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GeNeral iNtroDuCtioN 11

The neonatal period carries a high risk of injury for the vulnerable brain of the 
preterm and full-term newborn. Most patterns of injury to the neonatal brain are 
believed to be mediated by hypoxia or ischemia at some level, whatever the 

initiating factors might be.1 An important, interrelated role of inflammation has also been 
increasingly recognized.2 Valuable information regarding the type and degree of injury has 
been provided with increased access to neonatal neuro-imaging. These injuries affect 
subsequent brain maturation and neuro-imaging has led to new insights that allow us to 
match function and structure.3 The pattern of injury depends on the vulnerability of 
specific cell populations in specific developmental periods and is therefore age-dependent. 
Consequently, ischemic injury tends to occur in different brain regions in the preterm 
infant compared to the full-term infant.

PrEtErm braIN INjury 
Premature infants (<37 weeks gestational age [GA]) are susceptible to episodes of cerebral 
ischemia, which especially affects the white matter. Several mechanisms are contributing 
to this susceptibility of the preterm brain such as impaired (auto) regulation of cerebral 
blood flow, immature and vulnerable vasculature, exposure to prolonged periods of 
hypoxia or ischemia (e.g. hypotension, lung immaturity, patent ductus arteriosus), and 
exposure to infections (sepsis) and inflammation.3,4 These mechanisms may underlie two 
dominant patterns of cerebral injury: periventricular leukomalacia (PVL) / white matter 
injury (WMI) and periventricular haemorrhagic infarction (PVHI).5

White matter injury
In the preterm brain, the developing oligodendrocyte is mainly vulnerable to an ischemic 
insult.6 The 04-positive pre-oligodendrocyte is the predominant form of the differentiating 
oligodendroglial lineage in the cerebral white matter (comprising ~90%) and is most 
vulnerable. Injury to the pre-oligodendrocytes leads to white matter injury which consists 
of two basic components: focal necrosis with loss of all cellular elements (often referred to 
as cystic periventricular leukomalacia), and a more diffuse and cell-specific lesion, 
consisting of acute loss of early differentiating oligodendrocytes with accompanying 
astrogliosis and microgliosis.6 The pathogenesis of injury to the pre-oligodendrocyte is 
related to major interacting factors. On the one hand cerebral ischemia and infection/
inflammation (upstream mechanisms); on the other hand the intrinsic vulnerability of the 
pre-oligodendrocyte to free radical attack, excitotoxicity and microglial activation 
(downstream mechanisms).4 
When the focal necrotic component of WMI is large, subsequent cystic formation occurs. 
However, 90% of WMI is noncystic because the focal necrotic lesions are microscopic and 
evolve to glial scars rather than cysts. Cranial ultrasound (cUS) has been shown to be a 
reliable neuroimaging tool to detect cystic WMI (Figure 1).7 However, cUS has significant Figure 1
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Figure 2

Figure 3

12

limitations to demonstrate noncystic WM injury and magnetic resonance imaging (MRI) is 
recommended instead (Figure 2).7 Although non-cystic WMI is still common in the very 
preterm infant, the incidence of cystic WMI is decreasing due to improvements in factors 
influencing the two upstream mechanisms.8,9 With the decreasing incidence of cystic WMI, 
the incidence of cerebral palsy (CP) as one of its adverse sequelae is decreasing as well.9

Periventricular haemorrhagic infarction
Although the incidence of cystic WMI is decreasing, this is not the case for PVHI.9 The 
estimated incidence is 3-11% in infants with a GA less than 32 weeks.10,11 PVHI is a 
characteristic parenchymal lesion just dorsal and lateral to the external angle of the lateral 
ventricle (Figure 3). In approximately 80-90% of infants with PVHI there is an association 
with an ipsilateral germinal matrix-intraventricular haemorrhage (GMH-IVH).12 The area 
within the ventricular wall, the germinal matrix, is extremely vascular but with immature, 
thin-walled capillaries. Due to hypoperfusion and subsequent reperfusion, these weakened 
capillaries may rupture, resulting in a GMH-IVH.5 This IVH leads to obstruction of the 
terminal vein and subsequent the medullary veins. Obstruction of these veins, arranged in 
a fan-shaped distribution draining the cerebral white matter into the terminal vein, may 
result in PVHI.5,13 On MRI, this parenchymal infarction in a fan-shaped pattern has been 
shown in combination with intravascular thrombi and perivascular haemorrhage along the 
course of the medullary veins.14 The pathogenesis of PVHI appears to be causally related to 

  

figure 1
(A) Cranial ultrasonography (cUS) in a saggital 
plane of an infant born after 24 + 5 weeks showing 
cystic evolution of the white matter 6 weeks after 

birth. (B) MRI (T2) at 30 weeks GA confirmed the large 
cysts in frontal white matter.

figure 2
(A) cUS at admission of an infant born at 31 weeks 
GA showing patchy periventricular echogenicity. 
(B) MRI (T2) performed at 32 weeks GA 
demonstrated punctate white matter lesions 

(PWML) (arrows). (C) At term equivalent age, a 
follow-up MRI (T2) was performed and showed 
that the PWML resolved with the time.

figure 3
(A) cUS of an infant born at 25 + 6 weeks GA showed on 
day 4 after birth an IVH and PVHI on the right side. (B) 

MRI (T2) at 30 weeks GA confirmed the extensive 
IVH and PVHI.

figure 1

a

a

B

Ba B c

figure 2 figure 3
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(e.g. haemorrhage related to Rendu-Osler syndrome, metabolic disorders), and congenital 
infection. These injuries with a clear underlying etiology are not the scope of this thesis. 

neonatal encephalopathy following hypoxia-ischemia
Acquired term brain injury is most often established in the context of NE due to HI. The 
estimated incidence is 1-6 per 1000 term births.26,27 NE is a clinical diagnosis defined by 
abnormal tone pattern, feeding difficulties, altered alertness and/or seizures and is often 
attributed to HI. There are several causes for a hypoxic-ischemic episode in the perinatal 
period such as cord prolapse, uterus rupture, and placental abruption. However, in the 
majority of infants with NE no clear cause can be observed although it has been assumed 
that events in the immediate perinatal period are most important related to neonatal 
brain injury.28,29 Besides the stage of brain maturation, the duration and severity of HI are 
the most important factors with regard to the different patterns and the degree of brain 
injury. When the blood flow to the brain is mildly or moderately reduced, the blood flow is 
shunted from the anterior to the posterior circulation in order to maintain adequate 
perfusion to the brain stem, cerebellum, and basal ganglia and thalami (BGT). 
Consequently, damage is limited to the cerebral cortex and white matter of the 
intervascular boundary zones often referred to as watershed (WS) injury. Besides WS injury, 
there is a broader spectrum of injury to the white matter in the setting of NE following HI 
including non-cystic lesions in the periventricular white matter, punctuate white matter 
lesions (PWML), focal infarction and intra-and extra axial haemorrhages.30-33 When blood 
flow to the fetal brain is suddenly and severely reduced, shunting of blood is no longer 
adequate to protect the deep grey matter (BGT), the posterior brain stem, and the most 
active regions of the cerebral cortex.1 Damage to the remainder of the cortex and white 
matter occurs not until later in the course of the hypotensive period.34

From animal models it has been shown that the cascade to neuronal injury includes 
oxygen and glucose deficiency, anaerobic metabolism with lactate production and energy 
depletion, impaired glutamate homeostasis, excitotoxicity mediated by NMDA receptors, 
Ca2+ influx, generation of reactive oxygen species, and necrotic cell death.22,35,36 Brain injury 
evolves over time, and several mechanisms are critical during the different phases. With 
the introduction of new therapeutic approaches to intervene in these phases such as 
hypothermia, early assessment of the brain is important and may serve as a decision point 
whether intervention is indicated.
Although cUS is a good and useful primary screening imaging modality in infants with NE, 
MRI is the most sensitive technique for detecting brain injury.37 In recent years, MR 
techniques including diffusion weighted imaging (DWI), proton MR spectroscopy and 
diffusion tensor imaging (DTI) have improved early and accurate diagnosis of brain injury. 
Especially DWI is a useful technique which allows us to detect lesions at an earlier stage 
than with conventional MRI, even within the first 24-48 hours after the insult.38 In 1998, 

the GMH-IVH. Most cases of PVHI develop after the occurrence of IVH. The pathogenesis of 
PVHI therefore overlaps that of IVH considerably. This pathogenesis is multifactorial, but 
risk factors are related to fluctuations in blood flow and to platelet-capillary function and 
blood clotting.12,15 
cUS is a reliable technique to diagnose PVHI.10 Using findings on cUS, PVHI may be 
classified according to veins involved.16 These veins correlate well with the topographical 
nature of the PVHI and correspond with subsequent neurological outcome.16 MRI should 
be considered when there is a bilateral PVHI because a cerebral sinovenous thrombosis 
may be the underlying cause.17 An MRI performed at term equivalent age in infants with 
PVHI is recommended to assess asymmetry of myelination of the posterior limb of the 
internal capsule (PLIC).18 Abnormal signal intensity of the PLIC on the affected side is an 
early predictor of  a future development of spastic unilateral CP.   

tErm braIN INjury
Injury of the brain of a full-term born infant (37-43 weeks GA) affects mainly neuronal 
populations in cortical and deep grey matter regions, because these have the highest 
metabolic demands.19 Vulnerability to neuronal populations is subject to multiple factors 
but, like white matter vulnerability in the preterm infant, excitotoxicity, oxidative stress 
and inflammation are the most important factors. The overexpression of glutamate 
receptors in term infants, especially the N-methyl-D-aspartate (NMDA) glutamate receptor, 
has been assumed to play a key role. This receptor is coupled to neuronal nitric oxide 
synthase-containing neurons. The NMDA receptor is important in the plasticity of the 
infant brain, because activation of NMDA receptors induces long term potentiation which 
is associated with an increase in synaptic strength (“memory function”).20 It is therefore a 
basic mechanism that allows the nervous system to be shaped by experience. However, in 
response to hypoxia-ischemia (HI) the NMDA receptor can be opened. This enhanced 
function of NMDA receptors, combined with impaired removal of glutamate by energy-
dependent transporters, generates nitrogen and oxygen free radicals that injure nearby 
cells.21 In this situation, the enhanced function of immature NMDA receptors that enables 
heightened plasticity in the infant brain can become a liability, making developing 
excitatory neuronal circuits vulnerable to injury.20

Acquired term hypoxic-ischemic brain injury can be mainly divided in two groups: injury due 
to neonatal encephalopathy (NE) following HI and perinatal stroke. The first group comprises 
a broad spectrum of injuries after a hypoxic-ischemic incident which gives rise to the clinical 
picture of NE. Although the descriptive term NE is non-specific, adequate terminology to 
indicate encephalopathy caused by HI is matter of debate.22-24 The second group includes 
focal ischemic injuries: cerebral arterial ischemic stroke and sinovenous stroke.25 
There are several specific diagnoses underlying hypoxic-ischemic brain injury in the 
neonatal period such as meningitis, hypoglycaemia, vascular anomalies, genetic syndromes 

chaPter 1 chaPter 1
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Figure 4

Figure 5

Figure 5

because of the process of birth and the immature coagulation system of the newborn.43 
PAIS has been subdivided according to the vessel involved (anterior, middle and posterior 
cerebral artery). Occlusion of the middle cerebral artery is most common (~50%).44 PAIS 
may be further classified by the branch involved and whether there is a partial or complete 
occlusion of the vessel.44

The clinical presentation of PAIS may vary. One group of infants presents with symptoms in 
the immediate postpartum period such as lethargy, irritability and seizures 
(hemiconvulsions). In this group, signal intensity changes on conventional and diffusion-
weighted MRI do suggest that PAIS develops within a limited timeframe around birth.45 
The second group presents with neurological signs beyond the first month after birth. 
These infants will be diagnosed with a presumed perinatal arterial ischemic stroke. The 
exact timing of injury can often only be estimated.25 To elucidate the multifactorial 
pathway of PAIS, it is necessary to analyze infants with these different clinical presentations 
separately. 
An infarction of the main branch or one of the lenticulostriate branches can be identified 
using cUS, especially when performed in the second half of the first week. Besides, cUS is 
necessary to stage the evolution of the infarct and to examine Doppler’s of the affected 
artery. However, infarctions restricted to cortical regions are difficult to diagnose with cUS 
and therefore MRI is the investigation of choice for PAIS (Figure 4). DW-MRI allows us to 
visualize acute changes to the corticospinal tract, especially at the level of the PLIC and the 
cerebral peduncles. These signal intensity changes are followed by Wallerian degeneration 
(anterograde degeneration of axons and their myelin sheaths after proximal axon or cell 
body injury) and are therefore strongly predictive of  subsequent development of a spastic 
unilateral CP.46

Cerebral sinovenous thrombosis
Thrombosis of the cerebral sinovenous system is most common in the neonatal period. 
Diagnosis of cerebral sinovenous thrombosis (CSVT) is less straightforward than PAIS. 
Although seizures are the most common clinical presentation, there is a diversity of 
symptoms that may depend on the different velocity in clot formation.47 The incidence 
varied from 1.4 per 100 000 to 12 per 100 000.48 There is a strong association with 
congenital heart disease and sepsis, but the etiology of CSVT is not yet understood.49 The 
superior sagittal sinus and straight sinus are most often affected (Figure 5).50,51 CSVT is the 
most frequent cause of symptomatic IVH in term neonates.51 This IVH has been 
importantly associated with thalamic haemorrhage. Hypothetically, the occluded vein 
causes increased pressure proximal to the occlusion and first gives rise to an IVH. When the 
pressure persists, the vulnerable walls of the thalamic veins will also rupture (Figure 5).50 
The spectrum of associated brain lesions in CSVT includes also PWML and haemorrhagic 
(red) infarctions.50 To prevent CSVT propagation and subsequent IVH or infarction, 

Barkovich et al.39 developed a MR scoring system for determining the severity of brain 
injury after NE following HI. Using this scoring system, which made a distinction between 
BG, WS or combined BG/WS injury, an accurately association between MR score and a good 
or poor neuromotor and cognitive outcome at 3 and 12 months has been shown. 

Perinatal ischemic stroke
Perinatal ischemic stroke includes heterogeneous conditions in which there is a focal 
disruption of cerebral blood flow secondary to arterial or cerebral venous thrombosis.40 

Perinatal arterial ischemic stroke 
Perinatal arterial ischemic stroke (PAIS) is the most common form of infarction in 
childhood. The estimated incidence is 1-2300 to 1-4000 live born infants.41 The underlying 
etiology for the occurrence of PAIS in the perinatal period is not well understood. However, 
several mechanisms such as infection, trauma, embolism, and arterial malformation have 
been recognized.42 The perinatal period in itself appears to carry a risk for developing PAIS 

figure 4
(A) MRI (T2) of an infant born at 40 + 4 weeks GA 
presenting with seizures at the second day after birth, 
showing a middle cerebral artery infarction on the left 

side. (B) Diffusion-weighted imaging clearly showed the 
left-sided MCA infarction.

figure 4

a B
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improve our understanding of the clinical presentations, the patterns of brain injury and the 
underlying pathophysiological processes. Investigation of genetic background, biochemical, 
placental, and clinical factors may not only help in understanding the cause of hypoxic-
ischemic brain injury but also improve our knowledge about the neuroanatomical and 
-developmental sequelae after the event. This may help to improve prevention, develop-
ment of therapeutic options and the prediction of neurodevelopmental outcome of a child.

GENEtIC baCkGrouNd 
Preterm infant
Because inflammatory and coagulation mediators were assumed to play a role in preterm 
brain injury, previous research has focussed on polymorphisms and mutations in cytokine 
and coagulation genes.53 A polymorphism of the IL-6 gene (-174 G/C) that may increase 
IL-6 synthesis has been linked to brain injuries, including IVH, in a population of preterm 
infants <32 weeks of gestation.54  Development of GMH-IVH was found to be associated 
with the factor V (G1691A) Leiden and prothrombin (G20210A) gene mutation.55 The 
association of hypercoagulability with PVHI was shown in two siblings presenting with 
extensive bilateral PVHI and heterozygosity for two independent mutations in the protein 
C gene (resulting in reduced anticoagulant activity).56 Recently, a monogenic cause for IVH 
with or without subsequent PVHI has been suggested by a mutation in the COL4A1 gene.57 
This gene encodes for the type IV collagen α-chain 1 that contributes to type IV collagen, 
the main constituent of basement membranes including those of blood vessels. The 
occurrence of antenatal (familial) PVHI in the presence of a mutation in the COL4A1 gene 
underlines the pathogenetic importance of this mutation.58,59 The impact of genetic factors 
in preterm brain injury may increase over the next few years because perinatal 
environmental risk factors might be further reduced with improved neonatal care. 

Full-term infant
NE may mimic the clinical picture of a severe genetic defect such as molybdenum cofactor 
deficiency due to mutations in the molybdenum cofactor biosynthetic genes and 
mutations in the MECP2 gene resulting in Rett syndrome.60,61  
Several monogenic causes affecting vascular integrity can be demonstrated in pediatric 
stroke including COL4A1, neurofibromatose type 1, Alagille syndrome, arterial tortuosity 
syndrome, homocysteinuria, Fabry’s disease.62 Although genetic insights in pediatric stroke 
are increasing, this is not the case for neonatal stroke. However, several association studies 
have assessed the relevance of genetic polymorphisms in prothrombotic and inflammatory 
pathways contributing to neonatal stroke.63-66 The additional role of polymorphisms in 
inflammation and coagulation pathways in the susceptibility to hypoxic-ischemic injury 
following NE is still unknown. Elucidation of genetic differences would not only increase 
our understanding of underlying pathogenic mechanisms but may also help to formulate 
and develop neuroprotective interventions.22

treatment with low molecular weight heparin has proven to be safe.52

To diagnose CSVT, MRI with MR venography is recommended. Additional MRI techniques, 
such as DWI and susceptibility-weighted imaging may provide more detailed information 
about associated brain lesions.  

mEChaNISmS of NEoNatal braIN INjury
As outlined above, neonatal hypoxic-ischemic brain injury in preterm and full-term infants 
involves a complex array of pathological processes. Severity of injury and outcome after 
injury is highly variable and modified by many factors beyond hypoxia and ischemia. 
Genetic background, maturational age, sex, and degree of brain development of particular 
regions affect the vulnerability and mechanisms of brain injury.35 Increasingly, molecular 
events following HI are elucidated in order to unravel injury mechanisms and to aim for 
development of neuroprotective treatments after the event.35

Although researching molecular events after HI is of utmost relevance, a close and 
systematic evaluation of every individual case with hypoxic-ischemic brain injury will 

figure 5

a B

figure 5
(A) MRI (T2) visualizes thrombosis of the superior 
sagittal sinus and straight sinus in an infant born after 
36 weeks and 5 days GA. (B) T2-image showing an 

associated left-sided thalamic haemorrhage and also 
punctate lesions in the frontal white matter, seen as 
low-signal intensity lesions.
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NEuroloGIC moNItorING
In a neonatal intensive care unit (NICU), neurodiagnostic evaluation of the critical ill 
(preterm) newborn is important. Neuromonitoring is not only necessary from a diagnostic 
perspective, but may also provide crucial information about the neurodevelopmental 
prognosis of the at-risk neonate. In the Wilhelmina Children´s Hospital amplitude-
integrated EEG (aEEG), near-infrared spectroscopy, serial cUS, and MRI are routinely applied 
diagnostic techniques. With electrical activation being the basis of brain function, EEG and 
aEEG remain the cornerstone for evaluation of cerebral function.78 The aEEG is time-
compressed and derived from the raw EEG from a single- or two channel recording. It is 
therefore a useful tool for bedside evaluation of the background pattern and allows us to 
recognize some but not all seizures. Assessment of EEG background patterns has remained 
among the best predictors of neonatal brain injury and outcome.79 When seizures are 
detected or suspected on aEEG it is recommended to perform a full EEG. 
Neuroimaging is another cornerstone of neurodiagnostics. cUS is a noninvasive, 
inexpensive and portable imaging modality and in experienced hands with up-to-date 
equipment (such as use of multiple windows and probes, high resolution) it has a high 
reliability.37 Serial cUS was recommended for preterm infants born less than 30 weeks GA.80 
In the Wilhelmina Children’s Hospital, a routine MRI is performed at 30 weeks GA and at 
term-equivalent age in preterm infants born less than 28 weeks GA. In preterm infants 
born after 28 weeks GA, MRI is performed when abnormalities are suspected on serial cUS. 
In term infants admitted to the NICU, cUS is performed in every infant on admission to 
document that there are no major developmental abnormalities or evidence of antenatal 
hypoxia-ischemia. cUS may be repeated daily during the first week to examine the 
evolution of lesions or to establish absence of injury. However, when cUS suggests injury an 
MRI with DWI and magnetic resonance spectroscopy is recommended between 3 and 7 
days of life. 
From infants with evidence for hypoxic-ischemic brain injury who were admitted to the 
NICU of the Wilhelmina Children’s Hospital from 2005 onwards, blood was drawn to 
investigate a predefined set of thrombophilic factors according to a “Stroke protocol”. This 
protocol aims to investigate genetic factors that gives rise to hypercoagulation and may 
therefore increase the risk for hypoxic-ischemic brain injury. This protocol has been 
developed in collaboration with the department of clinical chemistry in our hospital. In 
accordance with recent studies describing placental pathology in relation to brain injury in 
preterm as well as term infants, evaluation of the placenta is also recommended as part of 
neurodiagnostics.

aIm
The aim of this thesis is to focus on factors which may affect vulnerability for development 
of hypoxic-ischemic brain injury in preterm and full-term infants and may help to improve 
understanding of underlying mechanisms of injury.

rolE of thE PlaCENta
The placenta is essential for intra-uterine growth and development of the fetus. It delivers 
oxygen and nutrients to and removes waste products from the fetus. Factors affecting 
oxygen exchange across the placenta include the maternal and fetal blood flow, the 
direction of blood flow, and the oxygen diffusion capacity of the placenta.67 Interruption of 
the blood flow or diminished oxygenation due to placental abnormalities may have 
consequences for the brain. Therefore, evaluation of the placenta provides important 
insight into clinically silent, pathophysiological processes that may directly cause brain 
injury, decrease the threshold for neurological injury or serve as a marker for a deleterious 
in utero environment. Maternal underperfusion results in a low placental weight, 
accelerated maturation and ischemic changes of the placental villi. Thrombosis of the fetal 
vessels affect the fetal circulation. Besides, chronic and acute inflammation is reflected by 
chronic villitis and chorioamnionitis with or without funiculitis respectively.68 Placental 
pathology may increase our understanding of the timing of brain injury and underlying 
pathophysiological mechanisms.

Preterm brain injury
Although placental pathology is an important cause for preterm birth, different placental 
abnormalities have shown an association with brain injury.69-72 The role of chorioamnionitis 
in the onset of IVH within 72 hours after birth has been established.69,70 WMI has been 
associated with placental characteristics suggestive of disturbances of the placental 
circulation.73  So far, the association between placental pathology and PVHI has not been 
extensively investigated.

term brain injury
Infants with NE after HI show a variety of placental abnormalities.74,75 Chorioamnionitis was 
importantly associated with brain injury following NE.75 Chronic villitis of unknown 
aetiology was related to white matter injury following NE suggesting a role for induction of 
a local inflammatory response and/or oxidative stress due to this placental lesion.32 Besides 
markers of infection,  a raised placental to birth weight ratio and thrombosis were found to 
be associated with NE.74,76 However, this previous research did only investigate placental 
lesions in a small cohort without comparing different patterns of cerebral injury after 
NE.75,76 Others have mainly focussed on the relation between placental lesions and the 
onset of NE but did not take subsequent brain injury into account.74 An important 
contribution of the placenta has also been suggested for neonatal stroke, but the study 
was too small to draw any conclusions.77      

20

chaPter 1 chaPter 1



23

General Introduction

The work described in this thesis is divided in three parts. Part I highlights factors 
associated with the development of PVHI. The incidence of this pattern of brain injury 
concerning preterm birth is still not decreasing.8,9  

In Chapter 2, differences in presentation and time of onset of PVHI in preterm infants <34 
GA were observed. We hypothesized that these differences may reflect various underlying 
pathogenic mechanisms and are therefore of importance. Preterm infants with an 
aberrant, atypical presentation of PVHI underwent investigation of thrombophilic factors 
according to the “Stroke protocol”.  Relevant clinical factors between the typical and 
atypical group were compared. Results of this study do provide evidence for our 
hypothesis that a subdivision of PVHI according to timing of onset and clinical presentation 
is important.

Encouraged by the findings of chapter 2, the search for possible different underlying 
pathogenic mechanisms between infants with a typical and atypical PVHI was further 
explored in Chapter 3. The association of placental pathology with presentation and 
timing of PVHI was investigated.

In Part II the focus was shifted to brain injury in the full-term infant who presented with 
neonatal encephalopathy (NE) following a hypoxic-ischemic insult.
It has been recognized for years that moderate, prolonged HI may lead to the WS pattern 
of cerebral injury in infants with NE after HI. However, less is known about the clinical 
presentation and neurodevelopmental sequelae of this type of injury. Further, in previous 
research, patterns of white matter injury and WS injury were often taken together 
rendering it more difficult to recognize risk factors for the pattern of WS injury. Chapter 4 
describes the clinical presentation, aEEG findings and neurodevelopmental outcomes of 
infants with extensive WS injury on cerebral MRI. Findings of this study provide insight in 
the associated clinical factors and (a)EEG patterns of DW-MRI pattern of WS injury with or 
without involvement of injury to the BGT and subsequent neurological outcome.

In Chapter 5 clinical and thrombophilic risk factors (“Stroke protocol”) were investigated 
and related to pattern of cerebral injury in infants presenting with NE after HI. This study 
does address differences in these risk factors across infants without injury, predominant 
WM/WS injury or BGT injury. 

To further elucidate possible different pathogenic mechanisms underlying cerebral injury 
following HI, Chapter 6 fills the important gap of histopathologic examination of the 
placenta. Placental pathology is reviewed in a cohort of infants with NE following a HI insult 
and correlated to the different patterns of cerebral injury on MRI. 

outliNe oF tHe tHeSiS
In Part III factors related to neonatal stroke in full-term infants were examined.

Chapter 7 describes risk factors associated with development of symptomatic PAIS. With 
improved neuroimaging techniques, this type of brain injury is increasingly recognized but 
the etiology is not well understood. Results of this study contribute to the increasing 
understanding of neonatal stroke.

Clinical and experimental data supports a significant role for inflammatory mediators in 
the pathophysiology of neonatal stroke. There are polymorphisms in pro-inflammatory 
genes that affect the transcription rate and subsequent cytokine levels, such as the -174 
G/C IL-6 genotype.81  In Chapter 8 the IL6 -174 G/C polymorphism has been investigated as 
a potential candidate gene to modify the risk and/or severity of neonatal stroke.

A summary of the work described in this thesis is provided in English in Chapter 9. In 
Chapter 10 we discuss findings of this thesis and provide directions for future research. 
This chapter emphasizes the additional value of evaluation of genetic, placental, and 
clinical factors in understanding the complex mechanisms of hypoxic-ischemic brain injury 
of the preterm and full-term brain.

