for any differences in ADC values 
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due to gestational age or affected structures, as both are known to influence the ADC 
value.11, 41 This rADC, however, requires an unaffected, contralesional hemisphere. Six 
infants also showed ischemic lesions in the contralateral hemisphere. In most cases 
these were small isolated ischemic lesions, but in one infant the injury was so 
extensive that calculation of rADC was not useful. Furthermore, it is also known that 
transsynaptic degeneration can cause early changes in ADC values in non-primary 
involved areas.42 This might be resolved by the use of controls, but at present ethical 
considerations prevent the MRI examination of healthy neonates in our country. 
However, if the ADC values in the contralateral hemisphere would, indeed, be lower, 
usage of ADC values of healthy controls would result in even lower rADC values, 
thereby strengthening the difference between the course described by McKinstry 
and the rADC values as described in this study.

A third limitation is that the exact timing of PAIS was not possible. Timing of neonatal 
brain injury, including PAIS, has been a subject of debate for a long time, also due to 
its multifactorial pathogenesis.19 Recent evidence, however, especially MRI data, 
indicates that brain injury mainly occurs in the immediate perinatal period.14, 43 After 
carefully selecting our patients, our findings are in line with these data, as the 
homogeneous time course observed suggests that the onset of the injury was similar 
for all infants. Furthermore, all infants showed clinical signs within 48 hours after 
birth, suggesting an immediate perinatal onset.14

In conclusion, after PAIS, a non-linear increase in ADC values can be observed during 
the first week after birth, with pseudonormalization after day seven, limiting the use 
of DWI to detect PAIS to the first week. In comparison to a previous study in infants 
with HIE, these ADC values seemed lower, most likely corresponding to more severe 
injury.
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Abstract

Background
Perinatal arterial ischemic stroke (PAIS) is a serious condition, often resulting in long-term 
disabilities. The introduction of new therapies will require early measures to reliably predict 
outcome. Diffusion weighted imaging (DWI) is the modality of choice to detect ischemic 
tissue and predict long-term motor outcome. Aim of this study was to investigate whether 
strokes volume can be assessed automatically using DWI to perform user-independent 
measurements of stroke volume.

Methods
DWI scans of 12 full-term infants without any cerebral abnormalities (controls) were 
registered to the patient’s DWI scan using the non-diffusion weighted image. Subsequently, 
apparent diffusion coefficient (ADC) maps of controls were transformed to the ADC map 
of the patients using corresponding transformations. Patients’ ADC values 2.5 standard 
deviations below the mean ADC value of the controls were used as an initial segmentation. 
The initial segmentation was further improved by using a supervised pixel classification of 
potentially ischemic areas and its vicinity. The ischemic areas were manually segmented 
twice by one observer (first segmentation served as a reference, second was used to 
estimate the intra-observer agreement). A manual segmentation of a second observer was 
used to calculate the inter-observer agreement. The Dice similarity coefficient (DSC) was 
calculated as similarity measure (2*(overlap of segmentation 1& 2) / (segmentation 1 + 
segmentation 2).

Results
Stroke volumes of 13 infants (scanned on day 3-6) were segmented. The performance 
of the automatic segmentation was comparable to the inter-observer variability. All 
ischemic regions were detected by the automatic method.  Most of the false negative 
errors occurred along the border of the stroke. False positive errors mostly appeared 
in the cortex and cerebellum. False positive errors at the borders of the stroke often 
appeared ischemic on visual inspection, suggesting under-segmentation by the observer. 

Conclusion
Automatic segmentation approaches similarity indices comparable with manual 
segmentations and may assist clinicians in the assessment of stroke volume and can be 
used as a tool to evaluate therapteutic intervention in stroke. 
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Introduction

Perinatal arterial ischemic stroke (PAIS) is a condition, which is seen in both term and 
preterm born infants.1 It is defined as a focal disruption of arterial cerebral blood 
flow, confirmed by neuroimaging.2 The estimated incidence ranges from 1:1600 to 
1:5000 newborn infants and it is most frequently observed in the territory of the 
middle cerebral artery (MCA), more often in the left hemisphere.3-6 Whilst morbidity 
is low (<5%), development of long-term disabilities is often observed and includes 
motor deficits, epilepsy, learning disabilities and sensory deficits, including visual 
deficits.7

In 50-80% of cases, infants present with hemiconvulsions as a first sign suggesting 
the presence of a PAIS.8 For the final diagnosis, magnetic resonance imaging (MRI), 
and especially diffusion weighted imaging (DWI) is imperative.9 The restricted 
intracellular diffusion resulting from cytotoxic edema results in an increased signal 
intensity on DWI. DWI signal intensities (SI) are also influenced by intrinsic T2 
properties, so-called ’T2 shine through’, so that a high SI does therefore not 
necessarily reflect edema. Water diffusion can be quantified by calculating the 
apparent diffusion coefficient (ADC) map, which is not influenced by the T2 shine 
through effect. Low ADC values can be observed within hours following PAIS and may 
take 7-10 days to normalize.10 On conventional inversion recovery (IR) and T2-
weighted images signs of PAIS can be observed after 24- 48h. However, the relatively 
high water content of the immature neonatal brain impedes the detection of ischemic 
tissue. The border between healthy and affected tissue is therefore not as clear as on 
DWI.9

The current treatment of PAIS is limited and mainly involves anticonvulsants and 
supportive therapies. Promising future therapies, which have been shown to be 
effective in animal studies, include hypothermia, stem cells and erythropoietin.11 The 
introduction of new therapies will require measures of outcome. An automatic 
segmentation approach would be helpful to determine the amount of tissue loss 
following PAIS. This would first require an accurate quantitative assessment of the 
initial stroke volume. The aim of this study was therefore to develop a user-
independent method to segment ischemic tissue following PAIS. 

Methods

All infants in this study were admitted to the tertiary neonatal intensive care unit of 
our hospital between 2003 and 2010. An MRI was acquired as part of standard clinical 
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care in these patients. The study was performed following parental consent, 
according to the local IRB guidelines.

Subjects
Fifteen term born infants (ten male) with a unilateral PAIS were included in this study. 
Gestational ages at birth ranged from 384/7 to 425/7 weeks, with a median gestational 
age of 405/7 weeks. An MRI scan was obtained at a median postnatal age of 108 h 
(range 24-167 h). Most strokes in our data set were seen in the territory of the MCA 
(n=13, 87%) and included a main branch MCA stroke in three infants, a posterior MCA 
branch stroke in four infants, a cortical MCA branch stroke in five infants and a 
lenticulostriate branch stroke in one infant. A stroke in the territory of the posterior 
cerebral artery (PCA) was seen in the remaining two infants.

MRI scans of twelve term born infants (five male) were used as a control group. Seven 
of the controls were scanned after showing (hemi)convulsions. Six of these infants 
were thought to have benign familial neonatal convulsions, which was confirmed by 
genetic testing in four. In the two remaining infants, genetic and metabolic studies 
were normal and a normal neurodevelopmental outcome was observed.
Cranial ultrasound of one control infant with convulsions showed increased 
echogenecity of the thalami, but his MRI revealed no abnormalities. Two infants with 
congenital heart disease were scanned as part of a standard pre-operative protocol. 
One infant with a congenital naevus and one infant with a congenital central 
hypoventilation syndrome were scanned to exclude any intracranial involvement. 
Finally, one infant with low Apgar scores following fetomaternal transfusion, but no 
abnormalities on MRI, was included.

The gestational ages of the controls were similar to the patient group (median 40 
weeks, range 384/7 to 42 weeks). The postnatal age at the time of scanning was 
significantly higher in the control group (median age 204 h, range 38-256 h, p=0.005). 
IR, T2, DWI, ADC measurements, magnetic resonance spectroscopy, and magnetic 
resonance angiography did not reveal any abnormalities in any of the controls.

Imaging protocol
All infants were scanned on a 1.5 Tesla Philips Gyroscan MR system (Philips Medical 
System, Best, The Netherlands). Infants (patients and controls) were sedated with a 
combination of chlorpromazine (0.5 mg/kg), pethidine (2 mg/kg) and promethazine 
(0.5 mg/kg) i.m. A vacuum pillow (Med-Tec, Orange City, IA) was used to prevent 
movement of the head. Minimuffs (Natus Medical Inc, San Carlos, CA) were used for 
hearing protection. Heart rate and transcutaneous oxygen saturation were monitored 
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by pulse oximetry (Nonin, Minneapolis, MN), as well as respiration rate (Philips ACS-
NT, Best, The Netherlands). An experienced neonatologist was present throughout 
the investigation.

DWI data were acquired with an axial single-shot EPI sequence (EPI factor 41, TR/TE 
4000/89ms, FOV 180x180 mm, acquisition matrix 128x77, reconstruction matrix 
256x256, 25 consecutive sections of 4 mm thickness, and b-values of 0 and 1000 s/
mm2 in three orthogonal directions). ADC maps were calculated from DWI data 
acquired at b0 and b1000.

Reference standard
In clinical practice, stroke is evaluated using the ADC maps. Therefore, an expert 
observer (first observer) manually delineated ischemic tissue in ADC maps of the 
patients. During segmentation, the observer was allowed to apply window and level 
settings of choice following the clinical routine in stroke evaluation.
To estimate intra-observer agreement, the first observer manually segmented 
ischemic tissue in eight consecutively selected patients twice. The time interval 
between the first (reference) and the second segmentation was more than two 

Figure 1

Example of PAIS in one of the cortical 

branches of the left middle cerebral 

artery. The ischemic are can be seen as 

an area of high signal intensity on the 

diffusion weighted image (A) and as an 

area of low signal intensity on the 

derived apparent diffusion coefficient 

map (B). The results of the automatic 

segmentation are shown in C, with 

true positives (grey), false positives 

(black) and false negatives (white).  

The manual segmentation of the 

second observer is shown in D. 
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months. To estimate inter-observer agreement, another medical expert (second 
observer) manually segmented ischemic tissue in the same eight patients once.

Initial segmentation using control images
In both b1000 DWI images and ADC maps stroke is clearly visible. In b1000 DWI 
scans, ischemic tissue appears as an area of increased intensity, and in the ADC maps 
as an area of decreased intensity compared to healthy tissue (Figure 1). Therefore, 
both b1000 DWI and ADC maps were used for the analysis. Prior to processing, 
manual brain masking was applied to all images. The mask was manually delineated 
using the ADC maps, and subsequently applied to b0 and b1000 DWI scans. Next, the 
masked b1000 images were scaled, so that the intensities would fall within the range 
between 0 and 1000.

Given that ischemic tissue in the brain appears as an area of low intensity compared 
to healthy tissue, ADC values in patients were compared to the spatially 
corresponding values of the healthy controls. In order to make such a comparison, 
images of controls were first aligned with the patient images. Because patients’ ADC 
maps may contain substantial abnormalities hampering accurate registration, b0 DWI 
in which stroke is practically invisible were used for image alignment. Thus, b0 images 
of all controls were registered to the patient images, using the in house written and 
freely available Elastix software (www.elastix.isi.uu.nl).12 First, affine registration 
was performed to achieve coarse alignment between the images. Next, elastic 
registration was applied to achieve accurate alignment. This was modeled by 
B-splines. For the optimization of the cost function (negative mutual information) an 
iterative stochastic gradient descent optimizer was used. A multiresolution strategy 
was taken to avoid local minima in the cost function. A Gaussian pyramid was 
employed, using a sub-sampling factor of two in each dimension. A multi-grid 
approach was also used for the nonrigid registration. For the affine registration four 
resolutions were used, and for the elastic registration five resolutions, in each of 
which 500 iterations of the stochastic gradient descent optimizer were performed. 
For both affine and nonrigid registration, 2000 image samples, randomly chosen at 
every iteration, were used to estimate the derivative of the mutual information. Also, 
for both affine and elastic registration 32 histogram bins were used.

Subsequently, the ADC maps of the controls were transformed to the ADC map of the 
patients using the corresponding transformations. After the registration, the stroke 
area was defined as follows: Let Ci be an ADC map of a control, and Mi the 
corresponding binary brain mask, i = 1, ..., N . Let Padc be an ADC map of a patient, and 
MP its binary brain mask. Let Ci(u(p)) be spatially aligned Ci to Padc, where p = (x, y, z) 
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Table 1 

Spatial, contextual and texture features describing 

potentially ischemic voxels p  Padc.

denotes a voxel in the image, and u the optimal transformation making Ci(u(p)) 
spatially aligned to Padc(p). Segmentation of the ischemic tissue S in a patient Padc was 
defined as

                                                                                                                         

where A was an image containing average values in the ADC maps of the controls:

and SD the corresponding standard deviation image defined as:

where wi(p) = Mi(ui(p)), p  Ci(ui(p)), i.

Type Description

Spatial DT(S(p))

Contextual Number of positive and negative voxels, and their ratio contained in the sphere with 
center p and radius r = 1, 2 voxels in image S

Texture Mean, standard deviation, skewness and kurtosis of the intensity values in Padc con-
tained in the circle with center p, and radius r = 2, 4, 6, 8 voxels; 
Gaussian filters up to the second order at scale=1,2,3,4,8 voxels in x-, y-, z-direction 
in the ADC map; 
Gaussian filters up to the second order at scale=1,2,3,4,8 voxels in x-, y-, z-direction 
in the b1000 image;

Proefschrift 66 Niek vanderAe.indd   61 02-08-13   12:48



Part I — neonatal neuroimaging in perinatal arterial ischemic stroke62

Supervised segmentation
Visual inspection of the segmentation result S showed large inaccuracies around the 
edges of the segmented ischemic tissue and clusters of false positive lesions. Therefore, 
the obtained segmentation S was further improved using supervised pixel classification 
of the detected ischemic lesions and their vicinity. In other words, the Euclidean 
distance transform (DT) was computed on image S , and all voxels p  Padc where DT(S(p)) 
≤ K were analyzed further. Based on the visual inspection of S, K was set to 3 voxels. For 
each such voxel p  Padc, a set of spatial, contextual and texture features was computed 
which are listed in Table 1.
Considering the relatively small number of patient images in our set, and given the 
diversity of present ischemic lesions (by size, location and appearance), leave-one-patient-
out experiments were performed. This means that 15 experiments were performed, and 
on each occasion, images of one patient were considered as the test set, and all the 
remaining sets of patient images were used for training. The training set was created using 
25% of randomly selected voxels from the positive (ischemic) class, and of equal number 
of randomly selected voxels of the negative class. Prior to classification, each feature was 
separately normalized to zero mean and unit variance. A linear discriminant classifier was 
used.13 As a performance criterion, the area under the receiver operating characteristic 
curve was used (Az). Floating forward feature selection was employed to identify a subset 
of features giving the best performance. The maximum number of features that could be 
selected was set to 15. Classifier and classification settings were selected in pilot 
experiments on a small subset of patient scans. An ROC analysis was performed to find the 
optimal threshold on the posterior probability of the classifier. The final segmentation 
was obtained using this threshold.

Results

Results of the intra- and inter-observer segmentations are listed in Table 2. In total, the 
15 patient images contained 415,469 mm3 ischemic volume. The initial segmentation 
stage correctly detected 361,023 (0.87 sensitivity) of ischemic volume, and found on 
average 7,792 mm3 of false positive volume. Note that all detected ischemic voxels and 
voxels in its vicinity were relabeled in the second segmentation stage, but some false 
negative volume (366 mm3 per patient) was discarded from further analysis. The second 
classification stage correctly detected 388,432/409,985 mm3 (0.95 sensitivity) of ischemic 
tissue, with on average 1,418 mm3 of false positive volume per patient.
With both stages, the method correctly detected 388,432 mm3 of ischemic volume (0.94 
sensitivity), with on average 1,418 mm3 false positive volume. Per patient, average 
sensitivity was 0.87±0.09. Relative to the size of ischemic volume, there was on average 
0.07±0.04 of false positive tissue detected (Table 2). 
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Table 2 

Average, true positive (TP), false negative (FN) and 

false positive volume expressed in mm3 for the 

automatic method (top), second segmentation of 

the first observer (intra-observer), and 

segmentation of the second observer (inter-

observer). Also, average sensitivity and average 

false positive volume expressed as a percentage of 

the reference stroke volume (rFP), with the 

corresponding standard deviations are listed. Note 

that the results of the automatic method have been 

averaged over 15 patients, while manual 

segmentations over a subset of eight patients.

Discussion

In this paper we have described and applied an automatic ischemic tissue 
segmentation method. Whilst the sensitivity of the presented method was below the 
intra- and inter-observer agreement, the false positive rate was below that of the 
second observer.

Segmentation of stroke tissue requires a different approach than whole brain 
segmentation, due to the changed contrast and signal intensities in the stroke area, 
which may affect both the registration and the segmentation. A number of methods 
for stroke segmentation have been described. Bava et al. proposed an interactive 
method for the analysis of residual injury following PAIS in children scanned in 
childhood.14 Several methods have been developed for adult images. They perform 
histogram analysis.15, 16, region-growing.17, and unsupervised segmentation.18, 19 
Finally, some automatic methods have been described for automatic segmentation of 
ischemic lesions in animal models, including methods based on hierarchical region 
splitting.20 However, the majority of these methods are not directly applicable to 
neonatal scans because of lower image contrast compared to adult scans, incomplete 

TP FN FP Sensitivity rFP

Automatic 25,895 1,802 1,418 0.87 (0.09) 0.07 (0.04)

Intra-observer 37,279 773 622 0.96 (0.05) 0.03 (0.06)

Inter-observer 37,271 781 3,703 0.97 (0.03) 0.31 (0.58)

Automatic

Intra-observer

Inter-observer

Proefschrift 66 Niek vanderAe.indd   63 02-08-13   12:48



Part I — neonatal neuroimaging in perinatal arterial ischemic stroke64

myelination, rapid change of head sizes and cortical shape, and lower signal-to-noise 
ratio due to shorter scan times.

The initial segmentation resulted in some inaccuracies in the cortex, which were 
probably caused by registration inaccuracies and partial volume effects between 
ischemic and healthy tissue. This segmentation stage also resulted in a large number 
of segmentations containing only a small number of voxels. As ischemic strokes tend 
to be focal, large lesions, this information was encoded in the features in the 
following segmentation stage. The importance of contextual features was already 
shown in several computer-aided detection tasks.21 Note that these features could 
only be computed because of the initial segmentation. Feature selection experiments 
performed in this work confirmed their importance as one of the contextual features 
was frequently among the first selected features. The remaining features encoded 
texture characteristics in the ADC maps and in b1000 images. The features extracted 
from both were always selected. Pixel classification improved the initial 
segmentation accuracy. Given that contextual features were among the selected 
ones, future work will investigate whether iteration of the pixel classification stage 
may further improve the segmentation performance.

To the best of our knowledge, only one other recently described method has been 
applied to infants with PAIS.22 This method, described by Ghosh et al., involves the 
use of hierarchical region splitting. This method has the advantage that it can be 
applied using only a single MRI modality (i.e. either T2 or diffusion weighted 
imaging). It uses an automated and recursive region segmentation method that 
segments regions of uniform T2 or ADC values. Segmented regions, which average T2 
or ADC values are below a predefined T2 or ADC value are classified as ischemic. The 
disadvantage of this method is that this predefined cut off value is the same for each 
region, even though a wide range of ADC values can be observed in healthy 
circumstances.23 Structures with low ADC values in non-ischemic conditions (e.g. the 
thalami) may therefore easily be falsely classified as positive. In the segmentation 
method presented in the current study, this problem is circumvented by calculating 
the cutoff value on voxel level, taking in to account the ADC value of the registered 
controls in that structure.

PAIS is a dynamic process, generally assumed to be a result of a temporary or 
permanent occlusion of one or more arterial blood vessels. The subsequent reduced 
blood supply will rapidly cause energy depletion and impaired homeostasis, resulting 
in cytotoxic edema, a restricted diffusion of water and a reduction of the 
extracellular space.24, 25 These changes can be observed within a couple of hours of 
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the injury as areas of restricted diffusion on DWI. Tissue surrounding these areas of 
restricted diffusion may have a normal appearance, but studies in animals and adults 
have shown that the stroke volume may expand during the first hours to days 
following the stroke.22, 26, 27 An important concept in this process is the existence of an 
ischemic penumbra. It was first described by Astrup in 1981 and may be defined as 
ischemic tissue that is still potentially salvageable if appropriate treatment is given 
on time.28 In adults, the concept of diffusion-perfusion mismatch has been developed 
as a possible method to identify this potentially salvageable tissue. According to this 
concept, tissue with restricted diffusion on DWI and low perfusion is destined for 
infarction. Tissue with low perfusion but with no diffusion abnormalities, may either 
recover, especially if blood flow is restored, or progress to infarction.29 In the latter, 
an initial decrease in ADC values will be followed by an increase of ADC values, 3-4 
days after the initial insult and reach normal values between day 7 and 10.10, 30, 31 
These time-dependent changes in ADC values and stroke volume are likely to have 
influenced the segmentations, resulting in under-segmentation on the early and late 
scans. Future studies combining DWI with perfusion weighted imaging, which has 
shown to be feasible in neonates, may allow a better segmentation of (potential) 
stroke volume.32, 33 Furthermore, identification of the penumbra in these infants will 
be important in identifying infants eligible for future therapies. 

A limitation of this study is the group of controls used for the initial segmentation. 
Just as the patients, these infants were also admitted to the neonatal intensive care 
unit. Whilst their MRI scans were carefully reviewed and were found to be normal, we 
could not exclude the presence of more subtle (diffusion) abnormalities. Acquiring 
MRI scans of healthy full term infants would prevent the use of any potentially 
abnormal scans, but this is prohibited by Dutch legislation. 

Conclusion

A method for a user-independent, automatic segmentation of ischemic tissue 
following perinatal arterial ischemic stroke was presented. Future work will focus on 
improvement of the method, by combining the method with results from perfusion-
weighted imaging. We speculate that segmentation methods like the one presented 
in this paper may assist in identification of infants eligible for therapy. 
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Abstract

Background

Little is known about changes in carotid blood flow after perinatal arterial 

ischemic stroke (PAIS). The aim of this study was to assess the blood flow in the 

internal carotid arteries (ICAs) after unilateral PAIS.

Methods

The carotid flow (ml/min) was measured noninvasively by means of two-

dimensional phase-contrast magnetic resonance angiography (2D PC-MRA) in 25 

full-term infants who had unilateral PAIS within 10 days after birth. In 17 infants 

a second 2D PC-MRA was carried out at 3 months of age. Asymmetry of carotid 

blood flow was calculated at both time points, and the circle of Willis (CoW) was 

assessed with a three-dimensional (3D) time-of-flight MRA.

Results

On the early magnetic resonance imaging (MRI), a significant increase in 

ipsilateral blood flow was observed (7.7%, 95% confidence interval (CI) 3.0–

14.9%), which persisted after correcting for CoW configuration. At 3 months, 

this asymmetry was no longer observed. No relationship was found between the 

asymmetry in blood flow and either stroke size or postnatal age at scan.

Conclusion

A higher blood flow in the ipsilateral ICA was observed during the acute phase 

after unilateral PAIS, and this disappeared after 3 months. Further research into 

the role of hyperperfusion after PAIS may suggest new approaches to 

neuroprotection.
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Introduction

Since the introduction of magnetic resonance imaging (MRI) into neonatal care it has 
become possible to more easily diagnose perinatal arterial ischemic stroke (PAIS).1, 2 
Little is known about the changes in carotid blood flow after PAIS. With the 
introduction of two-dimensional phase-contrast magnetic resonance angiography 
(2D PC-MRA), the measurement of blood flow in the carotid arteries is possible in 
adults3, 4 as well as in neonates.5-7 With the use of this technique, quantitative blood 
flow can be measured noninvasively.

The main arteries that feed the brain are the internal carotid arteries (ICAs) and the 
basilar artery (BA), which are connected at the level of the circle of Willis (CoW). 
Normally, cerebral blood flow (CBF) is kept relatively constant by myogenic and 
metabolic mechanisms and the autonomous nervous system. The latter is controlled 
by baroreceptors and chemoreceptors located at the carotid arteries and the aortic 
arch, from which signals are sent to the rostral ventrolateral medulla. Besides these 
control mechanisms, hypoxia can also lead to depolarization of presympathetic 
neurons of the rostral ventrolateral medulla, causing a sympathetically mediated rise 
in systemic blood pressure.8

The relationship between PAIS and blood flow in the ICAs may improve our 
understanding of how PAIS develops and of the recovery and compensation 
mechanisms after PAIS.In adults it has been shown that, after a stroke, the 
restoration of blood flow in the acute phase by means of recombinant tissue 
plasminogen activator restores blood flow in the viable penumbra.9 However, too 
high an increase in CBF may result in secondary damage through the formation of 
oxygen free radicals. In the latter situation, the administration of oxygen free radical 
scavengers may be appropriate.10 Therefore additional knowledge regarding the 
blood flow changes may be of importance for developing future neuroprotective 
strategies in infants with PAIS.

In this observational study we examined whether a relationship exists between carotid 
blood flow and unilateral PAIS in full-term neonates. Given that certain specific CoW 
configurations may increase carotid blood flow, we used a group of healthy controls to 
determine changes in carotid blood flow attributable to various CoW configurations. 
These data were subsequently used to correct the observed asymmetries in blood flow 
in the patients. Finally, we compared carotid blood flow during the first 10 days after 
the insult (early MRI) with that at a more stable phase, i.e., 3 months after the insult 
(late MRI) to study potential changes in carotid blood flow.
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Methods

Subjects
Between 2006 and 2010, a total of 36 full-term infants with unilateral PAIS (as 
detected by MRI) were admitted to our neonatal intensive care unit. Judging from 
clinical and MRI findings, these incidents of stroke were likely to have occurred 
around the time of birth.

The infants included in this study were those in whom 2D PC-MRA was acquired 
within 10 days of birth, and in whom diffusion weighted imaging (DWI) revealed 
unilateral ischemia. These criteria were met for 25 of the infants. MRI was repeated at 
the age of 3 months in all the infants, but only 17 infants had a second PC-MRA. The 
ethics committee of the University Medical Center Utrecht waived the requirement to 
obtain informed consent for this study.

MRI protocol
The infants were placed in a vacuum fixation pillow (Med-Tec, Orange City, IA) during 
the MRI examination. They were sedated with an intramuscular injection containing a 
mixture of 2mg/kg pethidine, 0.5 mg/kg chlorpromazine, and 0.5 mg/kg 
promethazine, as reported previously.11 Monitoring was performed using pulse 
oximetry (Nonin, Minneapolis, MN), and respiratory rate was recorded using standard 
Philips equipment (Philips Medical Systems, Best, The Netherlands). For hearing 
protection, Minimuffs (Natus Medical, San Carlos, CA) were used. During the whole 
examination, a neonatologist was present to ensure patient safety.

The infants were scanned using either a 1.5T or a 3.0T whole-body MR system 
(Achieva platform; Philips Medical Systems) depending on availability. A T2-
weighted image, DWI, 2D PC-MRA, and (when time allowed) a 3D TOF-MRA, were 
acquired in the first 10 days of life (early MRI) and often also at ~3 months after the 
insult (late MRI).

To measure blood flow in the ICAs and in the BA, a 2D PC section was positioned 
perpendicular to the BA, just blow the carotid siphon, determined on the basis of a 
localizer MRA slab in the sagittal plane (Figure 1; 1.5T protocol: repetition time (TR) 
13–16 ms, echo time (TE) 8–10 ms, flip angle 7.5°, section thickness 5 mm, field of 
view 150 × 103 mm, matrix, 256 × 256, 8 averages, velocity sensitivity 30 cm/s; the 3T 
protocol was identical except for a flip angle of 10). Quantitative flow values (ml/min) 
were calculated in the ICAs by integrating across manually drawn regions of interest 
enclosing the lumen of the relevant vessel, as reported previously.6 Measurements 
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were performed twice by the same examiner (E.D.P.), with an intra-observation 
interval of 3 months. Asymmetry in blood flow between the ICAs was calculated as 
100% × (flow in the ipsilateral ICA – flow in the contralateral ICA) / flow in both ICAs 
combined.

The 3D TOF-MRA with a subsequent maximum-intensity projection reconstruction 
was acquired to assess the anatomy of the CoW (1.5T protocol: TR 25 ms, TE 6.9 ms, 
flip angle 20°, field of view 200 × 200 mm, matrix size 512 × 512, 2 averages, section 
thickness 0.5 mm, 140 sections; 3T protocol: TR 23 ms, TE 3.5 ms, flip angle 18°, field 
of view 160 × 128 mm, matrix size 512 × 512, 2 averages, section thickness 1 mm with 
0.5 mm overlap, 60 sections).

The TOF-MRAs were scored by an experienced examiner (J.H., ref. 4-6) in accordance 
with the classification of the anatomy of the CoW as described by Krabbe-Hartkamp 
et al.5, 12 In this classification, the anatomy of the CoW was divided into: (i) a normal 
adult type, (ii) a fetal-type posterior cerebral artery (PCA), and (iii) hypoplasia of the 
A1 segment. The fetal-type and adult-type CoWs are illustrated in Figure 2.

Figure 1 

Magnetic resonance angiography 

(MRA) measurement of carotid blood 

flow. Sagittal localizer MRA slab (A) 

with the two-dimensional phase-

contrast MRA (2D PC-MRA) section 

positioned perpendicular to the basilar 

artery, just below the carotid siphon. 

Axial view of 2D PC-MRA section (B) 

with measurements of (1) the right and 

(2) the left internal carotid artery, and 

(3) the basilar artery.
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Reference values for blood flow asymmetry
Blood flow measurements of a previously published cohort of 72 infants born preterm 
and scanned at term-equivalent age, were used to create reference values of the 
asymmetry of carotid blood flow.5 All these infants were scanned using a 2D-PC MRA 
and a three-dimensional time-of-flight MRA (3D TOF-MRA) on a 3.0T MR system, as 
described earlier in this article. Asymmetry indexes of carotid blood flow in these 
reference infants were calculated in the same manner as for the study infants with 
PAIS.