Chapter 11 gives a Dutch summary.
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atypical timing and presentation of periventricular haemorrhagic infarction in preterm infants: the role of thrombophilia

Periventricular haemorrhagic infarction (PVHI) is a complication of a germinal matrix 
haemorrhage–intraventricular haemorrhage (GMH-IVH) and is often associated with 
an adverse neurodevelopmental outcome.1 While the incidence of cystic 

periventricular leukomalacia is decreasing, this is not the case with PVHI.2,3 The incidence is 
3 to 11% in infants born at less than 32 weeks gestational age and 5 to 8% for those with an 
extremely low birthweight.4,5 PVHI is considered to be due to impaired drainage of the 
medullary veins in the periventricular white matter and tends to be preceded by an 
ipsilateral IVH or GMH. The PVHI may be associated with ischaemia of the white matter.5

PVHI usually develops during the first 24 to 72 hours after delivery in the context of 
preterm birth, low birthweight and haemodynamic instability.5,6 Although the role of 
cerebral haemodynamic instability in the pathogenesis of PVHI is well established,7-9 little 
is known about the possible role of mutations or polymorphisms, especially  in genes 
encoding coagulation factors or collagen genes. These include factor V Leiden (FVL) 
mutation (G1691A), prothrombin mutation (G20210A) and C677T and A1298C 
polymorphisms of the methylenetetrahydrofolate reductase (MTHFR) gene, elevated 
lipoprotein(a), and antithrombin, protein C and protein S deficiency. Homozygosity as well 
as heterozygosity of FVL mutation and the prothrombin mutation are associated with a 
hypercoagulable state,10,11 whereas the C677T polymorphism in the MTHFR enzyme is 
associated with higher plasma homocysteine levels and has therefore been discussed as a 
risk factor for vascular disease.12,13 Antithrombin, protein C and protein S are inhibitors of 
haemostasis and even partial deficiencies contribute to thromboembolic disease. The 
prothrombotic effect of elevated levels of lipoprotein(a) is considered to be due to a 
possible competition with plasminogen in fibrinolysis.
An association between FVL and prothrombin gene mutation and perinatal stroke has 
been reported, but there is still no agreement about the association between perinatal 
stroke and the MTHFR polymorphisms.13

An association has also been suggested for FVL in the development of GMH-IVH14 and for 
both the FVL and the prothrombin mutation in PVHI.15,16 However, in a recent study by 
Petäjä et al.,16 the cohort was rather small and PVHI was only diagnosed in a small number 
of newborn infants. Furthermore, no distinction was made between typical and atypical 
PVHI.
Mutations in COL4A1, a gene encoding a major basement membrane protein, have recently 
been shown to be associated with antenatal parenchymal haemorrhage with a 
porencephalic cyst already present at birth.17,18

The aim of this study was to investigate the presence of genetic mutations or 
polymorphisms in preterm infants with atypical timing and presentation of PVHI, with 
either an antenatal or a late neonatal onset.

iNtroDuCtioN
aiM Periventricular haemorrhagic infarction (Pvhi) is a complication of 

preterm birth associated with cardiorespiratory instability. to date, the 

role of thrombophilia as a possible additional risk factor in infants with 

atypical timing and presentation of Pvhi has not been investigated.  

MetHoD this was a retrospective cohort study of preterm infants who 

developed Pvhi with an atypical timing and presentation either of 

antenatal onset or late in the postnatal course in the absence of a 

preceding sudden deterioration of their clinical condition. in infants with 

atypical Pvhi mutation analysis of the factor v leiden (g1691a), 

prothrombin (g20210a) gene, and c677t and a1298c polymorphisms in 

the mthfr gene was performed, and plasma lipoprotein(a) and 

homocysteine levels were measured.

reSultS sixty-two preterm infants who presented with a Pvhi were 

studied. seventeen had an atypical presentation (seven males, 10 

females; median birthweight 1170g [range 580–1990g]; median 

gestational age 30.6wks [range 28.7–33.7wks]). the typical Pvhi group 

comprised 28 males and 17 females (median birthweight 1200g [range 

670–2210g]; median gestational age 29.6wks [range 25.3–33.6wks]). 

among the 17 infants with atypical presentation, the factor v leiden 

mutation was found in seven infants (41%) as well as in the mothers of 

six of these seven infants; in one infant this was concomitant with a 

prothrombin gene mutation. a polymorphism in the mthfr gene was 

also present in these infants. in two infants with an atypical presentation 

who were tested for this, a mutation in the col4a1 gene was found 

(reported previously). all but two of the infants with an atypical 

presentation developed spastic unilateral cerebral palsy. 

iNterPretatioN an atypical presentation of Pvhi in preterm infants 

tends to occur more often in the presence of thrombophilia. testing of 

thrombophilia, especially factor v leiden and prothrombin gene 

mutation, is recommended in these infants.

32 abStraCt
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PatIENtS

In a retrospective analysis, we studied preterm infants (<34wks gestational age) who had 
been admitted to the neonatal intensive care unit of the Wilhelmina Children’s Hospital, 
Utrecht, the Netherlands, between January 2005 and December 2010 and who were 

diagnosed to have a PVHI on routine cranial ultrasonography (cUS). A distinction was 
made between a typical presentation of PVHI,  where  the  onset  is  in  the  first 96 hours 
after birth as a complication of a GMH-IVH, and an atypical timing or presentation of PVHI. 
Atypical PVHI was defined when one of the following criteria was met: (1) presumed 
antenatal onset as shown on cUS less than 6 hours after birth and none of the following 
conditions: Apgar score at 5 minutes of less than 5, umbilical artery pH<7.0, need for 
resuscitation; (2) onset of PVHI more than 96 hours after birth in the absence of the 
following clinical conditions: patent ductus arteriosus, sepsis, vasopressor and ventilatory 
support, pulmonary haemorrhage and pneumothorax. Infants were not eligible for the 
study when a PVHI more than 96 hours after birth was related to an acute deterioration 
such as sepsis or need for mechanical ventilation. No ethical permission was required by 
the medical ethical committee of our hospital for this retrospective, anonymous study.

ClINICal CharaCtErIStICS
Hospital charts of all infants in the study were reviewed for clinical and demographic 
information, including birthweight, gestational age, pre-eclampsia, chorioamnionitis, 
Apgar score at 1 and 5 minutes, arterial umbilical cord blood pH, need for emergency 
Caesarean section, respiratory and circulatory failure, patency of the ductus arteriosus, 
(sub)clinical seizures, and adverse neurological outcome.

thromboPhIlIC  ExamINatIoN
In the infants with atypical PVHI, analysis for heterozygous or  homozygous  mutations  of  
FVL  (G1691A)  and  the prothrombin gene (G20210A) and C677T and A1298C 
polymorphisms in the MTHFR gene was performed by amplification and polymerase chain 
reaction analysis. Before the FVL mutation analysis, activated protein C resistance was 
measured and levels above 0.90 were considered as FVL negative. Plasma lipoprotein(a) 
and homocysteine levels were measured using nephelometry (Siemens Dade Behring BN 
II; Siemens, Deerfield, IL, USA) and a chemiluminescence competitive immunoassay 
(Siemens  IMMULITE)  respectively.  Mothers of infants with a FVL or prothrombin gene 
mutation were tested as well.

ImaGING
Cranial ultrasonography was part of routine clinical care. A first cUS was always performed 
at admission, additional cUS was performed two to three times during the first week of life, 
then once a week until discharge and again at 40 weeks post-menstrual age. PVHI was 
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Periventricular haemorrhagic infarction in the preterm infant

MetHoD

figure 1
Female infant (case 4) born by emergency 
Caesarean section because of maternal 
haemolysis, elevated liver enzymes, low 
platelet count (HELLP) syndrome; gestational 
age 30 weeks, birthweight 850g (p10), Apgar 
scores 6 and 9 at 1 minute and 5 minutes 
respectively; umbilical cord pH 7.27; mild infant 
respiratory distress syndrome; inotropic 
support on the first day. Cranial ultrasound 
(cUS) examination on admission: mild increase 
in echogenicity in the periventricular white 
matter, resolved by day 5. Postnatal course 
remained stable. (a, b) Repeat cUS examination 
on day 15 shows left-sided periventricular 
haemorrhagic infarction and an associated 
intraventricular haemorrhage grade I; (c) term-

equivalent age magnetic resonance image 
(MRI) shows absence of myelination of the 
posterior limb of the internal capsule (PLIC) 
on the left side. (d) fluid-attenuated inversion 
recovery MRI at the age of 24 months shows 
a porencephalic cyst and periventricular 
gliosis adjacent to the cyst, affecting the 
PLIC on the left side. The infant developed 
spastic unilateral cerebral palsy on the right 
side. Coagulation profile: heterozygosity for 
factor V Leiden mutation and homozygosity 
for MTHFR A1298C polymorphism; the 
haemorrhage time, prothrombin time, and 
thrombin time were within normal limits. 
The plasma lipoprotein(a) level at 170mg/L 
was within the normal range.

figure 1

a
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Figure 2

table 1

table 2
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diagnosed when a triangular lesion was present in the periventricular white matter  
(Figure 1a,b).
Magnetic resonance imaging (MRI) was performed either as soon as possible after birth 
and/ or at term-equivalent age (TEA) to assess the (a)symmetry of the myelination in the 
posterior limb of the internal capsule (PLIC) in order to predict neurological outcome  
(Figure 1c).19

NEuroloGICal outComE
Infants with spastic unilateral cerebral palsy (CP) were diagnosed according to the 
definition described by Rosenbaum et al.20 at a corrected age of at least 18 months during 
the neurodevelopmental follow-up programme. The Manual Ability Classification System 
(MACS) was used to classify how infants older than 24 months with spastic unilateral CP 
use their hands when handling objects in daily activities and to define the severity of 
functional disability (where 1 is independent use and 5 is total assistance needed).21

StatIStICal aNalySIS
Statistical analysis was performed with SPSS for Windows version 16.0 (SPSS Inc., Chicago, 
IL, USA) to identify differences between infants with typical and atypical presentation of 
PVHI. The Fisher’s exact test for categorical variables and the Mann–Whitney U test for 
continuous variables were used. Statistical significance was defined as p<0.05.
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Figure 1a,b

Figure 1c
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between January 2005 and December 2010, 1782 preterm infants (<34wks 
gestational age) were admitted. Sixty-two infants (3.5%) were diagnosed to have 
PVHI on routine cUS. Among the 62 preterm infants 17 (27%) comprising seven 

males, 10 females (median birthweight 1170g [range 580–1990g]; median gestational age 
30.6wks [range 28.7–33.7wks]) had an atypical presentation (Figure 2). Forty-five infants 
had typical PVHI presentation (28 males, 17 females; median birthweight 1200g [range 
670–2210g]; median gestational age 29.6wks [range 25.3–33.6wks]).

tImING of CuS
The first cUS was performed within 6 hours after birth in the 45 infants with a PVHI who 
were inborn. Of these 45 infants, seven had an antenatal PVHI and two an established 
porencephalic cyst present on the first cUS. Thirty of these 45 inborn infants developed a 
PVHI within the first 96 hours, which was in the context of established risk factors, and six 
had a late-onset PVHI (>96h) without preceding deterioration of the clinical condition or 
haemodynamic instability. 
Seventeen of the infants with a PVHI were outborn and did not have their first cUS within 6 
hours after birth but between day 1 and 3 after birth. Fifteen of these infants could be 
classified as having ‘typical’ PVHI. Nine of these 15 infants developed PVHI before day 4 and 
the other six did show a PVHI on their first scan but in the context of established risk 
factors. In two of the 17 infants with ‘atypical’ PVHI, serial cUS was performed in a level II 
hospital, and a progression to PVHI after 96 hours was seen. The PVHI was the reason for 
the referral to our level III unit in these two infants.
The clinical characteristics of all infants with a PVHI are summarized in Table I.
In all but one of the infants with typical presentation, PVHI was secondary to GMH-IVH. 
One infant had grade I IVH, 40 had grade II IVH, and three had grade III IVH. In those with 
an atypical presentation, five infants had no GMH-IVH, one had grade I IVH, 10 had grade II 
IVH, and one had grade III IVH (Table I).

mrI
An early MRI (range 3–23d) was performed in 13 of the 17 infants with atypical PVHI and a 
TEA MRI in 15 of them; no MRI was available in one infant. Of the 45 infants with a typical 
presentation, 16 had an early MRI (range 4–25d) and in 28 a TEA MRI was performed; no 
MRI was available in 17 infants.

thromboPhIlIa
Among the 17 Caucasian infants with atypical PVHI, a heterozygous FVL mutation was 
found in seven (41%); in one of these infants this was concomitant with a heterozygous 
prothrombin gene mutation (Table 2). A polymorphism in the MTHFR gene was 
investigated in 16 out of 17 infants with atypical PVHI. Four infants were C677T 
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heterozygous and two homozygous. There was heterozygosity for A1298C in one infant 
and homozygosity in three. Four infants were compound heterozygous. Thus 14 out of 16 
infants had a polymorphism in the MTHFR gene. None of the infants had elevated levels of 
lipoprotein(a) above 300mg/L or homocysteine levels above 10 μmol/L. In one out of 17 
infants, no thrombophilic factor was found. Two infants (cases 8 and 9) were diagnosed 
with a novel mutation in the COL4A1 gene, as was reported previously.17 COL4A1 mutation 
analysis has not yet been performed in any of the other infants. The mothers of the seven 
infants with a FVL mutation were tested and six of them were also diagnosed to have the 
mutation.

NEuroloGICal outComE
Thirteen of the 17 infants with atypical PVHI had a neurological examination at 18 to 22 
months corrected age and 11 of these 13 were diagnosed with spastic unilateral CP. 
Asymmetry of the PLIC is predictive of the development of a spastic unilateral CP in two of 
the other four infants who are still younger than 18 months. In the infants with a FVL 
mutation and older than 18 months, five out of six developed spastic unilateral CP (Table 
2). Manual ability of 9 infants older than 18 months was classified using the MACS: two 
were classified as level I, two as level II, four as level III, and one as level V.
In five infants with typical PVHI, care was withdrawn because of extensive brain injury and 
one died owing to necrotising enterocolitis. Twenty-five infants with a typical PVHI were 
older than 18 months corrected age and in three of them a diagnosis of spastic unilateral 
CP was made. They were all classified at level I using the MACS. Fourteen infants were 
younger than 18 months corrected age and 11 of these had a TEA MRI showing an 
asymmetry of the PLIC  in  four  of them. Therefore, seven infants (19%) had or were 
expected to develop spastic unilateral CP.

table 2
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62 preterm infants (GA 
<34 wk) with a PVHI 

17 with an atypical 
presentation  

2 COL4A1mutation 

  

   6 FVL mutation
   1  FVL + prothrombin gene mutation 

MTHFR polymorphisms: 
    2  homozygous C677T 
     4  heterozygous C677T 
     3 homozygous A1298C 
     1 heterozygous A1298C 
     4 compound heterozygous 

figure 2
Flow diagram of 62 infants born preterm with periventricular haemorrhagic 
infarction (PVHI). 
FVL, factor V Leiden gene; GA, gestational age; MTHFR, methylenetetrahydrofolate 
reductase gene; PVHI, periventricular haemorrhagic infarction.
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aStatistically significant at p<0.05. bAdministration of antenatal corticosteroids was defined as two doses of 

betamethasone more than 24 hours before birth. cPre-eclampsia was defined as either  

pre-eclampsia or pregnancy-induced hypertension hypertension. dChorioamnionitis was based on histopathological 

examination of the placenta. eIn none of the infants with atypical, late-onset PVHI was ventilator or circulatory 

support needed at time of onset. fCirculatory failure was considered when there was need for fluid resuscitation and/

or use of inotropic drugs because of haemodynamic instability during the first 24 hours after birth. gPatency of the 

ductus arteriosus was scored when treatment was necessary. hAll infants were monitored by aEEG for at least 48 

hours after diagnosis of PVHI and also routinely from admission onwards in those born before 30 weeks gestational 

age. Seizures were scored when electroencephalographically proven. iAdverse neurological outcome was defined as 

(expected) spastic unilateral CP or death due to extensive brain injury.

aEEG, amplitude-integrated electroencephalography; GMH-IVH, germinal matrix haemorrhage-intraventricular 

haemorrhage; HFO, high-frequency oscillation; PHVD, post-haemorrhagic ventricular dilatation; PVHI, periventricular 

haemorrhagic infarction; SIMV, synchronized intermittent mandatory ventilation.
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 N (%) or Median (range) 
 Atypical 

(n=17) 
Typical 
(n=45) 

Male  7 28 
Female 10 17 
PVHI   
   Onset 6 - 96 h post-partum - 45 
    Antenatal onset (<6 h post-partum) 9  - 
    Late onset (>96 h post-partum) 8   - 
    Left-sided 
    Right-sided 
    Bilateral 

10  
6  
1  

24  
19  
2  

    No associated GMH-IVH 5   1 
    Associated GMH-IVH 
     IVH grade I 
     IVH grade II 
     IVH grade III 

 
1  

10  
1  

 
1 

40  
3 

PHVD 5  17  
      Surgical intervention for PHVD treatment 
      Subcutaneous reservoir  
      Subcutaneous reservoir and    
         ventriculoperitoneal shunt 

5 out of 5  
3 out of 5  
2  out of 5 

10 out of 17  
7 of out 7  

3 out of 17  

Gestational Age (wk)a 30.6 (28.7 – 33.7) 29.6 (25.3 – 33.6) 
Birth weight (g) 1170 (580 – 1990) 1200 (670 – 2210) 
  Small for Gestational Age (<10th centile) 4  3  
Antenatal   
    Antenatal corticosteroidsb 11  22  
    Pre-eclampsiac 7  9  
    Chorioamnionitisa,d 0  14  
Perinatal   
    Apgar score at 1 min 
    Apgare score at 5 min 

7 (3-9) 
9 (7–9) 

6 (0-10) 
8 (3-10) 

Apgar score (5 min) <7a 0 9  
Arterial umbilical cord pH 7.21 (7.04 – 7.31) 7.22 (6.82 – 7.38) 
Emergency Caesarean sectiona 13  16 
Respiratory problems   
    Infant respiratory distress syndromea 4  27  
    Pneumothorax 0 2  
    Ventilatory support (SIMV, HFO)a,e 3  27 
Circulatory failure   
    Inotropic drugsf 5  21  
    Patent ductus arteriosusa,g 1  14  
Thrombocytopenia (<150 x109/L) 9 out of 15  26 out of 39  
Seizuresh 3  11  
Adverse neurological outcomea,i 13 out of 17  12 out of 42 

table 1  Characteristics of infants with an atypical and typical pVhi (n=62)



figure 3
Male infant (case 1), born by emergency 
Caesarean section, gestational age 30 weeks 
and 5 days, birthweight 1170g (p16), Apgar 
scores 5 and 8 at 1 minute and 5 minutes 
respectively, umbilical cord pH 7.19. (a) First 
cranial ultrasound (cUS) immediately after 
birth shows large right-sided periventricular 
haemorrhagic infarction (PVHI) without an 
associated germinal matrix haemorrhage-
intraventricular haemorrhage; (b) cUS and (c) 
magnetic resonance image (MRI) T2-weighted 
spin echo sequence on day 18 shows right-
sided PVHI not communicating with the lateral 

ventricle and loss of white matter; (d) term-
equivalent age MRI shows lack of myelination 
of the posterior limb of the internal capsule 
on the right side. At 16 months of corrected 
age, the infant showed spastic unilateral 
cerebral palsy on the left side. Coagulation 
profile: heterozygosity for factor V Leiden 
mutation and homozygosity for MTHFR C677T 
polymorphism; the thrombin and prothrombin 
time and lipoprotein(a) level at 22 mg/L (0-300 
mg/L) were within normal limits. The 
homocysteine level at 3.8 μmol/L (0-10 
μmol/L) was not elevated.

a

c

B

d
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Risk factors for PVHI in preterm neonates have been studied extensively in recent 
decades.6-9 Several research groups have examined thrombophilic mutations in 
preterm infants with GMH-IVH.14-16,22 Among 62  preterm  infants  with  a  PVHI, we 

found 17 (27%) with an atypical presentation, which was the reason to investigate 
thrombophilic mutations. Seven of them were heterozygous for the FVL mutation, 
suggesting an association between this most common hereditary hypercoagulable state 
and development of atypical PVHI.
Mothers with a child with a FVL mutation were tested for thrombophilic mutations as well 
and all but one were found to have this mutation. The mother of case 4 developed a 
pulmonary embolism a few days after delivery. The sister of the mother of case 1 suffered 
from a myocardial infarction at 27 years of age. A significant contribution of maternal 
thrombophilia to a higher prevalence of perinatal arterial ischaemic stroke has recently 
been reported.23

All but one of the infants with a FVL mutation developed spastic unilateral CP, which could 
be explained by the size and site of the lesion. This is in agreement with a study by Mercuri 
et al.,24 who suggested that infants with perinatal arterial ischaemic stroke and a 
heterozygosity for FVL mutation were more likely to develop spastic unilateral CP than 
those without this mutation. To the best of our knowledge, there has been no previous 
study of the neurological outcome of PVHI in relation to the presence of a thrombophilic 
mutation or an atypical development of PVHI. There are, however, increasing data showing 
a genetic cause of CP.25,26

Most known risk factors in the pathogenesis of PVHI are associated with systemic and 
cerebral haemodynamic instability in a critically ill preterm infant.6 These include 
emergency Caesarean section, low Apgar scores, patent ductus arteriosus, acidosis, 
respiratory distress syndrome, vasopressor and respiratory support, pulmonary 
haemorrhage, and pneumothorax.6-9 None of these risk factors, except for emergency 
Caesarean section, were seen in the infants with an atypical presentation preceding PVHI.
PVHI is almost invariably associated with a large GMH-IVH on the ipsilateral side4,5 but this 
was not seen in four of the seven infants with a FVL mutation who either had a small 
associated GMH-IVH or no associated haemorrhage at all (Table 2). The absence of a large 
associated haemorrhage or an atypical presentation, such as antenatal onset or late 
presentation in the absence of known risk factors, were reasons to perform additional 
investigations in the 17 infants diagnosed to have atypical PVHI. This led to the finding of 
an associated thrombophilia in the seven infants reported here, and to a diagnosis of 
COL4A1 mutation in two infants reported previously (case 8 and 9).17 In one infant with a 
late PVHI in the context of a severe illness, there was a diagnosis of extensive 
cerebrosinovenous thrombosis (CSVT) comparable with a case reported by Ramenghi et 
al.27 In preterm infants with CSVT, however, the parenchymal lesions tend to be bilateral 
and are seen in the presence of an IVH.27

In the FVL variant, a point mutation in the factor V gene results in the replacement of the 
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The association between PVHI and FVL and prothrombin G20210A mutation is consistent 
with the findings of Petäjä et al.16 In 22 infants with neonatal IVH grade II to IV they found 
significantly more FVL mutations compared with 29 very-low-birthweight infants in a 
control group. They also emphasized the case of an infant born at term with a PVHI and FVL 
mutation. Because of the low risk of IVH near term, they suggested that FVL mutation 
could be a risk factor for PVHI. Komlósi et al.14 showed an increased prevalence of FVL 
mutation in 60 preterm infants (<36wks gestational age) with grade I IVH in comparison 
with 63 matched controls. Gopel et al.15 investigated prothrombotic mutations in a cohort 
of 318 very-low-birthweight infants with IVH grade I to IV. They proposed a protective 
effect of the FVL or prothrombin G20210A mutation against the extension of the bleeding 
from grade I to grade II stage or more. However, the frequency of IVH grade IV remained 
the same between very- low-birthweight infants with these prothrombotic mutations and 
infants without. In contrast, in a large case–control study of 586 infants, Hartel et al.22 found 
no association between prothrombotic gene variants, including FVL and prothrombin 
mutation, and IVH grade I to IV.
The data presented here are different from previous data, as the infants in this study had an 
atypical presentation, which was the reason for performing the mutation analysis. 
Heterozygosity for FVL mutation was present in seven out of 17, which is much higher than 
the prevalence in the Dutch population (3–5%)32 and the Finnish population (4%).16 Not 
having performed mutation analysis in all preterm infants with a PVHI is a limitation of this 
study. A prospective study is required to assess the true prevalence of thrombophilia in 
preterm infants with typical PVHI, but we expect the prevalence to be low, in agreement 
with previous studies.
COL4A1 mutation analysis was also only performed in the infants with antenatally acquired 
porencephaly and, in view of a recent observation in twins born at 24 weeks of gestation,33 
may be more  common in both  typical and atypical PVHI. Another limitation of this study 
is that only seven of 17 infants with an atypical presentation had an early MRI with MR 
venography to diagnose or exclude the presence of CSVT.
The presence of a prothrombotic gene mutation in neonates with PVHI has no immediate 
therapeutic consequences, except when a CSVT is diagnosed and anticoagulation therapy 
with low-molecular-weight heparin may be considered. According to recent guidelines, 
however, this is not recommended in the presence of a parenchymal haemorrhage.34,35

Nevertheless, demonstrating the presence of  thrombophilic mutations in infants as well as 
in their mothers is important. They may be predisposed to higher risks of thrombosis,10 and 
counselling on avoidable circumstantial risk factors (e.g. contraceptives and long-distance 
travelling) and the impact of lifestyle factors (e.g. obesity and immobility) is important. 
There is also an increased risk of complications in a future pregnancy or in the postpartum 
period, as was seen in our study where one mother had a pulmonary embolism a few days 
after delivery. In the case of COL4A1 gene mutations, there are no therapeutic options 
available but there is a risk of recurrence when this presents as an autosomal dominant 
familial porencephaly. Conscientious counselling in future pregnancy is therefore of 
utmost relevance.
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506th amino acid arginine to glutamine in one of the activated protein C cleavage sites. 
Activated protein C specifically cleaves peptide bonds in activated factor V, resulting in 
inhibition of the coagulation pathway. The FVL mutation thus results in resistance of factor 
V to inactivation by activated protein C and consequently in hypercoagulability.10,11 The 
prothrombin gene mutation involves a transition from guanine to adenine at nucleotide 
position 20210 and is associated with slightly increased plasma levels of prothrombin and 
a mild hypercoagulable state.11 It is well established that hypercoagulability increases the 
risk of venous thrombosis in childhood.10,11 Since venous congestion  is  involved  in  the  
pathogenesis  of  PVHI, hypercoagulability might have contributed to the development of 
PVHI.
The prothrombotic contribution of polymorphisms in the enzyme MTHFR is different from 
the FVL and prothrombin mutation. In a Dutch population-based study, 10% were found to 
be homozygous and 44% heterozygous for the C677T polymorphism.28 MTHFR is important 
in catalysing 5,10-methylenetetrahydrofolate into  5-methyltetrahydrofolate, which is the 
major circulating form of folate. Folate is involved in methylation of homocysteine. The 
C677T and A1298C polymorphisms of the MTHFR gene are associated with decreased 
activity of this enzyme and result in elevated plasma homocysteine levels. However, an 
elevated plasma level of homocysteine (>10 μmol/L) was not found in any of the infants in 
our study. Although the role of this mutation in the genesis of neonatal stroke is not yet 
clear, a possible effect in neonatal cerebral thromboembolic disease cannot be excluded.29

In our study, levels of protein C, protein S, and antithrombin were not tested in all infants. 
It can therefore not be excluded that the presence of transiently reduced activities of these 
coagulation factors may play a role in the development of PVHI. In newborn infants, 
however, levels of these anticoagulants are significantly lower than in older children and 
adults. Whether these transient physiologically reduced levels play a role in the 
pathogenesis of cerebral thrombovascular disease is still unclear.30 Laboratory 
investigations of these anticoagulants are difficult to interpret before the age of 6 months. 
Inherited deficiencies in protein C, protein S, and antithrombin have a low prevalence, but 
in several studies a positive correlation of quantitative or qualitative protein C deficiency 
with neonatal and childhood ischaemic or haemorrhagic stroke has been reported.23,25,29,30 
In one of our infants (case 4), slightly lower activity of protein C was present in the 
neonatal period as well as at the age of 4 years. In another infant (case 2), a reduced level 
of antithrombin was reported in the acute phase.
Elevated lipoprotein(a) is a recognized predisposing factor for embolism in children and 
newborn infants based on the competition with plasminogen for fibrin binding and thus 
impaired fibrinolysis.31 Lipoprotein(a) levels were tested in all infants, with the exception 
of case 5, but an elevated level (>300mg/L) was not found in any of them.
In 2005, Gould et al.18 reported the presence of a mutation in a basement membrane 
protein, procollagen type IV α 1, causing vascular defects. This can lead to perinatal 
cerebral haemorrhage and can predispose to porencephaly. In two infants (cases 9 and 10) 
with antenatal development of porencephaly, we found a novel mutation in this COL4A1 
gene as previously reported.17
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In half of the infants in this study with atypical PVHI, a genetic mutation was found, 
especially heterozygosity for FVL. Testing for mutations or polymorphisms in 
thrombophilic and collagen genes in newborn infants with an atypical presentation of 

PVHI should be considered. Additional information can be obtained by testing the mother.

Table 2  neuroimaging and thrombophilic test findings of infants with an atypical pVhi

aIn cases 2, 6, 12 and 16, IVH was bilateral (in the other cases it 

was ipsilateral). bIn cases 1, 4, 13, 15 and 16, the mutations/

polymorphisms were homozygous (in the other cases they were 

heterozygous). 

BW, birthweight; cUS, cranial ultrasonography; elCS, elective 

Caesarean section; emCS, emergency Caesarean section; GA, 

gestational age; IVH, intraventricular haemorrhage; MOD, mode 

of delivery; PC, porencephalic cyst; Pt, prothrombin gene; PVHI, 

periventricular haemorrhagic infarction; SUCP, spastic unilateral 

cerebral palsy; TM, thrombophilic mutation or polymorphism; 

VD, vaginal delivery.
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Table 2. Neuroimaging and thrombophilic test findings of infants with an atypical PVHI 

Case 
no. 

Sex MOD GA (wk + d) BW (g) BW centile Time of onset of  
PVHI 

PVHI on cUS IVH on cUS TM SUCP 

1 Male emCS 30 + 5 1170 p16 Antenatal Right No F V (G1691A) 

MTHFR C677Tb 

Left 

2 Male emCS 32 + 5 1820 p20 Antenatal Left Grade IIa F V (G1691A) 

Pt (G20210A) 

MTHFR C677T 

Right 

3 Female elSC 32 + 1 1270 p16 Antenatal Left No F V (G1691A) 

MTHFR C677T 

<6mo 

4 Female emCS 30 850 p10 Day 15 Left Grade I F V (G1691A) 

MTHFR A1298Cb 

Right 

5 Female emCS 29 + 4 1010 p20 Day 21 Right No F V (G1691A) 

MTHFR C677T 

Left 

6 Male emCS 29 + 3 1020 p20 Day 7 Right Grade IIa F V (G1691A) 

MTHFR C677T 

MTHFR A1298C 

Left 

7 Female emCS 30 + 1 580 p2.3 Day 22 Right No F V (G1691A) 

MTHFR N/A 

No 

8 Female VD 31 + 1 1320 p25 Antenatal Established PC, left Grade II p.G1580 R mutation in 
COL4A1 gene 

Right 

9 Male VD 33 + 5 1990 p50 Antenatal Established PC, left Grade III p.G1580 R mutation in 
COL4A1 gene 

MTHFR A1298C 

Right 

10 Female emCS 30 + 4 950 p10 Day 12 Left Grade II right 

Grade I left 

MTHFR C677T 

MTHFR A1298C 

<6mo 

11 Male emCS 33 + 2 1350 p2.3 Antenatal Left Grade II MTHFR C677T 

MTHFR A1298C 

Right 

12 Female emCS 29 + 4 1000 p30 Antenatal Bilateral Grade IIa MTHFR C677T 

MTHFR A1298C 

No 

2
13 Female emCS 28 + 5 980 p40 Antenatal Left Grade II MTHFR C677Tb <6mo 

14 Male emCS 33 + 4 1420 p5 Antenatal Left Grade II 

 

MTHFR C677T Right 

15 Female emCS 30 + 6 1300 p45 Day 9 Right No MTHFR A1298Cb <6mo 

16 Male VD 29 + 6 1500 p50 Day 13 Left Grade IIa MTHFR A1298Cb Right 

17 Female emCS 30 + 3 865 p10 Day 14 Right Grade II – Left 

 

 

 

3

13 Female emCS 28 + 5 980 p40 Antenatal Left Grade II MTHFR C677Tb <6mo 

14 Male emCS 33 + 4 1420 p5 Antenatal Left Grade II 

 

MTHFR C677T Right 

15 Female emCS 30 + 6 1300 p45 Day 9 Right No MTHFR A1298Cb <6mo 

16 Male VD 29 + 6 1500 p50 Day 13 Left Grade IIa MTHFR A1298Cb Right 

17 Female emCS 30 + 3 865 p10 Day 14 Right Grade II – Left 

 

 

 

3
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brain damage is a serious complication of preterm birth and may lead to adverse 
neurological sequelae. White matter injury including periventricular haemorrhagic 
infarction (PVHI) and cystic periventricular leukomalacia (c-PVL) are most common. 

While the incidence of c-PVL is decreasing, this does not apply to PVHI.1

PVHI occurs in about 5-10% of the very low birth weight preterm (gestational age (GA) <32 
wks) infant. The pathogenesis of PVHI appears to be directly related to the associated 
germinal matrix haemorrhage-intraventricular haemorrhage (GMH-IVH). GMH-IVH has 
generally been attributed to alterations in cerebral blood flow to the immature capillaries 
of the germinal matrix. Risk factors for GMH-IVH and PVHI such as low Apgar scores, 
metabolic acidosis (pH < 7.0), early sepsis, respiratory distress syndrome and 
haemodynamic instability are influencing cerebral blood flow.2

The placenta has recently become an organ of interest in the search for causes of preterm 
brain damage, because it may reflect underlying disease processes interacting with these 
perinatal risk factors.3,4 Placental disease characteristics include utero-placental perfusion 
disorders, fetal vascular problems, and inflammation.5 Recently, a strong association has 
been described between placental inflammation and elevation of pro-inflammatory  
cytokines,  such  as  IL-1β,  IL-6,  TNF-α.6,7

Moreover, in placentas with infarctions reflecting utero-placental perfusion problems, this 
elevation has not been seen, but proteins with anti-angiogenic properties (VEGF-R1 and 
IGFBP-1) were increased.6,7 This might emphasize the importance of placental lesions and a 
coinciding systemic response in the newborn with consequences for the neonatal brain.
Several studies have focused on the role of placental lesions in preterm brain injury, 
including IVH.8,9 Most of these studies included small numbers of infants with PVHI (IVH 
grade IV) or focused on histological chorioamnionitis only.10-14 There are however no 
studies which systematically analyzed histopathology of the placenta in infants with PVHI.
We recently made a distinction between preterm infants with typical timing of their PVHI 
within 96 h after birth in the context of known risk factors and infants with atypical timing 
and presentation.15 This atypical group develops their PVHI antenatally or late in the post-
partum period (>96 h) without a serious clinical illness and also often without an 
associated large GMH-IVH.
The aim of this study is to systematically analyze placental pathology in a cohort of preterm 
infants with typical or atypical timing and presentation of PVHI as well as in controls 
without IVH and matched  for  GA.  We  hypothesize  that underlying placental pathology 
further refines differences in the pathogenesis between infants with a typical and atypical 
PVHI.

iNtroDuCtioN
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baCKGrouND a periventricular haemorrhagic infarction (Pvhi) is a 

complication of preterm birth with serious consequences. While various 

risk factors are recognized, little is known about the role of the

placenta in the pathogenetic pathway of this type of white matter injury.

aiM to evaluate prenatal, maternal and neonatal risk factors and 

describe placental pathology in infants with typical and atypical timing 

and presentation of Pvhi.

MetHoDS Pvhi was defined as typical when the onset was within 6-96 

h after birth in the context of established risk factors. Pvhi was 

determined to be atypical when presumed antenatal (<6 h after birth) or 

late in the postpartum course (>96 h). maternal, prenatal and neonatal 

risk factors were collected retrospectively from patient charts. 

microscopic placental pathology was described in 38/45 (84%) preterm 

infants (ga <34 wks) with a typical Pvhi and 14/19 (74%) with an atypical 

presentation of Pvhi.

reSultS Using univariate analysis clinical factors significantly 

associated with a typical Pvhi were mechanical ventilation (p = 0.00), 

while fetal heart rate abnormalities (p = 0.00), a planned caesarean 

section (p = 0.00) and hypertensive disorders (p = 0.01) were associated 

with an atypical Pvhi Placental pathology was different between the 

typical vs atypical group with respect to chorioamnionitis (p = 0.04), 

funisitis (p = 0.05), fetal thrombosis (p = 0.01) and placental infarction  

(p = 0.00).

CoNCluSioN chorioamnionitis and funisitis were significantly more 

common in infants with a typical Pvhi. fetal thrombosis and placental 

infarction were significantly more often associated with an atypical Pvhi. 

Placental pathology in infants with Pvhi reflects underlying disease 

processes and clinical conditions which may interact with the pathogenic 

mechanism of Pvhi.
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surgical),  necrotizing  enterocolitis,  thrombocytopenia <150 x 109/L within 72 h, positive 
surface and blood cultures, CRP >30 mg/L within 48 h.

PlaCENtal aNalySIS
The placentas were weighed without membranes and umbilical cord, and weight was 
classified according to GA percentiles from Pinar et al.18

Routine Hematoxylin and Eosin stained slides from a minimum of 2 umbilical cord 
sections, at the fetal and placental side, a membrane roll, one sample from the umbilical 
cord insertion and two slides of normal placental parenchyma, including decidua and 
chorionic plate, and additional slides from macroscopical abnormalities were reviewed by 
an experienced pathologist (PGJN) blinded for the type of PVHI. Chorioamnionitis was 
diagnosed based on the presence of polymorphonuclear cells (neutrophilic granulocytes) 
in the chorionic plate or the extraplacental membranes. Diagnosis of funisitis was based on 
the presence of neutrophilic granulocytes in the wall of the umbilical vein and/or arteries 
and Wharton’s jelly. Chronic villitis was diagnosed as an infiltration of lymphocytes and 
macrophages in the placental villi. In addition to the presence of chorioamnionitis, funisitis 
or villitis, the severity of inflammation was graded mild, moderate or severe, with slight 
modifications comparable to the staging and grading system of Redline as published 
previously.19 Placental parenchymal infarction was defined as an area of necrotic villi 
surrounded by an area of ischaemia with increased hyperchromasia of trophoblast and 
increased syncytial knotting. Fetal thrombotic lesions were scored as at least 5 avascular 
fibrotic villi without inflammation or mineralization or if adherent thrombi in stem vessels  
were  present.  Accelerated  maturation was  defined  by a decrease of villous diameter and 
by an increase in formation of terminal villi with syncytio-vascular membranes as can be 
expected for the GA.20 An increase of nucleated red blood cells (NRBCs) in the fetal 
circulation is the consequence of either anaemia or hypoxia and was scored when NRBCs 
were present in more than two capillaries in a random 10x field.

thromboPhIlIa
Due to the atypical presentation and timing of their PVHI, these infants underwent 
thrombophilia screening, including factor V Leiden (FVL) and prothrombin mutation, 
C677T and A1298C polymorphisms in the methylenetetrahydrofolate reductase (MTHFR) 
gene, and plasma levels of lipoprotein(a) and homocysteine as described previously.15

StatIStICal aNalySIS
The associations between categorical and continuous variables of infants with an atypical 
or typical PVHI were tested using the Fisher’s exact test and Mann-Whitney U test 
respectively. Differences were considered statistically significant when p < 0.05. These tests 
were performed using PASW for Windows version 17.0 (SPSS Inc., Chicago, IL, USA).

Part chaPter 3

PatIENtS

Patients with GA <34 weeks were admitted to the level three neonatal intensive care 
unit of the Wilhelmina Children’s Hospital between January 2005 - September 2011. 
An electronic search was performed in the cranial ultrasound (cUS) database for 

‘venous infarction’ or ‘periventricular haemorrhagic infarction’ or ‘porencephalic cyst’. 
Distinction was made between infants with typical and atypical timing and presentation of 
PVHI.15 A typical PVHI was defined when the onset was 6-96 h post-partum in the context 
of established clinical risk factors. An atypical PVHI was determined when the following 
criteria were met: 1) onset presumed antenatal (<6 h after birth) or 2) >96 h post-partum 
and none of the following risk factors: Apgar score (5 min) < 5, metabolic acidosis, 
mechanical ventilation (HFO/SIMV), hemodynamic instability or sepsis at time of onset.
For every infant with a PVHI a control infant was selected, matched for GA (<7 days) 
without evidence of IVH, c-PVL or cerebral infarction based on cUS. Only singletons were 
included as control infants. Infants with PVHI were excluded when they were part of a twin 
and their placenta was not clearly marked.

NEuroImaGING fINdINGS
CUS was performed within 6 h of admission as part of standard care. This examination was 
performed 2-3 times during the first week and 1-2 times per week until discharge. GMH-
IVH was defined according to the criteria of Papile.16  PVHI or grade IV IVH was diagnosed 
when a triangular lesion was present in the periventricular white matter.

PatIENt data
Maternal and infant clinical variables were derived from chart review.17 Maternal variables 
included: GA, maternal age, prenatal medication, premature rupture of membranes 
(PROM), group B streptococcus status, hypertensive disorders defined as either pregnancy 
induced hypertension or pre-eclampsia. Doppler indices were determined from the last 
measurement of the pulsatility index (PI) of the uterine artery and middle cerebral artery 
in the week before birth. Elevation of the PI > 2SDs above and below the GA mean 
respectively were considered abnormal, the last indicative of brainsparing. A full course of 
antenatal corticosteroids (2 gifts betamethasone and more than 24 h before delivery), 
magnesiumsulphate, spontaneous vaginal delivery were noted. Delivery by Caesarean 
section was classified as planned Caesarean being a Caesarean section (CS) in which no 
intention existed to deliver vaginally whether or not labour occurred before the planned 
date, or as an emergency CS being a CS in cases in which the intention was to deliver 
vaginally. Anaesthesia (spinal or general) and fetal bradycardia, variable decelerations or 
fetal distress were scored. Infant characteristics included: sex, birth weight, Apgar scores, 
umbilical artery pH, infant respiratory distress syndrome, need for mechanical ventilation, 
haemodynamic instability defined as need for use of inotropes during the first 72 h, aEEG 
confirmed seizures, patent ductus arteriosus requiring intervention (indomethacin  or  
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Table 1  Clinical characteristics of infants with an atypical or typical timing and onset 

of pVhi and control infants.
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Sixty-five infants were diagnosed to have PVHI on routine cUS. In 54 infants the 
placenta was available for histopathological examination and 52 were eligible for 
the study (Figure 1). Among these 52 preterm infants, 14 had an atypical 

presentation (mean GA 30.9  wks;  range  26.9 - 33.6).  Thirty-eight  had  a  typical  PVHI 
presentation (mean GA 28.8 wks; range 25.1 - 33.3). The control infants had a mean GA of 
29.5 wks; range 25.1 - 34.0.

tImING aNd PrESENtatIoN of PVhI oN CuS
PVhI with atypical presentation
Of the 14 infants with atypical PVHI, 6 had a presumed antenatal PVHI present on the first 
cUS <6 h. The other 8 atypical infants had a late-onset PVHI (>96 h) without preceding 
deterioration of the clinical condition or haemodynamic instability and their diagnosis was 
made during a routine cUS examination. The PVHI was left-sided in 8/14 (57%), right-sided 
in 6/14 (43%). An associated GMH-IVH was present in 9/14 (64%) infants.

typical PVhI
Thirty-eight infants developed a PVHI within 6-96 h after birth, which was in the context of 
established risk factors. This infarction was  left-sided  in  21/38  (55%),  right-sided  in  
15/38  (40%)  and bilateral in 2. In all but one of these infants, PVHI was associated with an 
ipsilateral GMH-IVH (Table 1).

ClINICal VarIablES
The clinical characteristics of cases with a PVHI and controls are summarized in Table 1. 
Compared to infants with a typical PVHI, those with an atypical presentation and timing 
were more likely to be exposed to hypertensive disorders umbilical artery PI 
> 2SD, fetal heart rate abnormalities, delivered by planned Caesarean section and were 
born at a later GA (Table 1). Infants with a typical PVHI were more likely to have postnatal 
hypotension requiring intervention, infant respiratory distress syndrome with need for 
mechanical ventilation, and were often part of a twin (Table 1). Both groups did not differ 
significantly with respect to other pregnancy or delivery-related variables.

Figure 1

table 1

table 1
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Characteristic Atypical infants 
N = 14 

Typical infants 
N = 38 

P-value Controls 
N = 52 

Male 6 (43) 24 (63) 0.22 31 (60) 
Gestational age (wks) (median, range) 30.6 (26.9 – 33.6) 28.8 (25.1 – 33.3) 0.01 30.0 (25.1 – 34.0) 
PVHI     
  Left-sided 8 (57) 21 (55)   
  Right-sided 6 (43) 15 (40)   
  Bilateral 0 2 (5)   
  IVH grade II – III 8 (57) 37 (97)   
Maternal age (yrs) (median, range) 34.5 (20 – 40) 30 (20 – 50) 0.16 32 (21– 41) 
Birth weight (g) (median, range) 1060 (580 – 2210) 1183 (670 – 1860) 0.60 1170 (600 – 2230) 
  Birth weight <p2.3a 2 (14) 3 (8) 0.60 2 (4) 
  Birth weight <p10a 3 (21) 4 (11) 0.37 8 (15) 
Hypertensive disorder 7 (50) 5 (13) 0.01 18 (35) 
Umbilical artery pulsatility index >2 SD 8/9 (89) 4/11 (36) 0.03 13/27 (48) 
Brainsparing 5/8 (63) 3/7 (43) 0.62 12/18 (67) 
PROMb 1 (7) 10 (26) 0.25 16 (31) 
GBS positive 0/1 6/23 (26) 1.00 5/19 (26) 
Antenatal corticosteroids 8 (57) 20 (53) 1.00 40 (77) 
Magnesium sulphate 3/13 (23) 3/38 (8) 0.17 14/52 (27) 
Twin pregnancy 0 11 (29) 0.05 0 
Maternal fever during delivery 0 3 (8) 0.56 6 (12) 
Planned Caesarean Section* 12 (86) 12 (34) 0.00 36 (69) 
   Fetal indication 11 out of 12 9 out of 12  23 out of 36 
Emergency Caesarean Section 1 (7) 1 (3) 0.47 5 (10) 
   Spinal anaesthesia 11 out of 13 9 out of 13  31 out of 41  
   General anaesthesia 2 out of 13 4 out of 13  10 out of 41 
Fetal heart rate abnormalities 12/14 (86) 12/37 (32) 0.00 25/52 (48) 
Apgar score at 1 min ≤3  1 (7) 12 (32) 0.15 7 (14) 
Apgar score at 5 min <7 0 9 (24) 0.09 3 (6) 
Umbilical artery pH (median, range) 7.26 (7.04 – 7.41) 7.23 (6.82 – 7.38) 0.71 7.28 (6.94 – 7.48) 
IRDS 4 (29) 23 (61) 0.06 23 (45) 
Mechanical ventilation 2 (14) 24 (63) 0.00 20 (39) 
Inotropes 3 (21) 19 (50) 0.09 12 (23) 
CRP >30 mg/L <24 hr 0 5 (13) 0.31 3 (6) 
Positive surface culture 1/14 (7) 9/37 (24) 0.26 4/50 (8) 
Seizures 5 (36) 11 (29) 0.74 2 (4) 
Patent ductus arteriosus 2 (14) 9 (24) 0.71 5 (10) 
Thrombocytopenia 7/12 (58) 21/36 (58) 1.00 24/52 (46) 
Necrotising enterocolitis 2 (14) 3 (8) 0.60 0 
Death 0 7 (18) 0.17 0 

Data is presented as number (%) or median (range).  
P values in bold refer to comparisons between infants with an atypical and typical PVHI. 
PVHI, periventricular haemorrhagic infarction; IVH, intraventricular haemorrhage; PROM, premature rupture of membranes; GBS, group B 
Streptococcus; IRDS, infant respiratory distress syndrome; CRP, C reactive protein.
aBirth weight less than the 10th or 2.3th percentile for gestational age at delivery and sex (www.perinat.nl/referentiecurve).
b In 9/10 infants with typical PVHI and 11/16 controls, membranes were ruptured >24 h (prolonged).
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PlaCENtal lESIoNS
An atypical PVHI was significantly associated with a placental weight <p10, infarction, fetal 
thrombosis and increased maturation (Table 2). In infants with a typical PVHI 
chorioamnionitis and funisitis were significantly more often present. There were no 
significant differences with respect to increased NRBCs. Table 3 shows placental pathology 
characteristics of infants with an early or late atypical PVHI.

thromboPhIlIa aNd PlaCENtal lESIoNS
In 8/14 infants with an atypical timing and presentation of PVHI, a heterozygous FVL 
mutation was present, in one concomitant with a prothrombin gene mutation, as has been 
described previously.15 In 6 mothers of 7 infants (in one mother no thrombophilia screen 
was performed), the FVL heterozygosity was present as well. In 4/7 (57%) placentas of these 
FVL positive infants, fetal thrombosis was present. In 6/7 (86%) placentas there was an 
infarction.
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Table 2  placental histopathology of infants with atypical or typical presentation and 

timing of pVhi and control infants.

Placental lesion Atypical infants 
N = 14 

Typical infants 
N = 38 

P-value Controls 
N = 52  

Coilingsindex of umbilical cord  0.16 (0.04 – 0.38) 0.14 (0.03 – 0.34) 0.69 0.15 (0.03 – 0.33) 
Hypercoiling (index >0.3) 1 (7) 1 (3) 0.52 3 (6) 
Placental weight (g) 244 (170 – 392) 271 (140 – 465) 0.22 266 (100 – 444) 
Utero-placental underperfusion     
Placental weight <p10 12 (86) 11 (29) 0.00 16 (31) 
Placental weight <p90  1 (7) 4 (11) 1.00 1 (2) 
Infarction (%) 10 (71) 8 (21) 0.00 13 (25) 
    <5% 6 4  9 
    5-10% 0 2  3 
    >10% 4 2  1 
Increased NRBC  11 (79) 20 (53) 0.12 20 (39) 
Increased maturation  
     (moderate – severe) 

11 (79) 14 (38) 0.01 28 (54) 

Inflammation     
Chorioamnionitis 1 (7) 14 (37) 0.04 14 (27) 
   Grade 1 1 2  3 
   Grade 2 0 4  3 
   Grade 3 0 8  8 
Funisitis 0 10 (26) 0.05 11 (21) 
Chronic inflammation of membranes 2 (14) 2 (5) 0.29 0 
Villitis 2 (14) 2 (5) 0.29 0 

  Grade 1 1 2  - 
  Grade 2 1 0  - 
Fetal vascular underperfusion     
Fetal thrombosisa 8 (57) 6 (16) 0.01 5 (10) 

   Grade 1 4 5  4 
   Grade 2 1 1  1 
   Grade 3 3 0  0 

Table 2, pag 59

Data is presented as number (%) or mean (range). P values in bold refer to comparisons between the infants 

with an atypical and typical PVHI.

NRBCs, nucleated red blood cells.
aGrade 1 at least 5 avascular fibrotic villi in 1 section, grade 2 at least 5 avascular fibrotic villi in 2 sections and 

grade 3 at least 5 avascular fibrotic villi in 3 sections.

GA, gestational age; PVHI, periventricular haemorrhagic infarction.

figure 1  flowchart of included patients.
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In this study, placentas of preterm infants with PVHI were systematically analyzed. In 
infants with a presumed antenatal PVHI or late presentation of PVHI, fetal thrombosis, a 
small placenta (<p10) and placental infarction reflecting utero-placental perfusion 

problems were significantly more common. An association was found between 
chorioamnionitis and the onset of PVHI between 6 and 96 h after birth. This study supports 
our previous finding that the aetiology of PVHI is heterogeneous.15

PVHI has been typically reported in the context of low Apgar scores and early neonatal 
complications such as persistent ductus arteriosus, and the need for respiratory and 
inotropic support. This was confirmed in our study in infants with the onset of PVHI 
between 6 and 96 h  after birth.21 Besides, histological chorioamnionitis and funisitis were 
significantly related to the onset of PVHI within 6-96 h after birth. The association of 
histological chorioamnionitis with IVH is in agreement with previous reports.4,8,9,11,12,22 
Chorioamnionitis was however also commonly seen in our controls, but with often 
associated with respiratory and haemodynamic risk factors. One of the potential 
mechanisms by which intrauterine infection may be associated with brain injury is the fetal 
inflammatory response (FIR). Infants from mothers with chorioamnionitis have increased 
levels of pro-inflammatory cytokines in amniotic fluid and/or fetal blood.6,12 An association 
with this systemic upregulation of pro-inflammatory cytokines and subsequent white 
matter injury has been established.23,24 Elovitz et al.25 demonstrated in a mouse model that 
soon after intrauterine infusion of lipopolysaccharides a robust immune response  was  
triggered  with  upregulation  of  proinflammatory cytokines, both in the placenta and the 
fetal brain. FIR has been associated with persistent systemic hypotension and impaired 
cerebrovascular autoregulation and the infant will be more susceptible to any 
haemodynamic instability and respiratory problems in the first days after birth.26,27 Besides, 
recent studies indicate that the FIR in itself may also have damaging effects to the 
developing brain causing abnormal neuronal processing and synaptic communication.28

The role of inflammation, leading to activation of excitotoxicity and free radical attack, has 
also been associated with the development of periventricular leukomalacia.24 Although 
Chau et al.29 were unable to show an association of histological chorioamnionitis with an 
increased risk of preterm white matter injury, they found an important role for postnatal 
infection and hypotension. In term spontaneous vaginal delivery, chorioamnionitis was 
present in 50/271 (18%) placentas.19 A fetal response (funisitis) was rare, present in only 3% 
of these placentas. This finding further supports the role of chorioamnionitis and especially 
funisitis in both preterm birth and neurological co-morbidity.
Placental infarction and fetal thrombosis were significantly associated with  an  atypical 
presentation and  timing of PVHI (Table 2). In these infants, postnatal factors such as 
hemodynamic instability and respiratory failure were less often noted and seemed to play 
a minor role in the pathogenesis of atypical PVHI compared to those infants with a typical 
presentation (Table 1).15

table 2

table 1
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Table 3. Clinical and placental characteristics of preterm infants with an atypical early (n=6) or late (n=8) presentation of 
PVHI. 
Characteristic Early Late 
Male/Female 4/2 2/6 
Birth weight (g) (median, range) 1310 (950 – 1820) 995 (580 – 2210) 
  Birth weight <p2.3a 1 1 
  Birth weight <p10a 2 1 
Hypertensive disorder 2 5 
PROM - 1 
Corticosteroids 3 5 
Magnesium sulphate - 3 
Planned Caesarean Section 6 6 
   Fetal indication 6 5 
Apgar score at 1 min ≤3  1 0 
Umbilical artery pH (median, range) 7.21 (7.14 – 7.31) 7.26 (7.04 – 7.41) 
IRDS - 4 
Mechanical ventilation - 2 
Inotropes - 3 
Patent ductus arteriosus - 2 
Seizures 4 1 
Necrotising enterocolitis - 2 
Placenta   
Infarction 5 5 
Chorioamnionitis - 1 
Fetal thrombosis 5 3 
Increased NRBC 5 6 
Increased maturation (moderate-severe) 5 6 
Villitis - 2 
PROM, premature rupture of membranes; IRDS, infant respiratory distress syndrome; NRBCs, nucleated red blood cells. 
aBirth weight less than 10th or 2.3th percentile for gestational age at delivery and sex (www.perinat.nl/referentiecurve). 