Van Kooij et al. have previously demonstrated that carotid blood flow increases in the 
presence of an ipsilateral dominant A1 segment (i.e., contralateral A1 hypoplasia), 
whereas there was no asymmetry in carotid blood flow in infants with an adult-type 
CoW or a fetal-type PCA. If an asymmetry of carotid blood flow is observed after a 
PAIS, it is necessary to take into account the type of CoW of the patient; this is 
because a dominant A1 segment on the side of the ischemic lesion may increase the 
asymmetry of flow, whereas a contralateral dominant A1 segment may diminish the 
asymmetry. We therefore performed a subanalysis in infants whose CoW 
configuration was known, correcting the asymmetry data after adjusting for the CoW 

Figure 2

Variations in the anatomy of the circle 

of Willis (CoW). The fetal-type CoW 

(A), in which all segments have an 

identical size and the internal carotid 

artery (ICA) provides blood to all 

ipsilateral cerebral arteries. The 

adult-type CoW (B), in which the ICA 

provides blood to the ipsilateral 

anterior cerebral artery (ACA) and 

middle cerebral artery (MCA), while 

the basilar artery (BA) supplies blood 

to both posterior cerebral arteries 

(PCAs). Reproduced with permission 

from the Radiological society of North 

America, from Figures 1 and 2.12 ACoA, 

anterior communicating artery; PCoA, 

posterior communicating artery.
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configuration. This was done by converting the blood flow asymmetry in each patient 
to a Z value ((asymmetry in patient – mean asymmetry in controls)/SD of asymmetry 
in controls). This was done separately for the infants with an adult-type CoW or fetal-
type PCA and for those with a dominant A1 segment.

Analysis of lesion size
For DWI, a single-shot echo-planar imaging was used in three non-orthogonal 
directions, using a b value of 1,000 s/mm2 (1.5T) or 800 s/ mm2 (3.0T) and one b = 0 s/
mm2 image (25 axial slices of 4 mm; 1.5T protocol: TR 4,000 ms, TE 89 ms, field of 
view 180 × 180 mm, matrix size 256 × 256; 3.0T protocol: TR 2,400 ms, TE 68 ms, field 
of view 230 × 230 mm, matrix size 256 × 256).

The lesion size was approximated by manually delineating the stroke volume on the 
apparent diffusion coefficient map derived from the DWI. This volume was expressed 
as a percentage of hemispheric volume, as delineated on the DWI, which included the 
affected hemisphere above the superior cerebral peduncle and excluded the 
cerebellum.

Follow up
Neurodevelopmental outcome was evaluated at regular intervals after the discharge 
of the patient as part of our follow-up program. Neurodevelopment was assessed 
using the Griffiths’ mental development scale at the ages of 3, 9, and 18 months.13 
Postural and motor control were assessed by a pediatric physiotherapist who was 
unaware of the clinical history and imaging findings.

Data analyses
SPSS version 15.0 (SPSS, Chicago, IL) was used for the data analyses. The relationship 
between the asymmetry of carotid blood flow measured during early MRI and (i) the 
postnatal age at MRI and (ii) lesion size were analyzed using the Pearson correlation 
coefficient. The one-sample t-test or the one-sample Wilcoxon signed-rank test was 
used to determine whether the asymmetry was significantly different from zero. For 
all tests a value of p < 0.05 was considered statistically significant. Whenever 
possible, a 95% confidence interval (CI) was calculated.

Results

Table 1 shows the patient characteristics specified for each type of infarction. 
Ischemia was seen in the territory of the main branch of the middle cerebral artery 
(MCA), other MCA branches (four in the posterior trunk of the MCA, two in the 
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Involved cerebral artery

 MCA MCA branch PCA Unilateral WS

Gender (m/f) 3/1 7/7 4/0 3/0

Age at 1st MRI (d) 4.8 [0.8-5.5] 4.5 [1.7-10.1] 4.5 [4.5-5.1] 4.7 [4.6-6.2]

Age at 2nd MRI (d) 93 [90-112] 95 [89-110] 92 [89-97] 107 [99-114]

Griffiths’ DQ 98 [89-112] 105 [90-115] 98 [89-100] 108 [102-113]

Table 1

Clinical characteristics of the studied infants, 

depicted as median and [range]. DQ: developmental 

quotient; MCA: middle cerebral artery; PCA: 

posterior cerebral artery; WS watershed infarctions. 

lenticulostriate branches, and eight in the cortical branches), the PCA, and unilateral 
watershed areas. Patients with ischemia of one of the smaller MCA branches formed 
the largest subgroup (n = 14, 56%).

Follow-up data beyond 12 months was available for 20 patients (80%), none of whom 
were found to have a Griffiths score <85. Three of the infants had hemiplegia when 
examined at later follow-up.

Reference values of blood flow asymmetry
Analysis of the CoWs of 72 preterm infants scanned at term-equivalent age revealed a 
dominant A1 segment in 25 of the infants. In the posterior circulation, a unilateral or 
bilateral fetal PCA was observed in 42 of the infants. Nineteen infants showed no 
variant in the anterior or posterior circulation (adult type).

Infants with a dominant A1 segment had an increased ipsilateral blood flow, resulting 
in a mean asymmetry index of 11.8% (p = <0.001, SD 10.9%, range –14.3 to 35.2%). No 
increase in asymmetry was observed in the group of infants with either an adult CoW or 
a fetal type PCA (mean asymmetry index –3.4%, SD 11.1%, range –28.9 to 25.3%).
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Carotid blood flow and relationship with CoW
In 22 of the 25 infants in whom early scanning was carried out 3D TOF MRA images 
were obtained. Of these 22 infants, 10 (45.5%) had an adult-type CoW, 6 (27.3%) had 
a fetal type (3 ipsilateral to the stroke and 3 contralateral to the stroke), 5 infants 
(22.7%) showed hypoplasia of the A1 segment (3 ipsilateral to the stroke and 2 
contralateral to the stroke), and 1 infant (4.5%) had a fetal type in combination with 
A1 hypoplasia, both being ipsilateral to the stroke.

In 11 of the infants a second 3D-TOF was acquired at 3 months. Two of these infants 
showed a change in anatomical configuration of the CoW on the TOF MRA images, 
with ipsilateral hypoplastic A1 segments on the early MRI and no ipsilateral 
hypoplasia on the late MRI. In one infant an ipsilateral fetal type configuration seen 
on the early MRI was not present on the late MRI.

An increase in ipsilateral carotid blood flow was observed on the early scan (mean 
asymmetry index 7.7%, 95% CI 1.5–13.8%, p = 0.02). This is illustrated in Figure 3A, 
in which the asymmetry of the carotid blood flow is plotted against the postnatal age 
on the early MRI, categorized by type of CoW. An analysis of the different CoW 

Figure 3

The asymmetry of carotid blood flow 

as observed at the early MRI depicted 

for the different circle of Willis (CoW) 

configurations. An increase in 

ipsilateral blood flow expressed by the 

asymmetry index, can be observed (A). 

This increase can still be observed 

after correcting for the type of CoW 

(B). The dashed lines at Z = –1.96 and Z 

= 1.96 correspond with 95% of the 

observed asymmetries in the control 

group, after correcting for the type of 

CoW. Adult type (∫); ipsilateral fetal 

type (▲); contralateral fetal type ( ); 

hypoplasia ipsilateral A1 (■); 

hypoplasia contralateral A1 (∞ ); 

hypoplasia ipsilateral A1 and fetal  

type (▼); unknown (*).
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subgroups showed that only infants with an adult CoW on the early MRI (n = 10) 
showed a significant asymmetry of carotid blood flow (mean 10.7%, P = 0.01, 95% CI 
4.8–16.5%).

For the 22 infants with a known CoW on the early MRI, the asymmetry indexes 
(converted to a Z value) are depicted in Figure 3B. Again, an increase in asymmetry 
was observed, depicted by a mean Z value of 1.05 (p = 0.001, 95% CI 0.50– 1.61). 
Subanalysis of the different types of CoW configurations showed an increased Z value 
not only in the adult CoW group (mean Z value 1.15, p = 0.001, 95% CI 0.66–1.64) but 
also in the A1 hypoplasia group (mean Z value 1.51, p = 0.02, 95% CI 0.37–2.66).

Carotid blood flow and time elapsed after the infarction
No significant correlation was found between the age at which the early scan was 
carried out and the asymmetry in carotid blood flow. In total 17 infants were scanned 
again at 3 months of age. The mean asymmetry of carotid flow in this subgroup 
decreased from 8.5% on the early MRI to –1.0% on the late MRI (p = 0.03). The 
asymmetry of blood flow at 3 months was no longer significantly different from zero 
(–1.0%, 95% CI –4.3 to 2.3%).

Figure 4

The course of asymmetry in blood flow 

in the internal carotid arteries over 

time. Each line connects the 

asymmetry at the early MRI with the 

data on the late MRI for each 

individual patient for each affected 

artery. The asymmetry that can be 

observed on early MRI can no longer 

be observed on late MRI. The broken 

lines at Z = –1.96 and Z = 1.96 

correspond with 95% of the observed 

asymmetries in the control group, 

after correcting for the type of circle 

of Willis. Middle cerebral artery ( ), 

posterior cerebral artery (+) and 

unilateral watershed infarctions (*).
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Conversion of the asymmetry index to a Z value for the 11 infants whose CoW 
configurations were known at 3 months of age also resulted in no significant 
difference in carotid blood flow (Figure 4, mean Z value 0.07, 95% CI –0.5 to 0.7). 
However, an analysis of the Z values on the early MRI for these 11 infants still showed 
a significant asymmetry (mean Z value 1.18, p = 0.02, 95% CI 0.41–2.0).

Carotid blood flow and type and size of lesion
The carotid blood flow was significantly higher on the affected side in the MCA 
subgroup (both main and smaller branches, mean asymmetry index 8.7% (p = 0.02, 
95% CI 1.7–15.6%, Figure 5)) but not in the PCA and unilateral watershed subgroups. 
On the late MRI no significant asymmetry was found in any of the subtypes of lesions.

The mean stroke volume was found to be 21.0ml (range 0.09–112 ml). The mean 
lesion size, expressed as the percentage of the affected hemisphere that was 
ischemic, was 11.2% (range 0.06–62.1%). No correlation was found between the 
lesion size and the asymmetry index or Z value.

Figure 5

The asymmetry of carotid blood flow 

as observed at the early MRI, depicted 

for the different arterial branches 

involved. Asymmetry of carotid blood 

flow (A) and asymmetry expressed as a 

Z value after correcting for the type of 

circle of Willis (B) vs. age at scan, 

depicted for the different strokes 

observed.  Main branch middle 

cerebral artery (MCA) ( ); posterior 

MCA branch ( ); lenticulostriate MCA 

branch (∞ ); cortical MCA branch ( ); 

PCA (+); unilateral watershed 

infarctions (*). The broken lines at Z = 

–1.96 and Z = 1.96 correspond with 

95% of the observed asymmetries in 

the control group, after correcting for 

the type of CoW. 
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Discussion

In this study with infants who suffered unilateral PAIS, the blood flow in the ICA 
ipsilateral to ischemic brain tissue was significantly higher than in the contralateral ICA 
in the first 10 days of life. This suggests rapid restoration of blood flow in the distal 
cerebral artery and subsequent hyperperfusion of its territory. Subsequently we 
demonstrated that this asymmetry no longer persists three months after the insult.

Carotid blood flow and time after the infarction
Postischemic hyperperfusion is a phenomenon that is frequently observed in adults 
and in animal models; it is also known as “luxury perfusion” or “reactive hyperemia” 
when the blood flow exceeds the metabolic needs of the brain.14-16 The underlying 
mechanism is a rapid increase in anaerobic metabolism after hypoxia–ischemia. The 
resulting byproducts, including lactate and adenosine, can induce vasodilation 
through relaxation of the vascular smooth muscle, thereby decreasing the vascular 
resistance. In addition to the effects of vasoactive metabolites, other mechanisms, 
including neurogenic vasodilation, have been proposed.17

Previous studies in infants focused mainly on changes in CBF velocity (CBFV) 
measured using Doppler ultrasonography in infants with neonatal encephalopathy 
(NE).18-20 Higher mean CBFV values have been found during the first days after 
asphyxia in infants with severe NE as compared with a control group of infants with 
mild to moderate NE and healthy infants, the maximum values of CBFV being seen at 
36–72h after birth.19, 20 More recently, using perfusion-weighted imaging, 
Wintermark et al. reported observing initial hypoperfusion followed by 
hyperperfusion on days 2 and 3 in infants who develop brain injury after NE.21 In 
contrast, no subsequent hyperperfusion was observed in those infants who did not go 
on to develop brain injury. Changes in CBFV after PAIS have also been reported in 
several smaller studies using Doppler ultrasound or xenon clearance.22-27 Both 
increases and decreases in ipsilateral CBFV have been reported. Perlman et al. 
reported that a transient decrease in ipsilateral CBFV was seen in four of eight infants 
studied, and that this disappeared within 24 h after the initial investigation, thereby 
suggesting that the timing of the investigation plays an important role.27

On the basis of clinical and MRI findings, it is likely that PAIS occurs within a very 
limited time frame around the time of birth.28, 29 In our cohort, the cause of the PAIS 
often remained unknown. None of the patients had carotid or cardiac abnormalities 
as ascertained by ultrasonography, nor was there any abnormal anatomy of blood 
vessels seen on MRA. In animal models of stroke, hyperperfusion has been observed 
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but is not constant during the first few days after ischemia.30, 31 In our clinical study, 
only a single measurement was performed during the first week. This precluded the 
opportunity to observe any changes in (hyper)perfusion. Serial measurements would 
allow for such observations to be recorded and might be of value for predicting tissue 
viability, given that both hyper- and hypoperfusion have been associated with 
infarction.31, 32 Knowledge regarding the relationship between perfusion and (tissue 
viability) outcome may therefore open up potential new approaches to 
neuroprotection.

Carotid blood flow and type and size of lesion
No relationship was found between blood flow asymmetry and the size of the lesion. 
However, infants with a stroke in the MCA or one of its branches tended to have a 
higher ipsilateral carotid blood flow and a reduction in asymmetry 3 months later. 
This was not found in the other two subgroups. For the PCA strokes the absence of an 
asymmetry of carotid blood flow might be explained by the fact that the vertebral 
arteries and subsequently the BA, rather than the ICAs, supply the posterior regions 
of the brain.

Carotid blood flow and relationship with CoW
It has been shown that carotid blood flow is influenced by the type of CoW. Tanaka et 
al. reported that relative contributions of the ICAs and the BA to carotid flow 
correlate significantly with the variations in the anatomy of the CoW in healthy 
adults.3 Van Kooij et al. have reported that this is also true for preterm infants 
examined at term-equivalent ages.5

The respective ratios of estimated distribution of blood flow to the ICAs and the BA 
are 40:40:20, 30:50:20, and 50:40:10 in the adult type, A1 hypoplasia type, and P1 
hypoplasia (or fetal) type, respectively.3 Van Kooij et al. found that there was no 
asymmetry in blood flow in the ICAs of infants with an adult or fetal type anatomy of 
the CoW, and that there was a decrease in flow in the ICA ipsilateral to a hypoplastic 
or absent A1 segment as compared with the flow in the contralateral ICA.5

In our study we took the different types of CoW into account while interpreting the 
asymmetries in carotid blood flow. This was of special importance with respect to the 
infants with a hypoplastic A1 segment. Any increase in ipsilateral blood flow may be 
obscured in the presence of an ipsilateral hypoplastic A1 segment, whereas a 
contralateral A1 hypoplasia is likely to result in an increased ipsilateral blood flow, 
which does not necessarily reflect an increase in blood flow because of the stroke. 
The absence in some cases of any increase in flow, as determined with the asymmetry 
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index, and the presence of increased flow after converting the indexes to Z values, 
underlines the importance of this correction.

Early hyperperfusion has been reported to be both beneficial (by reducing the infarct 
extension and minimizing neuronal damage in the penumbra) as well as harmful (by 
aggravating edema, inducing secondary hemorrhages, producing damage, causing 
free radicals and cytokines, and inducing influx and activation of inflammatory 
cells33-35). In adults, a better understanding of the interruption in CBF after ischemic 
stroke led to the use of tissue plasminogen activator; to date this is the only available 
therapy for the acute phase.36 No therapies are available for neonates with PAIS, but a 
better understanding of the role of perfusion after the insult might lead to new 
insights and targets for therapeutic intervention such as the administration of oxygen 
free radical scavengers.10 The usage of perfusion-weighted imaging combined with 
DWI might help to identify regions of hyperperfusion and salvageable penumbra.

Currently, no reference data for blood flow in the ICAs of healthy, full-term neonates 
have been published. Only two studies have reported PC-MRA-measured CBF values 
in neonates; however, neither of these studies was carried out in healthy, full-term 
infants.5, 7 Furthermore, these studies did not report the blood flow in relation to 
total brain volume. In the Netherlands, ethical considerations preclude MRI 
examination of healthy neonates, thereby limiting the available reference data to 
those relating to preterm infants. The availability of reference values in healthy, full-
term infants, adjusted for total brain volume, would allow a more reliable 
quantification of changes in carotid blood flow.

The majority of the infants in our study had either clinical or subclinical seizures, and 
therefore received phenobarbital. In animal models, phenobarbital has been shown 
to reduce CBF, whereas studies in neonates have shown little to no effect of this drug 
on CBF.37, 38 It is unlikely that phenobarbital could have affected the symmetry of CBF 
in our study patients. However, the presence of phenobarbital and other sedatives or 
anticonvulsants could limit comparisons of the flow values with those in healthy 
controls.

A limitation of this study is the relatively small number of infants studied. Asymmetry 
of CBF probably depends on multiple factors; apart from the type of CoW, the extent 
of ischemia and the presence and timing of recanalization may play roles. Despite this 
multifactorial dependency, we were able to show an increased ipsilateral blood flow 
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during the acute phase. Larger studies will be needed to disentangle the roles of 
these different factors.

Another limitation was that it was not possible to record longitudinal measurements 
during the first week after the stroke. Little is known about the changes in carotid 
blood flow within individual infants during the first hours and days after birth. The 
intensive care setting in which these infants were placed precluded repetitive 
measurements during the first week. In the future, the use of dedicated MR 
incubators may facilitate early repeat MRIs. Finally, patients were scanned on either a 
1.5T system or a 3T system. However, given that we used asymmetry indexes rather 
than absolute values for making comparisons, the difference in scanners is unlikely to 
have influenced our results.

Conclusion

In infants with unilateral PAIS, blood flow in the ipsilateral ICA was significantly 
higher than in the contralateral ICA between days 2 and 10. This finding was 
independent of the CoW configuration. On the MRI carried out after 3 months, the 
asymmetry in carotid blood flow had disappeared. The importance of this higher 
ipsilateral blood flow in promoting recovery from stroke or, by contrast, in causing 
additional injury by releasing oxygen free radicals, remains to be established.
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Abstract

Residual injury following perinatal arterial ischemic stroke in the middle cerebral 

artery territory (MCA) usually involves the loss of cortical grey matter and 

subcortical white matter. In this paper we describe a different pattern of residual 

injury following MCA stroke in preterm born infants, in which the cortex was 

spared. MRI scans of 32 infants (11 preterm, 21 full-term infants) with a MCA 

stroke were reviewed. In three preterm infants, complete sparing of the cortex 

was observed with cavitation of the underlying white matter. Partial sparing was 

observed in three preterm born infants and one term born infant. No sparing was 

observed in the remaining infants. Outcome did not vary between the different 

types of cortical injury, although epilepsy was more frequently observed in 

infants with complete sparing. Maturational changes of the leptomeningeal 

arteries may explain the observed difference, though further research, using 

novel MRI techniques, is required to confirm this. 

Introduction 

Perinatal arterial ischemic stroke (PAIS) has an estimated incidence of 1 in 2300 
births.1 It is commonly seen in full-term infants, and the increased availability of 
neuroimaging techniques, including magnetic resonance imaging (MRI), has led to an 
improved diagnosis of PAIS in preterm infants.2 

We have recently observed a different pattern of injury following middle cerebral 
artery (MCA) stroke in preterm born infants. Follow-up MRI scans obtained beyond 
the acute phase showed relative sparing of the cortex, with cystic evolution of the 
underlying white matter. The aim of the current study was to investigate whether this 
pattern of injury was indeed specific for preterm born infants and to relate it to 
neurodevelopmental outcome. 

Patients and Methods

Infants born between January 1990 and June 2012 who were admitted to the 
neonatal intensive care unit of the Wilhelmina Children’s Hospital and diagnosed 
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Chapter 5 — Cortical sparing in preterm ischemic arterial stroke 89

with anterior, posterior or main branch MCA PAIS using MRI (n =38) were included. 
Children with cortical MCA strokes were not included, as these strokes tend to be 
smaller, thereby hindering differentiation between sparing and loss of the cortex.

Magnetic resonance imaging
In term born infants included in the present study, an MRI scan was performed in the 
first week after birth. A second scan performed at the age of three months, was used 
to evaluate residual damage. In preterm born infants an MRI scan was performed at 
term equivalent age. In one infant, stroke was diagnosed with cranial ultrasound 
during the neonatal period, and an MRI was performed at the age of 20 months.
MRI was acquired on a 1.5T or 3.0T Philips MR system. Due to the long period during 
which children were included, the MRI protocol was not consistent over time. All 
protocols did, however, include sagittal T1-weighted imaging, axial T2-weighted 
imaging and axial T1 inversion recovery or a 3DT1 sequence. In 1995, diffusion 
weighted imaging (DWI) was added to the MRI protocol and performed in all infants 
suspected of PAIS. 
MRI scans performed at three months (term born infants) or at term equivalent age 
(preterm born infants) were reviewed and scored for integrity of the cortex in the 
former stroke area. The cortex was scored as completely spared if the cortex in the 
former stroke area was still intact, with cavitation of the underlying white matter. If 
the area of white matter loss was only partially surrounded by cortex, it was scored as 
partially spared. Finally, if no cortex surrounded the area of white matter loss, it was 
defined as absent. 

Neurodevelopmental outcome
Neurodevelopmental outcome, as determined at the neonatal follow-up program, 
was collected from the infants’ charts. This included the Griffiths Mental 
Development scales, which were administered between the age of 18 and 36 months. 
In children of 18 months and older, presence of unilateral spastic cerebral palsy 
(USCP) was recorded, as well as development of postneonatal epilepsy. 

Results

During the 22-year period, 129 infants were diagnosed with PAIS. In 38 infants, this 
involved the anterior, posterior or main MCA branch. 

Full-term infants
Twenty-four full-term infants were diagnosed with a MCA stroke. A second MRI at 
three months was performed in 21 infants as two infants died before the age of three 
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months and no parental consent for MRI was given in the case of one infant. Review of 
the neonatal scans of these 21 infants showed a main branch MCA stroke in 16 
infants, an anterior MCA branch stroke in two infants and a posterior MCA branch 
stroke in three infants. The MRI scan obtained at three months showed partial sparing 
in one child born at 371/7 weeks. In all other infants the cortex was absent in the 
former stroke area (Figure 1A).
 
Preterm infants
Fourteen infants were born preterm, three of whom died before they reached term 
equivalent age. The 11 remaining infants were born at a median gestational age of 34 
weeks (range 28 – 353/7) and MRI showed a main branch MCA stroke in 10 infants and 
an anterior MCA branch stroke in one infant. Complete cortical sparing was observed 
in three infants (Figure 1C and D) and partial sparing was observed in three other 
infants (Figure 1B). In the five remaining infants, the cortex was completely absent in 
the former stroke area. Figure 2 shows the distribution of the different types for the 
gestational ages.

Neurodevelopmental outcome
The neurodevelopmental outcome of 29 children who reached the age of 18 months is 

Figure 1

The different patterns of cortical spar-

ing observed. The apparent diffusion 

coefficient (ADC) map in a term born 

infant (A) shows cortical and subcortical 

involvement with a completely absent 

cortex at three months. The ADC map of 

an infant born at 353/7 weeks (B) shows 

a combined middle and posterior cere-

bral artery stroke. Involvement of both 

the cortex and white matter can be 

observed in the occipital and parietal 

regions (thick arrows), the cortex ap-

pears to be spared in the frontal lobe 

(thin arrows). This pattern of partial 

sparing was also seen at three months, 

with cortical sparing of only some parts 

of the frontal cortex. Complete sparing 

was seen in two infants, born at 32 (C) 

and 28 (D) weeks and scanned at the 

age of 3 and 18 months respectively. 
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shown in Table 1. The Griffiths’ developmental quotient (DQ) did not differ between 
children with complete, partial and no cortical sparing. Most children developed 
USCP (n=15, 86%). Postneonatal epilepsy was more often diagnosed in children with 
complete sparing, when compared to children without cortical sparing (100% vs 29%, 
Cramer’s V=0.55, p=0.02).

Discussion

In the current study we have shown different patterns of residual injury following 
MCA stroke, which seems to depend on gestational age. Complete cortical sparing 
was only observed in infants born at a gestational age of 32 weeks or less, while most 
infants with partial sparing were born before a gestational age of 37 weeks. 

The change in injury pattern might occur with a concomitant change of the 
developing leptomeningeal arteries. By the end of the first trimester, the anterior, 
middle and posterior cerebral arteries and their branches gives rise to a complex of 
arteries that fan out into one large network of leptomeningeal arteries.3 Branches 
arising from the MCA uninterruptedly continue into branches of the posterior and 
anterior cerebral artery. This network persists until 30-32 weeks of gestation, when a 

Figure 2

Distribution of the different types of 

patterns observed for the different 

gestational ages. Complete sparing 

(white) was only seen in infants born 

before 33 weeks of gestation. Partial 

sparing (grey) was observed between 

33 and 37 weeks, while infants born 

after 37 weeks showed no sparing 

(black).
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Complete sparing (n=3) Partial sparing (n=4) No sparing (n=25) p

Gestational age (w) 30+5 [28-32] 33+5 [33+3-37+1] 39+2 [34-41+6]

Gender (m/f) 1/2 1/3 18/7 n.s.

Side (l/r) 2/1 4/0 14/11 n.s.

Follow-up > 18 months 3 (100) 4 (100) 22 (88)

   Griffiths’ DQ  99 [66-114] 85 [52-98] 89 [55-106] n.s.

   USCP 3 (100) 3 (75) 19 (86) n.s.

   Epilepsy 3 (100) 1 (25)   5 (20) 0.02

Table 1

Clinical characteristics and neurodevelopmental 

outcome, depicted as median and [range] or as 

(percentage) of the 32 infants in whom MRI was 

performed at term equivalent age (preterm born 

infants) or at the age of three months (term born 

infants). Neurodevelopmental outcome, reported 

from the age of 18 months onwards, was available  

in 29 children.DQ; developmental quotient, USCP; 

unilateral spastic cerebral palsy, n.s; not significant

Part I — neonatal neuroimaging in perinatal arterial ischemic stroke92

regression of the arterial system occurs, which gradually increases until after birth. 
This regression involves the interruption and constriction of the initially 
uninterrupted arterial loops, resulting in the formation of smaller anastomoses. As 
such, more or less circumscribed irrigation areas are formed for each of the three 
cerebral arteries, with watershed areas in between these areas. 

This change may explain the change in patterns observed. Until 30-32 weeks, 
following occlusion of the MCA, the large network of arterial connections between 
the three areas may provide sufficient blood to perfuse the cortex, normally provided 
via the leptomeningeal arteries of the MCA. In older infants, the formation of three 
separate territories will prevent the retrograde filling and will subsequently also 
result in ischemia of the cortex.

Despite sparing of the cortex, neurodevelopmental outcome was not better in these 
infants. In contrast, although the number of studied infants was small, our data 
suggests that complete cortical sparing may be associated with an increased risk of 
postneonatal epilepsy, possibly due to the dysplastic cortex, although larger studies 
will be needed to confirm this finding.
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DWI was only acquired in one child with partial sparing and in none of the children with 
complete sparing. The single DWI obtained showed no diffusion restriction in some parts 
of the cortex in the MCA territory, supporting our hypothesis (Figure 1B). More recently 
developed MR sequences, including perfusion weighted imaging, were not acquired in 
these infants, but might provide further insight in the pathophysiological mechanism.4 

The cortical sparing following PAIS should be differentiated from cystic leukomalacia, 
especially from subcortical leukomalacia, which also involves the white matter with sparing 
of the cortex.5 Leukomalacia tends to be bilateral, however, and serial cranial ultrasound 
can be used to examine the temporal evolution and differentiate between the two.
 
Conclusion

Different patterns of residual damage following MCA stroke in newborns can be 
observed, depending on gestational age at which they arise. Embryologic changes of 
leptomeningeal arteries may explain this phenomenon, which might be confirmed by 
future imaging studies including diffusion and perfusion weighted imaging and high 
resolution magnetic resonance angiography.  
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Abstract

Introduction
Perinatal stroke is most often observed in the territory of the middle cerebral 
artery, while stroke in the territory of the posterior cerebral artery (PCA) is rarely 
reported. The aim of this study was to report the clinical presentation, magnetic 
resonance imaging (MRI) findings and follow-up data of newborn infants with 
perinatal arterial ischemic stroke in the territory of the PCA.

Methods
Data on 18 newborn infants (11 males 7 females) with an MRI-confirmed PCA 
stroke was analysed and reported. Infants were born at a mean gestational age of 
38.7 weeks (SD 3.4) with a mean birth weight of 3244g (SD 850).

Results 
Fourteen infants presented with clinical seizures. Five of these had associated 
hypoxic–ischemic encephalopathy, four had hypoglycaemia, and five had neither 
hypoxic–ischemic encephalopathy nor hypoglycaemia. Subclinical seizures were 
present in one with hypoxic–ischemic encephalopathy and one with meningitis. 
One preterm infant presented with apnoeas and one infant had hypoxic–ischemic 
encephalopathy without seizures. Neurodevelopmental follow-up of 17 children at 
a median age of 36 months (range 12–120 mo) showed five with a global delay. 
Two children with additional injury developed postneonatal epilepsy and one child 
with extensive injury developed hemiplegia. A visual field defect was observed in 
nine children. In the 11 children with a second MRI at 3 months, the asymmetry of 
the optic radiation correlated with the development of a visual field deficit.

Conclusion
Outcome following PCA stroke is fairly good, depending on additional brain injury. 
Follow-up is required, as subsequent visual field defects are frequently observed. 
Further research will be needed to clarify the role of hypoglycaemia in perinatal 
arterial ischemic stroke.
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Introduction

The neonatal period is the most common time for arterial ischemic stroke in 
childhood, with an incidence of 1:2300 to 1:4000 in term infants and an even higher 
incidence in preterm infants.1 It is most often diagnosed in the territory of the middle 
cerebral artery (MCA), which accounts for approximately 80% of all perinatal arterial 
ischemic strokes (PAIS).2 Clinical presentation often includes focal seizures or 
neonatal encephalopathy, initiating the diagnostic process. Depending on the size 
and site, an MCA stroke often results in motor deficit, cognitive delay, and post-
neonatal epilepsy.1 The incidence of PAIS in the territory of the posterior cerebral 
artery (PCA) is reported to occur in only 8 to 16% of all cases of PAIS.2 Although the 
aetiology, clinical presentation, and outcome of MCA stroke have been well 
described, data on PCA stroke is scarce.3

The aim of the current study was to investigate infants with PAIS in the PCA territory 
and describe neuroimaging findings. Furthermore, we wanted to report the clinical 
presentation and follow-up data, including visual field defects.