 
Fetal thrombosis can be recognized microscopically by adherent thrombi in vessels of the chorionic 
plate or large stem and anchoring villi or by identifying groups of avascular fibrotic villi as a result of 
lack of fetal perfusion. Associated risk factors are pre-eclampsia, maternal diabetes and hypercoiling 
of the umbilical cord. Thrombosis might occur due to factors increasing hypercoagulability of the 
fetal blood, due to hemodynamic changes or by endothelial damage. Pre-eclampsia occurring pre-
term might increase hematopoiesis caused by chronic hypoxia resulting in an increased fetal 
hematocrit. Hypercoiling of the umbilical cord might give rise to endothelial damage due to increased 
shear stress of the vessel walls as was recently demonstrated in a computer model, but we were 
unable to show a relation between hypercoiling and fetal thrombosis in our cohort.30 We found fetal 
thrombosis in 27% of placentas of infants with PVHI compared to 8% of the controls. In previous 
research fetal thrombosis was sporadically found and our findings emphasize the association of fetal 
thrombosis with PVHI, especially in the atypical PVHI.31 Fetal thrombosis has been associated with 
cerebral palsy and recently a case with extensive bilateral PVHI was reported.32,33 
In 8/14 atypical infants, a heterozygous G1691A mutation in the factor V gene was present. In four 
placentas of infants with an FVL mutation fetal thrombosis was found. In previous research, the role 
of thrombophilia in the onset of fetal thrombosis was conflicting.31,34-36 In these studies preterm and 
full-term infants  were taken together or placentas were selected from mothers with pre-eclampsia, 
placental abruption and IUGR, or no distinction was made between the different thrombophilic 

PROM, premature rupture of membranes; IRDS, infant respiratory distress syndrome; NRBCs, nucleated red blood 

cells.
aBirth weight less than 10th or 2.3th percentile for gestational age at delivery and sex (www.perinat.nl/

referentiecurve).

Table 3  Clinical and placental characteristics of preterm infants with an atypical early 

(n=6) or late (n=8) presentation of pVhi.
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(VEGF) and placental intrauterine growth factors (PIGF) and their receptors in the placenta 
have shown important dysregulations in pregnancies complicated by pre-eclampsia or 
IUGR, probably related to the hypoxic status of the placenta.37 Recently, elevated 
concentrations of the first VEGF receptor, VEGF-R1, were also found in newborns whose 
placenta had infarcts or syncytial knots.6 Preliminary data of Benton et al.38 suggest that 
PIGF in the maternal circulation may identify fetal intrauterine growth restriction caused 
by placental pathology. Therefore, these factors seem promising in prediction of placental 
pathology and subsequent implications for the clinical condition.
In both groups of infants with PVHI, but less often in the controls, increased NRBCs were 
common. A finding of increased NRBCs in the fetoplacental circulation suggests the 
presence of significant antenatal stress of 6-12 h or more.39 
A limitation of our study is that the number of patients with atypical PVHI was too small to 
analyze those with presumed antenatal PVHI  and  late (>96  h) PVHI  separately. Infants 
with a presumed antenatal and late PVHI both showed an increased risk for thrombosis 
(Table 3), suggestive of a similar underlying mechanism but with a different expression 
with regard to time of presentation.
This study shows once again that the etiology of PVHI in preterm infants is not 
homogeneous. Importantly, risk factors and associated placental disease characteristics 
involved in the pathogenic pathway appear to be related to time of onset. Further studies 
investigating the relation with placental disease characteristics and pro-inflammatory and 
angiogenic proteins are needed. Early detection of infants at risk for systemic reactions 
after intrauterine disease exposure, may serve as a basis for prevention and improved 
management.
This study underlines the significance of placental pathology in preterm infants with PVHI. 
Infants with atypical timing and presentation of PVHI had significantly more often fetal 
thrombosis and placental infarction. These placental lesions appear to be associated with 
pre-eclampsia and thrombophilia, especially FVL mutation. Histological chorioamnionitis 
was common in infants with typical PVHI and controls, but infants with a PVHI had more 
often associated respiratory and haemodynamic instability.

table 3
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Di Salvo et al.9, investigating the relationship between placental pathology and 
development of IVH in preterm infants, found placental infarctions associated with a 
reduced risk of IVH. However, in this study no distinction was made between the different 
grades of IVH. Interestingly, none of the infants with isolated utero-placental  perfusion  
defects  had  IVH  grade  II-III  in a study of Kaukola et al.12 Our study showed that infants 
with utero-placental perfusion  defects  did  develop  PVHI,  but  with a different clinical 
presentation and without an associated GMH-IVH in one third of the infants, suggesting 
another underlying pathogenic  mechanism.
Fetal thrombosis can be recognized microscopically by adherent thrombi in vessels of the 
chorionic plate or large stem and anchoring villi or by identifying groups of avascular 
fibrotic villi as a result of lack of fetal perfusion. Associated risk factors are pre-eclampsia, 
maternal diabetes and hypercoiling of the umbilical cord. Thrombosis might occur due to 
factors increasing hypercoagulability of the fetal blood, due to hemodynamic changes or 
by endothelial damage. Pre-eclampsia occurring pre-term might increase hematopoiesis 
caused by chronic hypoxia resulting in an increased fetal hematocrit. Hypercoiling of the 
umbilical cord might give rise to endothelial damage due to increased shear stress of the 
vessel walls as was recently demonstrated in a computer model, but we were unable to 
show a relation between hypercoiling and fetal thrombosis in our cohort.30 We found fetal 
thrombosis in 27% of placentas of infants with PVHI compared to 8% of the controls. In 
previous research fetal thrombosis was sporadically found and our findings emphasize the 
association of fetal thrombosis with PVHI, especially in the atypical PVHI.31 Fetal 
thrombosis has been associated with cerebral palsy and recently a case with extensive 
bilateral PVHI was reported.32,33

In 8/14 atypical infants, a heterozygous G1691A mutation in the factor V gene was present. 
In four placentas of infants with an FVL mutation fetal thrombosis was found. In previous 
research, the role of thrombophilia in the onset of fetal thrombosis was conflicting.31,34-36 In 
these studies preterm and full-term infants  were taken together or placentas were 
selected from mothers with pre-eclampsia, placental abruption and IUGR, or no distinction 
was made between the different thrombophilic mutations.31,34-36 The populations  are 
therefore not comparable with  our preterm infants with PVHI. Numbers in our study are 
however small and, moreover, infants with a typical PVHI and controls were not tested for 
the FVL mutation. But an association of placental fetal thrombosis and the FVL mutation in 
our cohort seems plausible.
Sixty-eight percent of infants with an atypical PVHI in our cohort had a small placenta 
(<p10) versus 29% of infants with a typical infarction and 31% of controls (Table 2). This 
finding emphasizes the importance of restricted utero-placental blood flow in the infants 
with atypical PVHI. Pre-eclampsia was common in mothers of atypical infants. Numerous 
studies have shown the key role of the placenta in the pathogenesis of pre-eclampsia, 
especially the presence of infarcts and syncytial knots. Vascular endothelial growth factors 
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occurred in three of the 15 surviving infants. Neurodevelopmental 

assessment of the surviving infants was performed at a median age of 

35 months (range 18–48mo). of the five survivors with basal ganglia and 

thalamic involvement, two developed cerebral palsy, one had a 

developmental quotient of less than 85, and two had a normal outcome. 

of the 10 infants with isolated watershed injury, nine had an early normal 

motor and cognitive outcome. in all infants with a favourable outcome, 

background recovery was seen on amplitude integrated 

electroencephalography within 48 hours after birth.

CoNCluSioN extensive dWi changes in a watershed distribution in 

term-born neonates are not invariably associated with adverse sequelae, 

even in the presence of cystic evolution. associated lesions of the basal 

ganglia and thalami are a better predictor of adverse sequelae than the 

extent and severity of the watershed abnormalities seen on dW-mri.

What thIS PaPEr addS

• cerebral watershed pattern of damage is not invariably associated  

 with adverse outcome.

• isolated abnormalities are associated with a favourable outcome,  

 even when accompanied by cystic evolution.

• Basal ganglia and thalamic abnormalities better predict adverse  

 outcome.

• follow-up mri should be carried out after age 18 months.

Part chaPter 4

aiM Patterns of injury in term-born infants with neonatal 

encephalopathy following hypoxia–ischaemia are seen earlier and are 

more conspicuous on diffusion-weighted magnetic resonance imaging 

(dW-mri) than on conventional imaging. although the prognostic value 

of dW-mri in infants with basal ganglia and thalamic damage has been 

established, data in infants in whom there is extensive injury in a 

watershed distribution are limited. the aim of this study was to assess 

cognitive and functional motor outcome in a cohort of infants with 

changes in a predominantly watershed distribution on neonatal cerebral 

mri, including dWi.

MetHoD dW-mri findings in infants with neonatal encephalopathy 

following hypoxia–ischaemia were evaluated retrospectively. twenty-two 

infants in whom dWi changes exhibited a predominantly watershed 

distribution were enrolled in the study (10 males, 12 females; mean 

birthweight 3337 g, range 2830-3900; mean gestational age 40.5 wks, 

range 37.9-42.1).

follow-up mri data at the age of 3 months (n=15) and over the age of 18 

months (n=7) were analysed. in survivors, neurodevelopmental outcome 

was assessed with the griffiths mental development scales at the age of 

at least 18 months. amplitude-integrated electroencephalography was 

used to score background patterns and the occurrence of epileptiform 

activity.

reSultS dW-mri revealed abnormalities that were bilateral in all 

infants and symmetrical in 10. the posterior regions were more severely 

affected in five infants and the anterior regions in three. Watershed 

injury occurred in isolation in 10 out of 22 infants and was associated 

with involvement of the basal ganglia and thalami in the other 12, of 

whom seven died. cystic evolution, seen on mri at age 3 months, 
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retrospective study, 84 infants with white matter/cortical lesions were studied, but DWI 
was not part of the study protocol.10

The aim of this study was to assess cognitive and functional motor outcome in a cohort of 
infants with changes in a predominantly watershed distribution on neonatal cerebral MRI, 
including DWI.

Part chaPter 4

Different patterns of brain injury can be recognized in term infants with neonatal 
encephalopathy following hypoxia-ischaemia.1 Survivors of neonatal 
encephalopathy are at risk of lifelong neurodevelopmental disabilities such as 

functional motor deficits and cognitive impairment. The pattern of brain injury predicts 
the severity and type of dysfunction. The degree of encephalopathy and extent of 
electroencephalographic (EEG) abnormalities including seizures are also predictive of 
subsequent neurodevelopmental outcome.2,3

Magnetic resonance imaging (MRI) in the neonatal period is emerging as a powerful tool to 
relate the location and severity of lesions with subsequent neurodevelopmental 
outcomes.1,4 Using MRI, two main patterns of brain injury have been identified: basal 
ganglia-thalamic and intravascular boundary zones (called a watershed pattern of injury). 
Basal ganglia-thalamic injury has been associated with acute, profound hypoxia-ischaemia 
and watershed injury with prolonged and partial hypoxia-ischaemia.5,6 Basal ganglia-
thalamic injury is primarily associated with motor deficits whereas watershed injury is 
more often related to cognitive deficits, including language and memory difficulties with 
or without mild motor problems.2,7–10

Hypoxia-ischaemia-related brain injury can be seen more clearly with diffusion-weighted 
imaging (DWI) than with conventional MRI, and abnormalities can be recognized earlier. 
DWI is, therefore, a useful clinical tool to assess the extent and pattern of injury.11,12 It has 
proved to be excellent for detection of basal ganglia-thalamic as well as watershed 
injury.13,14 Recent studies have shown the additional prognostic value of DWI and/or the 
calculated apparent diffusion coefficient values of the basal ganglia-thalami.15–18 However, 
data regarding the prognostic value of DWI and apparent diffusion coefficients of white 
matter are still limited.15,18 Barkovich et al.19 developed a measure of basal ganglia-
thalamic/watershed involvement, which showed good correlation with neuromotor and 
cognitive outcome at 3 and 12 months after neonatal encephalopathy. However, this score 
was based on the findings on conventional MRI. In a recent study by Twomey et al.,20 the 
presence of watershed injury as scored based on DWI findings was not significantly related 
to long-term outcome.
Predicting outcomes in infants in whom the less common pattern of widespread damage 
in a watershed distribution is seen on DWI during the first week of life is therefore more 
complicated.16 Patterns of injury evolve during the first weeks after birth, especially 
diffusivity abnormalities.11 Less is known about the relation between DWI abnormalities in 
a watershed distribution and permanent damage and associated functional outcome. So 
far, two studies have described delayed appearance of neurological sequelae in infants 
with predominantly watershed injury after neonatal encephalopathy.21,22 In one of these 
small retrospective cohorts, the diagnosis of watershed injury was based on neonatal 
conventional imaging.21 In the other, only patients with symptoms first occurring in 
childhood were included and neonatal MRI was not available.22 In a recent large 
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Infants over 36 weeks’ gestational age with evidence of neonatal encephalopathy and who 
had undergone neonatal MRI for clinical reasons were prospectively studied. They were 
admitted to the tertiary Neonatal Intensive Care Unit of the Wilhelmina Children’s 
Hospital, Utrecht, the Netherlands, between January 2004 and February 2012. Neonatal 
encephalopathy was diagnosed by the presence of altered alertness, abnormal tone, 
feeding difficulties, or seizures accompanied by at least three of the following criteria: (1) 
late decelerations on fetal monitoring or meconium staining, (2) delayed onset of 
respiration, (3) arterial cord blood pH less than 7.10, (4) Apgar score less than 7 at 5 
minutes, and (5) multiorgan failure.23

Infants with extensive injury in a watershed distribution affecting mainly white matter 
(anterior middle cerebral artery and posterior middle cerebral artery) on neonatal 
diffusion-weighted magnetic resonance imaging (DW-MRI) were eligible for the study. A 
distinction was made between infants with isolated watershed injury and those with 
watershed injury with associated basal ganglia-thalamic involvement. The watershed 
lesions could be uni- or bilateral and predominantly posteriorly and/or anteriorly located. 
Infants with confirmed congenital malformations or an inborn error of metabolism were 
excluded. For retrospective anonymous data analysis, no informed consent or permission 
from the internal review board is required in our hospital.

maGNEtIC rESoNaNCE ImaGING
MRI was performed during the first 10 postnatal days using a 1.5T or 3.0T magnet 
(Gyroscan ACS-NT or Achieva, Philips Medical Systems, Best, the Netherlands). MRI 
included sagittal T1, transverse T2, and inversion recovery-weighted sequences. An echo-
planar imaging technique was used for DWI (repetition time/echo time=3800–
5200/89ms), with a 180 ∑ 180mm field of view, 4mm-thick sections, 0-mm section gap, 
and b factors of 0 and 1000s/mm2 (1.5T) or 0 and 800s/mm2 (3.0T).
Follow-up MRI, using the scan protocol described above, was performed at 3 months of 
age in all survivors and again between 18 and 24 months (n=6) or at 7 years (n=1) of age to 
assess the extent of injury.

NEurodEVEloPmENtal outComE
All survivors were seen in the follow-up clinic. Neurodevelopmental outcome was assessed 
using the Griffiths Mental Development Scales at the age of at least 18 months and the 
revised Wechsler Preschool and Primary Scale of Intelligence (WPPSI-R) at 5 years of age. A 
neurocognitive score of less than 85 (<1SD below the mean) was defined as a cognitive 
impairment. Cerebral palsy (CP) was defined according to the criteria of Rosenbaum et al.24 
Major functional characteristics were classified following the descriptions of the Gross 
Motor Function Classification System (GMFCS), a five-level pattern recognition system, 
with level I describing the best gross motor abilities possible and level V the worst.25 
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figure 1
(A) Cranial ultrasonography (cUS) in a saggital plane of an infant born after 24 + 5 weeks 
showing cystic evolution of the white matter 6 weeks after birth. (B) MRI (T2) at 30 weeks 
GA confirmed the large cysts in frontal white matter.
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figure 1
Neonatal diffusion-weighted imaging (DWI; top 
row) and inversion recovery imaging at 3 
months of age (bottom row). (A) Female infant 
(case 16) born after ventouse delivery because 
of fetal heart rate abnormalities, with Apgar 
scores of 8 and 9 after 1 and 5 minutes 
respectively. Neonatal DWI showed involvement 
of the anterior and posterior watershed areas, 
corpus callosum, and optic radiation on the 
right side. (D) At 3 months, axial inversion 
recovery showed bilateral anterior atrophy and 
cystic evolution in the white matter, and 
atrophy right posteriorly. At the age of 28 
months, the patients mental development index 
(MDI) was 97. (C) Male infant (case 8) born after 
emergency Caesarean section, with Apgar 
scores of 4 and 7 after 1 and 5 minutes 
respectively. On neonatal DWI, bilateral 
involvement of all watershed areas, posterior 

limb of internal capsule (PLIC), optic radiation, 
and corpus callosum was seen. The basal 
ganglia and thalami were affected. (E) At the 
age of 3 months axial inversion recovery 
imaging showed atrophy of the frontal lobes 
and corpus callosum. Myelination of the PLIC 
was equivocal. At the age of 5 years the 
patients MDI was 45 and he had symptomatic, 
multifocal epilepsy. (C) Male infant (case 19) 
born after spontaneous vaginal delivery with 
Apgar scores of 4 and 10 after 1 and 5 minutes. 
Neonatal DWI revealed bilateral involvement 
of the anterior watershed territories and 
left-sided posterior watershed infarction. (F) 
At 3 months of age there was cystic evolution 
of the anterior white matter with normal 
myelination of the PLIC. The patient showed 
an early favourable development with an MDI 
of 103 at the age of 18 months.

figure 1
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Cerebral visual impairment was defined as a temporary or permanent visual impairment 
caused by a disturbance in the posterior visual pathways and/or occipital lobes. The 
presence of postneonatal epilepsy that required treatment with antiepileptic drugs was 
also recorded.

ElECtroENCEPhaloGraPhy (EEG) aNd amPlItudE  
INtEGratEd EEG
In all infants, amplitude integrated EEG (aEEG) monitoring was initiated following 
admission to our Neonatal Intensive Care Unit, using a digital device (Olympic 6000 or 
BRM3 Brain Monitor or Nicolet, Natus, Seattle, WA, USA). Background patterns and the 
occurrence of epileptiform activity were scored in 6-hour epochs from admission until 96 
hours after birth. Six background patterns were distinguished according to Toet et al.26: 
continuous normal voltage, which is continuous activity with voltage 10μV to 25μV 
(–50μV); discontinuous normal voltage (DNV), in which there is discontinuous trace and 
the voltage is predominantly above 5μV; burst suppression – periods of very low voltage 
(inactivity) intermixed with bursts of higher amplitude; continuous low voltage – a 
continuous background pattern of very low voltage (around 5μV); flat trace – a very low 
voltage, mainly isoelectric tracing with activity below 5μV; and sleep–wake cycling, 
recognized as periodic changes in the bandwidth of the aEEG trace. Epileptiform activity 
was scored as a single seizure, repetitive seizures, or status epilepticus. Scoring was carried 
out by MCT and JCH, blinded to the neurodevelopmental outcome.

Conventional sagittal and axial T1-weighted, axial T2-weighted, and DW-MRI was 
performed within 10 days of birth in 189 term-born infants with neonatal 
encephalopathy following hypoxia-ischaemia. The findings were normal in 62 

infants, while 49 infants showed a predominantly basal ganglia-thalamic pattern of injury, 
22 predominantly watershed injury, 32 periventricular or punctate white matter lesions, 
three a near-total pattern of injury, 15 perinatal arterial ischaemic stroke, and two cerebral 
sinovenous thrombosis. Infants with a molybdenum cofactor deficiency (n=1), trisomy 21 
(n=2), and inborn error of metabolism (n=1) were excluded. Finally, 22 out of 189 (12%) 
infants with a predominant and extensive watershed pattern of injury (10 males, 12 
females; mean birthweight 3337 g, range 2830-3900; mean gestational age 40.5 wks, 
range 37.9-42.1) were eligible for the study.

ClINICal PrESENtatIoN
Table I shows the perinatal and neonatal characteristics of 10 infants with isolated 
watershed injury and 12 with watershed injury with basal ganglia-thalamic involvement. 
Differences were noted between the two groups with respect to the Apgar score at 5 
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 Infants with extensive DWI abnormalities in watershed distribution 
n (%) or median (range) 

Watershed only  
(n = 10) 

Watershed + basal ganglia and 
thalami (n = 12) 

n (male/female) 5/5 5/7 

Decreased fetal movements 2  5  

Fetal heart rate abnormalities 6/8  9/10  

Emergency Caesarean section 2  6  

Ventouse delivery 3  2  

Gestational age (wks) 40.9 (39.0–42.0) 40.6 (37.9–42.1) 

Birthweight (g) 3330 (2830–3640) 3440 (2900–3900) 

Apgar score at 5 minutes 8.5 (3–10) 7 (3–9) 

Arterial umbilical cord pH 7.12 (6.95–7.31) 7.09 (6.77–7.27) 

Hypoglycaemia <2.0mmol/L 1  8  

Multiorgan failure 8  11  

Mechanical ventilation 3  11  

Therapeutic hypothermia 0 5  

Table I  Clinical characteristics of term-born infants with neonatal encephalopathy following 

hypoxia–ischaemia and predominant watershed injury

table i
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minutes, prevalence of hypoglycaemia less than 2.0mmol/L, and need for mechanical 
ventilation or therapeutic hypothermia.

ImaGING fINdINGS
neonatal mr-DWI findings
Table II shows neonatal DWI findings and MRI findings at 3 months of age. Neonatal MRI 
was performed at a median of 4 days after birth. All infants had bilateral abnormalities, 
which were symmetrical in 10. The posterior regions were more severely affected in five 
infants and the anterior regions in three infants. Twelve infants had associated basal 
ganglia-thalamic involvement, with unilateral or bilateral lenticulostriate infarction in two 
infants. Figure 1 shows neonatal diffusion-weighted and corresponding inversion recovery 
images at the age of 3 months for patients 8, 16, and 19.

repeat mrI findings
Atrophy was seen on follow-up MRI at 3 months of age in 10 out of the 15 survivors. Cystic 
evolution was noted in 2 out of 10 survivors without and 1 out of 12 survivors with 
associated basal ganglia-thalamic involvement (Table II). In 6 out of 13 survivors over 18 
months of age, MRI was repeated between 18 and 24 months of age. This revealed delayed 
myelination in two infants, ulegyria in four, and white matter loss and gliosis in all. Gliosis 
was seen in those areas where restricted diffusion had been noted on neonatal MRI. In one 
child with a good outcome, MRI was first repeated at 7 years of age, and showed mild 
gliosis restricted to the posterior watershed distribution (Figure 2).

NEurodEVEloPmENtal outComE
Seven of the infants with extensive watershed lesions and basal ganglia-thalamic 
involvement died after withdrawal of intensive care. In five of these infants, post-mortem 
histological examination was performed and confirmed extensive white matter damage as 
well as hypoxic-ischaemic injury to the basal ganglia and thalami. Of the 15 survivors, two 
had a favourable outcome at 6 to 9 months of age and nine at the age of at least 18 months 
(Table II). Four infants had an adverse neurological outcome (intellectual disability 
[neurocognitive score <85, n=3] or CP [n=2, GMFCS level I and IV]) associated with 
postneonatal epilepsy (symptomatic multifocal) in all four. Three of these infants with an 
adverse outcome had associated basal ganglia-thalamic involvement, as had been seen on 
neonatal MRI. Figure 3 shows z-scores of head circumference in 13 of the 15 surviving 
infants at birth and at follow-up (18-24mo). In 11 infants there was an insufficient increase 
in head circumference.
Nine infants were older than 5 years when last seen at the follow-up clinic. Three infants, 
two with associated basal ganglia-thalamic involvement, were too severely affected to 
undergo the WPPSI-R test. Table II shows the results of this test in the other six children.
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figure 2
Male infant (case 13) born after an 
uncomplicated pregnancy at gestational age   
40 + 5  weeks. Because of fetal tachycardia and 
non-progressive delivery, an emergency 
Caesarean section was performed. Apgar 
scores were 8/9 after 1 and 5 minutes 
respectively, cord pH was 7.31, birthweight 
3160g (p25), and head circumference 34 cm 
(25th centile).  Fourteen  hours after birth, 
clinical convulsions were observed. On day 4 
(A), a T2-weighted image showed subtle 
changes in the white matter. (B) Diffusion-
weighted imaging showed reduced diffusivity in 

the watershed areas of the anterior 
cerebral artery/middle cerebral artery 
(MCA) and posterior cerebral artery/MCA 
with involvement of the splenium of the 
corpus callosum.(C) At the age of 3 months, 
inversion recovery magnetic resonance 
imaging showed minimal loss of 
differentiation between grey and white 
matter. (D) At the age of 7 years, gliotic 
changes (arrows) were seen in the 
posterior areas bilaterally on a fluid 
attenuated inversion recovery (FLAIR) 
sequence.

figure 2
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Table II: Neuroimaging of term-born infants with neonatal encephalopathy following hypoxia–ischaemia and predominant watershed injury 

 

 Neonatal MRI Follow-up MRI at 3mo of age Motor impairment DQ       
18-24mo 

VIQ/PIQ 
5y 

Visual 
impairment 

Epilepsy 

Watershed and basal ganglia thalami  

1 Day 5: WS ACA – MCA bilateral, PCA – MCA L, RO L>R, genu and splenium CC, 
BGT 

Died      

2 Day 4: MCA infarction (posterior trunk) L, WS ACA – MCA bilateral, splenium and 
genu CC, BGT 

Died      

3 Day 3: All WS areas but MCA area L>R, genu and splenium CC, RO bilateral, BGT Died      

4a Day 2: WS ACA – MCA bilateral, PCA – MCA L, genu and splenium CC, RO 
bilateral, BGT 

Died      

5a Day 4: All WS areas but anterior>posterior, genu and splenium CC, peduncles 
bilateral, BGT involved but less extensive than WM 

Died      

6a Day 4: WS ACA – MCA, subcortical>cortical, genu and splenium CC, RO bilateral Died      

7 Day 6: WS ACA – MCA, genu and splenium CC, PLIC bilateral Died      

8 Day 4: All WS areas, splenium and genu CC, PLIC bilateral, RO bilateral, 
occipitopontine tract, BGT involvement 

Frontal atrophy, PLIC equivocal, atrophy 
CC 

 45 <55 Quadrant 
anopia left CVI 

Yes 

9 Day 3: WS ACA – MCA bilateral, PCA – MCA bilateral, genu and splenium CC, 
BGT 

Global atrophy, severe delayed 
myelination, atrophy genu and splenium 
CC 

CP, GMFCS level IV 52 <55  Yes 

10 Day 4: WS ACA – MCA bilateral, PCA – MCA L, MCA infarction R, splenium CC, 
RO L, PLIC R, BGT 

Cavitation media territory R, cysts 
posterior WM bilateral, absence of PLIC R 

CP, GMFCS level I 90 98/78  Yes 

11a Day 5: WS PCA – MCA bilateral, splenium CC, RO bilateral, BGT Normal myelination PLIC, small 
haemorrhage in cerebellum 

 110 –   

12a Day 5: WS ACA – MCA bilateral, PCA – MCA bilateral, bilateral lenticostriatal 
infarction, RO bilateral, genu and splenium CC, peduncle L 

Atrophy CC, dilated ventricles, atrophy 
posterior WM, atrophy BG left 

 101 –  Febrile seizure 

Watershed only 

13 Day 2: WS ACA – MCA and PCA – MCA bilateral, genu and splenium CC Frontal atrophy, normal myelination PLIC  113 97   

14 Day 5: WS ACA – MCA L, genu CC, RO L, IC L Frontal atrophy/delayed myelination L, 
delayed myelination ALIC L 

 102 102   

15 Day 10: WS PCA – MCA, RO bilateral, splenium CC, occipitopontine tract Atrophy CC, normal myelination PLIC, 
abnormal gyration posterior WM 

 91 98/68 Quadrant 
anopia bilateral 
CVI 

Febrile seizures 

16 Day 3: WS ACA – MCA bilateral, PCA–MCA R, genu and splenium CC, RO R, 
Sylvian fissure 

Cortical loss anterior bilateral and 
posterior L, atrophy and cyst anterior 
WM, normal PLIC, normal RO 

 98 71/76   

17 Day 5: All watershed areas L>R, splenium CC Frontal atrophy, ventricular dilatation, 
delayed myelination ALIC, atrophy CC 

 78 <55 Homonymous 
quadrant 
anopia 

Yes 

18 Day 5: WS MCA – PCA bilateral, splenium CC, RO bilateral Atrophy of Sylvian fissure and splenium 
CC, delayed myelination PLIC, normal RO 

 105 93/102 CVI  

19 Day 6: WS ACA – MCA bilateral, PCA – MCA L, genu and splenium CC, RO L, PLIC 
L and R 

Cystic evolution of anterior and temporal 
WM L, tissue loss posterior WM L, normal 
myelination PLIC bilateral 

 101 –   

20  Day 3: WS ACA – MCA (R>L), PCA – MCA (R>L) Frontal atrophy bilateral, small ischaemic 
lesion posterior R 

 116 –   

21 Day 3: WS ACA – MCA bilateral, PCA – MCA bilateral (but less than anterior 
areas), BGT (mild), small haemorrhage ventricle R 

Atrophy anterior WM, RO R<L, high signal 
sulcus centralis L>R 

 NA –   

22 Day 3: WS PCA – MCA bilateral, splenium CC, RO bilateral Frontal atrophy, normal myelination PLIC  NA –   

 

15 Day 10: WS PCA – MCA, RO bilateral, splenium CC, occipitopontine tract Atrophy CC, normal myelination PLIC, 
abnormal gyration posterior WM 

 91 98/68 Quadrant 
anopia bilateral 
CVI 

Febrile seizures 

16 Day 3: WS ACA – MCA bilateral, PCA–MCA R, genu and splenium CC, RO R, 
Sylvian fissure 

Cortical loss anterior bilateral and 
posterior L, atrophy and cyst anterior 
WM, normal PLIC, normal RO 

 98 71/76   

17 Day 5: All watershed areas L>R, splenium CC Frontal atrophy, ventricular dilatation, 
delayed myelination ALIC, atrophy CC 

 78 <55 Homonymous 
quadrant 
anopia 

Yes 

18 Day 5: WS MCA – PCA bilateral, splenium CC, RO bilateral Atrophy of Sylvian fissure and splenium 
CC, delayed myelination PLIC, normal RO 

 105 93/102 CVI  

19 Day 6: WS ACA – MCA bilateral, PCA – MCA L, genu and splenium CC, RO L, PLIC 
L and R 

Cystic evolution of anterior and temporal 
WM L, tissue loss posterior WM L, normal 
myelination PLIC bilateral 

 101 –   

20  Day 3: WS ACA – MCA (R>L), PCA – MCA (R>L) Frontal atrophy bilateral, small ischaemic 
lesion posterior R 

 116 –   

21 Day 3: WS ACA – MCA bilateral, PCA – MCA bilateral (but less than anterior 
areas), BGT (mild), small haemorrhage ventricle R 

Atrophy anterior WM, RO R<L, high signal 
sulcus centralis L>R 

 NA –   

22 Day 3: WS PCA – MCA bilateral, splenium CC, RO bilateral Frontal atrophy, normal myelination PLIC  NA –   

 

Table II: Neuroimaging of term-born infants with neonatal encephalopathy following hypoxia–ischaemia and predominant watershed injury 

 

 Neonatal MRI Follow-up MRI at 3mo of age Motor impairment DQ       
18-24mo 

VIQ/PIQ 
5y 

Visual 
impairment 

Epilepsy 

Watershed and basal ganglia thalami  

1 Day 5: WS ACA – MCA bilateral, PCA – MCA L, RO L>R, genu and splenium CC, 
BGT 

Died      

2 Day 4: MCA infarction (posterior trunk) L, WS ACA – MCA bilateral, splenium and 
genu CC, BGT 

Died      

3 Day 3: All WS areas but MCA area L>R, genu and splenium CC, RO bilateral, BGT Died      

4a Day 2: WS ACA – MCA bilateral, PCA – MCA L, genu and splenium CC, RO 
bilateral, BGT 

Died      

5a Day 4: All WS areas but anterior>posterior, genu and splenium CC, peduncles 
bilateral, BGT involved but less extensive than WM 

Died      

6a Day 4: WS ACA – MCA, subcortical>cortical, genu and splenium CC, RO bilateral Died      

7 Day 6: WS ACA – MCA, genu and splenium CC, PLIC bilateral Died      

8 Day 4: All WS areas, splenium and genu CC, PLIC bilateral, RO bilateral, 
occipitopontine tract, BGT involvement 

Frontal atrophy, PLIC equivocal, atrophy 
CC 

 45 <55 Quadrant 
anopia left CVI 

Yes 

9 Day 3: WS ACA – MCA bilateral, PCA – MCA bilateral, genu and splenium CC, 
BGT 

Global atrophy, severe delayed 
myelination, atrophy genu and splenium 
CC 

CP, GMFCS level IV 52 <55  Yes 

10 Day 4: WS ACA – MCA bilateral, PCA – MCA L, MCA infarction R, splenium CC, 
RO L, PLIC R, BGT 

Cavitation media territory R, cysts 
posterior WM bilateral, absence of PLIC R 

CP, GMFCS level I 90 98/78  Yes 

11a Day 5: WS PCA – MCA bilateral, splenium CC, RO bilateral, BGT Normal myelination PLIC, small 
haemorrhage in cerebellum 

 110 –   

12a Day 5: WS ACA – MCA bilateral, PCA – MCA bilateral, bilateral lenticostriatal 
infarction, RO bilateral, genu and splenium CC, peduncle L 

Atrophy CC, dilated ventricles, atrophy 
posterior WM, atrophy BG left 

 101 –  Febrile seizure 

Watershed only 

13 Day 2: WS ACA – MCA and PCA – MCA bilateral, genu and splenium CC Frontal atrophy, normal myelination PLIC  113 97   

14 Day 5: WS ACA – MCA L, genu CC, RO L, IC L Frontal atrophy/delayed myelination L, 
delayed myelination ALIC L 

 102 102   

Table II  neuroimaging of term-born infants 

with neonatal encephalopathy following 

hypoxia–ischaemia and predominant 

watershed injury

aInfants who underwent therapeutic hypothermia. 

MRI, magnetic resonance imaging; DQ, developmental 

quotient; VIQ, verbal intelligent quotient; PIQ, performance 

intelligence quotient; WS, watershed; BGT, basal ganglia–

thalamic; ACA, anterior cerebral artery; MCA, middle cerebral 

artery; PCA, posterior cerebral artery; L, left; RO, radiatio 

optica; R, right; CC, corpus callosum; WM, white matter; PLIC, 

posterior limb of internal capsule; CVI, cerebral visual 

impairment; CP, cerebral palsy; GMFCS, Gross Motor Function 

Classification System; IC, internal capsule; ALIC, anterior limb 

of internal capsule; NA, not available.



amPlItudE INtEGratEd EEG fINdINGS
Eight out of 10 infants with watershed injury only showed an aEEG background recovery to 
DNV or continuous normal voltage within 48 hours after birth, and all had a favourable 
outcome (Table III). However, in two of these infants, a single seizure or repetitive seizures 
were still present 48 hours post partum on a DNV/continuous normal voltage background 
pattern; both infants experienced a favourable outcome. Two infants with watershed injury 
only had a late recovery (infants 15 and 17); in one this was accompanied by seizures, and 
this patient had an adverse neurodevelopmental outcome. Two out of five survivors with 
watershed and basal ganglia-thalamic injury showed no background recovery within 48 
hours and repetitive seizures or status epilepticus were present beyond 48 hours. Both had 
an adverse neurodevelopmental outcome. Infant 9, with watershed and basal ganglia–
thalamic injury, had an adverse outcome, despite a DNV pattern 48 hours after birth. In this 
case repetitive seizures were still present at 60 hours of age. The other two survivors with 
watershed and basal ganglia-thalamic injury but normal outcome showed background 
pattern recovery within 48 hours, although in one infant there was a deterioration with 
repetitive seizures and burst suppression background pattern 126 hours post partum. Both 
infants underwent therapeutic hypothermia. In the seven infants who died, repetitive 
seizures and status epilepticus were still present 48 hours after birth, with burst 
suppression in five out of seven and DNV background in the other two. All infants, except 
case 22, received at least antiepileptic treatment with phenobarbitone, midazolam, and 
lidocaine.
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figure 3
 Z-scores of head circumference of surviving infants. Head 
circumference corrected for age and sex and expressed as z-score from 
the mean for a Dutch population. Infants indicated with a triangle are 
the 4 infants with an adverse neurodevelopmental outcome.
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that the DWI changes did lead to irreversible changes/damage. It is well known that gliosis 
is not seen during the first few months of life because of long T2, and this may also apply to 
the diagnosis of ulegyria, which first becomes apparent later in infancy. Imaging beyond 
the first year was carried out in 7 out of 15 infants and showed changes suggestive of 
gliosis in all cases. MRI performed at 3 months of age appeared to be of limited additional 
value. When a repeat MRI is considered, this is best postponed until the second year of life, 
when development of the gliosis and ulegyria can be assessed (Figure 2). The term ulegyria 
was introduced to indicate brain damage following watershed injury with shrinking of the 
cortex and atrophy of the deep portions of the affected gyri and relative sparing of the 
superficial portions (‘mushroom’ pattern).28,29

A few studies have described the long-term outcome after watershed injury or the MRI 
pattern of ulegyria after hypoxia-ischaemia.21,22,28,29 Villani et al.29 reported on nine patients 
who presented with postneonatal epilepsy, MRI-confirmed hypoxic-ischaemic injury, and 
ulegyria. Five of them had neonatal seizures, all nine had intellectual disabilities, and seven 
infants developed CP. Ulegyria was associated with severe drug-refractory epilepsy in this 
cohort. In agreement with these findings, Nikas et al.28 described 14 patients with ulegyric 
cerebral injury: all of them developed CP, 13 had a history of epilepsy, and 12 had an 
abnormal psychomotor development. Oguni et al.,22 reporting focal epilepsy in infants with 
a history of a perinatal event and MRI findings compatible with hypoxic-ischaemic injury, 
also included infants with ulegyria. These studies address the adverse neurological 
sequelae in infants with ulegyria, but the presence of ulegyria or parasagittal brain injury 
after watershed injury or postneonatal epilepsy was an inclusion criterion. Our cohort is 
completely different from these studies, as we prospectively studied infants with injury in a 
watershed distribution on neonatal DW-MRI. We have shown that most infants with injury 
in a watershed distribution, even if extensive and associated with cystic evolution, but 
without lesions in the basal ganglia-thalami will have a favourable outcome. The majority 
of the survivors were between 18 months and 7 years of age when last seen. Seven infants 
died because intensive care was withdrawn, and all showed associated basal ganglia-
thalamic involvement. The decision to redirect care was made on the basis of a 
neurological assessment, a persistently abnormal background pattern on the aEEG, with or 
without ongoing seizure activity, and MRI findings. Parental permission for post-mortem 
examination was obtained for five infants and histological examination supported the MRI 
findings in all. Four of the 15 survivors (Table II) have intellectual disabilities and/or CP. All 
four developed postneonatal epilepsy, suggesting that infants with early signs of an adverse 
neurological outcome are at highest risk of developing of epilepsy. Two infants with a 
favourable outcome had febrile seizures. It was of interest to see that the head 
circumference was already rather small at birth in many of the children, which is in 
contrast to the study by Mercuri et al.30 In agreement with other studies, a lack of adequate 
head growth was seen within the first 2 years in the majority of the infants.10,30

table ii
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Extensive DWI changes in a predominantly watershed distribution after neonatal 
encephalopathy in term-born infants are not invariably associated with an adverse 
neurodevelopmental outcome. In 90% of infants with isolated watershed injury, early 

neurodevelopmental outcome was favourable in spite of extensive DWI changes and 
permanent brain damage seen on later MRI. We were able to show that the outcome for 
infants with predominantly watershed injury is mainly determined by the associated 
involvement of the basal ganglia and thalami, rather than the extent and severity of the 
watershed abnormalities seen on DWI. To the best of our knowledge, no previous studies 
have reported the long-term outcome in infants with predominantly watershed injury after 
neonatal encephalopathy assessed by DWI in the immediate neonatal period. However, 
there is convincing evidence regarding the predictive value of a predominant pattern of 
basal ganglia-thalamic lesions on conventional MRI and DWI for adverse neurological 
sequelae.15,16,27 Rutherford et al.16 studied apparent diffusion coefficients in the two main 
patterns of brain injury. Although they did not provide outcome data, they suggest that the 
outcome in infants with white matter lesions is largely determined by the involvement of 
central grey matter. DWI is a sensitive magnetic resonance technique for determining the 
pattern of injury at an early stage, especially when performed at least 24 hours after the 
insult.11,14 Changes seen on DWI are evolving in the neonatal period, with a peak from 48 to 
72 hours and pseudonormalization occurring by the end of the first week, or slightly later 
in infants receiving hypothermia treatment.12 Barkovich et al.11 observed a less marked 
reduction in diffusivity in infants with a predominantly watershed pattern than in infants 
with a basal ganglia–thalamic pattern of injury.
The pathogenesis of predominant watershed injury has been attributed to more 
prolonged, moderate hypoxia-ischaemia with mild signs of neonatal encephalopathy. 
Moderate hypotension with impaired autoregulation is considered to be one of the 
underlying mechanisms. In order to maintain adequate perfusion to the brainstem, 
cerebellum, and basal ganglia, blood flow is shunted from the anterior to the posterior 
circulation. However, posterior watershed involvement, with sparing of the anterior areas, 
was observed in four infants.
Follow-up MRI (at 3mo of age) after extensive signal intensity changes in watershed areas 
on neonatal DWI showed cystic evolution in only three infants, while atrophy was a more 
common observation, seen in 10 out of 15 surviving infants. As the children were not seen 
between discharge and 3 months of age, we cannot be certain that small cysts may have 
been present but had resolved by the time of the repeat MRI. We also cannot say with 
certainty that all DWI abnormalities result in permanent structural imaging abnormalities 
as only seven survivors have so far undergone late MRI. It does appear that at least some of 
the DWI changes are reversible, as cysts were seen in only three infants and atrophy and 
glial scarring was sometimes less extensive than expected on the basis of the extensive 
DWI abnormalities. Poor head growth was, however, seen in all infants, which does suggest 
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the pathogenesis of white matter injury is of increasing interest. Although hypoglycaemia 
in itself might be the result of hypoxia-ischaemia, an association with white matter 
abnormalities has been reported in animal models as well as in humans.35,36 Several 
underlying mechanisms are suggested, such as loss of cerebral autoregulation.36 Signal 
abnormalities in the parieto-occipital lobes on early MRI is the predominant pattern 
following symptomatic hypoglycaemia, although other areas can be involved as well.35 This 
predilection for the parieto-occipital regions is probably related to a high metabolic rate of 
the posterior cortex. In contrast to hypoxic-ischaemic injury, involvement of watershed 
regions has not been reported in symptomatic hypoglycaemia.
The posterior watershed areas and optic radiation were affected in 77% and 59% of infants 
respectively (Table II), which might lead to visual field deficits or cerebral visual 
impairment. Hypoxic-ischaemic injury in a posterior watershed distribution is the leading 
cause of cerebral visual impairment in children.37

Although the existence of conventional MRI, neonatal DWI, and aEEG data in all infants is a 
major strength of the present study, there are also several limitations that need to be 
addressed. First, this was a relatively small cohort studied at a single centre. Second, 5 out 
of 22 infants were treated with hypothermia, which may have positively affected their 
outcome. Furthermore, one infant did not show early symptoms and was admitted 72 
hours after birth. Data from the important first days were, therefore, missing. Follow-up 
was relatively short in some of the children, however, all children will be followed until 
school age. These children may still develop postneonatal epilepsy and, as is well known, 
learning difficulties  as well as behavioural, concentration, and memory problems will only 
become apparent later in childhood.9

table ii
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Sato et al.,21 investigating 18 infants with parasagittal cerebral injury on conventional MRI 
in the neonatal period, focused on associated clinical features. Infants with isolated 
parasagittal cerebral injury had higher Apgar scores and more late symptoms of neonatal 
encephalopathy than comparison infants who suffered hypoxia-ischaemia without 
cerebral injury. The absence of early neonatal encephalopathy in infants with infarction in a 
parasagittal distribution has been reported previously.23 Sato et al.21 observed progressive 
electrocortical suppression in their infants and suggested that secondary energy failure 
was responsible for this. In agreement, our study showed that a considerable number of 
infants with isolated watershed injury had a stable condition shortly after birth and no 
signs of early neonatal encephalopathy. They were referred to our neonatal intensive care 
unit following the onset of seizures occurring as late as 65 hours after birth, and some of 
them were, therefore, outside the window for therapeutic hypothermia introduced in our 
centre in 2008. This emphasizes that in infants with mild signs of hypoxia-ischaemia or a 
low cord pH but an apparent recovery, there is a need for early aEEG monitoring. One 
would expect EEG depression to be observed before the development of seizures, allowing 
initiation of hypothermia within the allowed time frame (i.e. 6 h after birth).
Low Apgar scores and the need for mechanical ventilation were more frequent among 
infants with a watershed injury involving the deep grey matter than in those with an 
isolated watershed injury (Table I). This finding supports the presence of an acute hypoxic-
ischaemic component in those with involvement of basal ganglia-thalamic injury. However, 
there were no differences with regard to the umbilical arterial pH and the need for 
emergency Caesarean section. Therefore, infants with isolated watershed injury presented 
with milder features of hypoxia-ischaemia but still showed signs compatible with an acute 
hypoxic-ischaemic component.
The present study confirms the predictive value of the aEEG background pattern, showing 
that a favourable outcome was related to recovery of background activity within 48 hours. 
Recovery of the background activity within 24-36 hours after birth has also been 
associated with a good prognosis in previous studies.3,31 Recently, a favourable outcome in 
infants receiving hypothermia was seen even when background normalization was 
between 36 and 48 hours after birth.32,33 Recovery of the background pattern was late in 
infants from our cohort but still appeared to be predictive for the outcome. The late 
recovery could be due to the use of several antiepileptic drugs required for their 
electrographic discharges. Infants with an adverse outcome showed severe, therapy-
resistant seizures even beyond 48 hours after birth, associated with a persistently 
abnormal background pattern in most infants. It was recently shown that hypothermia 
reduces seizure burden.34 Five of our infants underwent therapeutic hypothermia, but the 
number was too small for comparison with regard to neurodevelopmental outcome.
Fifty per cent of our infants with neonatal encephalopathy and watershed injury had 
hypoglycaemia (<2.0mmol/L) in the early neonatal period. The role of hypoglycaemia in 
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In infants with signal intensity changes predominantly in a watershed distribution on 
neonatal cerebral DWI, adverse neurodevelopmental outcome is mainly determined by 
the presence of associated basal ganglia-thalamic involvement. Repeat MRI at 3 months 

of age may show evolution of cystic lesions, but MRI at 18-24 months of age is of more 
additional value, showing residual injury such as gliosis and ulegyria. As deficits may 
develop in these children later in life, long-term follow-up is recommended.
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Table III, pag 88

Patient/sex GA (wk + d) Obstetric complications AS Onset clinical 
seizures (h) 

Start aEEG at 
(h) 

Onset seizure at 
(h) 

aEEG back- 
ground 24h after 
birth  

Deterioration 
of background 
pattern at (h) 

Recovery aEEG 
background 
pattern at (h) 

EEG 

Watershed + basal ganglia and thalami 

1/M 40 + 2 Fetal bradycardia, ventouse delivery 4/9 2 6: BS 6–18: RS 
54–66: SE 
72–78: RS 

BS No 36: DNV Day 1: multifocal 
status epilepticus 

2/F 40 + 4 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
6.77 

0/7/9 7 30: BS 30–48: SE 
42–72: RS 
84–90: RS 

NA No 78: DNV Day 4: BS with 
epileptic discharges 

3/F 42 + 1 Meconium-stained liquor, ventouse 
delivery, umbilical cord pH 7.10 

4/6/8 7 38: DNV 60–66: SS 
66–78: RS 

NA No No background 
abnormalities 

Day 2: multifocal 
epileptic discharges 

4/Fa 41 + 1 Fetal tachycardia, tight nuchal cord, 
meconium-stained liquor, emCS 

4/7 5 5: BS 6–16: RS 
66–72: RS + SE 

BS No 96: no recovery Day 2: 
discontinuous 
background 
pattern, epileptic 
discharges 
predominantly 
temporal R 

5/Ma 40 + 4 Maternal infection, fetal tachycardia, 
meconium-stained liquor, emCS, pH 6.84 

2/3/6  4: BS 5–18: RS 
30–48: RS 
78–90: RS 

BS No 60: DNV Day 2: BS 

6/Ma 39 + 3 Fetal bradycardia, spontaneous vaginal 
delivery, first capillary pH 7.09 

3/3/5 2 4: BS 18–54: RS + SE 
72–84: RS 

BS No 60: DNV + RS – 

7/M 39 + 6 Spontaneous vaginal home delivery 4/7/7 10 12: DNV 12–24: RS 
24–34: SE 
34–36: RS 

DNV 36h: BS 54: DNV Day 2: continuous 
epileptic activity 
(SE) 

8/M 41 + 6  Fetal decelerations, emCS, meconium-
stained liquor 

4/7/9 1 24: CNV 24–30: SE CNV After AED: 
DNV/BS 

66: DNV Day 2: BS 

9/M 40+ 2 Decreased fetal movements, 
spontaneous vaginal home delivery, 
tight nuchal cord 

4/6/8 6 24: BS 24–60: RS BS No 48: DNV, 
imminent SWC 

Day 2: BS 
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Patient/sex GA (wk + d) Obstetric complications AS Onset clinical 
seizures (h) 

Start aEEG at 
(h) 

Onset seizure at 
(h) 

aEEG back- 
ground 24h after 
birth  

Deterioration 
of background 
pattern at (h) 

Recovery aEEG 
background 
pattern at (h) 

EEG 

Watershed + basal ganglia and thalami 

1/M 40 + 2 Fetal bradycardia, ventouse delivery 4/9 2 6: BS 6–18: RS 
54–66: SE 
72–78: RS 

BS No 36: DNV Day 1: multifocal 
status epilepticus 

2/F 40 + 4 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
6.77 

0/7/9 7 30: BS 30–48: SE 
42–72: RS 
84–90: RS 

NA No 78: DNV Day 4: BS with 
epileptic discharges 

3/F 42 + 1 Meconium-stained liquor, ventouse 
delivery, umbilical cord pH 7.10 

4/6/8 7 38: DNV 60–66: SS 
66–78: RS 

NA No No background 
abnormalities 

Day 2: multifocal 
epileptic discharges 

4/Fa 41 + 1 Fetal tachycardia, tight nuchal cord, 
meconium-stained liquor, emCS 

4/7 5 5: BS 6–16: RS 
66–72: RS + SE 

BS No 96: no recovery Day 2: 
discontinuous 
background 
pattern, epileptic 
discharges 
predominantly 
temporal R 

5/Ma 40 + 4 Maternal infection, fetal tachycardia, 
meconium-stained liquor, emCS, pH 6.84 

2/3/6  4: BS 5–18: RS 
30–48: RS 
78–90: RS 

BS No 60: DNV Day 2: BS 

6/Ma 39 + 3 Fetal bradycardia, spontaneous vaginal 
delivery, first capillary pH 7.09 

3/3/5 2 4: BS 18–54: RS + SE 
72–84: RS 

BS No 60: DNV + RS – 

7/M 39 + 6 Spontaneous vaginal home delivery 4/7/7 10 12: DNV 12–24: RS 
24–34: SE 
34–36: RS 

DNV 36h: BS 54: DNV Day 2: continuous 
epileptic activity 
(SE) 

8/M 41 + 6  Fetal decelerations, emCS, meconium-
stained liquor 

4/7/9 1 24: CNV 24–30: SE CNV After AED: 
DNV/BS 

66: DNV Day 2: BS 

9/M 40+ 2 Decreased fetal movements, 
spontaneous vaginal home delivery, 
tight nuchal cord 

4/6/8 6 24: BS 24–60: RS BS No 48: DNV, 
imminent SWC 

Day 2: BS 

Table III  Clinical and electro-encephalographic characteristics of 22 infants with 

watershed injury after neonatal encephalopathy

aInfants who underwent therapeutic 

hypothermia. bIn this infant there was a 

deterioration with repetitive seizures and 

burst suppression background pattern 126 

hours after birth.