Methods

Patient selection
The study consisted of 18 infants with a magnetic resonance imaging (MRI)-confirmed 
stroke in the PCA territory. Infants were born between January 2000 and January 
2012 and admitted to the neonatal intensive care unit of the Wilhelmina Children’s 
Hospital in Utrecht (n=13), the Sophia Children’s Hospital in Rotterdam (n=3), or the 
Isala Clinics in Zwolle, (n=2), which all function as regional neonatal intensive care 
units in the Netherlands. The ethics committee of the University Medical Centre 
Utrecht waived the requirement to obtain informed consent for this retrospective 
study.

Clinical data
Hospital charts of all infants were reviewed for clinical information, including 
gestational ages, mode of delivery, birth weight, Apgar score at 1 and 5 minutes, and 
clinical presentation. Presence of hypoglycaemia was defined as a blood glucose 
value of not more than 2 mmol/l. Perinatal asphyxia was recorded as described 
previously.4

After the diagnosis of PAIS, most infants were tested for prothrombotic factors, which 
included DNA mutations of prothrombin, factor V Leiden, and MTHFR C677T and 
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A1298C as well as serum levels of lipoprotein(a), anti-β2-glycoprotein I, anti-
cardiolipine, lupus anticoagulans, homocysteine, and serum activity levels of protein C.

Neuroimaging
In all centres, cranial ultrasound was conducted on admission and repeated 
throughout the first week. The anterior fontanelle was used as an acoustic window in 
all infants. If the posterior fontanelle, which allows better visualization of the 
occipital white matter and cortex, was also used, the cranial ultrasound images were 
reviewed for signs of PCA stroke.

In all infants, MRI was performed in the neonatal period, most often in the first week 
after birth. In Utrecht and Zwolle, MRI examinations were performed on a 1.5T ACS-
NT system or a 3.0T whole-body Achieva system (Philips Medical Systems, Best, the 
Netherlands). In Rotterdam, a GE 1.5T scanning system (Milwaukee, WI, USA) was 
used. Although the protocols were updated during the 12-year period during which 
the included children were born, in all centres the protocol included sagittal T1-
weighted images, axial T2-weighted images, and axial T1-weighted or inversion 
recovery images, and often axial diffusion-weighted images and magnetic resonance 
angiography, as previously described.5-7

Infants with watershed infarction in the posterior watershed areas, combined MCA 
and PCA infarctions, (bilateral) less well circumscribed occipital lesions as seen after 
hypoglycaemia, isolated small cortical infarction, isolated thalamic infarction, 
isolated infarction in the splenium of the corpus callosum or in the posterior limb of 
the internal capsule were not included.8

Classification of the PCA strokes was based on adult templates, in which a distinction 
was made between (1) the proximal or deep PCA territory, including the paramedian 
mesencephalon and the medial and posterolateral thalamus, and (2) the distal or 
cortical PCA territory, including the occipital, temporoparietal lobes, and the 
hippocampus.9, 10 As isolated proximal strokes were not included, all infants had a 
cortical PCA stroke. However, involvement of the proximal territory was noted in 
some infants and documented separately. The cortical strokes were categorized as 
complete, involving the complete striate and extrastriate occipital cortex, or partial, 
in which only one or more cortical branches were involved. Diffusion-weighted 
imaging (DWI) scans were visually assessed for restricted diffusion in the corpus 
callosum, optic radiation and pulvinar.
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In Utrecht, most infants had a repeat MRI at three months of age, to assess the 
evolution of the PCA stroke. In these infants, the optic radiations on the T1 or 
inversion recovery images were assessed by two experienced neonatologists (LSdV 
and FG) and scored as symmetrical, mildly asymmetrical, or severely asymmetrical. 
These scores were compared with the results of the visual field examination, which 
were performed at a later age.

Follow-up
All children were seen at regular intervals at the hospitals’ neonatal follow-up clinics. 
In the Wilhelmina Children’s Hospital, children were seen at 3, 9, and 18 months and 
more often when felt necessary. Gross motor development was assessed with items 
from Amiel-Tison11 and Touwen.12 The Griffiths’ developmental scale was used to 
assess the developmental quotient at 18 to 24 months.13 In the other two centres, the 
neurodevelopmental outcome was assessed by use of the Bayley Scales of Infant and 
Toddler Development-III in Zwolle14, and the Bayley Scales of Infant Development-II 
in Rotterdam15, at the ages of 12 and 24 months.

Visual field tests were performed on most children by an ophthalmologist as part of a 
routine follow-up. Depending on the age and participation of the child, children in 
Utrecht were tested with the behavioural visual field test (BEFIE test) from 
three months onwards.16 At older ages and at the other two centres, children were 
tested with conventional static (Peritest) or kinetic (Goldman) visual field tests. The 
presence of cerebral visual impairment was defined as a visual function deficit caused 
by damage to the retrogeniculate visual pathways in the absence of any major ocular 
disease.

Results

Patients
Eighteen newborn infants (11 males 7 females; mean gestational age 38.7 weeks, SD 
3.4; mean birth weight of 3244g, SD 850)) with an MRI-confirmed PCA stroke were 
included in the study (Table 1). Seven infants suffered perinatal asphyxia, resulting in 
clinical seizures in five and subclinical seizures, as detected by amplitude-integrated 
electroencephalography (aEEG), in one. In three of these seven infants, 
hypoglycaemia was observed. Most infants were born before development of 
therapeutic hypothermia. One infant with perinatal asphyxia was cooled for 72 hours. 
Nine infants presented with seizures, without perinatal asphyxia. In four of these 
infants, this was associated with hypoglycaemia. The two remaining infants did not 
show any clinical seizures. One infant developed a group B Streptococcus sepsis and 

Proefschrift 66 Niek vanderAe.indd   99 02-08-13   12:48



Part I — neonatal neuroimaging in perinatal arterial ischemic stroke100

subsequent meningitis, with subclinical seizures on the amplitude-integrated EEG. 
The only preterm infant displayed persisting apnoeas and was found to have 
meningitis caused by a coagulase-negative Staphylococcus. Single-channel 
amplitude-integrated EEG did not reveal any ictal discharges in this infant.

Fifteen infants were tested for prothrombotic factors. MTHFR mutations were most 
frequently observed, with a homozygous or compound heterozygous mutation in 
three infants. A factor V Leiden mutation was found in one infant.

Patient Sex GA (wk) Delivery Apgar 1’ &  5’ Perinatal asphyxia Seizures Hypoglycaemia Prothrombotic factors Other

1 M 39 eCS 0/5 Yes No No Heterozygous MTHFR mutationsa,b

2 M 41+5 eCS 3/8 Yes Subclinical on 
aEEG day 2

No Heterozygous MTHFR mutationsa,b CONS sepsis

3 M 40+2 VE 5/8 Yes Day 1 No Normal

4 M Term SVD 3/4 Yes Day 1 No Normal Inferior vena cava thrombosis

5 M 41+3 eCS 3/7 Yes Day 1 1.7 mmol/l Heterozygous MTHFR mutationa

6 F 41+5 CS 1/6 Yes Day 1 1.3 mmol/l Prolonged APTT Alloimmune thrombocytopenia

7 F 41 eCS 4/7 Yes Day 2 2.0 mmol/l n.a.

8 M 40 SVD Good No Day 2 <1 mmol/l Normal Feeding problems

9 M 39+3 SVD 8/10 No Day 4 <1 mmol/l n.a. Feeding problems, SGA

10 M Term SVD 9/10 No Day 1 1.9 mmol/l Normal

11 F 39+1 ECS 9/9 No Day 1 1.1 mmol/l n.a. CHARGE syndrome

12 F 40+3 eCS 5/8 No Day 1 No Factor V Leiden and heterozygous 
MTHFR mutationa

13 F 39+6 VE 6/9 No Day 2 No Heterozygous MTHFR mutationb

14 F 38 SVD Good No Day 6 No Homozygous MTHFR mutationb

15 M 37+2 SVD 9/10 No Day 25 No Normal α1-Antitrypsin deficiency 

16 M 38 eCS 5/7 No Day 1 No Normal Inferior vena cava and brachiocephalic 
artery thrombosis

17 M 41+5 SVD Good No Subclinical on 
aEEG day 3

No Heterozygous MTHFR mutationa GBS sepsis and meningitis

18 F 29+3 SVD 7/8 No No No Normal Persisting apnoeas, CONS meningitis

Table 1

Clinical characteristics of the included patients

GA, gestational age; M, male; eCS, emergency 

caesarean section; MTHFR, 

methylenetetrahydrofolate reductase mutations, 

including the C677T (a) and A1298C (b) 

polymorphisms; aEEG, amplitude-integrated 

electroencephalography; CONS, coagulase negative 

39+6
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Neuroimaging findings
Cranial ultrasonography images could be retrieved in 11 infants, 6 of whom had been 
scanned through the posterior fontanelle. The PCA stroke could be visualized in all six 
infants (Figure 1). The ultrasound examination using the posterior fontanelle was first 
performed after the MRI in five infants. In most infants, the diagnosis of PCA stroke 
was made using MRI. Fifteen infants had an MRI during the first week after birth 
(Table 2). Three infants were examined beyond the first week; MRI showed signs of a 
recent PCA stroke in two infants and cystic development in one.

Patient Sex GA (wk) Delivery Apgar 1’ &  5’ Perinatal asphyxia Seizures Hypoglycaemia Prothrombotic factors Other

1 M 39 eCS 0/5 Yes No No Heterozygous MTHFR mutationsa,b

2 M 41+5 eCS 3/8 Yes Subclinical on 
aEEG day 2

No Heterozygous MTHFR mutationsa,b CONS sepsis

3 M 40+2 VE 5/8 Yes Day 1 No Normal

4 M Term SVD 3/4 Yes Day 1 No Normal Inferior vena cava thrombosis

5 M 41+3 eCS 3/7 Yes Day 1 1.7 mmol/l Heterozygous MTHFR mutationa

6 F 41+5 CS 1/6 Yes Day 1 1.3 mmol/l Prolonged APTT Alloimmune thrombocytopenia

7 F 41 eCS 4/7 Yes Day 2 2.0 mmol/l n.a.

8 M 40 SVD Good No Day 2 <1 mmol/l Normal Feeding problems

9 M 39+3 SVD 8/10 No Day 4 <1 mmol/l n.a. Feeding problems, SGA

10 M Term SVD 9/10 No Day 1 1.9 mmol/l Normal

11 F 39+1 ECS 9/9 No Day 1 1.1 mmol/l n.a. CHARGE syndrome

12 F 40+3 eCS 5/8 No Day 1 No Factor V Leiden and heterozygous 
MTHFR mutationa

13 F 39+6 VE 6/9 No Day 2 No Heterozygous MTHFR mutationb

14 F 38 SVD Good No Day 6 No Homozygous MTHFR mutationb

15 M 37+2 SVD 9/10 No Day 25 No Normal α1-Antitrypsin deficiency 

16 M 38 eCS 5/7 No Day 1 No Normal Inferior vena cava and brachiocephalic 
artery thrombosis

17 M 41+5 SVD Good No Subclinical on 
aEEG day 3

No Heterozygous MTHFR mutationa GBS sepsis and meningitis

18 F 29+3 SVD 7/8 No No No Normal Persisting apnoeas, CONS meningitis

Staphylococcus; VE, vacuum extraction; SVD, 

spontaneous vaginal delivery; F, female; APTT, 

activated partial thromboplastin time; n.a., some 

examinations were not available in all infants; SGA, 

small for gestational age; GBS, group B 

Streptococcus;. 
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Figure 2

MRI of two patients with a partial 

(upper row, patient 13) and complete 

posterior cerebral artery stroke (lower 

row, patient 5) as seen in the neonatal 

period (A,C, diffusion-weighted 

images) and at three months (B,D, T1 

inversion recovery). Involvement of 

the optic radiation and pulvinar can be 

observed in both infants, whereas 

involvement of the splenium of the 

corpus callosum and dorsolateral 

thalamus can only be observed in C.  

At three months, both patients 

showed focal cystic development and 

an asymmetrical myelination of the 

optic radiation, corresponding to the 

development of a hemianopia in both 

children.

Figure 1

Cranial ultrasound images, as acquired 

through the posterior fontanel, of two 

patients with a left-sided complete 

posterior cerebral artery (PCA) stroke 

(A) and a right-sided partial PCA stroke 

(B).
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A partial PCA stroke was most frequently observed (n=12; Figure 2), with left-sided 
predominance (n=10). In one infant, bilateral PCA stroke was observed. Involvement 
of the optic radiation or corpus callosum was seen in, respectively, 12 and 13 out of 
the 14 infants in whom DWI was performed. In five infants, additional lesions were 
seen outside the PCA territory.

Magnetic resonance angiography data was available for seven infants; these showed an 
occluded PCA in one infant and a giant aneurysm in another. In the remaining five 
infants, the PCA on the affected side was of similar diameter to the contralesional PCA.

Follow-up
Fifteen children were tested using the Griffiths’ developmental scales or Bayley 
scales (Table 2). Two children were not tested, but were reported by the paediatric 
neurologist to have an age-appropriate development at 14 and 36 months of age 
respectively. Five infants scored more than 1SD below the mean (<85). This included 
the only preterm infant, one child with perinatal asphyxia, one child with repetitive 
periods of severe hypoglycaemia, one infant with associated cerebellar ischemia, and 
one infant with a leaking giant aneurysm. This last infant also developed a 

Figure 3

Magnetic resonance imaging (MRI) of 

two patients with a haemorrhage in 

addition to their stroke. Upper row, 

MRI of patient 14 with a leaking giant 

aneurysm of the left posterior cerebral 

artery (PCA) with intraventricular 

blood bilaterally (A). Involvement of 

the optic radiation or thalamus could 

not be determined because of the 

image distortion due to the 

haemorrhage. At three months a large 

cyst was observed, with an 

asymmetrical optic radiation and 

posterior limb of the internal capsule, 

which resulted in a hemianopia and a 

hemiplegia (B). Lower row, MRI of 

patient 15, with an intracerebellar 

haemorrhage, and a contralateral 

partial PCA stroke (C), possibly 

because of the reduced space between 
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hemiplegia, as the aneurysm had resulted in asymmetrical myelination of the 
posterior limb of the internal capsule and a reduced ipsilateral thalamic volume 
(Figure 3).
Post-neonatal epilepsy occurred in two children, requiring treatment with 
antiepileptic medication. The neonatal MRI scans of these children showed a 
complete PCA stroke, with involvement of the posterolateral thalamus in one child 
and additional frontal watershed injury in another.

Neonatal magnetic resonance imaging findings Follow-up

Patient Age (d) Side Partial / complete Corpus callosum Optic radiation Thalamus Other Last seen Griffiths’ DQ Visual field Hemiplegia Epilepsy

1 5 L Partial + + - 5 y 99 Normal No No

2 13 R Partial n.s. n.s. n.s. Cystic development of right occipital pole, no 
signs of recent ischemia.

22 mo 82 Normal, CVI No No

3 4 R Partial + + Pulvinar 14mo Normal Normal No No

4 2 L Complete + + Pulvinar Small cortical stroke in right PCA territory, 
bilateral, lateral and medial superior 
cerebellar artery stroke.

22 mo 54b Hemianopia No No

5 3 L Complete + + Pulvinar, postero-
lateral thalamus

3.5 y 119 Hemianopia No Yes

6 5 R Partial + + Pulvinar 24 mo 107a Quadrantanopia No No

7 4 L Partial + + Pulvinar 24 mo 104 Normal, CVI No No

8 4 L Partial + + + 36 mo 100 Normal No No

9 7 L Partial + - - 36 mo 76 Normal, CVI No No

10 5 R Complete n.s. n.s. n.s. 36 mo 107/122b Normal No No

11 5 R Partial + + - 0 mo n.a. n.a. n.a. n.a.

12 4 L Complete + + Pulvinar Bilateral frontal watershed infarct. 8 y 105 Quadrantanopia No Yes

13 4 R Partial + + Pulvinar 3.5 y 120 Hemianopia No No

14 6 L Complete n.s. n.s. n.s. Leaking left-sided giant PCA aneurysm with 
intraventricular blood.

34 mo 72 Hemianopia Yes No

15 28 L Partial + + Pulvinar Right-sided punctate white matter lesions 
and intracerebellar haematoma.

5 y 100 Quadrantanopia No No

16 2 L/R Left complete
Right partial

n.s. n.s. n.s. 10 y Normal Hemianopia No No

17 6 L Partial + + - Small ischemic area in right temporal lobe. 
Subdural haemorrhage in posterior fossa.

5 y 101 Normal No No

18 31 R Partial - - Pulvinar 12 mo 82a Hemianopia No No

Table 2

Magnetic resonance imaging findings in the neonatal 

period and the neurodevelopmental outcome. 

Ischemia of the different structures was assessed on 

the diffusion-weighted images (DWI) and scores as 

either present (+) or absent (–). In three patients, 

this was not scored (n.s.) owing to the absence of the 
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Visual field examinations
Visual field examinations were performed in 17 children at a median age of 42 months 
(range 12–132). Eight children were found to have a normal visual field, whereas a 
homonymous quadrantanopia or homonymous hemianopia was observed in nine. 
Three children with a normal visual field developed signs of cerebral visual 
impairment. Hemianopia was most frequently observed in children with a complete 
PCA stroke (four out of six).

Neonatal magnetic resonance imaging findings Follow-up

Patient Age (d) Side Partial / complete Corpus callosum Optic radiation Thalamus Other Last seen Griffiths’ DQ Visual field Hemiplegia Epilepsy

1 5 L Partial + + - 5 y 99 Normal No No

2 13 R Partial n.s. n.s. n.s. Cystic development of right occipital pole, no 
signs of recent ischemia.

22 mo 82 Normal, CVI No No

3 4 R Partial + + Pulvinar 14mo Normal Normal No No

4 2 L Complete + + Pulvinar Small cortical stroke in right PCA territory, 
bilateral, lateral and medial superior 
cerebellar artery stroke.

22 mo 54b Hemianopia No No

5 3 L Complete + + Pulvinar, postero-
lateral thalamus

3.5 y 119 Hemianopia No Yes

6 5 R Partial + + Pulvinar 24 mo 107a Quadrantanopia No No

7 4 L Partial + + Pulvinar 24 mo 104 Normal, CVI No No

8 4 L Partial + + + 36 mo 100 Normal No No

9 7 L Partial + - - 36 mo 76 Normal, CVI No No

10 5 R Complete n.s. n.s. n.s. 36 mo 107/122b Normal No No

11 5 R Partial + + - 0 mo n.a. n.a. n.a. n.a.

12 4 L Complete + + Pulvinar Bilateral frontal watershed infarct. 8 y 105 Quadrantanopia No Yes

13 4 R Partial + + Pulvinar 3.5 y 120 Hemianopia No No

14 6 L Complete n.s. n.s. n.s. Leaking left-sided giant PCA aneurysm with 
intraventricular blood.

34 mo 72 Hemianopia Yes No

15 28 L Partial + + Pulvinar Right-sided punctate white matter lesions 
and intracerebellar haematoma.

5 y 100 Quadrantanopia No No

16 2 L/R Left complete
Right partial

n.s. n.s. n.s. 10 y Normal Hemianopia No No

17 6 L Partial + + - Small ischemic area in right temporal lobe. 
Subdural haemorrhage in posterior fossa.

5 y 101 Normal No No

18 31 R Partial - - Pulvinar 12 mo 82a Hemianopia No No

DWI, scanning beyond the acute phase, or the 

presence of a large haemorrhage distorting the DWI. 

Three children were tested with either the second (a) 

or third (b) edition of the Bayley Scales of Infant 

Development. DQ, development quotient; CVI, 

cerebral visual impairment
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Visual field examination

Optic radiation on T1 / IR Normal Quadrantanopia Hemianopia

Normal

Mild asymmetry

Severe asymmetry

Table 3

The relation between the (a)symmetry of the optic 

radiation, as determined on the T1-weighted images 

or inversion recovery at three months, and the 

results of the visual field examination at later follow-

up for 10 infants who were scanned at three months.
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Ten infants from Utrecht had a repeat MRI at three months and underwent a visual 
field examination at a later age. The optic radiations were graded as symmetrical in 
three infants, mildly asymmetrical in three, and severely asymmetrical in four. 
Despite the small group size, a correlation was found between the asymmetry of the 
optic radiation and the severity of visual field defects (Table 3; Kendall’s =0.85, 
p=0.01).

Discussion

In this study we describe the clinical presentation, neuroimaging, and follow-up 
findings of 18 infants with PAIS in the PCA territory. In general, neurodevelopmental 
outcome was good, with a visual field defect as the most common sequela. In those 
infants who were scanned at three months of age, asymmetry of the optic radiation 
correlated with development of visual field defects.

PAIS needs to be differentiated from several focal brain lesions, including watershed 
infarctions, and focal brain lesions in the context of mitochondrial disorders and 
hypoglycaemia.17 Neonatal hypoglycaemia has been associated with predominantly 
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parieto-occipital white matter and cortical injury, often combined with deep grey 
matter injury.18 In our study, seven children were diagnosed with hypoglycaemia 
which, in three instances, may have been secondary to perinatal asphyxia. Although 
the current study design prevents us from drawing conclusions about potential risk 
factors, case–control studies in infants with PAIS, not restricted to PCA, indicate that 
hypoglycaemia may be an independent risk factor for PAIS both in preterm and term 
infants.19, 20 Little is known about the mechanisms underlying predominant parieto-
occipital vulnerability. Studies in newborn dogs show an increased cerebral blood 
flow during hypoglycaemia, with loss of autoregulation and a reduction of glucose 
uptake in the occipital lobe.21, 22 In a recent study, however, Burns et al. demonstrated 
that the patterns of injury associated with hypoglycaemia are more varied than 
previously thought and often extend beyond the parieto-occipital region, including 
injury to basal ganglia and thalami, MCA infarction, and haemorrhages.18 It is unclear 
what the role of hypoglycaemia was in our cohort, as the type of injury was unilateral 
with a sharp demarcation, thereby different from the typical patterns observed after 
hypoglycaemia.
 
In the only preterm infant in the study sample, an MRI was acquired because of 
persisting apnoeas, not responding to caffeine. Single-channel amplitude-integrated 
EEG did not show any ictal discharges, nor were there any clinical seizures. This 
clinical presentation is similar to two term infants with occipital injury, recently 
described by Castro Conde et al.3 In these two infants, the apnoeas were considered 
to be caused by involvement of the posterior limbic cortex, which connects to the 
temporal lobe and midbrain respiratory centres.
 
Govaert et al. recently reviewed PAIS in the literature. PAIS in the PCA territory was 
reported to occur in 8% of all PAIS cases, compared with 80% in the MCA territory.2 
In their own cohort they found PCA involvement in 16% of all PAIS cases. In the 
current study, we can report on 13 infants from Utrecht with a PCA stroke who were 
diagnosed over a 12-year time period during which 85 infants were diagnosed with 
PAIS. This included 66 MCA strokes (78%), the 13 described PCA strokes (15%), two 
anterior cerebral artery strokes (2%), and four infants with a combined MCA and PCA 
stroke. It is likely, however, that many neonatal PCA strokes remain undiagnosed. 
Most infants included in this study were admitted to the neonatal intensive care unit 
because of perinatal asphyxia or the presence of seizures, and had an MRI to evaluate 
underlying brain injury. It is likely that a number of infants with an isolated PCA 
stroke will remain undiagnosed as they do not show any, or only subtle, clinical signs, 
leading to early neuroimaging as the primary motor regions and basal ganglia are not 
involved. In the current study, four infants did not present with clinical seizures. Their 
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stroke was only detected as a result of the routine use of amplitude-integrated EEG 
and MRI in our neonatal intensive care units for newborn infants admitted with 
neonatal encephalopathy. In centres where these facilities are not easily accessible, 
the diagnosis may easily be missed. As the development of motor deficits or 
postneonatal epilepsy is rare after PCA stroke, these infants will probably not be 
diagnosed later and classified as presumed perinatal stroke, thus resulting in an 
underestimation.23

Cranial ultrasonography through the posterior fontanelle may provide additional 
information compared with the anterior fontanelle.24 Cortical and subcortical 
echogenicity and subsequent cystic evolution in the occipital lobe can be visualized 
using this smaller acoustic window. This was also demonstrated in six infants in the 
current study, though cranial ultrasound was only acquired after the MRI in five. As 
occipital injury is frequently observed after symptomatic hypoglycaemia,18 we 
recommend performing cranial ultrasound through the posterior fontanelle for early 
identification of occipital injury in infants with hypoglycaemia and seizures.24

In most infants, restricted diffusion in the pulvinar was observed on DWI. One could 
speculate that this was the result of an occlusion of the thalamogeniculate arteries. 
However, as it was also seen in infants without a complete PCA stroke, it is more 
likely to reflect acute secondary injury or network injury as described by Govaert et 
al. after PAIS in both the MCA and PCA territories.6 The underlying processes are 
complex and several mechanisms have been proposed. Excitotoxic injury may play a 
role through cortical neurons that suffer from electrographic seizures and transmit 
glutamatergic signals to the connected thalamic nuclei. Delayed neurodegeneration 
due to loss of trophic support from their cortical targets has also been suggested, 
resulting in apoptotic cell death. Similarly, restricted diffusion in the splenium of the 
corpus callosum was found in 13 out of 14 infants scanned with DWI, suggesting 
secondary injury, or pre-Wallerian degeneration to the commissural fibres connecting 
the left and right visual association cortices.25

Neurodevelopmental outcome after PAIS often involves development of motor 
deficits, cognitive delays, and post-neonatal epilepsy. These sequelae are often 
caused by MCA stroke.23 In the currently studied subgroup of PCA strokes, 
neurodevelopmental outcome was often within the normal range. When focussing on 
the 13 children without additional injury, all showed normal development and no one 
developed a motor deficit. The most commonly observed sequela was a visual field 
deficit, which was observed in half of the tested children. Although development of 
epilepsy has been described in a series of cases with presumed perinatal stroke in the 
PCA territory,26 epilepsy was only diagnosed in one child in our cohort.
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Development of hemiplegia was rare in our cohort whereas in adults with a PCA 
stroke, a hemiplegia has been reported in up to 18% of all patients.27 Development of 
a hemiplegia in adults is attributed to ischemia of the posterior limb of the internal 
capsule or of the cerebral peduncle, both involving proximal perforators of the PCA. 
Hemiplegia was only found in one child in our cohort, but this was secondary to the 
expansion of a leaking aneurysm into the posterior limb of the internal capsule.

Even though the small number of infants studied requires further research, our data 
suggests that asymmetry of the optic radiations does, in fact, correlate with the 
development of a visual defect. Previous studies on visual functions after perinatal 
hypoxic ischemic injury, including PAIS, have mainly correlated abnormal visual 
function with injury to the basal ganglia and the presence of a hemiplegia.28 This 
might be explained by the involvement of parts of the brain other than the 
geniculostriate pathways, such as the temporal or frontal lobes, which are associated 
with visual attention. Such areas are likely to be involved after a stroke in the MCA 
territory, whereas the infants studied here only showed injury to the occipital lobe.
In adults, development of a visual field defect after PCA stroke depends on the 
location involved.29 Hemianopia is either the result of infarction of the striate cortex 
surrounding the calcarine fissure or interruption of the geniculo-calcarine tract. 
Involvement of only the lingual gyrus, the striatal cortex below the calcarine fissure, 
or the cuneus, the striatal cortex above the calcarine fissure, will result in 
quandrantanopia. Visual outcome after a partial PCA stroke will, therefore, depend 
on the location of the stroke and may vary, as was observed in the current study. 
After a complete PCA stroke, however, one would expect development of 
hemianopia, but this was only the case in four out of six children. The (partly) retained 
visual fields in these children may be explained by the plasticity of the immature 
brain, but one should also consider an underestimation of visual field defect at such 
young ages.30 The relatively short follow-up in some children could, therefore, be 
considered a limitation of this study and may also result in an underestimated 
incidence of epilepsy and cognitive delays, which can often emerge later in childhood 
after PAIS.

The use of a visual scoring system for the symmetry of the optic radiation could be 
considered as a second limitation, since diffusion tensor imaging would allow a 
quantitative instead of a qualitative assessment of the optic radiation. A correlation 
between the integrity of the optic radiation, as determined with diffusion tensor 
imaging, and visual function has already been shown in preterm infants and is likely to 
be present in infants with a PCA stroke.31 As most infants were born before the 
introduction of diffusion tensor imaging in our neonatal intensive care units, and 
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because different diffusion tensor imaging sequences are used in the three centres, 
we were unable to perform such analyses.

Finally, the timing of the MRI was not consistent in all cases and DWI was not always 
acquired. This complicated the interpretation of the MRI lesions, as diffusion 
abnormalities are well known to change over time.32 A prospective study, in which 
DWI is acquired during the acute phase, may provide additional information about 
the role of associated diffusion abnormalities in the optic radiation, pulvinar, and 
corpus callosum and their relation with (visual) outcome.

Conclusion

The clinical presentation of newborn infants, diagnosed with PAIS in the PCA 
territory, varies and often involves clinical seizures. Although many newborn infants 
were diagnosed with hypoglycaemia, its exact role in the pathogenesis of PCA stroke 
requires further investigation. Despite the overall good long-term 
neurodevelopmental outcome, follow-up of these infants is required, as development 
of a visual field is frequently observed.
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Abstract

Introduction
After perinatal arterial ischemic stroke, diffusion-weighted imaging (DWI) and 
early evaluation of spontaneous motor behavior can be used to predict the 
development of unilateral motor deficits. The aim of this study was to investigate 
whether diffusion tensor imaging-based tractography at three months of age 
would contribute to this prediction.

Methods
Twenty-two infants with unilateral perinatal arterial ischemic stroke were 
included and scanned during the neonatal period. DWI was used to assess 
restricted diffusion in the cerebral peduncle. At the age of three months, 
diffusion tensor imaging-based tractography of the corticospinal tracts was 
performed together with assessment of the movement repertoire. The role of 
DWI, diffusion tensor imaging, and motor assessment in predicting unilateral 
motor deficits were compared by calculating the positive and negative predictive 
values for each assessment.