GA, gestational age (in weeks and days); 

AS, Apgar score; aEEG, amplitude 

integrated electroencephalography; WS, 

watershed; BGT, basal ganglia–thalamic; M, 

male; BS, burst suppression; RS, repetitive 

seizures; SE, status epilepticus; DNV, 

discontinuous normal voltage; F, female; 

emCS, emergency Caesarean section; NA, 

not available; SS, single seizure; R, right; 

CNV, continuous normal voltage; AED, 

antiepileptic drug; L, left; SWC, sleep–wake 

cycling.
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Table III (cont.) Clinical and electro-encephalographic characteristics of 22 infants 

with watershed injury after neonatal encephalopathy
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Patient/sex GA (wk + d) Obstetric complications AS Onset clinical 
seizures (h) 

Start aEEG at 
(h) 

Onset seizure at 
(h) 

aEEG back- 
ground 24h after 
birth  

Deterioration 
of background 
pattern at (h) 

Recovery aEEG 
background 
pattern at (h) 

EEG 

Watershed + basal ganglia and thalami 

1/M 40 + 2 Fetal bradycardia, ventouse delivery 4/9 2 6: BS 6–18: RS 
54–66: SE 
72–78: RS 

BS No 36: DNV Day 1: multifocal 
status epilepticus 

2/F 40 + 4 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
6.77 

0/7/9 7 30: BS 30–48: SE 
42–72: RS 
84–90: RS 

NA No 78: DNV Day 4: BS with 
epileptic discharges 

3/F 42 + 1 Meconium-stained liquor, ventouse 
delivery, umbilical cord pH 7.10 

4/6/8 7 38: DNV 60–66: SS 
66–78: RS 

NA No No background 
abnormalities 

Day 2: multifocal 
epileptic discharges 

4/Fa 41 + 1 Fetal tachycardia, tight nuchal cord, 
meconium-stained liquor, emCS 

4/7 5 5: BS 6–16: RS 
66–72: RS + SE 

BS No 96: no recovery Day 2: 
discontinuous 
background 
pattern, epileptic 
discharges 
predominantly 
temporal R 

5/Ma 40 + 4 Maternal infection, fetal tachycardia, 
meconium-stained liquor, emCS, pH 6.84 

2/3/6  4: BS 5–18: RS 
30–48: RS 
78–90: RS 

BS No 60: DNV Day 2: BS 

6/Ma 39 + 3 Fetal bradycardia, spontaneous vaginal 
delivery, first capillary pH 7.09 

3/3/5 2 4: BS 18–54: RS + SE 
72–84: RS 

BS No 60: DNV + RS – 

7/M 39 + 6 Spontaneous vaginal home delivery 4/7/7 10 12: DNV 12–24: RS 
24–34: SE 
34–36: RS 

DNV 36h: BS 54: DNV Day 2: continuous 
epileptic activity 
(SE) 

8/M 41 + 6  Fetal decelerations, emCS, meconium-
stained liquor 

4/7/9 1 24: CNV 24–30: SE CNV After AED: 
DNV/BS 

66: DNV Day 2: BS 

9/M 40+ 2 Decreased fetal movements, 
spontaneous vaginal home delivery, 
tight nuchal cord 

4/6/8 6 24: BS 24–60: RS BS No 48: DNV, 
imminent SWC 

Day 2: BS 

10/F 37 + 6 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
7.14 

2/7/8 10 78: BS 78–90: SE NA No – Day 2: BS 

11/Fa 40 + 4 Preterminal cardiotocography  umbilical 
cord pH 7.02, fetal–maternal transfusion 

2/5/8 6 6: CNV 6–18: RS BS After AED BS 42: DNVb  Day 6: discontinues 
background 
pattern 

12/Fa 40 + 5 Meconium-stained liquor, spontaneous 
vaginal home delivery, tight nuchal cord 

6/8/10 6 6: DNV 6–12: RS DNV After AED: BS 18: DNV – 

Watershed only 

13/M 40 + 5 Fetal tachycardia, emCS, umbilical cord 
pH 7.31 

8/9/9 14  30: DNV 32: RS NA 36h: BS 48h: DNV – 

14/F 41 + 1 Ventouse delivery, meconium-stained 
liquor, tight nuchal cord, umbilical cord 
pH 7.06 

6/8 10 24: CNV, 
imminent 
SWC 

24–30: RS L>R CNV No – Day 2: normal 
background. 
Multifocal rhythmic 
abnormalities 

15/F 40 + 0  Decreased fetal movements, fetal 
bradycardia, meconium-stained liquor, 
emCS, umbilical cord pH 7.20 

7/7 1 6: CNV 6–12: RS 
12–18: SE 

BS After AED: BS 96: DNV Day 3: BS 

16/F 42 + 0 Fetal bradycardia, meconium-stained 
liquor, ventouse delivery, umbilical cord 
pH 7.12 

8/9 7 18: BS, R<L 18–24: RS 
30–78: SS 

DNV L/BS R No 48: CNV L, DNV 
R, imminent 
SWC 

– 

17/M 39 + 5 Oligohydramnios several days before 
delivery 

9/10 65 73: CNV 73–90: RS 
90–96: SS 

NA After AED: BS 90: DNV Day 5: multifocal 
epileptic activity 

18/M 39 + 3 Meconium-stained liquor, delayed 
vaginal delivery resulting in CS, umbilical 
cord pH 7.28 

9/10 12 24: DNV 24–30: RS BS After AED: BS 42: DNV – 

19/M 41 + 0 Decreased fetal movements, meconium-
stained liquor, umbilical cord pH 7.12 

4/10 7 12: DNV L>R 12–36: RS 
42–48: SS 

BS After AED: BS 42: DNV L/CNV 
R 

– 

20/F 41 + 5 Fetal bradycardia, meconium-stained 
liquor, ventouse delivery, umbilical cord 
pH 7.03 

5/7/8 1 5: DNV 5–9: SE 
18–30: RS 

CNV No – Day 1: normal 
background 
pattern, multifocal 
epileptic activity 

21/F 39 + 0 Spontaneous vaginal delivery, first 
capillary pH 7.05 

3/4/4 12 6: CNV 12–18: RS 
48–66: RS 

BS After AED BS 36: DNV – 

22/M 41 + 2 Decreased fetal movements, meconium-
stained liquor, spontaneous vaginal 
delivery, first capillary pH 7.12 

2/6/8 11 14: CNV, 
imminent 
SWC 

18–30: RS CNV No No background 
abnormalities 

– 22/M 41 + 2 Decreased fetal movements, meconium-
stained liquor, spontaneous vaginal 
delivery, first capillary pH 7.12 

2/6/8 11 14: CNV, 
imminent 
SWC 

18–30: RS CNV No No background 
abnormalities 

– 

10/F 37 + 6 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
7.14 

2/7/8 10 78: BS 78–90: SE NA No – Day 2: BS 

11/Fa 40 + 4 Preterminal cardiotocography  umbilical 
cord pH 7.02, fetal–maternal transfusion 

2/5/8 6 6: CNV 6–18: RS BS After AED BS 42: DNVb  Day 6: discontinues 
background 
pattern 

12/Fa 40 + 5 Meconium-stained liquor, spontaneous 
vaginal home delivery, tight nuchal cord 

6/8/10 6 6: DNV 6–12: RS DNV After AED: BS 18: DNV – 

Watershed only 

13/M 40 + 5 Fetal tachycardia, emCS, umbilical cord 
pH 7.31 

8/9/9 14  30: DNV 32: RS NA 36h: BS 48h: DNV – 

14/F 41 + 1 Ventouse delivery, meconium-stained 
liquor, tight nuchal cord, umbilical cord 
pH 7.06 

6/8 10 24: CNV, 
imminent 
SWC 

24–30: RS L>R CNV No – Day 2: normal 
background. 
Multifocal rhythmic 
abnormalities 

15/F 40 + 0  Decreased fetal movements, fetal 
bradycardia, meconium-stained liquor, 
emCS, umbilical cord pH 7.20 

7/7 1 6: CNV 6–12: RS 
12–18: SE 

BS After AED: BS 96: DNV Day 3: BS 

16/F 42 + 0 Fetal bradycardia, meconium-stained 
liquor, ventouse delivery, umbilical cord 
pH 7.12 

8/9 7 18: BS, R<L 18–24: RS 
30–78: SS 

DNV L/BS R No 48: CNV L, DNV 
R, imminent 
SWC 

– 

17/M 39 + 5 Oligohydramnios several days before 
delivery 

9/10 65 73: CNV 73–90: RS 
90–96: SS 

NA After AED: BS 90: DNV Day 5: multifocal 
epileptic activity 

18/M 39 + 3 Meconium-stained liquor, delayed 
vaginal delivery resulting in CS, umbilical 
cord pH 7.28 

9/10 12 24: DNV 24–30: RS BS After AED: BS 42: DNV – 

19/M 41 + 0 Decreased fetal movements, meconium-
stained liquor, umbilical cord pH 7.12 

4/10 7 12: DNV L>R 12–36: RS 
42–48: SS 

BS After AED: BS 42: DNV L/CNV 
R 

– 

20/F 41 + 5 Fetal bradycardia, meconium-stained 
liquor, ventouse delivery, umbilical cord 
pH 7.03 

5/7/8 1 5: DNV 5–9: SE 
18–30: RS 

CNV No – Day 1: normal 
background 
pattern, multifocal 
epileptic activity 

21/F 39 + 0 Spontaneous vaginal delivery, first 
capillary pH 7.05 

3/4/4 12 6: CNV 12–18: RS 
48–66: RS 

BS After AED BS 36: DNV – 

Table III, pag 88

Patient/sex GA (wk + d) Obstetric complications AS Onset clinical 
seizures (h) 

Start aEEG at 
(h) 

Onset seizure at 
(h) 

aEEG back- 
ground 24h after 
birth  

Deterioration 
of background 
pattern at (h) 

Recovery aEEG 
background 
pattern at (h) 

EEG 

Watershed + basal ganglia and thalami 

1/M 40 + 2 Fetal bradycardia, ventouse delivery 4/9 2 6: BS 6–18: RS 
54–66: SE 
72–78: RS 

BS No 36: DNV Day 1: multifocal 
status epilepticus 

2/F 40 + 4 Decreased fetal movements, fetal 
bradycardia, emCS, umbilical cord pH 
6.77 

0/7/9 7 30: BS 30–48: SE 
42–72: RS 
84–90: RS 

NA No 78: DNV Day 4: BS with 
epileptic discharges 

3/F 42 + 1 Meconium-stained liquor, ventouse 
delivery, umbilical cord pH 7.10 

4/6/8 7 38: DNV 60–66: SS 
66–78: RS 

NA No No background 
abnormalities 

Day 2: multifocal 
epileptic discharges 

4/Fa 41 + 1 Fetal tachycardia, tight nuchal cord, 
meconium-stained liquor, emCS 

4/7 5 5: BS 6–16: RS 
66–72: RS + SE 

BS No 96: no recovery Day 2: 
discontinuous 
background 
pattern, epileptic 
discharges 
predominantly 
temporal R 

5/Ma 40 + 4 Maternal infection, fetal tachycardia, 
meconium-stained liquor, emCS, pH 6.84 

2/3/6  4: BS 5–18: RS 
30–48: RS 
78–90: RS 

BS No 60: DNV Day 2: BS 

6/Ma 39 + 3 Fetal bradycardia, spontaneous vaginal 
delivery, first capillary pH 7.09 

3/3/5 2 4: BS 18–54: RS + SE 
72–84: RS 

BS No 60: DNV + RS – 

7/M 39 + 6 Spontaneous vaginal home delivery 4/7/7 10 12: DNV 12–24: RS 
24–34: SE 
34–36: RS 

DNV 36h: BS 54: DNV Day 2: continuous 
epileptic activity 
(SE) 

8/M 41 + 6  Fetal decelerations, emCS, meconium-
stained liquor 

4/7/9 1 24: CNV 24–30: SE CNV After AED: 
DNV/BS 

66: DNV Day 2: BS 

9/M 40+ 2 Decreased fetal movements, 
spontaneous vaginal home delivery, 
tight nuchal cord 

4/6/8 6 24: BS 24–60: RS BS No 48: DNV, 
imminent SWC 

Day 2: BS 
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role of thrombophilic factors in full-term infants with neonatal encephalopathy

Neonatal encephalopathy (NE) is a serious condition occurring in 1-2 of every 1000 
live term births.1 Although NE is a heterogeneous disorder, it is mostly encountered 
following perinatal hypoxia-ischemia (HI).2 Using magnetic resonance imaging 

(MRI), two main patterns of injury can be distinguished, predominantly involving the basal 
ganglia–thalamus (BGT) or the white matter/watershed region (WM/WS). The pattern of 
injury depends mainly on the severity and duration of the HI insult.3,4 BGT injury is often 
preceded by a sentinel event, whereas the WM/WS pattern is commonly seen in the 
context of long-standing antenatal risk factors.3,5

However, neonates with similar degrees of HI may differ in the extent of brain injury, 
ranging from none to near total brain injury.6 It is unclear whether these patterns in 
neonates can be attributed to different antenatal or perinatal risk factors. Miller et al.7 
showed similar antenatal and perinatal conditions across infants with NE and BGT, WM/WS 
injury, or normal neuroimaging.7 In a study by Mercuri et al.6, 28% of neonates presenting 
with NE with Apgar scores ≤3 had normal MRI scans or minimal white matter changes, 
whereas 95% of the infants with Apgar scores >7, but abnormalities on clinical assessment 
within 48 h after birth, had abnormal scans. This might suggest that other factors, in 
particular genetic factors, predispose to HI-induced perinatal brain injury.
The pathogenesis of brain damage after HI is therefore complex. Recent research has 
focused on several mechanisms, including excitotoxicity, oxidative stress, inflammation, 
and coagulation. There has been increasing interest in the contribution of individual 
(genetic) factors interfering with these mechanisms. These may explain differences in the 
underlying vulnerabilities to preterm and full-term neonatal brain injury.8 Previous studies 
have focused on genes related to inflammatory or coagulation pathways.9

The aim of this study was to determine whether there is an association between perinatal 
and thrombophilic risk factors and the predominant type of brain injury in full-term infants 
with NE following HI. On the basis of the previous literature, we hypothesized that BGT 
lesions are associated with profound HI.10 However, we expected that more 
(thrombophilic) risk factors are present in infants with WM/WS injury as compared with 
those with normal neuroimaging.

iNtroDuCtioN
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baCKGrouND Neonatal encephalopathy (Ne) is a serious condition, 

primarily seen following hypoxia–ischemia (hi). two different patterns of 

brain injury can be recognized on magnetic resonance imaging (mri): 

white matter/watershed (Wm/Ws) or basal ganglia/thalamus (Bgt) 

injury. Whether these patterns of injury can be attributed to different 

associated risk factors still needs to be established.

MetHoDS in 118 infants with clinical signs of Ne following perinatal hi, 

thrombophilic factors, such as factor v leiden and prothrombin gene 

mutation, c677t and a1298c polymorphisms in the 

methylenetetrahydrofolate reductase (mthfr) gene, and plasma levels 

of homocysteine and lipoprotein(a), were prospectively investigated. 

antenatal and perinatal variables were studied.

reSultS Wm/Ws injury was seen in 45 infants, Bgt injury in 40, and 

normal neuroimaging in 33. antenatal factors did not differ across these 

groups. the Bgt pattern was associated with lower apgar scores, 

whereas the Wm/Ws pattern was associated with hypoglycemia (<2.0 

mmol/l), ct or tt 677 polymorphism in the mthfr gene, and plasma 

homocysteine levels in the upper quartile.

CoNCluSioN in infants with Ne following perinatal hi, the Wm/Ws 

pattern of injury was associated with hypoglycemia, the mthfr 677ct or 

tt genotype, and higher levels of plasma homocysteine. Bgt injury 

showed an association with signs suggestive of acute hi.
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figure 2
Magnetic resonance imaging (MRI) patterns 
after NE following HI. T2-weighted MRI (top 
row) with (a) normal pattern, (b) high signal 
intensity in the posterior WS region with partial 
loss of the cortical ribbon, and (c) mild 
increased signal intensity in the thalami. 
Bottom row shows the corresponding DW-MRI 

with (d) normal pattern and (e) bilateral 
posterior watershed and (f) BGT patterns of 
injury. 
BGT, basal ganglia-thalamus; DW, 
diffusion-weighted; HI, hypoxia-ischemia; 
NE, neonatal encephalopathy; WS, 
watershed

figure 2
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Infants with a diagnosis of NE and subsequent brain injury, born >36 wk gestational age, 
and admitted to the Level 3 neonatal intensive care unit of the Wilhelmina Children’s 
Hospital in Utrecht, The Netherlands, between January 2006 and July 2012, were 
prospectively enrolled in this study. From January 2008, infants with NE but without 
significant brain injury on neuroimaging were also enrolled. 
NE was defined as a clinical picture, occurring during the first 72 h after birth, consisting of 
one or more of the following symptoms: altered  consciousness,  irritability,  abnormal  
tone  pattern,  convulsions, or lethargy. NE was considered to be secondary to perinatal 
asphyxia on the basis of at least two of the following criteria: (i) late decelerations on fetal 
monitoring or meconium-stained liquor, (ii) delayed onset of respiration, (iii) 5-min Apgar 
score <7, (iv) arterial umbilical cord pH <7.10, and (v) multiorgan failure 4.
From January 2008, infants with a Thompson score >7, suggestive of moderate to severe 
NE, and admitted <6 h after birth underwent total body cooling at 33-34°C for 72 h.11

Of 127 infants with NE who had thrombophilic factors assessed, 118 infants were eligible 
for the study. Infants with suspected or confirmed congenital malformations, inborn errors 
of metabolism, or congenital infections were excluded (Figure 1).
No ethical permission was required by the medical ethical committee of our hospital for 
this retrospective, anonymous study.

NEuroImaGING
Each infant underwent cUS on admission to document that there were no major 
developmental abnormalities. cUS was repeated daily during the first week to examine the 
evolution of lesions. Infants were subdivided into three groups: WM/WS or BGT 
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figure 1
Flowchart of included patients. GA, gestational age. 
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predominant pattern of brain injury or no significant injury (Figure 2). On cUS, WM/WS 
injury was determined as echogenicity in the deep white matter and BGT injury as 
echogenicity of basal ganglia and thalami.12 MRI was performed in infants with ongoing or 
established abnormalities on cUS, in those who had clinical and/or aEEG-confirmed 
neonatal seizures, and in those who received therapeutic hypothermia. MRI was performed 
using 1.5-T and 3.0-T Philips system (Intera or Achieva Philips; Healthcare, Best, The 
Netherlands). MRI included sagittal T1-weighted, transverse T2-weighted, and inversion 
recovery-weighted sequences, as well as diffusion-weighted imaging.
On MRI, the WM/WS predominant pattern involves the spectrum of white matter injury, 
including watershed injury that affects the deep white matter and overlying cortex, and 
also lesions restricted to the periventricular white matter, the so-called punctate white 
matter lesions.5,13 The BGT predominant pattern involves the deep gray nuclei and 
perirolandic cortex.3,13,14 Infants with perinatal arterial ischemic stroke were not eligible for 
the study.

thromboPhIlIa INVEStIGatIoNS
Blood samples were drawn from an indwelling arterial line. Investigations were performed 
according to a “thrombophilia protocol.” Heterozygous or homozygous mutations of the 
factor V Leiden (G1691A), prothrombin (G20210A) gene, and C677T and A1298C 
polymorphisms in the MTHFR gene were performed by amplification and PCR analysis. 
Preceding factor V Leiden mutation analysis, activated protein C resistance was measured 
and levels >0.90 were considered as factor V Leiden–negative. The activated protein C 
resistance ratio was measured using a STA-Rack-Evolution (Diagnostica Stago, Asnieres sur 
Seine, France) in diluted factor V–deficient plasma to correct for coagulation factor 
deficiencies; this ratio was defined as the activated partial thromboplastin time in the 
presence of activated protein C divided by the activated partial thromboplastin time in the 
absence of activated protein C, corrected for the result of a normal pool.
Plasma Lp(a) and tHcy levels were measured using nefelometry (Siemens Behring BN-II, 
Marburg, Germany) and a chemiluminescence competitive immunoassay (Siemens 
Immulite, Erlangen, Germany), respectively. As previously defined in a study in children and 
infants, a plasma Lp(a) level of >300 mg/l was set as a risk threshold value.15 
The levels of lupus anticoagulans were measured on a STA-Rack Evolution (Diagnostica 
Stago) using a diluted Russel Viper Venom time and an activated partial thromboplastin 
time according to the International Society on Thrombosis and Haemostasis 
recommendations.16,17 Anticardiolipin and anti-β-2 glycoprotein-1 immunoglobulin G and 
immunoglobulin M antibodies were analyzed using an enzyme-linked immunosorbent 
assay.

ClINICal data
Antepartum, perinatal, and postpartum risk  factors  were  studied retrospectively. 
Antepartum factors included maternal fever (>38 °C) during delivery, preeclampsia 
defined as either preeclampsia or pregnancy-induced hypertension, and prolonged 
rupture of membranes >24 h. Perinatal factors were as follows: fetal bradycardia defined as 
late or variable decelerations or fetal distress, meconium-stained amniotic fluid, emCS, 
Apgar scores, umbilical artery pH or first arterial blood gas <60 min, birth weight, and head 
circumference. Multiorgan failure, hypoglycemia <2.0 mmol/L in the first 24 hrs after birth, 
and clinical or subclinical (aEEG-confirmed) seizures were noted as postnatal clinical 
factors.

StatIStICal aNalySIS
Infants were divided into three groups according to the predominant pattern of injury as 
described above. Clinical variables and thrombophilic factors were compared across the 
three patterns with χ2 tests for categorical variables and ANOVA or Kruskal–Wallis tests 
where appropriate for continuous variables. Statistical significance was defined as P <0.05. 
Analyses were performed using Predictive Analytics Software for Windows version 17.0 
(SPSS, Chicago, IL).
The effect of the variables, which showed a significant difference in the univariable analysis 
on the distribution of WM/WS, BGT, or no brain injury, was assessed using a multinomial 
logistic regression model. Estimated coefficients from significant independent variables 
from the multinomial analysis were used to study the effects of the independent variables 
on the occurrence of WM/WS or BGT brain injury. For this multinomial analysis, “R”-
software was used (version 2.14.0, The R Development Core Team, http://cran.r-project.
org/).
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A total of 118 infants with a median gestational age of 40 3/7 wk (range 36 2/7–43 
2/7) were enrolled in the study. A neonatal MRI was performed in 88 infants (75%) 
with a median age of 5 d (range 2–15 d). Fourteen infants underwent serial cranial 

ultrasonography (cUS). MRI was not performed in the absence of neonatal seizures and 
cUS abnormalities or in the presence of only small periventricular densities (n = 2). The 
other 16 infants died before an MRI could be performed, and postmortem examination 
was available in 6 infants.

NEuroImaGING
On the basis of MRI or cUS, 45 infants (38%) had a predominant WM/WS pattern of injury, 
40 infants (34%) had predominant BGT lesions, and in 33 infants (28%) cUS and/or MRI did 
not reveal any abnormalities (Table 1). Because of severe cUS findings and a flat trace on 
electroencephalogram (EEG) indicating a poor outcome, MRI was performed early (day 2) 
in eight infants before withdrawal of intensive care was considered.
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Characteristic Normal  
(n = 33) 

WM/WS  
(n = 45) 

BGT  
(n = 40) 

P value 

Male / Female 20/13 26/19 23/17 0.96 
Gestational age (wk) 41.0 (37.3 – 43.3) 40.4 (36.3 – 42.0) 40.1  (37.1 – 42.1) 0.09 
Antepartum     
  Preeclampsia 1 (3.0) 4 (8.9) 5 (12.5) 0.35 
  PROM 1 (3.0) 1 (2.2) 1 (2.5) 0.98 
  Maternal infection 4 (12.1) 4 (8.9) 1 (2.5) 0.28 
Intrapartum     
  Fetal bradycardia 28/31 (90.3) 33/40 (82.5) 28/35 (80.0) 0.50 
  Meconium-stained liquor 20/30 (67.0) 27/38 (71.1) 17/27 (63.0) 0.78 
  Ventouse delivery 10 (30.3) 9 (20.5) 3 (7.5) 0.04 
  Emergency cesarean section 10 (30.3) 22 (48.9) 25 (62.5) 0.02 
Postpartum     
  Apgar score (1 min) 2 (0-8) 4  (0-9) 1  (0-9) 0.00 
  Apgar score (5 min) 4 (1-7) 7 (1-10) 3 (0-10) 0.00 
  Birth weight (g) 3495 (2600 – 4500) 3420 (2310 – 4920) 3420 (2570 – 5000) 0.25 
  Birth weight <5th centile 2 (6.1) 4 (8.9) 2 (5.0) 0.76 
  Head circumference (cm) 35.0 (32.0 – 40.0) 35.0 (32.0 – 38.5) 34.0 (33.0 – 38.0) 0.53 
  Umbilical artery pH 6.98 (6.62 – 7.30) 7.02 (6.62 – 7.28) 6.91 (6.40 – 7.29) 0.03 
  Neonatal seizures 16 (48.5) 34 (75.6) 34 (85.0) 0.00 
  Multi-organ failure 23/29 (79.3) 36/39 (92.3) 37/40 (92.5) 0.16 
  Hypoglycemia <2.0 mmol/L 4 (12.1) 19 (42.2) 8 (20.0) 0.01 
  Therapeutic hypothermia 18 (54.5) 13 (28.9) 25 (62.5) 0.01 
  Death 0 10 (22.2) 28 (70.0) 0.00 

Values in bold, P <0.05.

BGT, basal ganglia-thalamus; NE, neonatal encephalopathy; PROM, prolonged rupture of membranes; WM/WS, white 

matter/watershed region.

ClINICal data
Table 1 presents antenatal, perinatal, and postnatal factors across the three groups. There 
were significant differences with regard to emergency cesarean section (emCS), ventouse 
delivery, umbilical pH, Apgar score, hypoglycemia <2.0 mmol/l, and therapeutic 
hypothermia. The group with predominant BGT injury had more severe acidosis, lower 
Apgar scores, and the highest percentage of emCS. Hypoglycemia <2.0 mmol/l was most 
frequent in the WM/WS group. Hypothermia was more often applied in the groups of 
infants without brain injury and with BGT injury. Infants without brain injury had less often 
seizures as compared with those in the WM/WS and BGT groups.

role of thrombophilic factors in full-term infants with neonatal encephalopathy
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thromboPhIlIC faCtorS
Results of screening of the thrombophilic factors are presented in Table 2. Blood was 
drawn at a median age of 2 d after birth (range 0–14 d). Investigation of activated protein C 
resistance and/or genotyping of factor V Leiden mutation was successfully performed in 
100% of the infants, genotyping of the prothrombin gene mutation in 92%, and 
methylenetetrahydrofolate reductase (MTHFR) polymorphisms in 100%. Plasma 
lipoprotein(a) (Lp(a)) levels were measured in 103/118 infants and total homocysteine 
(tHcy) in 102/118. Lp(a) ranged from <13 to 206 mg/l. In 43/103 (42%) samples, Lp(a) level 
was <13 mg/l.  As  compared  with  infants  without  brain  injury, infants with WM/WS had 
a significantly higher prevalence of heterozygous 677CT and homozygous 677TT MTHFR 
genotype (Table 3). tHcy across the three groups ranged between 0 and 14.0 μmol/l. The 
mean level of tHcy differed significantly (P = 0.001) across the no brain injury, WM/WS, and 
BGT groups (5.43, 6.67, and 4.24 μmol/l, respectively). In the WM/WS group, significantly 
more infants had a tHcy in the highest quartile as compared with the no brain injury group 
(Figure 3). Table 4 shows the lack of association of MTHFR genotype and tHcy.

Table 2  thrombophilic investigations of term infants with ne after  

perinatal asphyxia (n,%)

104

Neonatal encephalopathy in the full-term infant

table 2

table 3

Figure 3

table 4

Part chaPter 5

Values in bold, P <0.05.

APCR, activated protein C resistance; BGT, basal ganglia-thalamus; Ig, immunoglobulin; NA, not available; NE, neonatal 

encephalopathy; WM/WS, white matter/watershed region.
a No brain injury group is reference, below 25th percentile.
b Comprises anticardiolipin IgG and IgM and anti-β-2-glycoprotein-1 IgG and IgM antibodies.
c No brain injury group is reference, above 75th percentile. 

BGT, basal ganglia-thalamus; CI, confidence interval; MTHFR, methylenetetrahydrofolate reductase; OR, odds ratio;

WM/WS, white matter/watershed region.
a Reference category.

*P <0.05.
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(MTHFR) polymorphisms in 100%. Plasma lipoprotein(a) (Lp(a)) levels were measured in 103/118 
infants and total homocysteine (tHcy) in 102/118. Lp(a) ranged from <13 to 206 mg/l. In 43/103 
(42%) samples, Lp(a) level was <13 mg/l.  As  compared  with  infants  without  brain  injury, infants 
with WM/WS had a significantly higher prevalence of heterozygous 677CT and homozygous 677TT 
MTHFR genotype (Table 3). tHcy across the three groups ranged between 0 and 14.0 μmol/l. The 
mean level of tHcy differed significantly (P = 0.001) across the no brain injury, WM/WS, and BGT 
groups (5.43, 6.67, and 4.24 μmol/l, respectively). In the WM/WS group, significantly more infants 
had a tHcy in the highest quartile as compared with the no brain injury group (Fig. 3). Table 4 
shows the lack of association of MTHFR genotype and tHcy. 
 
 
Table 2. Thrombophilic investigations of term infants with NE after perinatal asphyxia (n,%) 

 Normal 
(n = 33) 

WM/WS 
(n = 45) 

BGT 
(n = 40) 

P 
value 

Factor V Leiden 0 3 0 0.08 
Prothrombin gene 0 2 2 0.43 
APCR (mean, range) 1.0 (0.82 – 1.13) 0.98 (0.67 – 1.14) 0.97 (0.75 – 1.12) 0.25 
APCR <0.94a 7 13 6 0.36 
Lupus anticoagulans 0 0 0 NA 
Anti-phospholipid antibodiesb 0 0 0 NA 
Lipoprotein(a) (mmol/L) (mean, range)  41.0 (13 - 144) 46.2 (13 - 206) 34.6 (13 - 141) 0.65 
Homocysteine >6.4 μmol/Lc 7/32 18/38 3/32 0.00 

Values in bold, P <0.05. 
APCR, activated protein C resistance; BGT, basal ganglia-thalamus; Ig, immunoglobulin; NA, not available; NE, neonatal  
encephalopathy; WM/WS, white matter/watershed region. 
a No brain injury group is reference, below 25th percentile. 
b Comprises anticardiolipin IgG and IgM and anti-β-2-glycoprotein-1 IgG and IgM antibodies. 
c No brain injury group is reference, above 75th percentile.  