Results
Eleven infants (50%) showed abnormal motor behavior at three months with 
subsequent development of unilateral motor deficits in eight as determined at 
follow-up (9–48 months, positive predictive value 73%). Diffusion tensor 
imaging-based tractography correctly predicted the development of unilateral 
motor deficits in all eight infants (positive predictive value 100%). A diagnostic 
neonatal DWI was available in 20 of 22 (91%) infants. Seven infants showed an 
abnormal DWI, resulting in unilateral motor deficits in six infants (positive 
predictive value 86%). All assessments had a negative predictive value of 100%.

Conclusion
Diffusion tensor imaging-based tractography at three months can be used to 
predict neurodevelopmental outcome after perinatal arterial ischemic stroke. It 
has a similar predictive value as DWI in the neonatal period and can especially be 
of additional value in case of an indecisive neonatal DWI or unexpected abnormal 
early motor development.
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Introduction

Perinatal arterial ischemic stroke (PAIS) occurs with an estimated incidence of 1:2300 
live births.1 With the development of motor deficits in 30% to 60% of all cases, 
healthcare costs during the neonatal period and beyond are enormous.2 Treatment 
options for the acute phase are still limited to supportive measures.1 Several 
therapies have shown positive results in animal models, but few have been tested in 
newborn stroke. The introduction of new therapies for clinical use would require a 
careful selection of eligible patients. Assessment of the extent of brain injury and the 
expected adverse neurological sequelae are therefore essential. 

After PAIS, conventional MRI, especially diffusion-weighted imaging (DWI), can be 
used to detect ischemic tissue and to predict motor outcome.2-5 The observed 
restricted diffusion in the cerebral peduncle is predictive of Wallerian degeneration 
and subsequent unilateral motor deficits (UMD) and is therefore also referred to as 
“pre-Wallerian degeneration”.3-5

Diffusion tensor imaging (DTI) allows in vivo observation of the microstructural and 
architectural properties of the white matter.6, 7 Infants with perinatal brain injury who 
develop UMD often show abnormalities in DTI parameters in later childhood.8, 9 Most 
of these studies, however, included children who were already diagnosed as having 
UMD.

The aim of this study was to investigate whether DTI-based tractography of the 
corticospinal tracts (CSTs) at the age of three months after PAIS is predictive for the 
development of UMD. Furthermore, we intended to study whether this will provide 
additional information compared to previously acquired DWI data in the neonatal 
period and assessment of motor behavior at three months of age.

Methods

Patient population
Infants with a unilateral PAIS born between 2006 and 2010 who underwent an MRI in 
the neonatal period and again at the age of three months were eligible for inclusion in 
this study. Infants were included if neurodevelopmental follow-up was available 
beyond the age of 12 months or if overt signs of developing UMD were already 
observed before this age. Scans were acquired as part of standard clinical work-up in 
infants suspected of PAIS.
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Magnetic Resonance Imaging
All scans were acquired on a 1.5-Tesla Philips Gyroscan (Philips Medical Systems, 
Best, the Netherlands). Infants were sedated with a combination of chlorpromazine 
(0.5 mg/kg), pethidine (2 mg/kg), and promethazine (0.5 mg/kg) intramuscularly. A 
vacuum pillow (Med-Tec, Orange City, IA) was used to prevent movement of the 
head. Minimuffs (Natus Medical Inc, San Carlos, CA) were used for hearing 
protection. Heart rate and transcutaneous oxygen saturation were monitored by 
pulse oximetry (Nonin, Minneapolis, MN) as well as respiration rate (Philips ACS-NT, 
Best, the Netherlands).

To acquire the neonatal DWI data, we used an axial single-shot echoplanar imaging 
sequence (echoplanar imaging factor 41, TR/TE 4000/89 ms, field of view 180x180 
mm, acquisition matrix 128x77, reconstruction matrix 256x256, 25 slices with 4 mm 
thickness without gap, and b-values of 0 and 1000 s/mm2 in three orthogonal 
directions). Apparent diffusion coefficient (ADC) maps were created at the MR 
console.

The DTI protocol consisted of a single-shot echoplanar imaging sequence (echoplanar 
imaging factor 41, TR/TE 6817/87ms, field of view 190x190 mm, acquisition matrix 
96x96, reconstruction matrix 128x128, and 50 slices with thickness 2 mm without 
gap). Images were acquired in the axial plane with diffusion gradients applied in 32 
non-collinear directions with a b-value of 800 s/mm2 and 1 b=0 s/mm2 image.

Post-processing
The ADC maps derived from the neonatal DWI data were analyzed with Osirix (www.
osirix-viewer.com). Regions of interest (ROIs) were manually drawn in the anterior 
part of both cerebral peduncles, carefully avoiding any involvement of cerebrospinal 
fluid, as reported previously.3 An asymmetry index (%) was calculated as follows: 
100*(ADC ischemic peduncle - ADC contralateral peduncle)/ADC contralateral 
peduncle.

DTI data were analyzed with ExploreDTI.10 The DWIs were realigned to the b0-image 
to correct for eddy current induced geometric distortions and subject motion. In this 
procedure, the diffusion tensor was fitted for each voxel after adjusting the diffusion 
gradients with the proper b-matrix rotation.11 To correct for any asymmetry in the 
axial plane due to the scan angulation, all DTI scans were rigidly transformed to 
Montreal Neurological Institute (MNI) space during this processing step.
Whole brain tractography was performed,12 using a 1-mm step size. Propagation of 
the fibers was stopped if a voxel with a fractional anisotropy (FA) value <0.15 was 
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entered or if the angle of a fiber between two consecutive steps exceeded 20°. ROIs 
were drawn on the directionally color-encoded FA map for each hemisphere 
separately in the cerebral peduncle, the posterior limb of the internal capsule (PLIC), 
and at the centrum semiovale. The ROI in the centrum semiovale was drawn two to 
three slices above the corpus callosum. In case tissue loss hindered specific drawing 
of any of the ROIs based on visible landmarks, a ROI was drawn based on the location 
and size of the corresponding ROI in the unaffected hemisphere. Fibers intersecting 
all three ROIs were retained for further analysis. Any fibers continuing into the other 
hemisphere, the cerebellum, and the medial lemniscus or single aberrant fibers were 
removed. The FA, ADC, axial diffusivity (λ1), and radial diffusivity (λ23) were calculated 
for each CST separately as described previously13 and used to calculate an asymmetry 
index.

Assessment of motor development
The neurological outcome was evaluated at regular intervals after discharge as part of 
our follow-up program. Infants were seen at 3, 9, and 18 months and at later points in 
time when felt necessary A pediatric physiotherapist (I.C.v.H.) who was unaware of 
the MRI results assessed postural and motor behavior. Gross motor development was 
assessed with items from Amiel-Tison14 and Touwen.15 Presence of UMD was assessed 
according to Claeys16 and the manual ability classification system (MACS)17 was used 
from 12 months onward. The MACS is a functional classification describing the 
voluntary hand use at a scale from 1 (handles objects easily and successfully) to 5 
(does not handle objects).
To assess the additional value of acquiring DTI data at the age of three months in 
predicting motor outcome, we determined the likelihood of developing UMD based 
on the motor performance at three months. Infants were scored as having a normal, 
suspect, or abnormal performance, which was very likely to result in UMD. A suspect 
development included a directional preference of head rotation, hypotonia of the 
trunk, or asymmetrical lateral trunk tilting. Development was deemed abnormal if 
there was also one-sided fisting and/or a cortical thumb observed, asymmetry in 
voluntary movement of the extremities, or asymmetrical fidgety movements as 
described by Guzetta et al.18

Statistical analysis
Differences in clinical characteristics or MRI parameters were assessed using the 
Fisher exact test or the Mann-Whitney U test and were corrected for multiple 
comparisons with the Bonferroni correction using SPSS Version 18. The asymmetry 
indices of the neonatal ADC values were calculated twice to determine the intraclass 
correlation coefficient. Spearman correlation coefficient was used for ranked 
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variables. Finally, receiver operator characteristic (ROC) curves were created using 
MedCalc Version 11.6 (MedCalc Software, Mariakerke, Belgium) to calculate cutoff 
values for determining the positive (PPV) and negative predictive values (NPV).

Results

Patients
Twenty-two infants who had DTI at three months of age were eligible for the study 
(Table 1). DWI was acquired in all infants but not suitable for interpretation in two 
infants. One infant’s neonatal MRI showed an area of cavitation suggestive of an 
antenatally acquired main branch middle cerebral artery (MCA) stroke. A second 
infant suffered from a leaking giant aneurysm compressing the posterior cerebral 
artery, resulting in ischemia. The large amount of blood distorted the neonatal ADC 
map, which could therefore not be used.

Motor development
The median duration of follow-up for the infants who developed UMD was 18 months 
(range, 9 – 48 months). In infants with a normal neurodevelopmental outcome a last 

Main MCA branch Other MCA branches PCA p

Gender (m/f) 4/2 4/7 3/2 n.s.

Gestational age 39+4 [37+1-41+1] 41+0 [37+5-42+2] 39+6 [38+0-41+3] n.s.

Apgar score 1’ 6 [2-9] 7 [1-10] 3 [0-6] n.s.

Apgar score 5’ 7 [3-10] 8 [4-10] 7 [5-9] n.s.

Birth weight (g) 3357 [2450-3500] 3390 [2305-4060] 3122 [2145-3880] n.s.

UMD 6 (100%) 1 (9%) 1 (20%) <0.01

Table 1

Patient characteristics, displayed as median and 

[range].

MCA: middle cerebral artery; PCA: posterior 

cerebral artery; UMD: unilateral motor deficits.
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examination was performed at a median age of 21 months (range, 16 – 48 months). At 
3 months, 8 of 22 (36%) infants were classified as normal, 3 (14%) as suspect, and 11 
(50%) as abnormal (Table 2). Of these 11 infants, 8 developed UMD (PPV 73%) with a 
MACS-I in 1, MACS-II in 5, and MACS-IV in 1 infant. One infant was too young to 
determine a reliable MACS. None of the children classified as normal or suspect 
developed UMD (NPV 100%).

Neonatal DWI
The neonatal scan was performed between 2 to 7 days after birth in all subjects 
except for one infant who was scanned on day 21. This infant was resuscitated 
following cardiac surgery and MRI five days after the event showed a main branch 
MCA stroke.
Postnatal age at the time of scanning did not differ between the infants with a normal 
outcome and UMD.

MRI revealed a stroke in the territory of the main branch MCA in six infants. A MCA 
branch stroke was seen in 11 infants (4 posterior branch, 2 lenticulostriatal branches, 
and 5 cortical branch). The five remaining infants had a posterior cerebral artery stroke. 

Table 2

Asymmetry in neonatal diffusion weighted imaging 

(DWI) and diffusion tensor imaging (DTI) parameters 

at three months of age with a middle cerebral artery 

territory (∂/ ) or posterior cerebral artery territory 

(▲/ ) stroke. Open symbols represent the infants 

who did not develop unilateral motor deficits, 

whereas the filled symbols represent the infants who 

did develop unilateral motor deficits. The infant in 

whom no affected corticospinal tract could be 

visualized with DTI-based tractography was 

regarded as having an asymmetry of >6%. ADC: 

apparent diffusion coefficient; FA: fractional 

anisotropy.

DWI (ADC asymmetry) DTI (FA asymmetry)

≤ 11% >11% Missing ≤6% >6%

Normal

Suspect

Abnormal

DWI (ADC asymmetry) DTI (FA asymmetry)

≤ 11% >11% Missing ≤6% >6%

Normal

Suspect

Abnormal
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Asymmetry indices based on neonatal DWI could be calculated with an intraclass 
correlation coefficient of 0.95 (0.87–0.98). A larger ADC asymmetry at the level of 
the cerebral peduncle was found for the infants who developed UMD (Figure 1A, 
p=0.002).

Two infants stood out because their neonatal ADC map showed an asymmetry at the 
level of the cerebral peduncles, but no subsequent UMD was observed at later follow-
up. One infant’s ADC map showed a lenticulostriate branch stroke with restricted 
diffusion in the striatum and descending CST (-28%; Figure 2A). A more thorough 
inspection of the second infant’s ADC map showed a region of low ADC values 
located more posteriorly and laterally in the cerebral peduncle, suggesting affected 
ascending sensory tracts (-11%; Figure 2B). MRI at three months did, indeed, show a 
cystic area in the primary sensory cortex with an intact primary motor cortex.
ROC curve analysis resulted in a cutoff value of -11% and a PPV of 86%. None of the 
13 infants with a normal cerebral peduncle developed UMD (NPV 100%).

DTI at three months of age
The median postnatal age at the time of the second scan was 96 days (range, 82–127 

Figure 1

Asymmetry indices of neonatal 

apparent diffusion coefficient (ADC) 

values at the level of the cerebral 

peduncle (A) and diffusion tensor 

imaging (DTI) parameters of the 

corticospinal (B) for infants with a 

normal outcome (open circles) and for 

infants who developed unilateral 

motor deficits (filled symbols)

(*p=0.002, **p=0.001). The DTI data of 

the infant whose affected CST could 

not be visualized were not included. 

FA, fractional anisotropy.
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Figure 2

Diffusion weighted images of the two 

infants with asymmetrical neonatal 

apparent diffusion coefficient values 

at the level of the cerebral peduncle 

without subsequent development of 

unilateral motor deficits. 

Figure 3

Corticospinal tracts (CST) of an infant 

with a normal motor outcome (A) and 

of an infant who developed unilateral 

motor deficits (B). Diffusion tensor 

imaging of the CST of the infant who 

developed unilateral motor deficits 

shows a clear asymmetry in fractional 

anisotropy, represented by the colour 

intensity.
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days). The CSTs could be successfully visualized in 21 of 22 (95%) infants (Figure 3). 
Higher asymmetry indices were found for FA, ADC, and λ23 in the infants who 
developed UMD (p=0.001; Figure 1B). In 1 infant with a main branch MCA stroke who 
developed UMD, the affected CST could not be visualized. This infant’s neonatal DWI 
showed an asymmetry of 39% and conventional imaging at three months showed a 
large area of cavitation without a PLIC on the affected side. ROC curve analysis 
computed a cutoff value of 6%. Using this cutoff, DTI-based tractography was able to 
predict the long-term outcome correctly in all infants (PPV 100%, NPV 100%). This 
included those infants who did not develop UMD but which had presented with an 
abnormal motor repertoire at three months or had shown an asymmetry on the 
neonatal DWI. In the UMD group, a significant correlation was found between the 
MACS and FA asymmetry (r=-.80, p=0.05).

Because development of UMD is most likely to occur after a PAIS in the MCA territory 
with CST involvement, predictive values were also calculated for the MCA subgroup 
separately. The PPV and NPV did not differ for DWI and DTI in this subgroup. For the 
motor assessment at three months, only the PPV increased to 78%.

Discussion

This study shows that both DWI in the neonatal period and evaluation of motor 
behavior at three months of age have a high PPV, which is in accordance with previous 
findings.3-5, 18, 19 However, only DTI at three months of age reached a PPV of 100% and 
was able to predict a correct outcome for all infants. DTI was of additional value in 
those infants whose neonatal DWI was inconclusive and in those with an unexpected 
suspect or abnormal motor repertoire at three months of age. This seems to imply 
that, in the absence of a neonatal DWI or when the early motor repertoire is suspect, 
DTI may assist in predicting outcome.

Predicting motor outcome after PAIS has been the focus of several neuroimaging 
studies. The predictive value of the size and the location of the lesion on conventional 
MRI was found to be good in the presence of hemispheric, internal capsule, and basal 
ganglia involvement,2, 20, 21 and was further improved after the introduction of DWI.3, 5 
Studies reporting the role of DTI after perinatal brain injury mostly included children 
who had already shown evidence of motor problems at the time of the MRI. Glenn et 
al8 studied 15 children with UMD due to varying etiologies and compared DTI 
parameters of the CSTs with those of a control group. The clinical severity of UMD 
correlated with asymmetry in FA, ADC, and λ23. The same group studied infants with 
motor dysfunction and reported lower FA and higher ADC values in infants who 
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developed a poor motor outcome.9 Murakami et al22 reported differences in FA in a 
group of 10 infants with UMD due to periventricular leukomalacia when scanned 
during late infancy/early childhood.

Few studies reported the use of DTI in predicting motor outcome9, 23 and to the best 
of our knowledge, only van Pul et al.23 correlated DTI findings after PAIS with long-
term motor outcome. In their study, 2 of 10 (20%) infants with hypoxic– ischemic 
encephalopathy showed a MCA stroke. DTI-based tractography at three months of 
age revealed a low FA of the affected CST, and both infants developed UMD.

A number of studies have reported decreased FA and ADC values when performing 
ROI analysis on neonatal DTI data of infants with hypoxic ischemia.24-26 Two studies 
correlated these findings with neurodevelopmental outcome during the first weeks 
of life up to months,24, 26 but none reported long-term outcome, including the 
development of UMD.

Chronic changes in DTI parameters have also been reported in animal models and 
correlated to the underlying histopathology.27-29 The decreased FA and increased λ23 
as found in our study may be reflective of decreased myelination.29 Changes in λ1 have 
been found in some28 but not all animal models.27 We found no significant difference 
in λ1, which is in accordance with previous DTI studies in children.8, 9

Asymmetry of DTI parameters has been correlated with an increase in severity of 
motor impairments.8, 9 Our data suggests that an increase in FA asymmetry 
corresponds with a decrease in the manual ability as measured with the MACS. 
However, these findings should be interpreted with caution because the number of 
infants studied was relatively small and classifying the severity of UMD at this early 
age remains difficult.30 In addition, interpretation may be further complicated by 
other confounds related to the diffusion tensor model such as crossing fibers or the 
partial volume effect.31, 32

DTI parameters change rapidly during childhood.33 The relatively wide spread in 
postnatal age at the time of the second scan (84–127 days) might therefore introduce 
a confounding factor when comparing the raw DTI parameters between infants with 
and without UMD. By using an asymmetry index, we tried to overcome this 
confounder. This index, however, assumes that the contralateral hemisphere is not 
affected. Therefore, infants with bilateral ischemia were not included. In the absence 
of an unaffected contralateral hemisphere, age-matched reference values of healthy 
infants would be required to predict outcome with DTI.
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Abstract

Background

Diffusion tensor imaging (DTI) can be used to predict outcome following 

perinatal arterial ischemic stroke (PAIS), although little is known about white 

matter changes over time.

Methods

Infants with PAIS were serially scanned in the neonatal period (n = 15), at 3 

months (n = 16), and at 24 months (n = 8). Fractional anisotropy (FA) values in five 

regions of interest (anterior and posterior limb of the internal capsule, corpus 

callosum, optic radiation, and posterior thalamic radiation) were obtained and 

compared with FA values of healthy controls and neurodevelopmental outcome.

Results

In the neonatal period, no differences in FA values were found. At three months, 

the six infants who ultimately developed motor deficits showed lower FA values 

in all affected regions. Four infants developed a visual field defect and showed 

lower FA values in the affected optic radiation at three months (0.22 vs. 0.29; P = 

0.03). Finally, a correlation between FA values of the corpus callosum at three 

months and the Griffiths developmental quotients was found (r = 0.66; P = 0.03). 

At 24 months, the pattern remained the same.

Conclusion

Neonatal FA measurements may underestimate the extent of injury following 

PAIS. FA measurements at 3 months could be considered a more reliable 

predictor of neurodevelopmental outcome and correlate with DTI findings at 24 

months.
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Introduction

Perinatal arterial ischemic stroke (PAIS), with an incidence of 1 per 2300-4000 live 
births, often leads to adverse neurologic sequelae.1, 2 Currently, there are no accepted 
therapies for the acute treatment of PAIS. However, methods to accurately predict 
later neurodevelopmental outcome in the first few months following PAIS are rapidly 
advancing. Magnetic resonance imaging (MRI) plays an important role in the 
diagnosis of PAIS and in the prognosis of future motor development.3-9

Several cross-sectional studies have reported differences in diffusion tensor imaging 
(DTI) parameters following PAIS. Following the neonatal period, decreased integrity 
of the affected corticospinal tracts, reflected by lower fractional anisotropy (FA) 
values, has been found in children who develop motor deficits.7, 8, 10 However, no 
studies have reported longitudinal measurements of DTI following PAIS. In preterm 
infants, longitudinal studies provide insight into both structural and functional 
development and have identified possible windows for therapeutic intervention.11, 12 
The aim of the current study was to examine the potential value of serial DTI 
following PAIS to evaluate temporal changes in the course of white matter injury and 
to determine an optimal strategy for prediction of outcome following PAIS.

Methods

Patient selection and neurodevelopmental assessment
This retrospective study included 16 full-term infants (11 male; median gestational 
age 40wk; range: 372/7–413/7), who were cared for in the neonatal intensive care unit 
at the Wilhelmina Children’s Hospital (Utrecht, The Netherlands), were diagnosed 
with PAIS, and underwent cranial MRI during the first week after birth. DTI data were 
acquired during the neonatal period in 15 of the infants. Strokes were observed in the 
territories of the posterior cerebral artery (PCA, n = 3) and the middle cerebral artery 
(MCA, n = 13). One infant’s MRI showed a main trunk MCA stroke on T2, with little 
diffusion restriction, suggesting antenatal onset of the stroke, approximately 10–14 
days before birth.

No permission was required from the institutional review board for this study. 
Informed parental consent was obtained before each MRI scan. Eleven of the 
included infants were studied as part of a larger cohort, in which DTI-based 
tractography of the corticospinal tracts was performed at the age of three months, as 
reported previously.8
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A second MRI was obtained at a median age of 3.4 months (range: 2.9–4.4 months) in 
all children, and eight children were scanned again at a median age of 23.2 months 
(range: 16.4–29.6 months). Neurodevelopmental outcome was evaluated between 18 
and 36 months using the Griffiths mental developmental scale.13 The presence of 
unilateral motor deficits (UMD) was assessed according to Claeys.14

In infants in whom the development of a visual field defect was thought likely owing 
to the involvement of the optic radiation, cortex, or thalamus, an experienced 
pediatric ophthalmologist performed visual field examinations. This was feasible 
from the age of three months onward using the behavioral visual field screening test 
(BEFIE test).15 In this test, the examiner stands behind the child and rotates an arc 
with a ball attached to its tip around the child’s head, from the periphery to the 
center of the visual field. The angle at which the child first detects the stimulus 
determines the border of the visual field. Visual fields were scored as normal, 
presence of a quadrantanopia, or presence of a hemianopia.

DTI protocol
Patients were scanned on a 1.5T Philips MR scanner (Philips Medical Systems, Best, 
The Netherlands) using a SENSE head coil. The neonatal and three-months DTI 
protocol consisted of a single-shot echo-planar imaging sequence (echo-planar 
imaging factor: 43; repetition time/ echo time: 6,817/87 ms) with 50 axial 2 mm slices 
in 32 noncollinear diffusion-weighted directions with a b value of 800 s/mm2 and one 
b = 0 s/mm2 image (field of view: 190×190mm; acquisition matrix: 96 × 96; 
reconstruction matrix: 128 × 128). At 2 years, a similar single-shot echo-planar 
imaging sequence was used but with an echo-planar imaging factor of 51, a repetition 
time of 8,382 ms, and field of view of192×192mm.

During the first two scans, infants were sedated as described previously.8 A vacuum 
pillow (MedTec, Orange City, IA) was used to prevent head movement. Minimuffs 
(Natus Medical, San Carlos, CA) were used for hearing protection, and a 
neonatologist was present throughout the examination. At 2 years, children 
received general anesthesia, were ventilated, and the heart rate, ventilation and 
transcutaneous oxygen saturation were monitored by an anesthetist. 

Control subjects
DTI scans of 42 healthy children (age: 0–30 months) were used to create reference 
curves for the different regions of interest (ROIs) and to create age-matched 
templates. These data were obtained from a database of normative scans, which were 
acquired on a 1.5T Philips MR scanner at Johns Hopkins University.16
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Image post-processing
Images were processed with ExploreDTI (http://www.exploredti. com). 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.17 After this procedure, the mean diffusion-weighted image 
(mDWI), the b0 image, and the FA image were exported for further analysis. Finally, 
the brain volume was extracted manually by removing signals in the mDWI images 
from tissues outside the brain (skull stripping).

Furthermore, the DTI data were normalized to a single-subject neonatal DTI 
template, consisting of an mDWI, FA, and b0 image, which are freely available 
(http://cmrm.med.jhmi.edu). The mDWI image of each subject was aligned with the 
mDWI of the template using a 12-mode affine transformation provided by the 
automated image registration software (http://loni.ucla.edu/Software/AIR) (Figure 
1).18 This transformation was then applied to the FA images and followed by dual-
contrast (FA and mDWI) large deformation diffeomorphic metric mapping  (LDDMM) 
as provided by the Diffeomap software (https://www.mristudio.org), using 

Figure 1

Example of the normalization of two 

diffusion tensor imaging data sets 

acquired in the neonatal period and at 

the age of 3 months in an infant with a 

stroke in the main trunk of the middle 

cerebral artery. After the affine 

registration and subsequent large 

deformation diffeo morphic metric 

mapping (LDDMM) procedure, 

fractional anisotropy values were 

deter mined in the regions of interest.
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descending α values of 0.05, 0.04, and 0.03 to achieve coarse-to-fine normalization.19, 

20 In infants with a large MCA stroke, the extensive high signal intensity on the mDWI 
and the subsequent cyst at 3 months hindered accurate normalization. In these 
infants, the LDDMM at 0 months was driven by the b0 and FA images. At 3 months, 
the LDDMM was preceded by a landmark-based LDDMM with 180–200 landmarks to 
bring structures displaced by the cyst close to their normal locations as in the 
template.21 The result was further improved by a single α (0.05) dual-contrast LDDMM 
and visually inspected to ensure accurate normalization for the major white matter 
tracts.

Region of interest–based analysis
After normalization of the controls to the template, FA values were determined in the 
normalized FA images using five ROIs defined in the template image. These ROIs 
included the corpus callosum, the posterior and anterior limb of the internal capsule, 
the posterior thalamic radiation, and the optic radiation. This procedure produced 
consistent definitions of ROIs among subjects. FA values of bilateral ROIs were 
averaged for each control and plotted against age. GraphPad Prism v5.0 (GraphPad 
Software, San Diego, CA) was used to fit FA values as a function of age of the 

Figure 2

The changes in fractional anisotropy 

(FA) in the five different regions of 

interest (ROIs), as determined in the 

group of 42 controls who were 

scanned at different ages. For each 

ROI, the exponential course of the FA 

is plotted as the mean (solid line) and 

the 95% and 99% prediction intervals 

(dashed lines). The FA map of the 

neonatal template (F) shows the 

location of the five different regions 

of interest: posterior limb of the 

internal capsule (A, yellow), corpus 

callosum (B, blue), optic radiation (C, 

orange), anterior limb of the internal 

capsule (D, red) and the posterior 

thalamic radiation (E, green).
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controls, using an exponential regression model. The 95 and 99% prediction intervals 
were calculated for each ROI separately (Figure 2). FA values in these five ROIs were 
also determined for the patients and were plotted in the curves of the controls. FA 
values of patients were regarded as being normal when they fell within the 95% 
prediction intervals and abnormal if they fell below the intervals.

Maps of standard Z scores
For each voxel in the template with an FA value > 0.2, an exponential fit was 
performed, fitting the FA values of the controls as a function of age using Matlab 
R2011a (Mathworks, Natick, MA). The mean FA value and the standard error of each 
voxel were estimated at different ages from the exponential fitting and were used to 
calculate standard Z scores with respect to the controls for each voxel as:

where                   is the FA value of the patient’s voxel and                 and             are the mean 
FA and standard error of the control subjects at the voxel. 

Statistical analyses
Differences in clinical parameters or FA values between groups were tested using the 
Mann–Whitney U test. The Bonferonni post hoc test was used for testing multiple 
ROIs at each time point. Spearman’s correlation coefficient was used to determine 
the relation between the Griffiths developmental quotient and FA values.

Results

Patient outcome
The median follow-up duration was 37 months (range: 19–62 months). Six children 
(five with a main trunk MCA stroke and one with an anterior trunk MCA stroke) 
developed UMDs. The median Griffiths developmental quotient was 98 (range: 81–
105).

Visual field examinations were performed in 10 children (63%), including all children 
with a PCA stroke or main trunk MCA stroke. The examinations revealed a visual field 
defect in four children (three with main trunk MCA stroke and one with PCA stroke). 
This included a hemianopia in two children and a quadrantanopia in two others.
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Table 1

Median fractional anisotropy values of the five 

regions of interest—corpus callosum (CC), posterior 

limb of the internal capsule (PLIC), anterior limb of 

the internal capsule (ALIC), optic radiation (OR), and 

posterior thalamic radiation (PTR) — as measured in 

infants who developed motor deficits vs. those who 

did not. In the neonatal period, no significant 

differences were found between the two groups. At 

3 months, significant differences were observed in 

all regions of interest. These differences could still 

be observed at 24 months but no longer reached 

significance owing to the smaller group of children 

scanned at 24 months.

Figure 3

The fractional anisotropy (FA, vertical axis) in the 

different regions of interest (ROIs) vs. the age at 

scan (horizontal axis) of  16 infants who were 

scanned in the neonatal period and at 3 months (A) 

and of the 8 infants who were also scanned at 24 

months (B). FA values are shown for infants with 

normal motor development (left column) and those 

with motor deficits (right column). The FA values of 

the affected side are depicted by closed symbols, 

whereas the FA values of the unaffected side are 

depicted by the corresponding open symbols. For 

the corpus callosum, the mean FA was determined 

and depicted. The different colors represent the 

different kinds of strokes observed: main branch 

middle cerebral artery (MCA) stroke (red), anterior 

branch MCA stroke (blue), posterior branch MCA 

stroke (green), cortical MCA branch (purple), 

lenticulostriate branch MCA stroke (black), and 

posterior cerebral artery stroke (brown). The child 

with the antenatal MCA stroke is depicted as an 

upside-down triangle. The dashed lines represent 

the 95 and 99% prediction intervals for each ROI.

Neonatal DTI (n=15) 3 Months DTI (n=16) 24 Months DTI (n=8)

CC .27 vs .28 (p=0.55) .29 vs .35 (p=0.03) .37 vs .44 (p=0.10)

PLIC .37 vs .38 (p=0.49) .40 vs .48 (p=0.01) .46 vs .55 (p=0.10)

ALIC .20 vs .23 (p=0.55) .23 vs .29 (p=0.02) .29 vs .36 (p=0.41)

OR .22 vs .23 (p=1.0) .22 vs .31 (p=0.05) .30 vs .37 (p=0.10)

PTR .22 vs .23 (p=1.0) .22 vs .32 (p=0.04) .31 vs .37 (p=0.41)
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Region of interest analysis and motor outcome
On the first scan, acquired during the first week after birth, FA values in the ROIs in 
the affected hemisphere did not differ from reference values of the controls. During 
the first week, median FA values of those infants who would later develop UMDs did 
not differ from those who would not develop UMDs (Table 1). Only two infants with a 
main trunk MCA stroke, one of whom had an antenatal MCA stroke, had abnormal FA 
values in several regions in the affected hemisphere on the first scan (Figure 3A). One 
child with a PCA stroke, who did not develop UMDs, also had abnormal FA values in 
the posterior thalamic radiation and optic radiation. These abnormal FA values 
persisted at 3 months.

At 3 months, FA values in the affected hemisphere of infants who later developed 
UMDs began to clearly deviate from the reference values of controls in several ROIs. 
The FA values in all affected ROIs of these infants were lower than the corresponding 
FA values of infants who did not develop UMDs.

Figure 4

Fractional anisotropy (FA) of the 

affected optic radiation in 10 infants 

subsequently tested for visual field 

defects. Circles represent infants who 

developed a visual field defect, 

whereas triangles represent infants 

with a normal visual field examination 

on follow-up. The dashed lines 

represent the 95 and 99% prediction 

intervals for each region of interest.
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In the eight children who were scanned for a third time at approximately 24 months, 
FA values that were below the 95% prediction interval at 3 months remained low at 
24 months (Figure 3B). FA values in the ROIs in the unaffected hemisphere of the 
children who developed UMDs did not differ from the FA values in the corresponding 
ROIs of the children who did not develop UMDs at any time point, and FA values in 
both groups followed the reference curve for the respective regions.

Region of interest analysis and visual fields
At three months, FA values of the affected optic radiation were lower in the infants 
who would later develop a visual field defect (0.22 vs. 0.29; P = 0.03) and were below 
the reference curve. In three of these infants, FA values were also abnormal on the 
neonatal scan (Figure 4). Of the six children with normal visual fields, five had normal 
FA values in the affected optic radiation at three months. One child with a main trunk 
MCA stroke had an abnormal FA value in the affected optic radiation at three months 
without a detectable visual field defect.

Figure 5

Correlation between the fractional 

anisotropy (FA) of the corpus callosum 

at the age of three months and the 

Griffiths developmental quotient (DQ) 

score (24) at later follow-up, displayed 

as a regression line (continuous line) 

and its 95% confidence interval 

(dashed line). The infants who 

developed unilateral motor deficits 

are displayed as filled symbols.
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No visual field test was acquired in the six remaining children. There was, however, no 
history suggestive of a visual field defect in these children, and the FA values of their 
affected optic radiations were within the 95% prediction intervals at three months.

A correlation was observed between the Griffiths developmental quotient and the FA 
of the corpus callosum on the second scan (r = 0.66; p = 0.03; Figure 5). No correlation 
between the Griffiths developmental quotient and FA values of other ROIs was found 
at any time.

Maps of standard Z scores
The Z maps showed findings similar to those of the ROI analysis. In an infant with a 
main trunk MCA stroke (Figure 6), the neonatal scan showed no apparent abnormality 
in FA values; however, the three-months scan clearly indicated decreased FA in the 
posterior limb of the internal capsule and several other white matter tracts. This 
spatial pattern of abnormalities largely persisted on the 24-months scan.

The Z maps provided additional information, revealing potential local abnormalities 
that remained undetected with ROI analysis. For example, the low FA value in the 

Figure 6

Coronal views of serial diffusion tensor 

imaging data sets after normalization 

to the template. The neonatal mean 

diffusion-weighted image (mDWI) 

shows an ischemic area in the middle 

cerebral artery territory, which 

resulted in a cyst observed at 3 and 24 

months. The neonatal Z map shows 

normal Z values in all regions. At three 

months, low Z values, representing 

abnormal fractional anisotropy (FA) 

values, were observed in the affected 

corticospinal tract, which 

corresponded with the subsequent 

development of unilateral motor 

deficits. The Z map at 24 months was 

essentially identical. Interestingly, FA 

values in the fornix continued to 

decrease from the time of the neonatal 

scan to 24 months, suggesting delayed 

degeneration in this tract.
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splenium of the corpus callosum in an infant with a PCA stroke (Figure 7) was not 
detected by examination of the FA value of the corpus callosum ROI.

Discussion

In the current study, serial DTI data of infants diagnosed with PAIS was acquired to 
examine the temporal evolution of white matter injury and correlate this with 
different outcome domains. We were able to demonstrate time-related changes in FA 
values in regions commonly affected by PAIS. Although neonatal FA values tended to 
lead to underestimation of the injury, FA values at 3 months more accurately showed 
the full extent of injury and correlated with FA values at 24 months and with long-
term neurodevelopmental outcome.

Little is known about the changes in FA during the first week following PAIS. Both 
increased and decreased FA values have been reported following hypoxic–ischemic 
injury.22, 23 In adult stroke, an initial increase in FA values is followed by a decrease 
from day five onward.24 The initial increase is thought to reflect reduced spacing 
between the axons owing to the cytotoxic edema, whereas the subsequent decrease 
in FA reflects loss of structural integrity. This suggests that the timing of FA 
measurements following stroke is important, as observed in the infant with antenatal 
stroke in this study. On the basis of different MRI sequences, this infant most likely 
suffered a stroke 10–14 d before birth, and this could explain why abnormal FA values 
were already present on the neonatal scan. Similar abnormally low FA values were not 
observed in the other infants with neonatal stroke who would later develop UMDs.

At three months, clear differences in FA values were observed, corresponding with 
development of motor deficits, cognitive outcome, and development of visual field 
defects. Even though this would suggest that three months might be a better time 
point for predicting outcome using FA measurements, DTI at this time cannot replace 
neonatal MRI. During the neonatal period, conventional MRI and diffusion-weighted 
imaging remain essential for the diagnosis of PAIS and have also shown their value in 
predicting the development of motor disabilities.3-5, 9 However, conventional MRI and 
diffusion-weighted imaging cannot be used to quantify the severity of white matter 
injury related to the development of motor disabilities or visual field defects, as can 
be done using DTI, even before the development of clinical symptoms.8, 10 We 
therefore propose that DTI should be used after the acute phase of injury, i.e., after 
four to six weeks, to evaluate the extent of injury and assist with the prediction of 
neurodevelopmental outcome other than UMDs in at-risk infants.
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Visual field defects following PAIS occur in 20% of all cases.9, 25 Prediction of visual 
field defects using conventional MRI is difficult as involvement of the optic radiation 
or visual cortex does not always correlate with deficits. In preterm infants, DTI-based 
tractography of the optic radiation at term-equivalent age is associated with visual 
function.26 Although the number of children who underwent a visual field exam in this 
study was limited to those with lesions known to be associated with visual field 
deficits, abnormalities in FA values of the optic radiation at three months predicted 
visual field defects. Larger studies will be needed to confirm this finding and may 
allow differentiation between development of a hemianopia and quadrantanopia.

Using the Z maps, we examined the spatial pattern of white matter injury in both the 
acute and postacute phase. This method allowed visualization of white matter 
integrity over time without predefined ROIs. Both preterm and term studies have 
shown that brain injury can result in widespread abnormalities of white matter 
development at sites remote from a focal lesion.27, 28 This was also observed in the 
current study, e.g., in the corpus callosum and fornix. The importance of such 
widespread white matter injury is well known from preterm infants who may show 
multiple defects in brain development, including delayed or abnormal myelination, 
abnormal cortical folding, and decreased thalamic volume associated with global 
white matter injury.27 These abnormalities almost certainly underlie the complex 
neurobehavioral deficits found in such children. It is reasonable to expect that similar 
conclusions can be drawn from our observations regarding white matter integrity in 
full-term infants with PAIS.

Technical considerations
One should note that the control and patient images in this study were acquired using 
different scanners with different settings, which may have introduced a scanner-
dependent bias.29 Assessing such bias would require careful calibration of scanner 
instruments. Although we were not able to do this, we were, however, able to show 
that the FA values determined in the ROIs in the unaffected hemisphere followed the 
reference curve, suggesting that if any scanner-dependent bias in FA values was 
indeed present, it was minimal.

The reported results strongly depend on an accurate normalization of the data to the 
atlas. Although LDDMM has been used before in older children with cerebral palsy,30 
to our knowledge this paper is the first attempt to normalize images from infants with 
severe injury, e.g., the presence of a large ischemic lesion or cyst. For these cases, 

Part I — neonatal neuroimaging in perinatal arterial ischemic stroke140

Proefschrift 66 Niek vanderAe.indd   140 02-08-13   12:48



Chapter 8 — Quantification of white matter injury following neonatal stroke with serial DTI 141

time-consuming landmark-based normalization, expert knowledge, and careful 
inspection were necessary for accurate normalization. This procedure is therefore not 
yet suitable for daily clinical practice. Incorporation of automatic lesion 
segmentation techniques and subsequent automatic masking of these regions during 
the registration process may allow easier access to the clinician.31, 32

Limitations of the study were the relatively small sample size and the absence of a 
visual field test in six children. The data in this study were collected retrospectively, 
and visual field tests were therefore only administered when clinically indicated.

Conclusion

Serial DTI following PAIS allows insight into the evolution of white matter injury 
following PAIS. Although neonatal DTI may not capture the full extent of the injury, 
DTI at 3 months does, and it corresponds well with the DTI findings at 24 months in 
the major white matter tracts examined and with long-term motor, cognitive, and 
visual outcomes.

Figure 7

Axial views of two DTI datasets after 

normalization to the template of a 

child with a PCA stroke, which resulted 

in a hemianopia. The first two mean 

diffusion-weighted image maps show 

involvement of the corpus callosum 

and the optic radiation. DTI at three 

months shows a cyst with an enlarged 

lateral ventricle. The Z-map in the 

neonatal period already shows a low 

Z-value in the splenium of the corpus 

callosum and optic radiation. At three 

months the Z-map shows a similar 

pattern with a larger area of low 

Z-values in the corpus callosum.
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Abstract

Introduction
Little is known about cognitive outcome following periventricular haemorrhagic 
infarction (PVHI) and perinatal arterial ischaemic stroke (PAIS). The aim of the 
study was to assess cognitive outcome in children with PVHI or PAIS and to relate 
these findings to early developmental outcome and neonatal magnetic resonance 
imaging findings.

Method 
A neuropsychological assessment was performed in 50 children (26 males, 24 
females) with unilateral PVHI (n=21) or PAIS (n=29) at a median age of 11 years 9 
months (range 6–20y). This included tests for intelligence, verbal memory, 
visual–motor integration, word comprehension, attention, reaction times, and 
executive function. The Griffiths scales were used for early developmental 
assessment at 24 months (range 18–32mo).

Results 
In children with PVHI, both the early Griffiths scores (mean 87; 95% CI 83–92) 
and the full-scale IQ (FSIQ) scores at school age (mean 86; 95% CI 78–94) were 
below the test mean of 100. In the PAIS group, early Griffiths scores were within 
the normal range (mean 98; 95% CI 93–104), but at school age FSIQ scores were 
below average (mean 87; 95% CI 80–94). In children with PVHI, FSIQ scores 
correlated with the level of maternal education and were lower after ventricular 
dilatation, whereas both involvement of the basal ganglia and thalami and 
development of postneonatal epilepsy were associated with lower cognitive 
outcome in children who had experienced PAIS.

Interpretation
Cognitive outcome after PVHI or PAIS is below average, but still within 1 SD for 
most children. Prediction of cognitive outcome remains challenging, but some 
early predictors can be recognized.
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Introduction

Perinatal brain injury is commonly encountered in the neonatal intensive care unit in 
both preterm and term-born infants. Different types of injury may be observed 
depending on the gestational age at which they arise.1 Periventricular haemorrhagic 
infarction (PVHI) is a typical example of white matter injury which may occur during 
the early third trimester. PVHI is considered to be the result of impaired drainage of 
the medullary veins in the periventricular white matter and tends to be preceded by 
an ipsilateral intraventricular haemorrhage or germinal matrix haemorrhage.2 Towards 
the end of the third trimester, the pattern of injury changes to one of predominantly 
cortical and subcortical grey matter injury. Perinatal arterial ischaemic stroke (PAIS) is 
an example of such injury and is caused by a focal disruption of cerebral blood flow 
due to arterial embolization or thrombosis, resulting in focal ischaemia.3

Both PAIS and PVHI often result in adverse neurological sequelae in childhood, 
including motor and cognitive impairment.3 While motor deficits can usually be 
predicted based on the size and site of the lesion,4 early prediction of cognitive 
development remains a challenge. Studies reporting on cognitive function after PVHI 
or PAIS have reported different outcomes, ranging from normal performance to 
cognitive delay.5-8 Most studies, furthermore, report cognitive outcome before 
school age, while it has been suggested that cognitive deficits may not become 
evident until school age.8

The aim of the current study was to assess cognitive outcome at school age in a cohort 
of children with unilateral PVHI or PAIS. We compared the cognitive data with that of 
early developmental assessments. Furthermore, we tried to correlate characteristics 
of the lesion on neonatal magnetic resonance imaging (MRI) with cognitive outcome.

Methods

Participants
Participants were selected from a database of children with unilateral PVHI and PAIS 
admitted to the neonatal intensive care unit of the Wilhelmina Children’s Hospital 
between 1991 and 2005. Children were recruited for a study on brain plasticity after 
perinatal brain injury. Three additional children with PAIS were recruited for this 
study from the VU University Medical Centre and the results of their 
neuropsychological assessment were also included in this study. This resulted in a 
total of 50 children (26 males, 24 females) with PVHI (n=21) and PAIS (n=29).
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Clinical data
Demographic and neurological characteristics were obtained from the children’s 
charts and via a parental questionnaire. Maternal educational level was used as an 
indicator of socio-economic status and rated on a seven-point scale according to 
Verhage,9 where higher scores reflect higher levels of education. Education of the 
child was categorized as either special or mainstream education. The diagnosis of 
unilateral spastic cerebral palsy (USCP) was made according to the criteria of Bax et 
al.10

Neuroimaging data
MRI was performed at term-equivalent age in preterm children or during the first 
week after birth in term-born children. As a result of the inclusion of children born 
over a long period of time, the MRI protocol was not the same for all children. All MRI 
(acquired on a 1.5T MR system (Philips Medical Systems, Best, The Netherlands)) did, 
however, include sagittal T1-weighted and axial T2-weighted imaging, as well as 
inversion-recovery T1-weighted imaging and often diffusion-weighted imaging. In 
two children, no neonatal MRI was carried out and PVHI and PAIS were diagnosed 
using cranial ultrasound. These two children were scanned after the neonatal period 
using a similar MRI protocol.

In children with PVHI, the site of the PVHI was noted. The presence of 
posthaemorrhagic ventricular dilatation (PHVD) requiring intervention (lumbar 
punctures or insertion of a ventricular reservoir or a ventriculoperitoneal shunt) was 
recorded from the infants’ charts. After PAIS, the involved branch was noted. With 
these children, we also recorded whether or not the cortex or basal ganglia and 
thalami were involved.

Early developmental assessment
Children who were admitted to the neonatal intensive care unit of the Wilhelmina 
Children’s Hospital (n=47) were seen at regular intervals in the neonatal follow-up 
clinic. An early outcome assessment was performed on these children at 18 to 32 
months using the Griffiths Mental Developmental Scale.11 Depending on the child’s 
age, this test consists of five or six subscales (locomotor, personal–social, language, 
eye–hand coordination, performance, and practical reasoning), resulting in a mean 
score of 100 and an SD of 15. The developmental quotient was calculated using all 
subscales with the exclusion of the locomotor scale in order to avoid lower scores in 
those children with motor deficits but with normal cognitive performance. The scores 
of preterm children were corrected for gestational age up to the age of 24 months.
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Neuropsychological assessment
At school age, different neuropsychological functions were tested. First, intelligence 
was tested with either the Wechsler Intelligence Scale for Children12 or the Wechsler 
Adult Intelligence Scale,13 depending on the child’s age. Scores derived included 
verbal IQ, performance IQ, and full-scale IQ (FSIQ) with a mean score of 100 and an 
SD of 15.

In addition, we assessed verbal memory, visual–motor integration, word 
comprehension, attention, reaction times, and executive function in everyday life to 
investigate whether these neuropsychological functions were specifically impaired in 
this group of children.

Verbal memory was tested with the 15-word list,14 which consisted of five learning 
trials with immediate recall of words (resulting in a total score) and a delayed recall 
after 25 minutes. Visual–motor integration was assessed using the Beery 
Developmental Test of Visual–Motor Integration,15 with a developmental sequence of 
geometric forms to be copied with paper and a pencil. Word comprehension was 
tested with the Peabody Picture Vocabulary Test.16 Attention and concentration in 
terms of speed and accuracy were assessed using the Bourdon–Vos Test17 and scored 
on a three-point scale. Reaction times were examined by two tasks: one visual task 
and one auditory task.18 Finally, executive function was assessed using the 
Behavioural Rating Inventory of Executive Function, which is a parental questionnaire 
regarding well-organized, purposeful, goal-directed, and problem-solving 
behaviour.19 The Behavioural Rating Inventory of Executive Function comprises 86 
items on two subscales: behavioural regulation and metacognition. A global 
executive composite was also calculated.

Statistical analyses
Test results were compared with the theoretical mean of the normative sample using 
a one-sample t-test or a Wilcoxon signed-rank test where appropriate. Differences 
between groups were evaluated using independent-samples t-tests and changes in 
intellectual ability of the groups over time were evaluated using paired t-tests. For 
individual data, a change in intellectual ability over time was considered significant if 
the observed difference was larger than twice the standard error of measurement 
(SEM), reflecting the test–retest reliability. As different tests were used at the two 
time points, the more stringent SEM of the Wechsler Intelligence Scale for Children 
was used (3.48 points).
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PVHI (n=21) PAIS (n=29) p

Sex (male/female) 14/7 12/17 n.s.

Gestational age (range) 306/7wk (26–41 wk) 38 wk (295/7–425/7wk) <0.001

Handedness (left/right) (12/9) (12/17) n.s.

Localization (left/right) 12/9 20/9 n.s.

Unilateral spastic cerebral palsy (%) 12 (57) 14 (48) n.s.

Postneonatal epilepsy (%) 2 (10) 7 (24) n.s.

Education of the child (mainstream/special) 15/6 23/6 n.s.

Table 1 

Demographic and neurological information of the 

infants with a periventricular haemorrhagic 

infarction (PVHI) and a perinatal arterial ischemic 

stroke (PAIS), n.s., not significant

Finally, univariate analyses were performed using a two-sample t-test or a 
Spearman’s rank correlation coefficient, followed by forward linear regression if 
possible. All data were analyzed using the IBM SPSS Statistics version 20 (IBM Corp., 
NY).

Informed parental consent was obtained and agreement was obtained from children 
aged 12 years and older. The institutional review board of the University Medical 
Centre Utrecht approved the study.

Results

Clinical characteristics
The clinical characteristics of the children with PVHI (n=21) and PAIS (n=29) are shown 
in Table 1. As expected, mean gestational age was lower in children with PVHI than in 
children with PAIS. USCP was observed in 26 children. Thirty-eight children (76%) 
attended mainstream education. The handedness did not differ between both 
groups.

Proefschrift 66 Niek vanderAe.indd   152 02-08-13   12:48



Chapter 9 — Cognitive outcome in childhood after unilateral perinatal brain injury 153

Nine children developed epilepsy at a median age of 6.5 years (range 2.5–13 years). 
Seizures were more often observed in children with PAIS (n=7) than in children with 
PVHI. Most children suffered simple partial seizures (n=7), which extended into 
secondary generalized seizures in two children. Of the remaining two children, one 
child suffered symptomatic multifocal seizures and one child’s EEG showed an 
electric status epilepticus in slow-wave sleep. One antiepileptic drug was used in 
seven children for seizure control, while two children required two antiepileptic 
drugs.

Neuroimaging data
PVHIs were located in the frontal region of the brain in six children, in the 
frontoparietal region in 14 children and in the parietal region in one child. Most 
lesions were located in the left hemisphere (n=12). Nine children were treated for 
PHVD using lumbar punctures. Three eventually required a ventricular reservoir, 
whilst three others required a ventriculoperitoneal shunt.

PAIS was most frequently noted in the middle cerebral artery territory (n=26; in the 
main branch in eight children, in the anterior branch in two children, in the posterior 
branch in one child, in the lenticulostriate branch in seven children, in the cortical 
branch in seven children, and in the distal middle cerebral artery branch in one child). 
The three remaining children showed a PAIS in the posterior (n=2) and anterior (n=1) 
cerebral artery territory. The left hemisphere was more often affected (n=20). In the 
majority of individuals, the cortex was involved (n=23). Basal ganglia and thalami 
involvement was observed in 16 children. In eight children, additional injury was 
observed in the contralateral hemisphere, involving subtle white matter injury.

Early developmental assessment
An early developmental assessment was performed in 47 children, at a median age of 
24 months (range 18–32mo). Lower scores were observed in children with PVHI 
(mean 87; 95% CI 83–92). Among children with PAIS, performance on the Griffiths 
Mental Developmental Scale did not differ from that of the normative sample (mean 
98; 95% CI 93–104), and was significantly higher than in those children with PVHI 
(mean difference 11; 95% CI 4–18). When subdividing the PAIS group into preterm 
and term children, no significant difference in developmental quotient was observed 
between these children.

Neuropsychological assessment
A neuropsychological assessment was performed at a median age of 11 years 9 
months (range 6–20y). Compared with the normative sample, the PVHI group 
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Periventricular haemorrhagic infarction (n=21) Perinatal arterial ischaemic stroke (n=29)

Measure Variable Test mean n Sample mean SD p n Sample mean SD p

Griffiths DQ 100 20 87.40 9.79 0.000 27 98.15 13.18 0.472

WISC, WAIS FSIQ 100 21 86.14 17.05 0.001 29 87.17 17.88 0.001

VIQ 100 21 94.05 18.59 0.158 29 90.21 16.32 0.003

PIQ 100 21 79.86 14.61 0.000 29 86.24 18.91 0.001

15WT Total 5 21 5.86 3.55 0.282 27 4.30 2.85 0.211

Delayed (1) 5 21 5.10 3.13 0.890 27 4.78 3.04 0.707

Delayed (2) 5 21 5.48 3.12 0.493 27 4.26 2.89 0.195

Beery 100 21 75.71 13.20 0.000 27 86.41 14.53 0.000

PPVT WCQ 100 21 103.71 15.01 0.270 26 97.46 16.18 0.431

RT Visual 50 21 76.81 25.19 0.000 26 74.88 28.52 0.000

Auditory 50 20 48.75 27.17 0.839 24 47.88 27.95 0.713

BRIEF BRI 50 20 54.80 35.41 0.552 26 46.73 35.79 0.645

MCI 50 20 45.85 27.31 0.505 26 34.00 28.88 0.009

GEC 50 20 48.75 31.45 0.861 26 37.38 32.87 0.062

exhibited significantly lower performance on the FSIQ (mean 86; 95% CI 78–94) and 
performance IQ (mean 80; 95% CI 73–87), but not on the verbal IQ (mean 94; 95% CI 
86–103) while the PAIS group showed below average performance on the  FSIQ (mean 
87; 95% CI 80–94), performance IQ (mean 86; 95% CI 79–93), and verbal IQ (mean 
90; 95% CI 84–96).

Verbal memory (15-word list) and word comprehension did not differ from the 
normative sample for both groups. Handedness and location of the lesion did not 
influence word comprehension. Visual–motor integration was significantly lower in 
both the PVHI (mean 76; 95% CI 70–82) and the PAIS (mean 86; 95% CI 81–92) 
groups than in the normative sample, and was lower in the PVHI group than in the 
PAIS group (mean difference 11; 95% CI 3–19). Attention and concentration in terms 
of speed and accuracy were found to be poorer in children with PVHI. Of the children 
with PVHI, 67% had a poor speed performance (compared with 24% of the children 
with PAIS), and 48% had a poor performance on accuracy (compared with 24% of the 
children with PAIS). In both groups reaction times in response to visual stimuli were 
significantly shorter than in the normative sample (PVHI: mean 77; 95% CI 65–88; 
PAIS: mean 75; 95% CI 63–86). In contrast, no significant difference in reaction times 
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in response to auditory stimuli was observed. Parent ratings of executive function 
were not significantly higher for either group. Table 2 shows the test results for each 
domain.

Relation between early and late assessment
In the PVHI group, overall intellectual ability at school age was not significantly 
poorer than at the early developmental assessment (mean difference 2; Figure. 1). In 
the PAIS group, overall intellectual ability as measured by the Griffiths 
developmental quotient was significantly lower at school age lower than at the early 
developmental assessment (mean difference 11; 95% CI 5–17; Figure 1).

Individual data indicated that nine children with PVHI showed a significant decline 
(greater than expected based on the SEM) in intellectual ability from early 
developmental assessment to cognitive assessment at school age. Seven children 
showed a significant improvement in intellectual ability. In the PAIS group , 16 
children showed a significant decline and three children showed significant 
improvement in overall intellectual ability over time.

Periventricular haemorrhagic infarction (n=21) Perinatal arterial ischaemic stroke (n=29)

Measure Variable Test mean n Sample mean SD p n Sample mean SD p

Griffiths DQ 100 20 87.40 9.79 0.000 27 98.15 13.18 0.472

WISC, WAIS FSIQ 100 21 86.14 17.05 0.001 29 87.17 17.88 0.001

VIQ 100 21 94.05 18.59 0.158 29 90.21 16.32 0.003

PIQ 100 21 79.86 14.61 0.000 29 86.24 18.91 0.001

15WT Total 5 21 5.86 3.55 0.282 27 4.30 2.85 0.211

Delayed (1) 5 21 5.10 3.13 0.890 27 4.78 3.04 0.707

Delayed (2) 5 21 5.48 3.12 0.493 27 4.26 2.89 0.195

Beery 100 21 75.71 13.20 0.000 27 86.41 14.53 0.000

PPVT WCQ 100 21 103.71 15.01 0.270 26 97.46 16.18 0.431

RT Visual 50 21 76.81 25.19 0.000 26 74.88 28.52 0.000

Auditory 50 20 48.75 27.17 0.839 24 47.88 27.95 0.713

BRIEF BRI 50 20 54.80 35.41 0.552 26 46.73 35.79 0.645

MCI 50 20 45.85 27.31 0.505 26 34.00 28.88 0.009

GEC 50 20 48.75 31.45 0.861 26 37.38 32.87 0.062

Table 2 

Test results of the early and late 

assessment DQ, developmental quotient; 

WISC, Wechsler Intelligence Scale for 

Children; WAIS, Wechsler Adult 

Intelligence Scale; FSIQ, full-scale IQ; VIQ, 

verbal IQ; PIQ, performance IQ; 15WT, 

15-word list; Delayed (1), corrected for 

total score child; Delayed (2), corrected for 

sex and age; Beery, Beery Developmental 

Test of Visual-Motor Integration, ; PPVT, 

Peabody Picture Vocabulary Test; WCQ, 

Word Comprehension Quotient; RT, 

reaction time; BRIEF, Behavioral Rating 

Inventory of Executive Function; BRI, 

behavioural regulation index; MCI, 

metacognition index; GEC, global 

executive composite.
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Predictors of intellectual outcome at school age
Among the PVHI group, univariate analyses showed lower FSIQ scores in children 
with PHVD (80 vs 96; 95% CI mean difference 2–31). As the level of maternal 
education was not normally distributed, the correlation between FSIQ and maternal 
educational level was tested non-parametrically, showing a positive correlation 
(r=0.40; p=0.005). No effect on FSIQ was found for location (frontal, parietal, or 
frontoparietal) and side (left vs right) of the lesion, handedness, sex, gestational age, 
or development of postneonatal epilepsy and USCP.

In the PAIS group, univariate analyses showed lower mean FSIQ scores in children with 
a main branch middle cerebral artery stroke (75 vs 92; 95% CI mean difference 3–31), in 
children with involvement of the basal ganglia and thalami (80 vs 96, 95% CI mean 
difference 4–29), in children who developed postneonatal epilepsy (74 vs 91, 95% CI 
mean difference 3–32), and in children who developed USCP (78 vs 95, 95% CI mean 
difference 5–29). Multivariate analyses showed that involvement of the basal ganglia 
and thalami and development of postneonatal epilepsy were the best predictors for 
FSIQ (Table 3). No effects on FSIQ were observed for side of the stroke, gestational 
age, sex, involvement of the cortex, and level of maternal education.

Figure 1

Developmental outcome (Griffiths 

developmental quotient, white bars) 

and cognitive outcome (grey bars) for 

both the PAIS and the PVHI group.
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Discussion

In this study, we have shown that both children with PVHI and children with PAIS 
have below average cognitive ability at school age and some weaknesses in other 
specific cognitive domains. While a neurodevelopmental delay was already present in 
infancy in participants with PVHI, children with PAIS showed a significant decline in 
neurodevelopmental outcome over time.

Periventricular haemorrhagic infarction
Children with PVHI had already shown performance outside the normal range in 
infancy and demonstrated no further decline when tested at school age. At school 
age, children with PVHI showed an average FSIQ of 86. Whilst this was below that of 
typically developing children, one should take into account that the cognitive 
performance of these children might be further complicated by their preterm birth, 
which is a known risk factor for lower IQ scores. Several studies have shown that IQ 
scores of preterm-born children are 5 to 10 points lower than those in a term-born 
comparison group.20 Children with PVHI, therefore, seem to perform only slightly 
worse than preterm children without PVHI. This is in accordance with the work of 

B SE B

Step 1

Constant   96.15 4.48

BGT involvement -16.28 6.03 -.46

Step 2

Constant   98.36 4.33

BGT involvement -14.00 5.77 -.40

Postneonatal epilepsy -14.36 6.70 -.35

Table 3

Multiple linear regression results for factors associated with 

FSIQ in the PAIS group R2=0.21 for step 1. R2=0.33 for step 2.
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Roze et al.,7  on cognitive function in infants with PVHI, who found a mean FSIQ of 83 
in these children. Bassan et al.21 also found that half of PVHI survivors developed 
significant cognitive abnormalities.

Although previous studies report impairments in verbal memory7, 22 and behavioural 
problems (especially impairments in executive functions),22, 23 we could not confirm 
this. Preterm birth is known to affect visuomotor processes,24, 25 which is in 
accordance with our findings. Similarly, attention and concentration deficits are more 
frequently observed in preterm children.26, 27 It is unknown, however, whether these 
deficits are exacerbated by the presence of a PVHI. Finally, we found shorter reaction 
times in response to visual stimuli in children with PVHI. We hypothesize that the 
increased use of electronic devices may play a role in these findings.