 
 
Table 3. MTHFR 677 and 1298 polymorphisms 

Genotype Normal 
(n = 33) 

WM/WS 
(n = 45) 

OR (95% CI) 
WM/WS vs. normal 

BGT 
(n = 40) 

OR (95% CI) 
BGT vs. normal 

MTHFR 677 
CC 
CT 
TT 

 
24 (73) 
8 (24) 
1 (3) 

 
17 (38) 
21 (47) 
7 (16) 

 
1a 

3.7 (1.3 – 10.3)* 
9.9 (1.1 – 87.9)* 

 
19 (48) 
18 (45) 
3 (8) 

 
1a 

2.8 (1.0 – 7.9) 
3.8 (0.4 - 39.4) 

MTHFR 1298 
AA 
AC 
CC 

 
10 (30) 
17 (52) 
6 (18) 

 
17 (38) 
23 (51) 
5 (11) 

 
1a 

0.8 (0.3 – 2.2) 
0.5 (0.1 – 2.0) 

 
21 (53) 
17 (43) 
2 (5) 

 
1a 

0.2 (0.03 – 0.94) 
0.2 (0.03 – 1.2) 

BGT, basal ganglia-thalamus; CI, confidence interval; MTHFR, methylenetetrahydrofolate reductase; OR, odds ratio;  
WM/WS, white matter/watershed region. 
aReference category. 
*P <0.05. 
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(n = 33) 
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(n = 45) 

OR (95% CI) 
WM/WS vs. normal 

BGT 
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Table 3  MTHFR 677 and 1298 polymorphisms

Table 4  Mean homocysteine levels in plasma (μmol/l) related to MTHFR genotype

BGT, basal ganglia-thalamus; MTHFR, methylenetetrahydrofolate reductase; WM/WS, white matter/watershed region.
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Table 4. Mean homocysteine levels in plasma (μmol/l) related to MTHFR genotype 

 677 TT or 677 CT genotype Other MTHFR genotypes 

Normal 5.23 5.51 

WM/WS 6.58 6.81 

BGT 4.18 4.33 

BGT, basal ganglia-thalamus; MTHFR, methylenetetrahydrofolate reductase; WM/WS, white matter/watershed region. 

 
Multinomial Logistic Regression Analysis 
The full multinomial model included sex, hypothermia, hypoglycemia (<2.0 mmol/l), Apgar score 
<5 after 5 min, and MTHFR 677 CT  or  TT  genotype. Variables that were significant in the 
univariable analysis, such as emCS, ventouse delivery, umbilical pH, seizures, and death, were not 
included to avoid multicollinearity. The model was reduced based on Akaike’s information criterion. 
Interactions could not be demonstrated. Multinomial logistic regression analysis showed the lowest 
Akaike’s information criterion with hypoglycemia (<2.0 mmol/l), Apgar score <5 after 5 min, and the 
CT or TT 677 MTHFR genotype in the model. Hypothermia and sex were not found to be 
independent variables in this data set and were omitted from the final, reduced model. 
From Table 5, the effects of low Apgar scores, hypoglycemia, and CT or TT MTHFR 677 genotype on 
the distribution of MRI patterns can be calculated. For example, in the presence of the CT or TT 
genotype, the log-odds for the WM/WS pattern increased by 1.74 (odds ratio 5.7; 95% confidence 
interval 1.8–17.8) and the same for the BGT pattern increased by 1.14 (odds ratio 3.1; 95% 
confidence interval 1.1–8.8). 
 
 

 
Figure 3. Homocysteine levels across the no injury, WM/WS, and BGT groups. The solid, short line indicates the median of 
the group. The dashed, horizontal line indicates a tHcy level of 6.4 μmol/l. Above this level is the upper quartile of the “no 
injury” group. BGT, basal ganglia-thalamus; tHcy, total homocysteine; WM/WS, white matter/watershed region. 
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multINomIal loGIStIC rEGrESSIoN aNalySIS
The full multinomial model included sex, hypothermia, hypoglycemia (<2.0 mmol/l), 
Apgar score <5 after 5 min, and MTHFR 677 CT  or  TT  genotype. Variables that were 
significant in the univariable analysis, such as emCS, ventouse delivery, umbilical pH, 
seizures, and death, were not included to avoid multicollinearity. The model was reduced 
based on Akaike’s information criterion. Interactions could not be demonstrated. 
Multinomial logistic regression analysis showed the lowest Akaike’s information criterion 
with hypoglycemia (<2.0 mmol/l), Apgar score <5 after 5 min, and the CT or TT 677 MTHFR 
genotype in the model. Hypothermia and sex were not found to be independent variables 
in this data set and were omitted from the final, reduced model.
From Table 5, the effects of low Apgar scores, hypoglycemia, and CT or TT MTHFR 677 
genotype on the distribution of MRI patterns can be calculated. For example, in the 
presence of the CT or TT genotype, the log-odds for the WM/WS pattern increased by 1.74 
(odds ratio 5.7; 95% confidence interval 1.8–17.8) and the same for the BGT pattern 
increased by 1.14 (odds ratio 3.1; 95% confidence interval 1.1–8.8).
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figure 3
Homocysteine levels across the no injury, WM/WS, and BGT groups. The solid, short line 
indicates the median of the group. The dashed, horizontal line indicates a tHcy level of 6.4 μmol/l. 
Above this level is the upper quartile of the “no injury” group. 
BGT, basal ganglia-thalamus; tHcy, total homocysteine; WM/WS, white matter/watershed region.

Table 5  Multinomial logistic regression analysis (coefficient (standard error))

According to the model the distribution of patients with no hypoglycemia (<2.0 mmol/L), an Apgar score >5 (5 min), 

and no CT or TT MTHFR 677 genotype would result in 43% no injury, 47% WM/WS, and 10% BGT. In patients with the 

CT or TT MTHFR 677 genotype, the percentages would be 12, 79 and 9 respectively, according to the model. Likewise, 

distributions can be calculated for hypoglycemia, or Apgar scores <5 (5 min) with or without the CT or TT 677 

genotype being present. 

BGT, basal ganglia-thalamus; MTHFR, methylenetetrahydrofolate reductase; WM/WS, white matter/watershed region.
aInfants with no cerebral injury were the reference category.
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Table 5. Multinomial logistic regression analysis (coefficient (standard error)) 

  
Intercepta 

 
Hypoglycemia  

 
Apgar score <5 (5 min) 

MTHFR 677  
CT or TT  

WM/WS 0.098 (0.49) 1.81 (0.68) -1.74 (0.58) 1.74 (0.57) 
BGT -1.48 (0.72) 0.79 (0.68) 1.25 (0.74) 1.14 (0.52) 

According to the model the distribution of patients with no hypoglycemia (<2.0 mmol/L), an Apgar score >5 (5 min), and no 
CT or TT MTHFR 677 genotype would result in 43% no injury, 47% WM/WS, and 10% BGT. In patients with the CT or TT 
MTHFR 677 genotype, the percentages would be 12, 79 and 9 respectively, according to the model. Likewise, distributions 
can be calculated for hypoglycemia, or Apgar scores <5 (5 min) with or without the CT or TT 677 genotype being present.  
BGT, basal ganglia-thalamus; MTHFR, methylenetetrahydrofolate reductase; WM/WS, white matter/watershed region. 
aInfants with no cerebral injury were the reference category. 
 
 
DISCUSSION 
 
This study examined the additional role of antenatal, perinatal, and thrombophilic factors in infants 
with NE and predominant WM/WS or BGT pattern of brain injury as compared with those with no 
injury on neonatal neuroimaging. Apgar scores <5 (5 min), hypoglycemia <2.0 mmol/l, and MTHFR 
677CT or TT genotype were significant factors in the development of pattern of injury. tHcy in the 
upper quartile was significantly more often found in infants with WM/WS injury.  
Our results with respect to antenatal and postnatal clinical factors and the type of pattern of brain 
injury after NE are in agreement with previous findings.5-7 In the BGT group, Apgar scores were 
lower and emCS was more often required. All but one infant developed (sub)clinical seizures or had a 
flat background amplitude-integrated EEG (aEEG) pattern. The cord pH revealed a more severe 
acidosis in infants with BGT in contrast to those in the WM/WS group. This supports the association 
of profound, acute perinatal HI with predominant central gray matter damage. 
Hypoglycemia (<2.0 mmol/l) was identified as an independent risk factor for WM/WS injury. Recently, 
Nadeem et al.18 found that early hypoglycemia (<6 h) occurs frequently in infants with perinatal HI and 
appears to be related to the severity of HI and subsequent neurological outcome. This is consistent 
with the findings of Salhab et al.19, who noted that hypoglycemia is an important risk factor for 
abnormal neurological outcome in term infants with fetal acidemia. Burns et al.20 found white matter 
injury in 94% of infants with symptomatic hypoglycemia (<2.6 mmol/l) on their MRI performed during the 
first week after birth. In 7/28 infants with moderate/severe white matter injury, focal and small punctate 
lesions were present. From animal models, different pathogenic mechanisms of hypoglycemia in the 
onset of brain injury following HI have been described, such as the impairment of autoregulation.21 
Yager et al.22 found a marked reduction of brain infarctions in fasted rats with hypo- glycemia and 
ketonemia as compared with insulin-treated and control rats that were subjected to HI. This might 
suggest that the presence of an alternative energy source in the absence of glucose is an important 
protection in perinatal HI brain damage. 
Recent research has focused on mechanisms after HI, including excitotoxicity, oxidative stress, 
inflammation, and coagulation. Proinflammatory cytokines such as interleukin-1β, interleukin-6, and 
tumor necrosis factor-α are significant contributors to HI brain injury.8,23  
HI leads to a disturbed balance in hemostasis, predisposing to thrombosis.24 Adhami et al.25 used 
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underlying the vulnerabilities of brain injury after NE following HI. A role for thrombophilia 
has been described in different patterns of preterm and full-term perinatal brain injury 
such as perinatal arterial ischemic stroke, intraventricular hemorrhage, and HI.27-29 To the 
best of our knowledge, thrombophilic abnormalities have not been studied previously in a 
prospective cohort of infants with NE in relation to subsequent patterns of brain injury. 
This study did not show a significant difference in the frequencies of factor V Leiden 
mutation, prothrombin gene mutation, or anticardiolipin antibodies across the three 
groups. However, the factor V Leiden mutation was present in only three infants with WM/
WS injury. The point mutation in the factor V Leiden variant results in impaired 
degradation of activated factor V and, consequently, in hypercoagulability. The 
prothrombin gene mutation is associated with slightly increased plasma levels of 
prothrombin and a mild hypercoagulable state. Of note, there were differences in 
frequencies of the MTHFR polymorphisms and levels of tHcy (Tables 2, 3, and 5). Infants 
with WM/WS injury had the 677 CT or TT MTHFR genotype significantly more often, and 
higher levels of tHcy were found.
MTHFR converts 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the major 
circulating form of folate. Folate is involved in the methylation of homocysteine. Mutations 
at positions -677 and -1298 of the MTHFR gene, especially the 677 TT variant, are 
associated with decreased activity of this enzyme, resulting in elevated tHcy.30 The 
prevalence of the TT genotype is 9% in the Dutch population.30 A mildly elevated tHcy has 
been linked to cardiovascular diseases and to cognitive dysfunction and neurological 
diseases.31 The causal effect of elevated tHcy might be explained by mechanisms such as 
neurotoxicity, impaired blood coagulation, and endothelial damage.31 Moreover, the 
MTHFR C677T variant was found to be a risk factor for congenital defects such as neural 
tube defects.32

Dodelson de Kremer et al.27 revealed an important role of the C677T allele in neonates 
with (unexplained) HI encephalopathy and subsequent severe multicystic 
encephalomalacia. Mothers of those infants all had hyperhomocysteinemia. A recent study 
in adults with atherosclerotic disease also showed that tHcy levels are associated with 
larger volumes of white matter lesions and an increased risk for lacunar infarcts.33 This 
suggests a role for tHcy in the association with cerebral small vessel diseases other than 
atherosclerosis. Endres et al.34 found that folate deficiency and resultant 
hyperhomocysteinemia in mice were associated with increased oxidative DNA damage 
and ischemic lesion size after occlusion/reperfusion of the middle cerebral artery. However, 
the precise role of hyperhomocysteinemia and its relation with the C677T and A1298C 
MTHFR polymorphisms in neonatal brain damage has not been unraveled.
There was no association between MTHFR genotype and elevated tHcy, which is consistent 
with the findings in the neonates studied by Refsum et al.35 (Table 4). Although folate 
deficiency is an important cause of hyperhomocysteinemia, Hogeveen et al.36 

tables 2, 3 

and 5

table 4
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This study examined the additional role of antenatal, perinatal, and thrombophilic factors 
in infants with NE and predominant WM/WS or BGT pattern of brain injury as compared 
with those with no injury on neonatal neuroimaging. Apgar scores <5 (5 min), 
hypoglycemia <2.0 mmol/l, and MTHFR 677CT or TT genotype were significant factors in 
the development of pattern of injury. tHcy in the upper quartile was significantly more 
often found in infants with WM/WS injury. 
Our results with respect to antenatal and postnatal clinical factors and the type of pattern 
of brain injury after NE are in agreement with previous findings.5-7 In the BGT group, Apgar 
scores were lower and emCS was more often required. All but one infant developed  
(sub)clinical seizures or had a flat background amplitude-integrated EEG (aEEG) pattern. 
The cord pH revealed a more severe acidosis in infants with BGT in contrast to those in the 
WM/WS group. This supports the association of profound, acute perinatal HI with 
predominant central gray matter damage.
Hypoglycemia (<2.0 mmol/l) was identified as an independent risk factor for WM/WS 
injury. Recently, Nadeem et al.18 found that early hypoglycemia (<6 h) occurs frequently in 
infants with perinatal HI and appears to be related to the severity of HI and subsequent 
neurological outcome. This is consistent with the findings of Salhab et al.19, who noted that 
hypoglycemia is an important risk factor for abnormal neurological outcome in term 
infants with fetal acidemia. Burns et al.20 found white matter injury in 94% of infants with 
symptomatic hypoglycemia (<2.6 mmol/l) on their MRI performed during the first week 
after birth. In 7/28 infants with moderate/severe white matter injury, focal and small 
punctate lesions were present. From animal models, different pathogenic mechanisms of 
hypoglycemia in the onset of brain injury following HI have been described, such as the 
impairment of autoregulation.21 Yager et al.22 found a marked reduction of brain infarctions 
in fasted rats with hypoglycemia and ketonemia as compared with insulin-treated and 
control rats that were subjected to HI. This might suggest that the presence of an 
alternative energy source in the absence of glucose is an important protection in perinatal 
HI brain damage.
Recent research has focused on mechanisms after HI, including excitotoxicity, oxidative 
stress, inflammation, and coagulation. Proinflammatory cytokines such as interleukin-1β, 
interleukin-6, and tumor necrosis factor-α are significant contributors to HI brain injury.8,23 
HI leads to a disturbed balance in hemostasis, predisposing to thrombosis.24 Adhami et al.25 
used the Levine/Vannucci model in mice to mimic HI and showed that ischemia combined 
with hypoxemia results in local coagulation. They suggested that hypoxemia alters the 
balance between anti- and procoagulation properties of the endothelial cells in cerebral 
blood vessels. In addition, El Beshlawy et al.26 found a marked decrease in the levels of the 
physiologic anticoagulants antithrombin, protein C, and protein S predisposing to systemic 
thrombosis in infants with HI.
The current study focused on the additive role of thrombophilic factors, possibly 
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demonstrated that administration of folinic acid in neonates did not lower tHcy 
concentrations. This could indicate that tHcy metabolism in the neonate may differ from 
metabolism later in life or that cobalamin might be a better strategy to lower tHcy levels. 
Molloy et al.37 showed that maternal tHcy level is the primary predictor of tHcy in the fetus. 
Plasma folate exerts the highest influence on maternal tHcy levels. Consequently, to 
prevent high tHcy levels in the fetus or newborn infant, lowering maternal tHcy might be 
the key factor.
Elevated levels of Lp(a) have been considered to be prothrombotic because Lp(a) inhibits 
the binding of plasminogen to fibrinogen. In this study, none of the infants had an elevated
level of >300 mg/dl, in contrast to a previous study in which elevated Lp(a) in infants with 
perinatal stroke was found as a common genetic risk factor.38

The present study has several limitations. First, not all newborns underwent MRI because of 
either early death or absence of neonatal seizures in combination with a normal aEEG 
background pattern and normal sequential cUS findings. Although it is unlikely that infants 
in this latter group would have shown severe injury on an MRI, mild punctate white matter 
lesions may have been missed. Second, therapeutic hypothermia has been used from 2008 
onward, whereas data were collected from 2006. Furthermore, some infants were referred 
outside the time window for therapeutic hypothermia or initially had only mild symptoms 
of NE. This might explain why hypothermia was not associated with injury pattern in the 
multinomial analysis. Third, mothers were not screened for thrombophilic factors. Previous 
studies have shown an association of thrombophilia in mothers with neonatal brain 
damage.27,39 Fourth, levels of cobalamin, folate, and methionine were not measured in this 
cohort although they all significantly influence tHcy.35 Finally, blood for thrombophilia 
testing was taken at different points in time, although in 95% of the infants, this was within 
8 d after birth. An association with tHcy and the day when blood was taken could not be 
established. Especially, tHcy and Lp(a) levels might be dependent on maternal levels. No 
levels of protein C, S, or antithrombin were examined, but these levels are known to be low 
in the first weeks after birth and within the range in which thrombotic disorders have been 
described in adults.40 The significance of low levels in neonatal thrombotic processes is still 
unknown.
Our results need to be confirmed in larger patient groups with NE after HI. If a low tHcy 
level proves critical to prevent (extensive) brain damage, prescription of folate and/or 
cobalamin has to be considered for mothers during the entire pregnancy.
In conclusion, infants with BGT predominant pattern of injury after NE due to HI showed 
lower Apgar scores, suggesting acute HI. However, hypoglycemia (<2.0 mmol/l), the 
presence of the MTHFR 677 CT or TT genotype, and higher levels of tHcy were independent 
variables associated with WM/WS injury. Ultimately, a better understanding of clinical and 
genetic factors that predispose to neuropathological substrates after HI followed by NE 
may lead to the unraveling of pathogenic mechanisms and identification of new 
intervention strategies.
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Placental pathology in full-term infants with Neonatal Encephalopathy following hypoxia-Ischemia: association 

with mrI pattern of brain injury

reSultS the placenta was available in 95/171 infants (56%). among 

these, 34 showed no cerebral abnormalities on mri, 27 had Wm/Ws 

injury, 18 Bgt injury and 16 Wm/Ws injury with Bgt involvement. 

chorioamnionitis was a common placental finding in infants without 

injury (59%) and in those with Wm/Bgt injury (56%). on multinomial 

logistic regression analysis, Wm/Ws injury with and without Bgt 

involvement was linked to decreased placental maturation. 

hypoglycemia was associated with an increased risk of Wm/Bgt pattern 

(or 5.4; 95% ci 1.4 – 21.4). the Bgt pattern of injury was associated with 

chronic villitis (or 12.7; 95% ci 2.4 – 68.7). a placental weight <10th 

percentile appeared protective for brain injury, especially for the Bgt 

pattern (or 0.1; 95% ci 0.01 – 0.7). 

CoNCluSioNS a placental weight <10th percentile is mainly associated 

with normal cerebral mri findings. decreased placental maturation and 

hypoglycaemia <2.0 mmol/l increased the risk of Wm/Ws injury with or 

without Bgt involvement. chronic villitis was associated with Bgt injury 

irrespective of Wm injury.

Part chaPter 6

iNtroDuCtioN Placental abnormalities may be responsible for an 

adverse in-utero environment in late pregnancy. these abnormalities 

may initiate or mediate exposure to ante- or perinatal chronic or acute 

hypoxia-ischemia (hi), with the risk of subsequent brain injury.  however, 

little is known about the role of the placenta in infants with neonatal 

encephalopathy (Ne) in relation to different patterns of brain injury.

 

objeCtiVeS to investigate the relation between placental pathology 

and pattern of brain injury in full-term infants with Ne following a 

presumed hi insult.

MetHoDS full-term infants with Ne following hi were enrolled in the 

study when their placenta was available and a cerebral mri was 

performed within the first 15 days after birth. macroscopic and 

microscopic characteristics of the placenta were assessed. Based on 

cerebral mri, infants were classified according to the predominant 

pattern of brain injury: no injury, predominant white matter/watershed 

(Wm/Ws) injury, predominant basal ganglia and thalamic (Bgt) injury 

and Wm/Ws with Bgt involvement. maternal and perinatal clinical 

factors were recorded.
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with mrI pattern of brain injury

Full-term infants (36 – 43 wks gestational age (GA)) with NE following HI who were 
admitted to the neonatal intensive care unit of the Wilhelmina Children’s Hospital, Utrecht 
between January 2005 – July 2012 were eligible for the study when the placenta was 
available for histopathological investigation and a neonatal MRI was performed within 15 
days of birth. Our tertiary center is a referral center for a geographical area in the middle of 
the Netherlands, covering 13% of the Dutch population. NE following HI was defined by 
abnormal tone pattern, feeding difficulties, altered alertness or seizures, and at least three 
of the following criteria: (1) late decelerations on fetal monitoring or meconium staining, 
(2) delayed onset of respiration, (3) arterial cord blood pH less than 7.1, (4) Apgar scores 
less than 7 at 5 min, and (5) multiorgan failure.5 From January 2008, infants with a 
Thompson score >7 suggestive of moderate to severe NE and admitted <6 hrs after birth 
underwent total body cooling at 33 - 34°C for 72 hours.15

Ethical approval was obtained from the medical ethical committee of our hospital.

PlaCENtal hIStoPatholoGICal ExamINatIoN 
The placentas were weighed without membranes and umbilical cord, and weight was 
classified according to GA percentiles from Pinar et al.16 Insertion of the umbilical cord was 
recorded as central, paracentral, marginal, or velamentous. Marginal cord insertion was 
defined as an insertion <1cm of the edge of the placental disk. Velamentous cord insertion 
was defined as a cord insertion into the membranes that are remote from the placental 
disk. All other cord insertions were defined as (para)central. The cord coiling index was 
determined by measuring the number of complete coils of 360° of the arteries divided by 
the total length of umbilical cord in cm. Hypocoiling was defined as an index <0.1 and 
overcoiling as an index >0.3. Routine Hematoxylin and Eosin stained slides from a 
minimum of 2 umbilical cord sections, from the fetal and placental side, a membrane roll, 
one sample from the umbilical cord insertion and two slides of normal placental 
parenchyma, including decidua and chorionic plate, and additional slides from 
macroscopical abnormalities were reviewed by an experienced pathologist (PGJN) blinded 
to the MRI diagnosis. Chorioamnionitis was diagnosed based on the presence of 
neutrophilic granulocytes in the chorionic plate or the extraplacental membranes. The 
diagnosis of funisitis was based on the presence of neutrophilic granulocytes in the wall of 
the umbilical vein and/or arteries with or without involvement of Wharton’s jelly. Chronic 
villitis was diagnosed as an infiltration of lymphocytes and macrophages in the placental 
villi. In addition to the presence of chorioamnionitis, funisitis or villitis, the severity of 
inflammation was graded as mild, moderate or severe, with slight modifications 
comparable to the staging and grading system of Redline.17 Placental parenchymal 
infarction was defined as an area of necrotic villi surrounded by an area of ischemia with 
increased hyperchromasia of the trophoblast and increased syncytial knotting. Fetal 
thrombotic lesions were scored when at least 5 avascular fibrotic villi without 

MetHoDS
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Although Neonatal Encephalopathy (NE) due to hypoxia-ischemia (HI) has been 
regarded as the most important consequence of perinatally acquired damage 
affecting the full-term brain, the causal pathway often remains unexplained.1,2 Brain 

injury in full-term infants with NE secondary to HI can be assessed with sophisticated 
neuro-imaging techniques.
A compromised fetus is at risk for impaired cerebral autoregulation and hypoperfusion. 
When blood flow to the brain is moderately reduced, blood flow is shunted from the 
anterior to the posterior circulation in order to maintain adequate perfusion to the brain 
stem, cerebellum and basal ganglia. As a result, damage is restricted to the cerebral cortex 
and the watershed (WS) areas of the cerebral hemispheres. However, when there is acute 
hypoxia, basal ganglia and thalami (BGT) may be primarily damaged.3 In only a small 
fraction is this associated with a clear sentinel event such as placental abruption, uterine 
rupture, cord prolapse and shoulder dystocia.2 Beside the pattern of WS injury, a wider 
spectrum of white matter (WM) injury in the term infant with NE is recognized, including 
focal (non-cystic), punctate, hemorrhagic injury, and cortical loss.4-7 
The placenta is a reflection of the intrauterine environment and provides valuable 
information on the cause and timing of adverse events and conditions. In a recent 
prospective cohort study evaluating intrauterine fetal death, an association with placental 
abnormalities was noted in 72%.8 Different placental disorders can be distinguished: utero-
placental insufficiency, acute or chronic infection, and fetal vascular lesions.9 
Understanding placental pathology and associated clinical factors in relation to the 
different patterns of brain injury in infants with NE following perinatal HI may be of 
importance for developing new preventative strategies.
A few studies have reported placental histopathology in infants with NE, low Apgar scores 
or fetal acidosis at birth.10-13 However, the number of infants in these studies is small, and 
the studies do not correlate placental diseases in NE with the subsequent pattern of brain 
damage.14 
We hypothesize that placental pathology plays an important role in the development of 
brain injury after NE, especially the white matter (WM) pattern. The aim of this study was 
to investigate histopathology of the placenta in full-term infants with NE secondary to HI 
and to correlate the placental findings to the pattern of brain injury, assessed with MRI.
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with mrI pattern of brain injury

loss, maternal eclampsia and shoulder dystocia. Infant characteristics were: birth weight 
(BW), BW percentile according to Dutch reference standards (www.perinatreg.nl/
referentiecurve), multiorgan failure, hypoglycemia <2.0 mmol/L <24 hrs after birth, 
highest CRP <48 hrs after birth, positive surface culture, aEEG confirmed seizures, and 
therapeutic hypothermia.

StatIStICal aNalySIS
Variables were compared across the four MRI patterns using the chi2 test for categorical 
variables and the Kruskal-Wallis test for continuous variables. SPSS version 20 (IBM SPSS 
Statistics 20, New York, USA) was used for this univariable analysis.
The effect of the variables, which showed a significant difference in the univariable analysis 
on the distribution of no brain injury, WM/WS, BGT or BGT/WM was assessed using a 
multinomial logistic regression analysis. Using this multinomial model the effects of 
independent variables on the occurrence of the brain injury pattern could be analyzed. For 
this multinomial analysis, “R”-software was used (version 2.14.0, The R Development Core 
Team http://cran.r-project.org/).

Part chaPter 6

inflammation or mineralization and/or adherent thrombi in stem vessels were present. 
Decreased maturation was defined by a delay in the formation of syncytiocapillary 
membranes (SCM) in terminal villi. A SCM was defined as a dilated capillary in broad 
contact with the thin trophoblastic cover, without the presence of a nucleus in the contact 
area as described by Stallmach et al.18 The formation of SCM or placental maturation was 
classified as abnormal if in at least one slide the mean SCM count was less than 0.25 SCM/
villus in the 10 smallest villi in 10 fields. An increase in nucleated red blood cells (NRBCs) in 
the fetal circulation is the consequence of either anemia or hypoxia and was scored when 
NRBCs were present in more than two capillaries in a random 10x field. The above-
mentioned placental abnormalities were given a score by PGJN and the sum of these scores 
resulted in the placental severity score in order to quantify placental lesion load (Table 1). 
The scores assigned to the placental lesions were based on the expected impact on 
placental function or loss of functional placental parenchyma or impact on neonatal 
homeostasis.

mr ImaGING
MRI was performed within the first 15 days after birth using a 1.5-T or 3.0-T magnet 
(Gyroscan ACS-NT or Achieva; Philips Medical Systems, Best, The Netherlands). MRI 
included sagittal T1-, transverse T2-, T1 and/or inversion recovery-weighted sequences. An 
echo-planar imaging technique was used for diffusion weighted imaging (DWI) (repetition 
time msec/echo time msec = 3800-5200/89), with a 180 x 180-mm field of view, 4-mm-
thick sections, 0-mm section gap, and b factors of 0 and 1000 sec/mm2 (1.5-T) or 0 and 800 
sec/mm2 (3.0-T).
According to their MRI pattern, infants were classified in four groups. These were no injury, 
predominant white matter/watershed (WM/WS) injury, predominant BGT injury and WM/
WS with BGT involvement. The spectrum of WM lesions included focal punctate lesions, 
focal infarction, intra-and extra-axial haemorrhage, and loss of gray matter/WM 
differentiation in the boundary zones, compatible with WS injury.7 The MRIs were assessed 
independently by two reviewers (FG and LSdeV).