Although we were unable to perform a linear regression analysis in the PVHI group, 
our data suggests that development of PHVD had a negative effect on cognitive 
performance. PHVD is a frequently observed complication of an intraventricular 
haemorrhage. Although it is not necessarily associated with an unfavourable 
outcome, even when neurosurgical intervention is required, several studies have 
shown that PHVD in the presence of PVHI results in lower cognitive performance.7, 28

The observed relationship between the level of maternal education and FSIQ has 
been reported before.29, 30 Possible explanations include a higher quality of child care, 
cognitive stimulation, and the use of follow-up services. Moreover, IQ differences in 
children may be genetically caused by differences in the maternal IQ.29

Perinatal arterial ischaemic stroke
The reported cognitive outcome after PAIS has been variable. Some studies have 
reported a favourable long-term outcome,31 whereas other studies have reported 
lower intellectual abilities at school age.8, 32-34 Ricci et al.6 found normal cognitive 
outcome in children with PAIS, but the majority of the participants were preschool 
children at the time of assessment. Ballantyne et al.31 reported longitudinal 
measurements and found a normal cognitive function at school age, but found lower 
IQ scores in children who developed epilepsy. The decline in function over time, as 
found in our study, is in line with the study of Westmacott et al.,8 who found that the 
performance of children with PAIS did not differ from the normative sample of 
preschool children. However, when compared with the normative sample of school-
age children, performance was significantly lower for overall intellectual ability. This 
does not reflect a loss of skills but, rather, slower gains over time and difficulty with 
higher-level cognitive skills compared with healthy peers. The reported normal 

Part II — brain plasticity after perinatalstroke158

Proefschrift 66 Niek vanderAe.indd   158 02-08-13   12:48



performance in other studies might reflect differences in the duration of follow-up, 
which may have been too short to detect late-emerging deficits. This would suggest 
the importance of continued follow-up of these children until they are attending 
school in order to understand how they cope with more academic tasks.

Previous studies have reported specific language impairments after PAIS.31, 35 In 
contrast to these studies, we found no impairments in word comprehension, but we 
did find poor visual–motor integration. Talib et al.36 found no impairments in visual–
motor integration, but this may also be attributed to the short duration of their 
follow-up. The shorter reaction times to visual stimuli were also observed in children 
with PAIS.

Linear regression showed that both involvement of the basal ganglia and thalami and 
development of postneonatal epilepsy were associated with lower FSIQ scores. 
Development of postneonatal epilepsy has previously been associated with a decline 
in cognitive function.31 It remains uncertain, however, what the underlying 
mechanism is, as both epilepsy and the antiepileptic drugs may play a role. We were 
unable to differentiate between these two factors, as all children with epilepsy used 
antiepileptic drugs. Thalamic injury is increasingly being associated with poor 
cognitive outcome, in both preterm and term infants, possibly owing to the 
regulatory role of the thalamus in information transmission to the cortex and 
between cortical areas.37-39 It has been extensively associated with cognitive deficits 
in adult stroke,40 but ours is the first study that associates thalamic injury with lower 
cognitive scores after PAIS.

This study has some limitations, which need to be addressed. Firstly, the comparison 
of performance across time was complicated by the use of a neurodevelopmental 
measurement and an intelligence test at school age. After discharge from the 
neonatal intensive care unit, all children were seen at the neonatal follow-up clinic for 
routine follow-up. In this setting, the Griffiths mental developmental scale provided 
a useful tool in evaluating the child’s development within a limited amount of time. A 
second potential limitation is that, although we studied a relatively large group with 
perinatal brain injury, a larger group would allow more extensive statistical analyses, 
potentially identifying other factors associated with outcome. Another possible 
limitation is that the age range at neuropsychological assessment was very wide (6–
20y). We looked into this using age-appropriate norms and test versions. All the 
children in our study were attending school, but it is important to understand how 
they cope with more academic tasks. Finally, we did not study the visual performance 
of all children, although prematurity and both PAIS and PVHI are associated with 
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Abstract

In this case report we describe the presence of a unilateral watershed infarction 

in a preterm born infant. Structural imaging in the neonatal period and in 

adolescence confirmed a typical lesion pattern compatible with watershed 

infarction in term born infants. Although the resulting parasagittal cleft 

transected the primary motor cortex, motor function of the affected hand was 

relatively spared. Functional MRI and transcranial magnetic stimulation revealed 

an important role for the unaffected hemisphere in motor control of the affected 

hand, showing that early cortical reorganization may lead to a near normal hand 

function.
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Introduction

Watershed infarction, or parasagittal cerebral injury, is a pattern of injury typically 
seen in term born infants with hypoxic ischemic encephalopathy (HIE). It refers to a 
characteristic pattern of, often bilateral, ischemic areas in the cortex and subjacent 
white matter located at the intervascular watershed zones between the anterior and 
middle cerebral arteries and/or between the posterior and middle cerebral arteries 
and is the result of an acute or prolonged disturbance in cerebral perfusion.1

Early brain injury in both preterm and term born infants is associated with long-term 
adverse sequelae, primarily to motor, cognitive and visual function. Several studies 
have shown that the immature brain is able to partially compensate for unilateral 
lesions affecting the corticospinal trajectory by (partially) taking over motor 
innervation by the unaffected hemisphere. The contribution of the unaffected 
hemisphere seems to depend on the extent and timing of the lesion and varies from 
ipsilateral premotor activity to complete take over by the primary motor cortex.2

The aim of this brief communication is to describe a rare case of a preterm born infant 
who developed a unilateral watershed infarct. She was seen again at the age of 16 
years and examined by means of both structural and functional MRI (fMRI) and 
transcranial magnetic simulation (TMS).

Case study

The child was born at a gestational age of 30 weeks after an emergency caesarean 
section because of placenta praevia. She was admitted to the neonatal intensive care 
unit and ventilated for 7 days for respiratory distress. During this period there were 
no cardiovascular problems. Initial cranial ultrasonography (cUS) showed no 
abnormalities.

At a postmenstrual age of 35 weeks, cUS revealed a subcortical cyst in the left fronto-
parietal lobe (Figure 1A). An MRI acquired at term equivalent age showed tissue loss 
in the fronto-parietal lobe with ex vacuo dilatation of the left ventricle (not shown 
here), no clear asymmetry of myelination in the posterior limb of the internal capsule, 
suggestive of a normal motor development. Yet, at the age of 12 months, the girl 
showed signs of a mild right-sided hemiplegia, which was more prominent in the arm 
than in the leg, and remained present until last seen in our follow-up clinic at the age 
of 6.5 years. The girl received physiotherapy but never participated in a constrained 
induced movement therapy program.
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Methods

When the child was tested at the age of 16 years she was found to have a below 
average IQ (total IQ 73, verbal IQ 70, nonverbal 81) but was very cooperative 
throughout the study. Informed consent was obtained from the child and her parents 
and the study was approved by the IRB of the University Medical Centre Utrecht. All 
MRI scans were acquired on a Philips Achieva 3T scanner.

Evaluation of hand function
Hand function was assessed by an occupational therapist who was unaware of the 
MRI and TMS results. Both hands were tested with the Melbourne assessment of 
upper limb function, the Assisting Hand Assessment and the Purdue Pegboard test. 
The degree of cerebral palsy was classified according to Claeys3 and the Manual 
Ability Classification System (MACS).

Structural MRI
Conventional imaging consisted of a 3D T1 weighted turbo field echo (TR/TE = 
8.4/3.8 ms, 175 contiguous sagittal with a 1 mm isotropic voxel size) and a FLAIR 

Figure 1

Cranial ultrasound, sagittal view 

showing the cyst in the left 

parasagittal region on postnatal day 

32 (A). Coronal view of 3D T1-

weighted image (B) and axial FLAIR 

image (C) acquired at the age of 16 

years showing parasagittal tissue loss 

and gliosis. Note how the cleft runs 

through the primary cortex, which has 

a relatively small hand knob compared 

to the unaffected hemisphere. 

Statistical activation maps are 

displayed overlaid upon an axial view 

of the 3DT1 for both the left hand (D) 

and the right hand (E).
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sequence (TR/TI/TE = 11000/2800/125 ms, 26 axial slices of 4 mm, 1 mm gap, infield 
resolution of 0.45 x 0.45 mm).

Functional MRI
For the fMRI data, a PRESTO sequence was used (TR/TE = 22.5/ 33.3 ms and 4 mm 
isotropic voxels, covering the whole brain in 0.6 s). The block design consisted of 
alternations between nine blocks of rest and eight blocks of activation and was 
performed for both hands separately. Each block consisted of 33 scans, resulting in 
561 scans. During the active block, the girl squeezed a balloon with a frequency of 
0.25 Hz and visual guidance was given on a beamer screen in the scanner room. The 
girl was instructed not to squeeze during the resting block. As the task required good 
eye-hand coordination, the task was practiced in a dummy scanner before performing 
the real scan.

Post-processing was performed in SPM8 (Wellcome Department of Cognitive 
Neurology, University College London, UK). After realignment, the scans were 
smoothed (8-mm gaussian kernel) and high-pass filtered. The block design was 
convolved with the hemodynamic response function and was used as a regressor for 
the general linear model. An activation map was calculated for each hand with a 
threshold of p < 0.05 at voxel level after correcting for multiple comparisons.

Transcranial magnetic stimulation
Navigated TMS was performed using a Magstim Rapid2 stimulator (Magstim 
Company, Carmarthenshire, UK). The figure- eight coil was navigated to the clusters 
of activated voxels and motor evoked potentials (MEPs) were recorded 
simultaneously from the abductor pollicis brevis from both hands at 120% motor 
threshold with a Keypoint EMG system (Medtronic, Skovlunde, Denmark).

Results

The girl showed a mild hemiplegia with remarkably preserved hand function and 
independent finger movements, and was found to have most restrictions with 
manipulative fine motor skills. This was expressed by a low score on the Purdue 
Pegboard test for the paretic hand (Z-score -6.3, paretic vs. 0.8, non-paretic). The 
Assisting Hand Assessment (score 97) and Melbourne (score dominant limb 100 and 
non-dominant limb 95) scores were normal and only revealed mild problems in 
manipulation of small objects. The girl was therefore classified as MACS level  one. 
Mirror movements were present during finger tapping of both hands, but were more 
prominent when the task was performed with the paretic hand.
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The structural MRIs revealed parasagittal tissue loss in the left hemisphere, 
surrounded by gliosis (Figure 1B and C). The location corresponded with the location 
of the cyst as seen on neonatal cUS (Figure 1A). In the coronal view, the typical post-
HIE pattern of ulegyria could be observed.

Functional MRI during active movement of the left non-paretic hand resulted in a 
strong activation pattern in the contralateral perirolandic area (Figure 1D) and other 
motor areas including the contralateral premotor areas and the ipsilateral cerebellum.

A more widespread activation pattern was observed during active movement of the 
paretic right hand (Figure 1E). This included activation in both precentral gyri, the 
contralateral postcentral gyrus and the contralateral cerebellum. During both right 
and left sided testing activation was found in both superior parietal lobules and in the 
occipital lobes. 

TMS of the unaffected hemisphere elicited reproducible MEPs in both the left and 
right forearm with similar latencies (20.9 ms and 21.3 ms respectively,  Figure 2 A and 
B). When stimulating the affected hemisphere, a MEP in the paretic hand could be 

Figure 2

Electromyogram recordings as found 

during transcranial magnetic 

stimulation. A and B represent the 

motor evoked potentials of the left 

and right hand while stimulating

the right, unaffected hemisphere.  

The response in the right hand while 

stimulating the left, affected 

hemispher is shown in C.
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elicited, but at a higher motor threshold (78% vs. 65%) and with a longer latency of 
36.3 ms. (Figure 2C). No MEP in the non-paretic hand was found.

Discussion

In this case report we have described the presence of a unilateral watershed 
infarction in a preterm born infant. Watershed infarctions are typically seen in (near) 
term born infants who suffer from mild to moderate cerebral hypoperfusion. In 
preterm born infants, similar degrees of hypoperfusion are more likely to result in 
(cystic) periventricular leukomalacia. Their periventricular white matter is particularly 
vulnerable due to the arterial end zones of the long penetrating arteries derived 
mainly from the middle cerebral arteries.1 Hypoperfusion in this area may lead to 
focal micro- or macroscopic necrosis often in combination with the production of 
reactive oxygen and nitrogen species, resulting in death of the vulnerable 
premyelinating oligodendrocytes. The parasagittal watershed areas are spared in the 
preterm because of the presence of many meningeal interarterial anastomoses 
between the anterior, middle and posterior cerebral arteries that regress when 
approximately term.

The lesion pattern starts to change between 34 and 36 weeks of gestational age after 
which hypoperfusion is more likely to result in damage to the subcortical white 
matter and the cerebral cortex. In this context our case is exceptional. Although the 
parasagittal cyst was only discovered at a gestational age of 35 weeks, it is most 
likely that the initial infarction had already developed several weeks earlier, as cystic 
evolution takes 2-3 weeks to develop. Despite this early development, the pattern 
shows a remarkable resemblance to the watershed infarction pattern in the term born 
including parasagittal tissue loss and ulegyria.

The watershed infarction had resulted in a parasagittal cleft, transecting the primary 
motor cortex, and severe motor limitations were expected. Yet, a remarkably spared 
motor function was observed, which suggested cortical motor reorganization. 
Studies in the human2 and in animals4 have shown that successful reorganization 
requires the involvement of corticospinal tracts originating from the affected 
hemisphere. Based on her good hand function, we therefore expected a clear 
involvement of her affected hemisphere when testing the pattern of motor 
innervation with fMRI and TMS. Though fMRI revealed a pattern of bilateral activity, 
it was only stimulation of the non-affected hemisphere which resulted in short-
latency MEPs of both hands. TMS of her affected hemisphere resulted in 
reproducible MEPs, but with a longer latency, possibly reflecting a decreased 
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conduction velocity of the corticospinal tract or involvement of the reticulospinal 
system.5 The role of the affected hemisphere in the primary motor control of the 
affected hand therefore remained unclear.

The somatosensory pathways are known to (re)organize in the affected hemisphere. 
We did perform a somatosensory fMRI task, but as our findings were in line with 
previous findings, we did not report them here.6

The different tests, performed by this girl, seem to imply that the cortical 
organizational pattern found is the result of reorganization following perinatal brain 
injury. We assume that there was ‘normal organization’ before the insult, as previous 
studies have shown that the corticospinal axons reach the lower cervical spinal cord at 
24 weeks post-conceptual age.

Conclusion

Summarizing, we have shown that a watershed infarction may also occur in a preterm 
infant and result in a similar lesion pattern as seen in term born infants. Additional 
neuropsychological testing revealed that the infarction led to cortical reorganization, 
showing that this may result in a near normal hand function.
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Abstract

Introduction
Unilateral perinatal brain injury may result in recruitment of ipsilateral 
projections originating in the unaffected hemisphere and development of 
unilateral spastic cerebral palsy (USCP). The aim of this study was to assess the 
predictive value of neonatal neuroimaging following perinatal brain injury for the 
recruitment of ipsilateral corticospinal tracts.

Methods
Neonatal magnetic resonance imaging and cranial ultrasound scans of 37 children 
(20 males, 17 females; median [range] gestational age 36+4 [26+6–42+5] weeks and 
birth weight 2312 [770-5230] )g with unilateral perinatal arterial ischaemic 
stroke (n=23) or periventricular haemorrhagic infarction (n=14) were reviewed 
and scored for involvement of the corticospinal trajectory. Hand function was 
assessed using the Assisting Hand Assessment (AHA) and Transcranial Magnetic 
Stimulation (TMS) was performed at a median age of 11y10mo [7y4mo -18y7mo 
to determine the type of cortical motor organisation (normal, mixed or 
ipsilateral). Neuroimaging scores were used to predict TMS patterns.

Results
Eighteen children developed USCP (49%), with ipsilateral corticospinal tract 
projections in 13 children (8 mixed, 5 ipsilateral). AHA scores decreased with 
increased ipsilateral projections. Asymmetry of the corticospinal tracts seen on 
neonatal MRI was predictive of development of USCP and recruitment of 
ipsilateral tracts (positive and negative predictive value of 73% and 91%). 

Conclusion
Neonatal neuroimaging can indeed predict the recruitment of ipsilateral 
corticospinal tracts. Early knowledge of the expected pattern of cortical motor 
organisation will allow early identification of those children eligible for early 
therapy. 
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Introduction

The sensorimotor cortex and descending CSTs play an important role in motor 
control, especially in fine motor skills. Perinatal injury to either one will often result in 
motor deficits, ranging from reduced fine motor skills to spasticity.1, 2 Cerebral palsy 
is a commonly recognised sequela of perinatal brain injury and is the most common 
paediatric physical disability with an incidence of 2–2.5 per 1000 births.3

Patterns of brain injury vary, very much depending on the gestational age at which 
they occur.4 Lesions during the late second and early third trimester involve white 
matter injury, including periventricular haemorrhagic infarction (PVHI), which is 
considered a complication of a germinal matrix haemorrhage due to impaired venous 
drainage of the medullary veins of the white matter. Towards the end of the third 
trimester, the injury pattern changes towards grey matter injury, involving both the 
cortex and deep grey matter as seen in watershed infarctions and perinatal arterial 
ischaemic stroke (PAIS). In the latter, focal ischaemia can result from focal disruption 
of cerebral blood flow due to arterial thrombosis or embolisation. The timing of the 
lesions overlap, however, and PAIS can also occur in the early third trimester.5 

Numerous studies have shown that the immature brain has a large potential to 
compensate for perinatal injury to the motor system.6-8 Early injury can result in 
recruitment of fast conducting, ipsilateral tracts originating in the unaffected 
hemisphere, for control of the paretic hand. Despite this compensatory mechanism, 
recruitment of ipsilateral tracts has been associated with a decreased hand function 
in children with unilateral spastic cerebral palsy (USCP) compared with children with 
USCP without recruitment of ipsilateral tracts.7 

Neonatal neuroimaging, including cranial ultrasound (cUS) and magnetic resonance 
imaging (MRI), plays an important role in early diagnosis of perinatal brain injury and 
prognosis of subsequent neurodevelopmental outcome in both preterm- and term-
born infants.9 No studies have, however, correlated early neuroimaging with 
recruitment of ipsilateral CST at a later age. Early identification of infants with 
perinatal brain injury at risk for increased use of ipsilateral tracts would allow early, 
targeted therapeutic intervention.10, 11 The aim of this study was to study the 
potential of neonatal neuroimaging in predicting motor outcome and the type of 
motor innervation.
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Methods

Participants
A study group of 37 children (20 females, 17 females; median age 11 years 10 months, 
range 7 years 4 months–18 years 7 months) was selected from a database of children 
who had been admitted to the neonatal intensive care unit of the Wilhelmina 
Children’s Hospital (n=36) or VU University Medical Center (n=1) between 1991 and 
2005 and were diagnosed with unilateral PAIS or PVHI during the neonatal period. In 
five children, minimal injury was noted in the contralesional hemisphere, but this 
never involved the perirolandic cortex, descending corticospinal tracts, deep grey 
nuclei or cerebellum. 

The children were part of a larger study, studying cortical reorganisation following 
perinatal brain injury with functional MRI. The institutional review board of both 
centres approved the study protocol and informed consent was acquired from all 
participants and their parents where applicable. 

Neuroimaging
Neuroimaging data, acquired during the neonatal period, were used to assess the 
type of injury and determine the integrity of the corticospinal trajectory of the 
affected hemisphere. This was done by reviewing neonatal MRI scans in all but two 
preterm-born children, who had no neonatal MRI but where there was access to 
sequential cUS images. Due to the inclusion of children born in the course of a 15-
year period, the MRI protocol was not the same in all children. All MRI scans did, 
however, include axial T2 and sagittal T1 weighted imaging and axial inversion 
recovery T1 and often diffusion weighted imaging (DWI). MRI scans were acquired on 
a 1.5T Philips MR system (Philips, Best, The Netherlands), as previously described.12, 13 

All scans were reviewed independently by two neonatologists (LdV and FG) who were 
unaware of the transcranial magnetic stimulation (TMS) results and hand function 
data. Both have more than 20 years of experience in neonatal neuroimaging. Any 
differences in scores were resolved by consensus. The agreement between both 
observers before consensus was reached was high (Cohen’s kappa coefficient=0.82).
The path of the corticospinal tracts, including the posterior limb of the internal 
capsule (PLIC) and the cerebral peduncle, was graded as symmetrical, equivocal or 
asymmetrical.12, 13 In preterm-born infants with PVHI or PAIS, myelination of the PLIC 
was assessed using inversion recovery images obtained at term equivalent age (Figure 
1). Bilateral high signal intensity of at least one third of the PLIC was scored as 
symmetrical. When the PLIC on the affected side showed a high signal, but was less 
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well defined, this was defined as equivocal. Finally, a partial or complete absence of 
the high signal within the PLIC was scored as asymmetrical.

In term-born infants with PAIS, MRI scans acquired within two weeks after birth were 
used to score the symmetry of the CST. DWI scans and conventional anatomical scans 
were reviewed for involvement of the hemispheres, basal ganglia (BG) and PLIC, as 
described by Mercuri et al. (Figure 2).1 Involvement of all three structures was defined as 
asymmetrical. Equivocal was defined as being involvement of two out of three 
structures. If the DWI showed high signal intensity in the ipsilesional cerebral peduncle, 
combined with involvement of two of the previously mentioned structures, it was also 
scored as asymmetrical.13 Involvement of only one structure was scored as symmetrical. 

Transcranial magnetic stimulation
TMS was performed using a Magstim Rapid2 (Magstim Company, Carmarthenshire, 
UK), equipped with a 2x70mm figure-eight coil with a peak magnetic field strength of 
3.5–4 Tesla. The 10–20 EEG system of electrode placement was used to approximately 
locate the right and left motor cortex (C4 and C3). The skull surrounding these 
locations was explored with the TMS coil and by gradually increasing the output with 

Figure 1

Inversion recovery MRI scans of 

tree preterm born infants with 

periventricular haemorrhagic 

infarction (PVHI), scanned at term 

equivalent age. The MRI in A shows 

bilateral high signal intensity in the 

posterior limb of the internal capsule 

(PLIC) and was scored symmetrical. 

The PLIC on the affected side in B 

also shows some myelination, but is 

less well defined than the PLIC on the 

unaffected side, and was therefore 

scored as equivocal. Finally, the MRI 

in C shows no myelination of the 

PLIC on the affected side, which was 

subsequently scored as asymmetrical. 
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5% increments. The motor threshold was determined for each hemisphere separately 
and defined as the stimulus output at which at least half of 8–10 consecutive trials 
resulted in motor evoked potentials (MEPs) with a minimal amplitude of 50µV. MEPs 
were recorded from bilateral abductor pollicis brevis and abductor digiti minimi 
muscles and averaged over 8–10 MEPs. In order to determine the innervation pattern, 
the cortex was stimulated at 120% of the motor threshold or at 100% stimulator 
output, whichever came first. 

Depending on the observed MEPs, the innervation pattern was classified as 
contralateral (when MEPs in the affected hand could only be evoked when 
stimulating the contralateral affected hemisphere), mixed (with MEPs following 
stimulation of both the contralateral and ipsilateral hemisphere) and ipsilateral (when 
only stimulation of the ipsilateral, unaffected hemisphere resulted in MEPs).

Hand function assessment 
The Assisting Hand Assessment (AHA) was used in to evaluate upper limb function in 
all children. This test measures how effectively the affected hand and arm are used in 
bimanual performance.14 Children up to 12 years of age participated in a board game. 

Figure 2
Diffusion weighted imaging of three 
term born infants with perinatal 
arterial ischemic stroke, scanned 
within the first week after birth. Both 
A and B show a cortical stroke in the 
territory of the middle cerebral artery 
(MCA). No involvement of the 
posterior limb of the internal capsule 
(PLIC), basal ganglia or cerebral 
peduncle was observed in A, which 
was subsequently scored as
symmetrical. In B additional restricted 
diffusion was observed in the PLIC, 
but without involvement of the basal 
ganglia or cerebral peduncle. Due to 
the involvement of the PLIC, this MRI 
was scored as equivocal. Finally, C 
shows an MRI scan of a main branch 
MCA stroke, with involvement of the 
PLIC, basal ganglia and cerebral 
peduncle, which was scored as 
asymmetrical.
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TMS patterns

Contralateral (n=24) Mixed (n=8) Ipsilateral (n=5)

Sex (male/female) 10/14 6/2 1/4

Gestational age, wk 36+4 (26+6–42+5) 32+4(27+6–33+3) 33+5(27–41+6)

Injury (PAIS/PVHI) 17/7 3/5 3/2

Affected side (left/right) 17/7 6/2 0/5

USCP (%) 5 (21) 8 (100) 5 (100)

AHA score 100 (87–100) 64 (54–78) 47 (35–59)

MACS I (I–II) II (I–II) III (II–IV)

Table 1

Clinical characteristics and hand function scores of 

the different transcranial magnetic stimulation 

(TMS) patterns observed, depicted as median and 

(range), unless indicated otherwise.

PAIS, perinatal arterial ischaemic stroke; PVHI, 

periventricular haemorrhagic infarction; USCP, 

unilateral spastic cerebral palsy; AHA, Assisting 

Hand Assessment; MACS, Manual Ability 

Classification System. 

Older children were asked to unwrap and subsequently wrap a present with packing 
paper. This was captured on video and scored with 22 items on a 4-point scale and 
converted to logit-based AHA-units (0–100) by an occupational therapist who was 
blinded for the TMS pattern.15 This test has been validated for children up to the age 
of 12 years and a scoring system for older children is currently under development. A 
preliminary version of this scoring system was kindly provided by the developers of 
the test and used for this study. 
In children with USCP, the Manual Ability Classification System (MACS) was used to 
describe how these children use their hands in daily activities.16 The MACS is a 
functional classification system describing the voluntary hand use at a scale from one 
(handles objects easily and successfully) to five (does not handle objects).

Statistical analyses
Data were analysed using SPSS v19. The Kruskal–Wallis or Mann-Whitney U test was 
used for comparison of continuous data among groups, followed by a Bonferonni 
correction. Kendall’s tau rank correlation coefficient was used to study the relation 
between categorical values. Finally, positive (PPV) and negative (NPV) predictive 
values were calculated.

TMS patterns

Contralateral (n=24) Mixed (n=8) Ipsilateral (n=5)

Sex (male/female) 10/14 6/2 1/4

Gestational age, wk 36+4 (26+6–42+5) 32+4(27+6–33+3) 33+5(27–41+6)

Injury (PAIS/PVHI) 17/7 3/5 3/2

Affected side (left/right) 17/7 6/2 0/5

USCP (%) 5 (21) 8 (100) 5 (100)

AHA score 100 (87–100) 64 (54–78) 47 (35–59)

MACS I (I–II) II (I–II) III (II–IV)
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Results

The clinical characteristics of the studied children are summarised in Table 1.

Neonatal neuroimaging
Review of the neuroimaging data of the 37 children showed PVHI in 14 children and 
PAIS in 23 children. Injury was most often observed in the left hemisphere (n=22). 

PVHIs were located in the frontal region in four, the frontoparietal region in nine and 
the parietal region in one child. In one preterm-born child only cUS was available for 
review, showing a large frontoparietal PVHI involving the trigone (Figure 3A and B). 
This scan was scored as asymmetrical, i.e. development of USCP was found to be very 
likely.17 Combined with the MRI scans, five scans were scored as asymmetrical, three 
scans were scored as equivocal and six scans were scored as symmetrical. 

Nine out of 23 children with PAIS were preterm (≤37 weeks gestation age) and an MRI 
was acquired at term equivalent age in eight. In one child, only cUS scans were 
available for review, showing PAIS in the caudate nucleus, distant from the CST, 

Figure 3
Neonatal cranial ultrasound and 
postnatal MRI scans of the two 
children in whom no neonatal MRI was 
acquired. Coronal cerebral ultrasound 
(cUS) scans show a large 
periventricular haemorrhagic 
infarction in right hemisphere, which 
evolved into a porencephalic cyst (A). 
Due to the location and expansion into 
the parietal lobe, development of 
unilateral spastic cerebral palsy was 
regarded very likely and this scan was 
therefore scored asymmetrical. This 
was also confirmed by the MRI 
acquired at the age of 18 years (B). In 
the lower row, a coronal and sagittal 
(C) cUS of a preterm born infant show 
a perinatal arterial ischemic stroke in 
the left caudate nucleus. No other 
injury was observed on sequential 
imaging, and the scan was therefore 
scored symmetrical. MRI at the age of 
16 years confirmed injury to the 
caudate nucleus with no other 
abnormalities (D). 
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Table 2

The relation between the (a)symmetry of the 

corticospinal trajectory on neonatal neuroimaging 

and the observed patterns of innervation using 

transcranial magnetic stimulation (TMS) for children 

with perinatal arterial ischemic stroke (circles) and 

periventricular haemorrhagic infarction (diamonds). 

Children with unilateral spastic cerebral palsy are 

depicted as filled shapes. An increased use of 

ipsilateral projections can be observed in children 

whose neonatal neuroimaging data showed more 

severe asymmetry.

TMS pattern

Neonatal neuroimaging score Contralateral Mixed Ipsilateral

Symmetrical

Equivocal

Asymmetrical

TMS pattern

Neonatal neuroimaging score Contralateral Mixed Ipsilateral

Symmetrical

Equivocal

Asymmetrical

which was therefore scored as symmetrical (Figure 3C and D). PAIS was most 
frequently observed in the middle cerebral artery (MCA) territory (n=21, five main 
branch, two anterior branch, six lenticulostriate branches, seven cortical branches 
and one distal MCA branch). The two remaining children showed a stroke in the 
anterior and posterior cerebral artery, respectively. DWI was available in 9 out of 14 
children who were term born. Involvement of the cerebral peduncle was noted in 
three children, who all developed USCP. In total, scans of ten children with PAIS were 
scored as asymmetrical, four were scored as equivocal and nine were scored as 
symmetrical (Table 2).

TMS pattern
TMS was performed with the target muscles at rest in 34 children. In three children 
pre-contraction was used to reduce the required stimulator output. None of these 
three children, however, showed ipsilateral responses. 

In one child with contralateral MEPS when stimulating the affected hemisphere, TMS 
of the unaffected hemisphere resulted in contractions of muscles in the proximal 
ipsilateral forearm, without contractions of the thumb. Such a response was not 
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Neonatal neuroimaging

Symmetrical Equivocal Asymmetrical

Injury (PAIS/PVHI) 9 / 6 4 / 3 10 / 5

USCP (%) 1 (7) 3 (43) 14 (93)

MACS I [I-I] I [I-II] II [I-IV]

AHA score 100 [90-100] 93 [64-100] 59 [35-100]

Table 3

The relation between neonatal neuroimaging and 

type of injury and subsequent outcome. The Manual 

Ability Classification Score (MACS) and Assisting 

Hand Assessment (AHA) scores are depicted as 

median and [range].  MACS scores were only 

reported for children with unilateral spastic cerebral 

palsy (USCP). 

observed in the unaffected limb or when stimulating the affected side. This child was 
therefore regarded as having a mixed pattern. In total, TMS showed involvement of 
ipsilateral tracts in 13 children, with a mixed pattern in eight and an ipsilateral 
pattern in five children (Table 3). 
 
Relation between neuroimaging and TMS patterns
Increased asymmetry of the corticospinal trajectory on neonatal neuroimaging 
correlated with the increased use of ipsilateral tracts, as found during TMS ( =0.64, 
p<0.001, Table 2) and lower AHA scores. Presence of an asymmetrical CST during the 
neonatal period had a PPV and NPV of 73% (95% CI 44–91%) and 91% (95% CI 69–
98%), respectively, for predicting a mixed or ipsilateral TMS pattern. When equivocal 
and asymmetrical imaging patterns were combined, the PPV dropped to 60% (95% CI 
37–78%) and the NPV increased to 100% (95% CI 74–100%).

Hand function
Twenty children were right-handed. In 15 of these children the injury was located in 
the right hemisphere. In all 17 remaining left-handed children, the injury was located 
in the left hemisphere.
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Eighteen children developed USCP with a MACS-I in six children, a MACS-II in nine, a 
MACS-III in two and a MACS-IV in one child. As expected, AHA scores were lower in 
children who developed USCP (median scores 60 [range 35–100] vs 100 [range 90–
100], p<0.001). Increased involvement of ipsilateral CST projections, as determined 
using TMS, correlated with a decrease in AHA (p<0.001, Figure 4) and increase of 
MACS scores ( =0.71, p<0.001) and all children with ipsilateral tracts developed 
USCP. Five children with a contralateral TMS pattern developed USCP (two preterm-
born children, four children with PAIS), but showed a good hand function with an 
AHA score of 100% in four children and 87% in one child.

Relation between neuroimaging and hand function
Fourteen out of 15 children whose neonatal MRI or cUS was defined as asymmetrical 
developed USCP (see Table 3). Three out of seven children whose MRI was scored as 
equivocal developed USCP. One child developed USCP whilst his neonatal MRI was 
scored as symmetrical. His MRI showed a frontoparietal PVHI, with a symmetrical 
PLIC at term equivalent age. This child had an AHA score of 100 and showed a very 
subtle USCP, which was only visible during fine finger movements. 

Figure 4

Relation between the hand function, 

as determined with the Assisting Hand 

Assessment (AHA) and the three 

different patterns of corticospinal 

organisation observed in children with 

PAIS (circles) and PVHI (diamonds). For 

each pattern, AHA scores are 

presented for very preterm born 

children (≤32 weeks, left) and preterm 

and term-born children (>32 weeks, 

right). Children with unilateral spastic 

cerebral palsy are depicted as filled 

shapes. *p<0.05 **p<0.005
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Corresponding with the increase in USCP, lower AHA scores (p<0.001) were found in 
children with a more severe asymmetry on neonatal neuroimaging.

Discussion

In this study we included 37 children with brain injury commonly encountered in daily 
care of newborns in the neonatal intensive care unit. Within this population, MRI is 
indispensable for early diagnosis of brain injury and helps in identifying infants who 
are at risk of developing motor sequelae; it is therefore routinely used in many 
centres.12, 13, 18, 19 By relating neonatal neuroimaging findings with TMS determined 
patterns of corticospinal organisation at a later age, we were able to show that early 
imaging can also be used to predict reorganisation of the sensorimotor cortex. 
Furthermore, we have shown that increased involvement of ipsilateral tracts was 
associated with a decrease in hand function, as expressed by lower AHA scores and 
higher MACS scores.

Studies in neonates and animals suggest that the persistence and strengthening of 
ipsilateral, fast conducting corticospinal tracts following perinatal brain injury is the 
result of an imbalance between the corticospinal tracts originating in both 
hemispheres.20, 21 Initially, both hemispheres have corticospinal projections to both 
the contra- and ipsilateral limbs. In healthy infants, an activity-dependent process 
results in a gradual withdrawal of the ipsilateral projections, with strengthening of 
the contralateral projections.20 At the age of 12–18 months, the ipsilateral 
projections have significantly reduced. They can only be found when stimulating with 
higher TMS outputs and show longer latencies with lower amplitude MEPs. Following 
perinatal brain injury, the naturally occurring regression of ipsilateral connections can 
be interrupted. Damage to the corticospinal trajectory results in reduced or abolished 
neuronal activity. As a result, the ipsilateral corticospinal tracts from the unaffected 
hemisphere will be stronger and can compete with the affected, contralateral tracts 
and may be retained and strengthened. Following this maladaptive process, short 
latency MEPs will be retained and have similar thresholds and amplitudes as those of 
the non-paretic hand.

Increased understanding of the neurophysiological changes is important for 
understanding and improving the effects of therapy following early brain injury. 
Therapy in children with USCP has traditionally focused on teaching compensatory 
skills and preventing deformity.22 More recently developed therapies such as 
constraint induced movement therapy (CIMT) and TMS challenged this approach and 
focused on addressing the non-use of the affected limb and stimulating brain 
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plasticity. A number of small sample studies have shown that both therapies are 
beneficial, and the first randomised controlled trial, including both therapies, is 
underway (clinicaltrials.gov: NCT01189058). It is debatable, however, as to what 
extent these therapies influence the competition between ipsi- and contralateral 
corticospinal projections, as these have already been established.
Studies in cats, which have a similar corticospinal development, show that early 
intervention can interrupt the maladaptive processes and (partially) retain the 
crossed corticospinal tracts from the affected hemisphere with improved motor 
performance. These interventions include TMS of the affected hemisphere and 
CIMT.21 The time window for such an effective intervention seems limited, however, 
and corresponds with a postnatal age of 6–12 months in humans. Distinguishing 
between the different corticomotor patterns before this time using TMS is difficult, 
as bilateral MEPs will still be present, even in healthy newborns.20 An early predictor 
of persisting ipsilateral tracts would therefore be useful and this study shows that 
neonatal neuroimaging can be used as such. We realise, however, that translating 
therapies, which have shown to be useful in animal models, to application in such 
young infants faces several challenges. However, first results of CIMT applied before 
the age of two years are being reported and show its feasibility.11, 23

It has been suggested that following an early neonatal insult, the efficiency of 
reorganisation of the sensorimotor cortex is age-dependent and decreases 
significantly towards the end of pregnancy resulting in a poorer hand function.24 
However, no such effect was observed in our cohort. Ipsilateral TMS patterns were 
observed in both preterm- and term-born children, with similar AHA scores in both 
groups. Mixed TMS patterns were not observed in any of our term-born children, but 
this probably reflects the extent of injury following a main branch MCA stroke. The 
strong relation between the neuroimaging scores, reflecting the location and extent 
of injury and the type of reorganisation observed, suggests that location and extent 
are more important predictors of ipsilateral recruitment and poor hand function. This 
is in accordance with previous studies reporting the relation between TMS findings 
and MRI scores in children and adolescents.7, 8, 25

Whilst conventional MRI and DWI were used in the current study, the use of more 
recent MRI sequences, including diffusion tensor imaging and 3D MRI would allow a 
more accurate and quantifiable scoring of corticospinal tract asymmetry.25, 26 This 
would furthermore allow quantification of other structures, such as the cerebellum or 
the corpus callosum, which is known to play an important role in contralateral 
inhibition.27 However, as the children included in this study were born over a period 
of 20 years, these techniques were not available to the oldest children. Furthermore, 
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Summarizing discussion

The development of the human brain is a complex and enduring process, which starts 
with the formation of the neural tube and continues into early adulthood. Early 
development is characterized by a series of processes, including neuronal 
proliferation, migration, dendritic development, synaptogenesis, differentiation and 
myelination. This is accompanied by a rapid increase in brain volume and the 
formation of cortical sulci and gyri and results in complex, specialized networks, 
which will be further developed postnatally.1, 2

The injury following neonatal stroke causes an abrupt interruption of these 
processes. It not only causes cell death of the primarily affected tissue, including 
neurons and axons, but also induces peripheral injury. Studies in infants with 
periventricular haemorrhagic infarction (PVHI) have shown that the cortical 
organization is also affected. A neuropathology study in children who suffered white 
matter injury showed increased neuronal ramifications and hypertrophy of 
interneurons in cortical areas overlying the injured white matter.3 Similar findings 
were reported in a case report of an infant with PVHI who developed focal cortical 
dysplasia near the PVHI.4 More recently, reduced ipsilateral cortical volumes were 
reported in children with PVHI.5 Proposed mechanisms causing the cortical changes 
include antero– and retrograde neuronal degeneration of neurons and disrupted 
neuronal migration. Whilst the latter is of less importance following perinatal arterial 
ischemic stroke (PAIS) in the term born infant, antero- and retrograde neuronal 
degeneration has also been observed following PAIS. A well-known example of such 
injury is the acute anterograde degeneration of the corticospinal tracts at the level of 
the cerebral peduncle, which can be observed within days after the insult on diffusion 
weighted imaging (DWI) and at a later stage with conventional MRI.6-8 Secondary 
injury may, however, also be subtle, including restricted diffusion in the thalamus.9, 10 
In both PVHI and PAIS, the widespread secondary injury, including the cortex, may 
play an important role in the development of cognitive deficits and development of 
seizures.

Despite major improvements in perinatal care, perinatal stroke remains a severe 
problem of the newborn and is commonly encountered in the care of these infants in 
the neonatal intensive care setting. The reported incidence of PAIS varies from 
1:1600-1:5000, and most likely depends on the frequency with which neuroimaging 
studies are performed. PVHI has a lower incidence, but still occurs in 1-10% of the 
very preterm born infants, depending on the gestational age and birth weight.11 Even 
though a number of risk factors have been identified for both PAIS and PVHI, few 
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have resulted in preventive measures and the precise identification of cause in the 
case of an individual infant is often impossible. In the absence of evidence-based 
treatment, therapy during the neonatal period mainly involves supporting measures, 
including the treatment of seizures and in case of PVHI, prevention of post-
haemorrhagic ventricular dilatation.12 During this time, MRI plays an important role, 
as it allows visualisation of the size and site of the injury and may assist in predicting 
outcome. In this thesis we studied MRI data of infants with PVHI and PAIS and, where 
possible, related these findings to neurodevelopmental outcome. In the first part of 
the thesis we focused on neonatal MRI in infants with PAIS. In the second part we 
studied brain plasticity of both infants with PAIS and PVHI. 

Part I: Neonatal neuroimaging following PAIS

In infants suspected of PAIS, neuroimaging plays an important role in the diagnostic 
work-up and is required to confirm the diagnosis. Cranial ultrasound may allow 
diagnosis at the bedside, although it often takes several days for the lesion to evolve 
and become detectable and smaller lesions are easily missed.13 MRI therefore remains 
the modality of choice as it enables early detection of ischemic tissue and allows 
prediction of outcome. Especially the introduction of DWI in neonatal MRI has 
improved the detection of ischemic tissue. The signal changes on DWI are based on 
the changes in diffusion following acute ischemia. Acute ischemia rapidly results in 
cell edema, which hinders the free diffusion of water molecules. This restricted 
diffusion can be easily detected using DWI and can be quantified using its derived 
apparent diffusion coefficient (ADC) value. 

Despite widespread use of DWI, few studies have reported the changes in diffusion 
restriction after PAIS. In chapter 2 we described these changes, by determining the 
ADC values in the core of the ischemic tissue of 36 infants with PAIS who were 
scanned between two to ten days after birth. In this group we observed the lowest 
ADC values on day two, with a non-linear increase over time. Pseudonormalization, 
the return of ADC values within normal range prior to a further increase due to cell 
lysis, occurred after day seven. When we compared ADC values of infants with a large 
middle cerebral artery (MCA) stroke with those of infants with a small stroke, ADC 
values were lower in the large strokes. Finally, ADC ratios (rADC) were calculated, by 
dividing the ADC value by the ADC value of the corresponding region in the 
contralateral, unaffected hemisphere. When we compared these rADC values with 
rADC values previously reported in infants with hypoxic ischemic encephalopathy, 
these values tended to be lower. 
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This study clearly shows that DWI should be applied during the first week after birth, as 
pseudonormalization already takes place from day seven onwards. When compared to 
previous studies in infants with hypoxic ischemic encephalopathy other than stroke, 
rADC values were lower in infants with PAIS. While injury following hypoxic ischemic 
encephalopathy does not result in cystic evolution, PAIS does. This suggests that lower 
ADC values reflect more severe injury. However, due to the retrospective nature of the 
study and the limited number of infants of whom advanced imaging techniques such as 
perfusion weighted imaging (PWI) were acquired, we were unable to demonstrate this. 
Further research, in which both diffusion and perfusion of ischemic tissue are 
determined, will be required to determine the relation between these parameters and 
the extent of ischemia and tissue outcome. 

In chapter 3 we described a new method which enables automatic segmentation of 
ischemic tissue. By using ADC maps of a group of healthy term born infants as a 
reference, we were able to identify regions of ADC values that were below the normal 
range in 15 infants with PAIS, corresponding well with manually delineated ischemic 
regions. This initial segmentation was further improved by applying a supervised 
pixel classification of the segmentation and its vicinity. This second segmentation 
had a sensitivity of 94% for segmenting the total ischemic volume and an average 
sensitivity of 87% per patient. 
It was of interest to observe that there was some disagreement between the 
automatic and manual segmentation at the borders of the stroke. In this area, where 
the borders of healthy and affected tissue meet, a gradient of ADC values can be 
observed. Accurate delineation of the affected tissue can therefore be difficult. This 
was reflected by the high intra- and interobserver variability in this area. The use of 
an automatic segmentation method, such as the one demonstrated in this chapter, 
allows a user-independent, automatic segmentation of ischemic tissue, increasing the 
precision of the segmentation. Such a method may prove useful in clinical therapeutic 
studies, in which the effect on stroke volume and subsequent tissue loss are studied. 
Another application of such method may include the segmentation of ischemic tissue 
following hypoxic-ischemic injury other than stroke, such as injury to the basal 
ganglia and thalami and watershed areas. However, before such methods can be 
applied, further improvements will be required, incorporating the expected change in 
ADC values over time, as described in chapter 2. 

In chapter 4 we moved away from DWI and described serial magnetic resonance 
angiography (MRA) findings in a group of 25 infants with unilateral ischemic injury. By 
using two-dimensional phase contrast MRA (2D PC-MRA) to quantify blood flow of 
the internal carotid arteries, we demonstrated a higher blood flow ipsilateral to the 
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ischemic tissue. Given that a specific circle of Willis configuration may also result in 
an asymmetrical blood flow, we determined this configuration using three-
dimensional time of flight MRA. Even after correcting for the circle of Willis 
configuration, asymmetries in blood flow were still observed. At the age of three 
months, 17 of these infants were scanned again and the asymmetry was no longer 
observed.

A disadvantage of 2D-PC MRA, however, is that it provides no information as to how 
the (increased) blood flow is distributed throughout the brain. Arterial spin labelling, 
which has recently also been introduced in neonatal MRI, allows such quantification 
of perfusion of different brain regions non-invasively. Two recent studies using 
arterial spin labelling in infants with PAIS both showed an increased perilesional 
blood flow in a number of cases, which may explain the increased ipsilateral carotid 
blood flow observed in our study.14, 15 It is unknown, however, whether this 
temporary reactive hyperemia” is beneficial - by restoring oxygen and glucose 
supply- or harmful, by releasing reactive oxygen species. Future studies, combining 
information on perfusion and diffusion, may provide insight into whether the 
restoration of blood flow in neonatal stroke is beneficial and may provide the basis 
for novel therapies. 

While residual injury following large truncal and cortical strokes in the MCA territory 
are generally characterised by loss of the cortex and underlying white matter, we 
have described a different pattern in chapter 5. In this study, we reviewed MRI scans 
of 33 infants with PAIS, 11 of whom were born preterm. The three most preterm 
infants, all born before a gestational age of 32 weeks, showed complete sparing of 
the cortex, with cavitation of the underlying white matter. In four infants, of whom 
three were born preterm, partial sparing was observed, while the remaining 25 
infants showed the ‘typical’ pattern with loss of both cortex and white matter. This 
pattern has not been previously described but we speculate that maturational 
changes of the leptopmeningeal arteries underlie the observed differences. Although 
these modalities were not available, MR techniques such as MRA and arterial spin 
labelling may confirm this hypothesis. 
An interesting finding was, that all children with cortical sparing developed epilepsy 
whilst this was only observed in 29% of those children without complete sparing. 
Previous studies have reported that 20-50% of all infants with PAIS develop 
epilepsy.16-18 Although the number of infants with complete sparing was small, we 
speculate that these infants are at higher risk due to post-injury grey matter 
transformations, resulting in an epileptogenic focus.3 
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PAIS is most frequently observed in the MCA territory, involving cortical strokes, 
large truncal strokes and lenticulostriate strokes. In a review of published PAIS cases, 
Govaert et al reported that MCA stroke represented 80% of all PAIS cases.19 The 
remaining cases involved strokes in the territory of the anterior or posterior cerebral 
artery (PCA). No studies have, however, reported the clinical presentation, risk 
factors and outcome of these infants. In chapter 6 we therefore described a group of 
18 infants with PCA stroke. Fourteen of these infants presented with clinical seizures. 
In seven infants, a hypoglycaemia was observed. Due to the design of the study, we 
were unable to draw any conclusions as to the role of hypoglycaemia, but it has been 
shown to be a risk factor for both PAIS and occipital white matter injury.20-22

Neurodevelopmental follow-up was available in 17 children and was fairly good, with 
global delay in only five children. The most common sequela observed was 
development of a visual field defect, which was present in 9 out of 17 tested children. 
Three children with a normal visual field developed signs of cerebral visual 
impairment. In 11 children a repeat MRI was acquired at the age of 3 months. When 
we scored the asymmetry of the optic radiation of the children, we found a strong 
correlation with the severity of visual field defects (no defects vs a quadrantanopia vs 
a hemianopia). 

It was of interest to note that the majority of the infants presented with clinical 
seizures, despite the fact that the primary motor cortex was not involved. This seems 
to suggest a secondary spread of the seizures towards the motor cortex. The true 
incidence of PCA stroke may therefore be higher, as infants without such secondary 
spread will unlikely display any other signs initiating neuroimaging and might as a 
result easily be missed. 

In chapter 7 we once again focused on predicting outcome, concentrating now on 
motor outcome and especially development of unilateral spastic cerebral palsy. 
Several methods can be used to predict motor outcome after PAIS, which include 
conventional MRI and DWI during the neonatal period, in addition to early 
assessment of motor development at three months of age.6-8, 23, 24 The aim of this 
study was to investigate whether or not a quantitative assessment of the 
corticospinal tracts would contribute to the prediction of motor outcome following 
PAIS. We included 22 infants with PAIS and studied the role of DWI in the neonatal 
period, DTI-based tractography of the corticospinal tracts at three months and an 
assessment of the movement repertoire at three months in predicting development 
of motor deficits. Neonatal DWI was available in 20 out of 22 infants and was 
abnormal in six infants who developed motor deficits, but was also abnormal in one 
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infant with normal motor development. At three months, motor behaviour was 
deemed abnormal in 11 infants, 8 of whom developed motor deficits. Only DTI was 
able to predict outcome correctly in all infants. Furthermore, the severity of 
asymmetry of the corticospinal tracts on DTI correlated with the subsequent hand 
impairment, as determined by using the manual ability classification scale. 

After reporting that DTI at three months can be helpful in predicting outcome 
following PAIS, we studied serially acquired DTI data of 16 infants with PAIS to 
determine how DTI parameters change over time. As reported in chapter 8, we 
obtained fractional anisotropy (FA) values within five regions of interest during the 
neonatal period, at 3 months and in some cases also at approximately 24 months. The 
regions of interest included the posterior and anterior limb of the internal capsule, 
the corpus callosum, the posterior thalamic radiation and the optic radiation. In the 
neonatal period, FA values of infants who developed motor deficits were not 
different from the infants who did not develop any deficits. At three months, the six 
infants who ultimately developed motor deficits showed lower FA values in all 
affected regions. At this time, FA values in the optic radiation were lower in all four 
infants who developed a visual field defect when compared to infants with a normal 
visual field examination. Finally, FA values of the corpus callosum correlated with the 
Griffiths’ developmental quotient. In those children in whom a third scan was 
obtained at 24 months, a similar pattern was observed.

When combining the results of chapters 7 and 8, we can conclude that FA 
measurements during the neonatal period are of limited value in predicting outcome. 
It is not until three months of age that FA measurements can be of predictive value for 
both motor and visual outcome and correlate with the Griffiths’ DQ. These findings 
raise the question whether DTI at three months should be incorporated in the 
standard clinical work up. In many centres MRI is only performed during the neonatal 
period, which will remain essential to confirm the diagnosis. As DTI at three months 
corresponds well with neonatal DWI, we propose that it can be of additional value in 
case of indecisive neonatal imaging findings or unexpected abnormal early motor 
development. Combined with the results of chapter 6, we would therefore 
recommend only acquiring DTI at three months if there is uncertainty regarding 
motor or visual outcome, in which case DTI-based tractography of respectively the 
corticospinal tract or optic radiation may bring clarification. 
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Part II: Brain plasticity following neonatal stroke

As perinatal brain injury occurs during a time period in which many neuronal 
connections and networks still need to be formed, it is generally assumed that, 
following injury, the immature neonatal brain possesses greater compensatory 
capacities than the mature brain. This has indeed shown to be true in some domains, 
such as motor performance and language. In these domains, the lack of functional 
specificity of the brain allows both intra- and interhemispheric reorganisation.25-27 
However, for cognitive function, outcome has been reported to be worse following 
early injury, suggesting that the neonatal brain is more vulnerable to similar injury.28 
The difficulty, however, of comparing outcome following brain injury at different 
ages is that, besides the maturational stage, the type of injury also varies. 
Furthermore, the location and extent of injury is likely to play an important role. 
Outcome following extensive traumatic brain injury or cerebral tumours requiring 
surgery or radiotherapy is therefore not easily comparable with outcome following 
unilateral perinatal injury. 

In this context, both PVHI and PAIS provide an interesting model for brain plasticity, 
as they can be allocated to a specific time period and often involve only one 
hemisphere, thereby allowing both intra- and interhemispheric reorganisation. In 
addition, the effect of location and extent of the injury can be studied, as the type of 
injury is the same. In part II of the thesis, we focussed on motor and cognitive 
performance following PVHI and PAIS and correlated these functions to 
characteristics of the lesion on neonatal MRI.

In chapter 9 we report early neurodevelopmental outcome at the age of 18 months 
and cognitive outcome at school age in a group of 50 infants with PVHI or PAIS. In the 
PVHI group, Griffiths’ scores at 18 months already were below average. When these 
children were tested again at school age, they showed similar IQ scores. In these 
children, low IQ scores were associated with lower levels of maternal education and 
development of post-haemorrhagic ventricular dilatation. In contrast, the Griffiths’ 
scores of children with PAIS fell within the normal range at 18 months, but when 
tested again at school age, their IQ scores were found to be below average. In this 
group, lower IQ scores were associated with involvement of the basal ganglia and 
thalami and development of post-neonatal epilepsy. 
Whilst average performance for both PAIS and PVHI was below average at school age, 
it still fell within a standard deviation of the reference value. This suggests that 
cognitive outcome following neonatal stroke is reasonably good. However, whilst we 

Proefschrift 66 Niek vanderAe.indd   198 02-08-13   12:49



Chapter 12 — Summarizing discussion / Conclusions 199

were able to include a large number of infants born between 1991 and 2005, a 
substantial number was unwilling to participate, some of them for medical reasons, 
including severe spasticity or epilepsy. It may therefore very well be the case that the 
cognitive outcome reported in this chapter is overestimated. 

Plasticity following injury to the corticospinal system is first described in a single 
patient in chapter 10. This patient was born preterm and suffered unilateral 
watershed injury following hypoxic ischemic injury. This pattern of injury is typically 
seen in the term born infant and has not been described previously in the preterm 
born infant. This child also allowed us to study the reorganisation of the corticospinal 
system using transcranial magnetic stimulation (TMS) and functional MRI. Both 
modalities showed increased involvement of the primary motor cortex of the 
unaffected hemisphere, resulting in a mixed pattern, in which both primary motor 
cortices innervate the affected hand. In chapter 11 we showed that such a mixed 
pattern is associated with poor hand function. The girl studied did, however, show a 
remarkably preserved hand function, with preservation of independent finger 
movements and was only found to have restriction with manipulative fine motor 
skills. Despite the fact that the motor cortex had been injured, it only involved focal 
injury to the primary hand knob due to the parasagittal cleft, which might explain the 
relatively good hand function. 

In chapter 11 we studied plasticity of the corticospinal system in a larger group of 
children. We included 37 infants with unilateral PVHI or PAIS and related their 
neonatal MRI with reorganisation of the corticospinal trajectory and subsequent 
hand function. The type of reorganisation was determined by using TMS and 
classified as contralateral (in which both hemispheres only control the contralateral 
hand), mixed (in which both hemispheres are involved in the control of the hand 
contralateral of the affected hemisphere) or ipsilateral (in which the unaffected 
hemisphere controls both hands, while the affected hemisphere controls no hand). 
We observed that an increase of asymmetry of the corticospinal trajectory on the 
neonatal MRI correlated with an increased involvement of ipsilateral corticospinal 
tracts originating from the unaffected hemisphere and a subsequent decrease of 
hand function. An asymmetrical neonatal MRI had a positive predictive value of 73% 
for predicting either a mixed or ipsilateral TMS pattern. Furthermore, we found that 
involvement of ipsilateral corticospinal tracts was always accompanied by a poor 
hand function and development of cerebral palsy. 

As ipsilateral organisation is associated wit poorer hand function, one would like to 
stimulate the use of the remaining contralateral tracts from the affected hemisphere. 
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Experimental studies have shown that this can best be done early in life, before the 
age of 12-18 months. Therapies aimed at restoring the balance between ipsi- and 
contralateral tract include constraint induced movement therapy and TMS. We 
speculate that our discovery that neonatal MRI can predict reorganisation of the 
corticospinal injury, will allow for early identification of those infants eligible for such 
therapies.

Conclusions

The following conclusions can be drawn form this thesis:

• Diffusion weighted imaging plays an important role in the diagnosis of PAIS, 
but its use is limited to the first week following the insult (chapter 2). 

• It is feasible to automatically segment ischemic tissue on diffusion weighted 
images which may assist the clinician in differentiating between healthy and 
ischemic tissue following hypoxic ischemic injury (chapter 3).

• Following unilateral PAIS, an increased blood flow of the ipsilateral internal 
carotid artery can be observed during the first 10 days after birth (chapter 4). 

• The pattern of injury following PAIS in the territory of the middle cerebral 
artery varies and depends on the gestational age at which it arises. If PAIS 
occurs before the gestational age of 32 weeks, the cortex may be spared 
(chapter 5).    

• Outcome following PAIS in the territory of the posterior cerebral artery is 
fairly good, though visual field defects are common, requiring adequate 
follow-up (chapter 6).

• Diffusion tensor imaging at three months can assist in predicting both motor 
and visual outcome in infants with PAIS. Neonatal DTI measurements may 
underestimate the full extent of injury (chapters 7 and 8)

• Cognitive outcome at school age following PAIS and PVHI is below average, 
but still within a standard deviation of the mean for most children (chapter 9). 

• Besides prediction of motor outcome, neonatal MRI may also be used to 
predict recruitment of ipsilateral corticospinal tracts in children with unilateral 
PVHI or PAIS (chapter 11).
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Future directions of research

During the last decades, considerable progress has been made in the field of perinatal 
stroke with regards to epidemiology, potential risk factors, neuroimaging and 
subsequent outcome. Despite this progress, the pathogenesis remains a black box 
and therapies are lacking. In the first chapters of this thesis, we used MRI to study 
pathophysiological changes following PAIS. Knowledge about these changes may 
increase our understanding of the mechanisms leading to PAIS and guide towards 
novel therapies. Next, we studied infants with PAIS, and in the last chapters also 
infants with PVHI, and related their neonatal MRI findings to later outcome. We have 
shown that early MRI can assist in identifying infants at risk for motor, visual and 
cognitive deficits. Early identification of these infants will be required if novel 
therapies arise. While these studies contribute to our knowledge of neonatal stroke, 
a long road still lays ahead. We suggest the following in improving our understanding 
of neonatal stroke:

Increase the numbers
According to the Dutch central agency for statistics, 180.060 infants we born in 2011 
(statline.cbs.nl). During the same year, 34 infants with PAIS were registered in the 
Dutch national neonatal registration. This registration is used by all 10 neonatal 
intensive care units and by some of the non-academic paediatric departments. When 
assuming that all infants who were suspected of having PAIS were referred to a NICU, 
the Dutch incidence of PAIS would be 1:5.300. This is rather low compared to the 
international reported incidence ranging from 1:1.600 – 1:5.000 and suggests that a 
significant number of infants is either not diagnosed or not registered in the national 
registration.
If we would like to work towards a better understanding of the pathophysiological 
mechanisms underlying PAIS and study potential therapies, larger number of patients 
will be required. This may be reached by both better registration and by multicentre 
collaborations. Examples of the international registrations include the International 
Paediatric Stroke Study and the Vermont Oxford Network.29 

Serial imaging
We know from experimental studies that ischemic stroke is not a static process and that 
stroke volumes, MRI contrasts and perfusion measures change over time.30, 31 In preterm 
born infants, serial MRI has provided insight into both structural and functional 
development following preterm birth. In PAIS, however, few studies have reported serial 
MRI data. Serial imaging in PAIS might provide further insight into the pathophysiological 
mechanisms underlying PAIS, paving the road towards new strategies. 
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Serial imaging during the first weeks after birth faces some challenges, however, and 
can be a burden for the encephalopathic infant. Acquiring neonatal MRI often 
involves transportation to the MRI system, multiple transfers, sedation and exposure 
to noise. Recent developments including dedicated equipment, such as MRI 
compatible incubators, neonatal head coils and smaller neonatal MRI systems may 
reduce the burden and improve the acquisition quality and time, making serial MRI 
more feasible.32

Optimizing therapeutic strategies
Effective therapy for PAIS is still considered to be a ‘holy grail’. While several 
therapies have been shown to be effective in experimental studies, their 
effectiveness and applicability in PAIS still need to be confirmed. The difficulty in 
treating PAIS is that the most optimal time window for starting treatment during the 
acute phase of hypoxic ischemic injury is during the first 6 hours, while infants with 
PAIS often present with seizures after the first 24 hours.33 It is therefore most likely 
that studies aiming at regeneration and remodelling, which can be applied in the 
post-acute phase, will be most efficient. Such therapies include stem cells, 
erythropoietin, repetitive TMS, constraint induced movement therapy (CIMT) and 
hand-arm bimanual intensive therapy (HABIT). 12, 34, 35 

CIMT and HABIT have already been applied in many patients, often resulting in a 
moderate improvement of hand function. The reported duration of such improved 
hand function varies however, as some studies reported an ongoing effect of the 
therapy at three to six months follow-up, while others reported hand function levels 
similar to the baseline at follow-up.35, 36 It has been suggested that such therapies, 
especially CIMT, will be more efficient when applied during a phase when the balance 
between ipsi- and contralateral corticospinal tracts is still being established. This 
corresponds to the age of 12-18 months. It is unknown however whether containment 
of the healthy arm in such an early phase will affect its normal development. 

Another therapy that focuses on the disturbed balance between ipsi- and 
contralateral tracts is repetitive TMS. Studies in adult stroke patients have suggested 
that interhemispheric inhibition from the contralateral, unaffected hemisphere 
supresses the remaining motor neurons, resulting in a decreased hand function. 
Consequently, reducing this interhemispheric inhibition by means of repetitive 
stimulation has shown to improve hand function.37 Up to now, only one study has 
reported the effect of repetitive TMS following paediatric stroke.34 In this 
randomized controlled trial, 20 children with chronic hemiparesis underwent either 
repetitive TMS or sham TMS for eight days. In the repetitive TMS group, both hand 
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function and strength increased during therapy, though only the increase in hand 
strength persisted after at follow-up. The median age of this study group was 13 
years and again the question arises whether this therapy would be more efficient 
when applied at younger ages. Further research in to the optimal timing and duration 
of neurorehabilitation therapies will therefore be required.

Studying network changes
Whilst numerous studies have reported the structural changes on MRI in the 
following perinatal brain injury, few have studied functional changes in terms of 
functional connectivity. In preterm born infants, both DTI and resting state functional 
MRI studies have shown how networks change with maturation and have provided 
more comprehensive understanding of the neurobiology underlying impairments in 
these children.2, 38 Connectivity studies in the term born with brain injury are rare 
however. One study in term born infants with hypoxic ischemic encephalopathy did 
indeed show a trend towards declining brain network integration in infants with 
increasing neuromotor deficits.39 Further studies should point out whether 
connectivity parameters can indeed be related to functional outcome following 
perinatal brain injury. This might be especially interesting in relation to cognitive 
outcome. In adults, more efficient functional networks in adults have been related 
with better intellectual performances.40 As cognitive outcome can be poorly 
predicted using conventional MRI, functional network changes will be an interesting 
biomarker to study. 
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De ontwikkeling van het brein is een complex en langdurig proces, wat start met het 
vormen van de neurale buis en doorgaat tot op volwassen leeftijd. De eerste stappen 
van deze ontwikkeling worden gekenmerkt door een reeks processen wat onder 
andere neurale proliferatie, migratie, de ontwikkeling van dendrieten, 
synaptogenese, differentiatie en myelinisatie omvat. Dit gaat gepaard met een snelle 
toename van het brein volume en de formatie van gyri en sulci, wat resulteert in een 
gespecialiseerd, complex netwerk, dat verder ontwikkeld wordt na de geboorte.1, 2

Een beroerte bij de pasgeborene resulteert in een abrupte onderbreking van de 
ontwikkeling van het brein. Het veroorzaakt niet alleen lokale schade, maar ook 
schade aan verder weg gelegen gebieden. Studies bij kinderen met een 
periventriculair hemorragisch infarct (PVHI) hebben aangetoond dat de organisatie 
van de cortex ook veranderdt. Een pathologie studie bij kinderen met witte stof 
schade liet een toename van het aantal neuronale vertakkingen zien met hypertrofie 
van de interneuronen in de cortex boven de beschadigde witte stof.3 Soortgelijke 
bevindingen werden gerapporteerd in een studie van een kind met PVHI waarbij 
corticale dysplasie werd geobserveerd nabij het PVHI.4 In een recentere studie 
werden kleinere ipsilaterale corticale volumes geobserveerd bij kinderen met PVHI.5 
Het is onbekend waardoor deze corticale veranderingen worden veroorzaakt, maar 
mogelijke mechanismen hierachter zijn antero- en retrograde neuronale degeneratie 
van neuronen en een verstoorde neuronale migratie. Alhoewel het laatste 
waarschijnlijk een minder belangrijke rol speelt bij kinderen met een perinataal 
arterieel ischemisch infarct (in het Engels perinatal arterial ischemic stroke, of PAIS), 
wordt antero- en retrograde neuronale degeneratie ook frequent geobserveerd bij a 
term geboren kinderen met PAIS. Een veel voorkomend voorbeeld is de acute 
anterograde degeneratie van de corticospinale banen, welke snel na het insult 
geobserveerd kan worden middels diffusie gewogen MRI (DWI) en later ook met 
conventionele MRI.6-8 Secundaire schade kan echter ook subtieler zijn, zoals diffusie 
restrictie in de thalamus.9, 10 Bij zowel PVHI en PAIS, zou de diffuse, secundaire 
schade, inclusief schade aan de cortex, een belangrijke rol kunnen spelen in de 
ontwikkeling van cognitieve achterstanden en de ontwikkeling van epilepsie.

Ondanks de grote vooruitgang op het gebied van perinatale zorg, blijft een 
perinatale beroerte een groot probleem bij de pasgeborene. De gerapporteerde 
incidentie van PAIS varieert van 1:1600 – 1:5000 en is waarschijnlijk afhankelijk van 
hoe laagdrempelig er beeldvorming van het brein verricht wordt. De incidentie van 
PVHI is lager en het voorkomen is vooral afhankelijk van de zwangerschapsduur en 
het geboortegewicht. Bij de zeer vroeg geborenen (geboren voor een 
zwangerschapsduur van 32 weken), ligt de incidentie tussen de 1 en 10%.11 Voor 
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zowel PVHI als PAIS zijn een aantal risicofactoren bekend, maar dit heeft maar 
beperkt geresulteerd in preventieve maatregelen. Bij de meeste kinderen is 
bovendien het achterhalen van de oorzaak van de beroerte niet mogelijk. De 
behandel mogelijkheden tijdens de neonatale periode zijn beperkt en omvat 
voornamelijk ondersteunende maatregelen, het behandelen van convulsies en, in 
geval van PVHI, het voorkomen en behandelen van post-hemorragische 
ventrikeldilatatie.12 Gedurende deze periode speelt MRI een belangrijke rol, daar het 
gebruikt kan worden om de lokalisatie en uitgebreidheid van de beroerte te 
visualiseren en tevens kan helpen in het voorspellen van de verdere motorische 
ontwikkeling. 

In dit proefschrift hebben we ons gericht op beeldvorming middels MRI bij kinderen 
met PVHI en PAIS en waar mogelijk werden de MRI bevindingen gerelateerd met de 
(neurologische) ontwikkeling van deze kinderen. Het eerste deel van het proefschrift 
richtte zich op MRI in de neonatale periode bij pasgeborenen met PAIS. In het tweede 
deel werden zowel kinderen met PAIS als PVHI bestudeerd, waarbij werd gekeken 
naar de plasticiteit van het brein na vroegtijdige hersenschade.

Deel I: Neonatale hersenbeeldvorming na PAIS

Bij kinderen bij wie een PAIS wordt vermoed, speelt beeldvorming van de hersenen 
een belangrijke rol in de diagnostiek. Alhoewel echografie van het brein gemakkelijk 
gebruikt kan worden op de afdeling, duurt het vaak enkele dagen alvorens een 
ischemisch gebied gedetecteerd kan worden en kleinere gebieden worden snel 
gemist.13 MRI blijft daarom het diagnosticum van eerste keus, waarmee vroege 
diagnostiek mogelijk is en tevens (neuromotorische) uitkomst voorspeld kan worden. 
Vooral de introductie van DWI in neonatale beeldvorming heeft de detectie van 
ischemische gebieden verbeterd. De signaal veranderingen die middels DWI 
gedetecteerd kunnen worden zijn het gevolg van verandering in de diffusie van water 
na acute ischemie. Ischemie resulteert in cel oedeem wat de vrije diffusie van water 
hindert. Deze restrictie in diffusie kan gemakkelijk gedetecteerd worden middels 
DWI en gekwantificeerd worden met de van DWI afgeleide apparent diffusion 
coefficient (ADC). 

Ondanks dat DWI frequent gebruikt word in de neonatale beeldvorming zijn er 
weinig studies die de veranderingen in ADC waarden na PAIS gerapporteerd hebben. 
In hoofdstuk 2 bestudeerden we deze veranderingen door de ADC waarde in het 
centrum van de ischemische gebieden te bepalen in een groep van 36 kinderen met 
PAIS die werden gescand tussen dag twee en tien na de geboorte. Binnen deze groep 
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werden de laagste ADC waarden geobserveerd op dag twee, waarna er een non-
lineaire toename werd geobserveerd tussen dag twee en tien. Pseudonormalisatie, 
de fase waarin ADC waarden weer normale waarden aannemen, alvorens verder te 
stijgen bij cel verval, vond plaats na dag zeven. Toen de ADC waarden van kinderen 
met een groot a. cerebri media (MCA) infarct werden vergeleken met die van de 
kinderen met een klein infarct, werden lagere ADC waarden geobserveerd in de 
grotere infarcten. Tenslotte werden de ADC ratio’s (rADC) berekend, door de ADC 
waarden te delen door de ADC waarden in het corresponderende gebied in de 
gezonde hemisfeer. Wanneer deze rADC waarden vergeleken werden met rADC 
waarden van kinderen met hypoxisch ischemische encefalopathie, werden lagere 
rADC waarden gezien bij kinderen met een PAIS, wat ernstigere schade suggereert. 
Dit was echter gezien het retrospectieve ontwerp van de studie, en in de afwezigheid 
van recente MRI technieken zoals arterial spin labeling (ASL), moeilijk vast te stellen.

Alhoewel middels DWI ischemische gebieden gemakkelijk gevisualiseerd kunnen 
worden, is het begrenzen van deze gebieden soms lastig. In hoofdstuk 3 werd een 
nieuwe techniek gepresenteerd waarmee ischemisch weefsel automatisch, zonder 
tussenkomst van een gebruiker, gesegmenteerd kan worden. Hiervoor werden ADC 
waarden van een groep gezonde, a term geboren kinderen gebruikt. Met behulp van 
deze referentiewaarden waren we in staat om bij 15 kinderen met PAIS gebieden met 
ADC waarden te identificeren die lager waren dan de normaalwaarden van de 
controle groep. Deze initiële segmentatie correspondeerde goed met de manueel 
gesegmenteerde ischemische gebieden. De segmentatie werd verbeterd door een 
gesuperviseerde pixel classificatie toe te passen op de segmentatie en het weefsel in 
de nabijheid van de segmentatie. Deze tweede segmentatie segmenteerde het totaal 
ischemisch volume met een sensitiviteit van 94% en een gemiddelde sensitiviteit van 
87% per patiënt. Alhoewel deze methode nog verder geoptimaliseerd dient te 
worden, laat het wel zien dat automatische segmentatie van ischemisch weefsel 
mogelijk is en ondersteunend kan zijn in de diagnostiek van deze gebieden.

In hoofdstuk 4 werd DWI verlaten en richtten we ons op seriële magnetische 
resonantie angiografie (MRA) bevindingen in een groep van 25 kinderen met 
unilateraal ischemisch letsel. Met behulp van tweedimensionaal fase-contrast MRA 
(2D PC-MRA) werd de bloedtoevoer in de aa. carotis interna gekwantificeerd. Hierbij 
toonden we aan dat de bloedtoevoer via de a. carotis interna aan de zijde van het 
ischemisch letsel hoger is dan aan de contralaterale zijde. Omdat bekend is dat de 
configuratie van de cirkel van Willis ook kan resulteren in een asymmetrische bloed 
flow, werd deze configuratie bepaald middels drie dimensionale time-of-flight MRA. 
Na het corrigeren van de bloedtoevoer voor de verschillende geobserveerde cirkel 
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van Willis configuraties werd echter nog steeds een hogere bloedflow geobserveerd 
aan de aangedane zijde. Bij 17 kinderen werd op de leeftijd van drie maanden 
nogmaals een MRI scan verricht, waarbij deze asymmetrische flow niet meer werd 
geobserveerd. Onduidelijk is nog hoe de initieel verhoogde bloedflow zich 
distribueert over het brein. In twee recente studies waarbij ASL werd gebruikt, werd 
vooral een perilesionale hyperperfusie geobserveerd, wat mogelijk de verhoogde 
flow in de ipsilaterale a. carotis interna verklaart.14, 15 Verder onderzoek is nodig om 
de rol van deze ‘reactieve hyperemie’ als mogelijke veroorzaker van verdere schade 
middels reactieve zuurstofverbindingen, dan wel als gunstig mechanisme door de 
toevoer van zuurstof en voedingsstoffen te herstellen, te verduidelijken en zal 
mogelijk leiden tot nieuwe inzichten in de behandeling.

Na PAIS in het gebied van de MCA wordt op de MRI vaak ischemie geobserveerd van 
zowel de cortex als de onderliggende witte stof. Bij vervolg studies op latere leeftijd 
wordt vervolgens vaak verval van de cortex en witte stof gezien. In hoofdstuk 5 
beschreven we een ander patroon bij prematuur geboren kinderen met een PAIS. In 
deze studie werden de MRI scans van 33 kinderen met een PAIS beschreven. Elf van 
deze kinderen waren prematuur geboren. Bij de drie meest prematuur geboren 
kinderen, allen geboren voor een zwangerschapsduur van 32 weken, werd op de 
latere MRI alleen schade gezien van de witte stof, waarbij de cortex (grotendeels) 
intact was gebleven. Bij vier kinderen, waarvan er drie prematuur geboren waren, 
werd een soortgelijk patroon gezien, waarbij de cortex slechts gedeeltelijk behouden 
was. Bij de 25 resterende kinderen werd het ‘typische’ patroon gezien, met schade 
aan zowel de witte stof als cortex. Dit patroon, waarbij de cortex gespaard blijft, is 
niet eerder beschreven, maar mogelijk dat de veranderingen in de bloedvoorziening 
van de cortex door de leptomeningeale arteriën een rol speelt. Alhoewel deze 
technieken niet voor handen waren in deze retrospectieve studie, zouden nieuwe MRI 
technieken als MRA en ASL mogelijk meer inzicht kunnen bieden in dit mechanisme. 
Opvallend was dat alle kinderen bij wie de cortex volledig gespaard was epilepsie 
ontwikkelden, waarbij slechts 29% van de resterende kinderen epilepsie 
ontwikkelden. Dit laatste is in overeenkomst met eerdere studies bij kinderen met 
PAIS, waarbij bij 20-50% van de kinderen epilepsie geobserveerd werd.16-18 Alhoewel 
het aantal onderzochte kinderen klein was, speelt mogelijk de resterende cortex een 
rol als epileptogene focus.3

PAIS wordt meestal geobserveerd in het stroomgebied van de MCA, met corticale 
infarcten, infarcten a.g.v. van een grote MCA tak occlusie en lenticulostriatale 
infarcten. In een review van alle gepubliceerde PAIS casuïstiek rapporteerden 
Govaert et al dat in 80% van alle gevallen het infarct zich voordoet in het 
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stroomgebied van de MCA.19 In de resterende gevallen doet het infarct zich voor in 
het stroomgebied van de a. cerebri anterior of a. cerebri posterior (PCA). Er zijn 
echter geen studies waarbij de klinische presentatie, risicofactoren en uitkomst van 
kinderen met een PCA infarct worden beschreven. In hoofdstuk 6 onderzochten we 
daarom een groep van 18 kinderen met een infarct in het PCA gebied. Veertien van 
deze kinderen presenteerden zich met klinische convulsies. Bij zeven kinderen werd 
een hypoglycemie vastgesteld. Door het ontwerp van de studie was het niet mogelijk 
om te concluderen dat hypoglycemie een risicofactor was, alhoewel hypoglycemieën  
eerder zijn geïdentificeerd als risicofactor voor zowel PAIS als occipitale witte stof 
schade.20-22 Van 17 kinderen was de verdere ontwikkeling bekend, welke over het 
algemeen goed was, met een algemene ontwikkelingsachterstand bij 5 kinderen. De 
meest voorkomende complicatie was de ontwikkeling van een gezichtsvelddefect, 
wat zich bij 9 van de 17 geteste kinderen voordeed. Drie kinderen met een normaal 
gezichtsveldonderzoek ontwikkelden tekenen van een cerebral visual impairment. Bij 
11 kinderen werd een tweede MRI gemaakt op de leeftijd van 3 maanden. Bij deze 
kinderen correleerde de asymmetrie van de radiatio optica met de ernst van het 
gezichtsvelddefect (geen defects vs kwadrantanopie vs hemianopie). Dit suggereert 
dat vroege beeldvorming gebruikt kan worden als voorspeller voor het ontwikkelen 
van gezichtsvelddefecten na een PAIS. 

In hoofdstuk 7 richtten we ons eveneens op het voorspellen van uitkomst, maar dit 
keer in relatie tot de motorische ontwikkeling en vooral het ontwikkelen van een 
hemiplegie. Diverse methodes kunnen gebruikt worden om de motorische 
ontwikkeling te voorspellen, inclusief conventionele MRI en DWI. 6-8, 23   Het doel van 
deze studie was om te onderzoeken of een kwantitatieve beoordeling van de 
corticospinale banen op de leeftijd van drie maanden bijdraagt aan het voorspellen 
van het ontwikkelen van een hemiplegie na een PAIS. Hiervoor werden 22 kinderen 
met een PAIS geïncludeerd, waarbij de voorspellende waarde van DWI in de 
neonatale periode, een DTI scan bij 3 maanden en een beoordeling van het 
bewegingspatroon bij 3 maanden met elkaar werden vergeleken. Neonatale DWI was 
beschikbaar bij 20 van de 22 kinderen en was afwijkend bij afwijkend bij 7 kinderen. 
Zes van de zeven kinderen ontwikkelden een hemiplegie.  Op de leeftijd van 3 
maanden werd het bewegingspatroon bij 11 kinderen als afwijkend beoordeeld, van 
wie er 6 kinderen uiteindelijk een hemiplegie ontwikkelden. Enkel DTI was in staat 
om bij alle kinderen een juiste motorische ontwikkeling te voorspellen. Verder 
correleerde de mate van asymmetrie van de corticospinale banen op de DTI scan met 
de mate van handfunctie beperking op latere leeftijd, zoals beoordeeld met de 
manual ability classification system. 
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Nadat we in hoofdstuk 7 rapporteerden dat DTI op de leeftijd van drie maanden een 
goede voorspeller is van de motorische ontwikkeling, onderzochten we in hoofdstuk 
8 met behulp van serieel verkregen DTI scans hoe DTI parameters veranderen over 
tijd. Hiervoor werd de fractionele anisotropie (FA) waarde in een aantal 
hersenstructuren bepaald in de neonatale periode, op de leeftijd van drie maanden 
en bij een aantal kinderen een derde keer op de leeftijd van ongeveer twee jaar. Deze 
structuren omvatten het anterieure en posterieure gedeelte van de capsula interna, 
het corpus callosum, de posterieure thalamische radiatie en de radiatio optica. In de 
neonatale periode waren de FA waarden van kinderen die later spastisch zouden 
worden niet anders dan die van kinderen met een normale motorische ontwikkeling. 
Op de leeftijd van drie maanden werd bij alle zes de kinderen die later een hemiplegie 
zouden ontwikkelen een lagere FA waarde geobserveerd in alle vijf aangedane 
regio’s. Op dit tijdstip waren de FA waarden in radiatio optica van vier kinderen die 
later een gezichtsvelddefect ontwikkelden, lager dan bij de kinderen met een 
normaal gezichtsveld. Tenslotte correleerde de FA waarde van het corpus callosum 
met de neuromotorische ontwikkeling van de kinderen, bepaald middels de Griffiths’ 
test. In die kinderen die nogmaals werden gescand op de leeftijd van twee jaar werd 
een vergelijkbaar beeld gezien als bij drie maanden. 

Als we de resultaten van hoofdstuk 7 en 8 combineren, kunnen we concluderen dat 
het bepalen van FA waarden gedurende de neonatale periode een beperkte 
voorspellende waarde heeft. Alhoewel een DTI bij drie maanden voorspellend lijkt 
voor motorische en cognitieve ontwikkeling en het ontwikkelen van 
gezichtsvelddefecten, zal een MRI bij drie maanden nooit een neonatale MRI kunnen 
vervangen. Daar het standaard verrichten van twee MRI scans in veel centra niet tot 
de routinematige zorg zal behoren, zouden wij aanbevelen een MRI op de leeftijd van 
drie maanden enkel te verrichten indien er op basis van de neonatale MRI twijfel 
bestaat omtrent de motorische of visuele ontwikkeling of indien de vroege 
motorische ontwikkeling onverwachts slecht is.

Deel II: Plasticiteit van het brein na een neonatale beroerte

Doordat perinatale hersenschade ontstaat gedurende een periode waarin veel 
neuronale verbindingen nog gevormd moeten worden, wordt verondersteld dat het 
immature brein een veel grotere compensatoire capaciteit bezit dan het adolescente 
brein. Dit is inderdaad aangetoond voor een aantal domeinen zoals voor de motoriek 
en taal. Door het ontbreken van functionele specificiteit van het brein, bestaan er 
mogelijkheden voor zowel intra- als interhemisferische reorganisatie.24-26 Voor de 
cognitieve ontwikkeling bestaan aanwijzingen dat deze slechter is na vroege 
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hersenschade, wat suggereert dat het neonatale brein kwetsbaar is voor 
vergelijkbare schade.27  Het is echter lastig om de uitkomst na hersenschade op 
verschillende leeftijden te vergelijken, omdat naast de leeftijd ook het soort schade 
verandert. Bovendien is het waarschijnlijk dat de locatie en uitgebreidheid van de 
schade een rol speelt. Uitkomst na hersenschade als gevolg van een trauma of een 
tumor kan daardoor niet zomaar worden vergeleken met eenzijdig perinataal 
hersenletsel.

In deze context bieden zowel PVHI als PAIS een interessant model om de plasticiteit 
van het brein te bestuderen. Het ontstaan van dit type letsel kan worden toegekend 
aan een specifieke periode en betreft vaak maar één hemisfeer, waardoor zowel 
intra- als interhemisferische reorganisatie mogelijk is. Daarbij kan het effect van de 
locatie en de uitgebreidheid van de schade worden onderzocht, daar het soort letsel 
hetzelfde is. In het tweede deel van het proefschrift richtten we ons op de motorische 
en cognitieve uitkomst na een neonatale beroerte en relateerden dit aan kenmerken 
van de neonatale MRI.

In hoofdstuk 9 rapporteerden we de vroege neuromotorische ontwikkeling op de 
leeftijd van 18 maanden van 50 kinderen met een PVHI of PAIS. Deze scores werden 
vergeleken met cognitieve functies op de schoolleeftijd. In de PVHI groep was de 
vroege neuromotorische ontwikkeling, vastgesteld middels de Griffiths’ mental 
development scales, al beneden gemiddeld. Toen deze kinderen nogmaals getest 
werden op schoolleeftijd, vertoonden zij soortgelijke IQ scores. Bij deze kinderen 
waren lagere IQ scores geassocieerd met een lager niveau van maternale educatie en 
de ontwikkeling van post-hemorragische ventrikel dilatatie. 
Bij kinderen met een PAIS was de gemiddelde vroege ontwikkeling op de leeftijd van 
18 maanden normaal. Echter, de IQ scores op schoolleeftijd waren beneden 
gemiddeld. In deze groep waren lagere IQ scores geassocieerd met betrokkenheid 
van de basale kernen en thalamus en met het ontwikkelen van epilepsie. 
Deze studie suggereert dat de cognitieve ontwikkeling van neonaten met een 
beroerte goed is. We moeten ons echter realiseren dat, ondanks dat we een groot 
gedeelte van de kinderen die tussen 1991 en 2005 geboren waren hebben kunnen 
includeren, een gedeelte van de kinderen niet deel wilde of kon nemen aan onze 
studie. Bij een deel van deze kinderen was dit wegens medische redenen, zoals 
ernstige spasticiteit of epilepsie.  Mogelijk dat deze studie hierdoor een 
overschatting geeft van de cognitieve ontwikkeling van deze groep.

In hoofdstuk 10 werd voor de eerste keer in dit proefschrift gekeken naar de 
plasticiteit van het corticospinale systeem bij een patiënt met eenzijdig hersenletsel. 
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Het kind was prematuur geboren en ontwikkelde een unilateraal waterscheidings-
infarct na een hypoxisch-ischemisch insult. Dit patroon van hersenschade wordt 
normaliter alleen in de a term geboren kinderen gezien en was nog niet eerder 
beschreven bij prematuur geboren kinderen. Bij dit kind werd middels transcraniële 
magnetische stimulatie (TMS) en functionele MRI de reorganisatie van het 
corticospinale systeem onderzocht. Beide modaliteiten toonden aan dat de zowel de 
contralaterale als de ipsilaterale primair motorische cortex betrokken was bij de 
aansturing van de paretische hand. In hoofdstuk 11 lieten we zien dat zo’n gemengd 
patroon is geassocieerd met een slechte hand functie. Het kind dat in hoofdstuk 10 
wordt beschreven liet echter een opvallend goede handfunctie zien, waarbij ze vooral 
beperkingen had met manipulatie en nog goede individuele vinger bewegingen 
vertoonde. De MRI liet wel schade zien aan de primair motorische cortex, maar vooral 
in de vorm van parasagitaal letsel, wat mogelijk de goede handfunctie verklaart.

In hoofdstuk 11 onderzochten de plasticiteit van het corticospinale systeem 
onderzocht in een groep kinderen met een unilateraal PVHI of PAIS. Er werden 37 
kinderen geïncludeerd, waarbij de bevindingen op hun neonatale MRI werden 
gerelateerd aan het type reorganisatie en de hand functie. Het type reorganisatie 
werd bepaald middels TMS en geclassificeerd als contralateraal (waarbij beide 
hemisferen enkel de contralaterale hand aansturen), gemengd (waarbij beide 
hemisferen betrokken zijn bij de aansturing van de paretische hand) of ipsilateraal 
(waarbij de gezonde hemisfeer beide handen aanstuurt en de aangedane hemisfeer 
geen hand meer aanstuurt). In deze studie observeerden we dat een toename van de 
asymmetrie op de neonatale MRI correleerde met een toename van betrokkenheid 
van ipsilaterale banen vanuit de gezonde hemisfeer en een afname van de hand 
functie. Een asymmetrische neonatale MRI had een positief voorspellende waarde 
van 73% voor het voorspellen van een gemengd of ipsilateraal patroon. Daarbij werd 
verder geconstateerd dat betrokkenheid van ipsilaterale banen altijd gepaard gaat 
met de ontwikkeling van een hemiplegie. 

Doordat ipsilaterale reorganisatie gepaard gaat met een slechtere hand functie zou 
men idealiter het gebruik van de resterende contralaterale banen vanuit de 
aangedane hemisfeer willen stimuleren. Diermodellen hebben laten zien dat dit het 
beste gedaan kan worden op zeer jonge leeftijd, voor de leeftijd van 12-18 maanden. 
Therapievormen die zouden kunnen leiden tot een toegenomen gebruik van de 
resterende contralaterale banen zijn constraint induced movement therapy en TMS. 
Mogelijk dat de resultaten uit deze studie, waarin we hebben laten zien dat 
reorganisatie voorspeld kan worden, bij kunnen dragen in de vroege identificatie van 
kinderen die baat zouden kunnen hebben van deze therapievormen.
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stroomgebied van de arteria cerebri 

posterior is over het algemeen goed, 

alhoewel gezichtsvelddefecten frequent 

voorkomen (hoofdstuk 6).

• Diffusion tensor imaging op de leeftijd van 

drie maanden kan helpen bij het 

voorspellen van de ontwikkeling van een 

hemiplegie of gezichtsvelddefect. 

Neonatale fractionele anisotropie metingen 

kunnen de uitgebreidheid van de schade 

onderschatten (hoofdstuk 7 en 8).

• De cognitieve uitkomst op schoolleeftijd na 

een PAIS of PVHI is beneden gemiddeld, 

maar bij de meeste kinderen nog steeds 

binnen een standaard deviatie van normaal 

(hoofdstuk 9).

• Naast het voorspellen van de motorische 

ontwikkeling, kan neonatale MRI ook 

gebruikt worden om de betrokkenheid van 

ipsilaterale corticospinale banen te 

voorspellen bij kinderen met een eenzijdige 

PVHI of PAIS (hoofdstuk 11).

 

Conclusies

De volgende conclusies kunnen 
getrokken worden aan de hand van dit 
proefschrift.

• Diffusie gewogen opnamen spelen een 

belangrijke rol in de diagnose van PAIS, 

maar het gebruik ervan is beperkt tot de 

eerste week na de beroerte (hoofdstuk 2).

• Het is mogelijk om ischemische gebieden 

automatisch te segmenteren op diffusie 

gewogen opnamen, wat de clinicus 

mogelijk kan helpen bij de differentiatie 

tussen gezond een aangedaan weefsel 

(hoofdstuk 3). 

• Na een unilateraal PAIS kan een 

toegenomen ipsilaterale bloedtoevoer 

gezien worden in de a. carotis interna 

gedurende de eerste 10 dagen na de 

beroerte (hoofdstuk 4).

• De resterende schade na een PAIS in het 

stroomgebied van de MCA varieert en is 

afhankelijk van de zwangerschapstermijn 

waarbij de schade plaats vindt. Indien dit voor 

de termijn van 32 weken plaats vindt kan de 

cortex gespaard worden (hoofdstuk 5).

• De uitkomst na een PAIS in het 
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