ClINICal CharaCtErIStICS
Maternal, perinatal and postnatal clinical factors were reviewed. Parity, hypertension 
defined as either pregnancy induced hypertension, pre-eclampsia or HELLP, decreased fetal 
movements if this was the reason for fetal heart monitoring, diabetes mellitus (gestational 
or pre-existent), group B Streptococcus status, prolonged rupture of membranes (>24 
hrs), and fever (>38°C) during labour were noted as maternal factors. Perinatal factors 
included: fetal heart rate abnormalities on cardiotocography, meconium-stained liquor, 
emergency Cesarean section for fetal distress, vacuum-assisted delivery. Sentinel events 
were defined as uterine rupture, cord prolapse, placental abruption, acute vaginal blood 
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table 2

Figure 1

Figure 2

Figure 3

table 3
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In the study period there were 181 infants with NE after HI who underwent an MRI. Three 
infants with trisomy 21, 3 with an inborn error of metabolism, 1 infant with 
intraventricular haemorrhage and periventricular cyst of presumed antenatal origin, and 

3 infants with postnatal collapse were excluded from the cohort. The placenta was 
available for histopathological examination in 95 of the remaining 171 infants (56%). There 
were no significant differences in clinical and imaging characteristics between infants with 
and without a placenta available for examination (Table 2). Since 2008 45 infants received 
hypothermia treatment.

mrI fINdINGS
MRI was performed at a median age of 4 days (range 2-15). As shown in Table 2, among the 
95 included infants, 34 showed no abnormalities on their cerebral MRI (Fig 1). In 27 infants 
the WM/WS was predominantly affected, predominant injury to the BGT was diagnosed in 
18 infants (Fig 2) and in 16 infants involvement of both BGT and WM/WS was seen (Fig 3).

ClINICal VarIablES
The clinical variables of infants with NE are summarized in Table 3. Across the 4 MRI pattern 
groups, infants without brain injury were significantly less often born by emergency 
Cesarean section, had fewer aEEG confirmed seizures, and more often had a CRP level >30 
mg/L. Infants with WM/WS injury were more likely to be born with a BW <10th percentile 
(<p10). Hypoglycemia <2.0 mmol/L was most common in the WM/WS and BGT/WM 
group. The lowest Apgar scores at 5 minutes were noted in the BGT/WM group. 
Therapeutic hypothermia was most frequently applied in the group of infants without 
brain injury and those with BGT/WM injury.

Table 2  Comparing infants with ne following hi with and without placenta available 

for histopathological examination
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Table 1. Severity score of placental abnormalities 

Placental abnormality  Score 
Coiling 
 

Undercoiling (index <0.1) 
Overcoiling (index >0.3) 

1 
7 

Placental weight <p10 
>p90 

5 
1 

Chronic villitis Grade 1 
Grade 2 
Grade 3 

1 
3 
7 

Chorioamnionitis Grade 1 
Grade 2 
Grade 3 

1 
3 
5 

Funisitis Grade 1 
Grade 2 
Grade 3 

3 
5 
7 

Decreased maturation Present 7 
Infarctions <5% 

<10% 
>10% 

2 
3 
5 

Fetal thrombosis Grade 1 
Grade 2 
Grade 3 

1 
2 
4 

Insertion (para)central 
Marginal 
Velamentous 

0 
1 
3 

NRBCs were not listed in this scoringsystem, because increased NRBCs are a consequence rather than a cause of placental 
hypoxia as represented by other placental abnormalities. 

 
characteristics between infants with and without a placenta available for examination (Table 2). 
Since 2008 45 infants received hypothermia treatment. 
 
MRI findings 
MRI was performed at a median age of 4 days (range 2-15). As shown in Table 2, among the 95 
included infants, 34 showed no abnormalities on their cerebral MRI (Fig 1). In 27 infants the WM/WS 
was predominantly affected, predominant injury to the BGT was diagnosed in 18 infants (Fig 2) and in 
16 infants involvement of both BGT and WM/WS was seen (Fig 3). 
 
Clinical variables 
The clinical variables of infants with NE are summarized in Table 3. Across the 4 MRI pattern groups, 
infants without brain injury were significantly less often born by emergency Cesarean section, had 
fewer aEEG confirmed seizures, and more often had a CRP level >30 mg/L. Infants with WM/WS 
injury were more likely to be born with a BW <10th percentile (<p10) according to Dutch reference 
standards (www.perinatreg.nl/referentiecurve). Hypoglycemia <2.0 mmol/L was most common in 
the WM/WS and BGT/WM group. The lowest Apgar scores at 5 minutes were noted in the BGT/WM  

NRBCs were not listed in this scoringsystem, because increased NRBCs are a consequence rather than a cause of 

placental hypoxia as represented by other placental abnormalities.

table 1  severity score of placental abnormalities

Table 2, page 123 (let op: er was een stukje niet meegekomen)

 Infants with NE with placenta  
(n = 95)  n (%) 

Infants with NE without 
placenta (n = 76)  n (%) 

P value 

Brain pattern on MRI 
   No damage 
   WM/WS injury 
   BGT injury 
   WM/WS/BGT injury 

 
34 (36) 
27 (28) 
18 (19) 
16 (17) 

 
30 (39) 
27 (36) 
8 (11) 

11 (14) 

 
 
 
 

0.40 
Male 54 (57) 49 (65) 0.31 
Gestational age (median; range) 40.3 (36.1 – 42.3) 40.3 (36.1 – 43.4) 0.50 
Birth weight (gram) (median; range) 3290 (2030 – 5500) 3395 (2150 – 4500) 0.17 
Cord pH (median; range) 6.99 (6.40 – 7.30) 7.03 (6.59 – 7.38) 0.13 
Apgar score (5 min) (median; range) 5 (0-10) 5 (0-9) 0.11 
Hypothermia 45 (47) 27 (36) 0.12 
Died 17 (18) 11 (15) 0.60 
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PlaCENtal PatholoGy rElatEd to mrI fINdINGS
Table 4 shows the placental pathology according to the pattern of injury determined from 
MRI. Chorioamnionitis was common across the groups, with the highest incidence in the 
no injury (59%) and BGT/WM (56%) groups. Funisitis was equally distributed across the 
groups. In infants with WM/WS injury placental weight was less often in the normal range 
(p10-p90) and a high percentage had decreased placental maturation with an associated 
increase in NRBCs. Chronic villitis was the most common placental disorder in infants with 
a predominant BGT injury pattern. In addition to chorioamnionitis, decreased placental 
maturation, a moderate-severe increase in NRBC count and chronic villitis were very 
common in the BGT/WM group.

Table 3  Clinical characteristics across three patterns of brain injury and no injury 

after ne following hi (n,(%) or median (range)).
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 No injury 

 (N = 34) 
WM 

 (N = 27) 
BGT 

 (N = 18) 
BGT + WM 

(N = 16) 
P value 

Male 20 (59) 16 (59) 10 (56) 8 (50) 0.93 
Gestational age  40.3 (36.9–42.1) 40.0 (36.1–42.3) 40.4 (36.1–42.3) 40.6 (38.6–42.0) 0.26 
Primiparity 20 (59) 9 (33) 9 (50) 10 (63) 0.17 
Pregnancy induced 
hypertension 

4 (12) 8 (30) 1 (6) 1 (6) 0.07 

Ruptured membranes >24 h  2 (6) 1 (4) 0 (0) 0 (0) 0.57 
Maternal fever 4 (12) 2 (7) 0 (0) 2 (13) 0.46 
Diabetes Mellitus 0 (0) 1 (4) 0 (0) 0 (0) 0.63 
Decreased FM 7 (21) 7 (26) 0 (0) 5 (31) 0.10 
Sentinel Event  11 (32) 8 (30) 7 (39) 3 (19) 0.64 
  Uterine rupture 3 0 2 0 0.21 
  Shoulder dystocia 4 2 0 1 0.49 
  Placental abruption 3 5 2 1 0.58 
Emergency Cesarean section  13 (38) 20 (74) 10 (56) 11 (69) 0.03 
Meconium stained liquor 18/23 (78) 11/19 (58) 7/11 (64) 11/13 (85) 0.30 
Fetal heart rate decelerations 28/32 (88) 22/27 (93) 15/15 (100) 12/13 (92) 0.53 
Umbilical artery pH 6.98 (6.62–7.18) 7.04 (6.79–7.30) 6.88 (6.55–7.20) 6.97 (6.40–7.25) 0.10 
Apgar 1 min  1.5 (0 – 8) 2.0 (0 – 7) 2.0 (0 – 4) 2.0 (0 – 6) 0.24 
Apgar 5 min  4.0 (0 – 9) 6.0 (2 – 8) 4.0 (2 – 7) 3.50 (0 - 8) 0.01 
Birth weight 3205 

(2600–5070) 
3100 

(2030–5500) 
3415 

(2330–4598) 
3485 

(2640–4000) 
0.15 

Birth weight <p10  4 (12) 13 (48) 6 (33) 0 (0) 0.001 
Seizures (aEEG) 9 (27) 17 (63) 11 (61) 13 (81) 0.001 
Hypoglycaemia <2.0 mmol/L 8/32 (25) 14/26 (54) 3/18 (17) 10/16 (63) 0.01 
Multi-organ failure  24/31 (77) 21/24 (88) 10/17 (59) 15/15 (100) 0.02 
CRP  37.0 (2–213) 15.0 (2–157) 13.50 (2–112) 13.0 (2–88) 0.06 
CRP >30 mg/L 21 (62) 6 (22) 4 (22) 4 (25) 0.003 
Thrombocytopenia <150x10^9 21 (64) 20 (74) 6 (33) 11 (69) 0.04 
Hypothermia 22 (65) 7 (26) 6 (33) 11 (69) 0.01 
Positive surface culture 5 (15) 4 (15) 6 (33) 0 (0) 0.07 
Died  0 (0) 0 (0) 5 (28) 12 (75) 0.00 

CRP, C-reactive protein

figure 1
Male infant, born at 41 + 6 weeks GA after an 
uncomplicated pregnancy. The mother was a 
GBS carrier.  She developed a fever (40°C) 
during labor. There was fetal tachycardia and 
cardiotocography showed decelerations and 
meconium-stained liquor, leading to a vacuum 
assisted delivery. Apgar scores were 2/3/4 at 1, 
5 and 10 minutes respectively. The umbilical 
artery pH was 7.16 and the birth weight was 

3362 grams (p 20). An hour after birth clinical 
seizures were noted. The infant's surface swab 
grew GBS and his CRP was 64 mg/L. MRI on 
day 5 after birth showed (A) T2 and (B) DWI 
without signal intensity abnormalities, 
indicating no injury. Placental histopathology 
showed severe chorioamnionitis and funisitis 
(grade 3) with slightly decreased maturation 
and increased NRBCs.

a B

figure 1

table 4
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multINomIal loGIStIC rEGrESSIoN aNalySIS
The full multinomial model included Apgar score <5 (5min), hypoglycemia <2.0 mmol/L, 
placental weight below <p10, infarction, chorioamnionitis, funisitis, chronic villitis, and 
decreased placental maturation. Emergency Cesarean section and BW <p10 and NRBCs 
were not included to avoid multicollinearity with low Apgar scores, placental weight <p10, 
and decreased maturation, respectively. Therapeutic hypothermia was not included 
because it was considered an intermediate factor. The final model with the lowest Akaike’s 
Information Criterion includes hypoglycemia <2.0 mmol, placental weight <p10 and 
chronic villitis. Decreased placental maturation was also a significant factor; however, none 
of the infants with BGT injury had this finding and therefore no reliable coefficients could 
be estimated. Table 5 shows ORs of hypoglycaemia, placental weight <p10, and chronic 
villitis on the distribution of MRI patterns. 

PlaCENtal PatholoGy: aSSoCIatIoN WIth ClINICal faCtorS
Infants with chorioamnionitis (n= 44) had a mean CRP level in the first 48 hrs after birth of 
42 mg/L compared to 31 mg/L in infants without (p= 0.06). The mean CRP level in infants 
with funisitis was 46 mg/L compared to 33 mg/L (p= 0.13) without. CRP levels differed 
across the four groups (p= 0.06). In four infants with GBS sepsis grade 3 chorioamnionitis 
was present and in all but one this was associated with grade 2 or 3 funisitis. The MRI of 
three of these infants revealed no abnormalities and one had isolated BGT injury. Eight 
mothers had intrapartum fever and in each, their placenta showed  chorioamnionitis (two 
grade 1, one grade 2 and five grade 3) associated with funisitis in all but two. The infants of 
these 8 mothers had a normal MRI (n= 4), WM/WS (n= 2) and WM/WS/BGT (n= 2) injury. 
There was fetomaternal hemorrhage in three infants with severe anemia at birth and an 
extensive increase in NRBCs, reflecting exposure to chronic fetal hypoxia. Two of these 
infants showed severe WM damage. A BW <p10 was associated with a placental weight 
<p10 (p= 0.01) and chronic villitis (p= 0.07). 
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figure 2
Male infant, born after an uncomplicated 
pregnancy at 42 weeks. The mother (G2P1) 
went into spontaneous labour. During labour, 
there was a sudden fetal bradycardia and 
severe abdominal pain suggestive of uterine 
rupture. An emergency Cesarean section was 
performed. His Apgar scores were 4/4/4 after 1, 
5 and 10 minutes respectively and the umbilical 
artery pH was 6.55. The birthweight was 4598 
gram (p90). He was intubated and because of 
clinical and subclinical seizures anti-epileptic 

drugs were administered. The aEEG showed a 
severely depressed background. MRI, 
performed on day 3 after birth showed (A) 
increased signal intensity in the basal ganglia 
and thalami on T2 and (B) hyperintensity on 
DWI indicating restricted diffusion in these 
areas (C) and in the perirolandic cortex. 
Histopathological examination of the placenta 
showed subtle signs of chorioamnionitis (grade 
1) and fetal thrombosis (grade 1), but no other 
abnormalities.

a B c

figure 2
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Table 4  placental characteristics across three patterns of brain injury and no injury 

after ne following hi (n (%), mean; (range))

Table 5  ors (95% Ci) of independent factors from the multinomial linear regression analysisTable 4, page 128

Table 4. Placental characteristics across three patterns of brain injury and no injury after NE following HI (n (%), (mean; 
range) 

 No injury 
N = 34 

WM/WS 
N = 27 

BGT 
N = 18 

BGT + WM 
N = 16 

P 
value 

Cord length (cm)a  48 (20 - 80) 50 (25 – 80) 45 (21 – 69) 54 (41 – 90) 0.14 
Coiling index 0.14 (0.03 – 0.67) 0.22 (0.03 – 0.39) 0.23 (0.07 – 0.34) 0.13 (0.02 – 0.62) 0.25 
Hypercoiling (index >0.3) 4/31 (13) 5/17 (29) 2/10 (20) 2/12 (17) 0.59 
Placental weight (gram) 508 (330-822) 460 (250-797) 534 (335-695) 523 (420-678) 0.20 
Placental weight <p10 12 (35) 14 (52) 2 (13) 5 (36) 0.08 
Placental weight >p90 5 (15) 6 (22) 3 (19) 4 (29) 0.72 
Placental weight p10–p90 17 (52) 7 (27) 11 (73) 5 (36) 0.03 
PW-BW ratio 0.15 (0.12-0.21) 0.15 (0.08-0.20) 0.15 (0.13-0.19) 0.15 (0.12-0.20) 0.72 
BW-PW ratio 6.9 (4.7-8.6) 6.7 (5.0-12.6) 6.5 (5.2-8.0) 6.6 (5.0-8.4) 0.73 
Infarction 15 (44) 6 (22) 5 (28) 2 (13) 0.11 
   <5% 14 4 5 1  
   5-10% 0 2 0 0  
   10-15% 0 0 0 1  
Chorioamnionitis 20 (59) 9 (33) 6 (33) 9 (56) 0.12 
   Grade 1 9 3 3 6  
   Grade 2 2 2 2 2  
   Grade 3 9 4 1 1  
Funisitis 10 (29) 6 (22) 3 (17) 4 (25) 0.77 
   Grade 1 2 2 1 2  
   Grade 2 2 2 2 1  
   Grade 3 6 2 0 1  
Chronic villitis 4 (12) 8 (30) 8 (44) 7 (44) 0.03 
   Grade 1 4 6 5 3  
   Grade 2 0 2 2 3  
   Grade 3 0 0 1 1  
Fetal thrombosis 7 (21) 6 (22) 5 (28) 4 (25) 0.94 
   Grade 1 7 1 5 1  
   Grade 2 0 5 0 2  
   Grade 3 0 0 0 1  
Decreased maturation 10 (29) 13 (48) 0 (0) 11 (69) 0.00 
Nucleated red blood cells 20 (59) 20 (78) 6 (33) 13 (81) 0.01 
Placental severity score b 8.6 (0 – 24) 10.1 (0 – 17) 4.1 (0 – 12) 11.0 (1 – 21) 0.001 
Placental severity score c 9.4 (1 – 31) 11.9 (0 – 25) 5 (0 – 12) 12.4 (1 – 23) 0.001 

aCord length was known in 30 infants with no injury, 21 with WM, 15 with BGT and 13 with BGT/WM injury.
bSeverity score developed by PGJN according to Table 1. Because information regarding cord coiling and cord 

insertion was not available for all infants, these items were not included in the scoring. 
cSeverity score according to Table 1, including cord insertion and coiling index

PW, placental weight; BW, birth weight

Table 5, page 130

Table 5. ORs (95% CI) of independent factors from the multinomial linear regression 
 Intercept Villitis 

       OR (95% CI)           Coefficient (SD) 
Placental weight <p10 

       OR (95% CI)       Coefficient (SD) 
Hypoglycaemia <2.0 mmol/L 

    OR (95% CI)       Coefficient (SD) 
Normal 1a 1a 1a 1a 
WM/WS -0.94 (0.41) 2.6 (0.6 – 11.6) 0.97 (0.74) 1.2 (0.4 – 4.0) 0.22 (0.59) 2.9 (0.9 – 9.2) 1.07 (0.57) 
BGT -0.72 (0.41) 12.7 (2.4 – 68.7) 2.54 (0.84) 0.1 (0.01 – 0.7) -2.32 (0.97) 0.7 (0.2 – 3.6) -0.30 (0.79) 
BGT/WM -1.64 (0.53) 8.6 (1.5 – 48.6) 2.15 (0.86) 0.3 (0.1 – 1.5) -1.22 (0.83) 5.4 (1.4 – 21.4) 1.68 (0.69) 

According to the model, the distribution of patients with no villitis, a placental weight >p10 and no hypoglycaemia <2.0 
mmol/L would result in 49% no injury, 19% WM/WS injury, 23% BGT injury, and 9% WM/BGT injury. In patients with villitis, 
the percentages would be 10, 10, 63, and 17 respectively. Likewise, distributions can be calculated for placental weight 
<p10 or hypoglycaemia <2.0 mmol/L with or without villitis being present. 

According to the model, the distribution of patients with no villitis, a placental weight >p10 and no hypoglycaemia 

<2.0 mmol/L would result in 49% no injury, 19% WM/WS injury, 23% BGT injury, and 9% WM/BGT injury. In patients 

with villitis, the percentages would be 10, 10, 63, and 17 respectively. Likewise, distributions can be calculated for 

placental weight <p10 or hypoglycaemia <2.0 mmol/L with or without villitis being present. 

WM/WS, white matter/watershed injury; BGT, basal ganglia-thalamus injury; BGT/WM, basal ganglia-thalamus and 

white matter injury

figure 3
Female infant, born after an uncomplicated 
pregnancy at GA of 40 + 3 weeks. The mother 
reported decreased fetal movements for a day 
prior to presentation. Cardiotocography showed 
a pre-terminal pattern leading to an emergency 
Cesarean section. Apgar scores were 0/3/5 at 1, 
5 and 10 minutes respectively. Birthweight was 
3410 gram (p50). She was intubated and treated 
for persistent  pulmonary hypertension. aEEG 
showed ictal discharges on a severely 
depressed background pattern. On day 3 MRI 

showed (A) extensive edema with loss of gray-
white matter differentiation and increased 
signal intensity in BGT (T2SE) (B) extensive and 
diffuse areas of ncreased signal intensity 
suggestive of cytotoxic edema (DWI). 
Histopathological examination of the placenta 
revealed a small placenta (<p10) with extensive, 
severe chronic villitis (grade 3), severe fetal 
thrombosis (grade 3) with severe decreased 
maturation and subsequent elevated NRBCs.

a B

figure 3
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hypothesized that chronic villitis may induce WM damage by causing an inflammatory 
response and/or oxidative stress. Further research to elucidate the origin and role of 
chronic villitis is needed.
Chorioamnionitis was present in almost half of the infants in our study, in 24% of the cohort 
this was a grade 2 or higher. Chorioamnionitis was common across all MRI patterns after 
NE. Infants without brain injury and infants with the most severe brain injury (WM/BGT) 
had the highest incidence, almost 60%. In a cohort of healthy term spontaneous vaginal 
deliveries in our centre, using the same grading system, histologic chorioamnionitis was 
found in 18%.17 A recent study from Roberts et al.24 suggests that histologic 
chorioamnionitis at term is most often a non-infectious inflammation as they did not 
detect infection despite the use of robust microbiologic methods. Several studies show an 
association between chorioamnionitis and elevated cord sera or brain levels of pro-
inflammatory cytokines such as IL-1β, IL-6 and IL-8.24,25 Sheep models demonstrate 
inflammatory responses in the fetal brain after delivery of lipopolysaccharide into the 
uteroplacental circulation, especially in the WM.26,27 However, brain injury after 
chorioamnionitis leading to or in combination with HI is less extensively investigated. 
Animal models have demonstrated opposing effects of pre-treatment with 
lipopolysaccharide to the fetus prior to HI.28,29 The ambiguous role of chorioamnionitis was 
confirmed in our infants with NE, where it was most common in infants without brain 
injury as well as those with the most extensive injury. Infants without brain injury had 
higher CRP levels, indicating the presence of a systemic response (Table 3). A recent study 
of 141 infants with NE showed that chorioamnionitis was significantly more common in 
stage 1 NE compared to the higher grades.21 This is in contrast to a previous study where it 
was suggested that chorioamnionitis was associated with brain injury after NE.10 However, 
in this small study chorioamnionitis was not an isolated pathological finding in the 
placenta.10 
More than one-third of infants with NE in our cohort had a placental weight <p10, 
reflecting uteroplacental underperfusion. As shown in a fetal sheep model, a reduction in 
umbilical blood flow in late gestation has an adverse effect upon placental weight.30 
Therefore, a low placental weight may reflect an adverse intrauterine condition and 
sensitize infants to adverse events during labor, especially when additional placental 
disease is present. A placental weight <p10 was significantly associated with a BW <p10. 
Catteau et al.31 investigated neonatal excitotoxicity in a murine model of vascular IUGR and 
found a transient protection against neonatal excitotoxic lesions, possibly via angiogenesis. 
In this brain protective role model hypoxia-inducible factor 1α (HIF-1α) may also be a key 
player. A placental weight <p10 may expose to mild, chronic hypoxia and activates HIF-1α 
that subsequently upregulates VEGF,  promoting angiogenesis and cell survival.32 
A high placental/birthweight (PW/BW) ratio has been described as affecting various short-
term perinatal outcomes including a pH <7.0 and an Apgar score <7 at 5 minutes.33 

DiSCuSSioN
In a cohort of 95 infants with NE following HI, histopathological abnormalities in the 
placenta were  differently distributed according to the pattern of cerebral injury, or lack of 
it, seen on early neonatal MRI scan. Decreased placental maturation was associated with 
WM/WS and WM/BGT injury. The BGT pattern of injury showed an association with chronic 
villitis. A placental weight <p10 was associated with a lack of cerebral injury.
Previously, based on extensive experiments in animals without preceding placental 
pathology BGT injury following NE has been assumed to be related to profound, acute HI 
while prolonged, chronic hypoxia is more often associated with a WS pattern of injury.3 
However, in the human neonate the timing and severity of HI, and thereby the spectrum of 
brain injury following HI is much more heterogeneous. Additionally, in infants with NE 
presenting with symptoms of HI, the etiology of HI is not certain or may be interrelated 
with other underlying conditions. In our study, infants with BGT predominant injury less 
often had placental signs associated with chronic HI such as decreased placental 
maturation and placental weight <p10 than the other groups, especially those groups with 
WM involvement. Infants with BGT/WM injury had the highest placental severity score, 
indicative of the most extensive placental pathology. Hypothetically, this deleterious in 
utero environment puts the infant at risk for acute HI during the process of birth, but may 
also induce brain injury before birth.
It was of interest to see that decreased maturation of the terminal villi was associated with 
the WM/WS and the WM/BGT pattern of injury. In this placental abnormality there is an 
insufficient decrease of the diffusion distance between the maternal and fetal blood 
supplies due to a reduction in capillary density and decreased formation of SCM.18 
Consequently, the placenta has a reduced oxygen transport capacity resulting in an 
increased risk of fetal hypoxia.18 To date, decreased placental maturation has been 
associated with gestational diabetes and perinatal death.18,19 The association with the WM/
WS and WM/BGT pattern of injury suggests a role for antenatal, chronic hypoxia in these 
injury types. In contrast none of the placentas from infants with isolated BGT injury had 
evidence of decreased maturation supporting the hypothesis that severe chronic hypoxia 
is not a factor in this group. Unfortunately, there is still no marker available for detecting 
this maturation defect antenatally. The presence of NRBCs is another indication of chronic 
intrauterine fetal hypoxia of more than 6-12 hrs duration. Elevated NRBCs are associated 
with placental lesions such as chronic villitis and fetal thrombosis.20 
Chronic villitis appears to be an important factor, associated with the development of the 
BGT or BGT/WM pattern of brain injury. Recently, a significant association between chronic 
villitis and more severe NE was reported.21 Although an immunological origin has been 
suggested, the underlying etiology of chronic villitis is still not completely understood.22 
Chronic villitis has been found to be associated with IUGR, hypertensive pregnancies, 
perinatal asphyxia, intrauterine death and poor neurodevelopmental outcome.22,23 
Recently, non-cystic WM injury after NE was associated with high grade villitis.6 It was 



133

Placental pathology in full-term infants with Neonatal Encephalopathy following hypoxia-Ischemia: association 

with mrI pattern of brain injury

Findings of a recent case-control study showed that a higher PW/BW was significantly 
associated with NE, suggesting that infants with a heavier placenta are at risk of poor 
tolerance of the labor process.21 According to percentile curves of Shehata et al.33 based on 
a full-term Canadian population a PW/BW ratio of 0.14 - 0.15 indicates the 3rd percentile; 
52% of our cases had a PW/BW ratio <0.15 contrasting strongly with the Canadian data.  
However, in this previous study only appropriate-for-gestational-age newborns were 
included while in our cohort 24% of the infants had a birthweight <p10. The PW/BW <0.15 
may have different implications for appropriately grown infants compared to those that 
are small-for-gestational age.
Fetal placental thrombosis was present in 23% of our cohort. The higher grades were only 
seen in the placentas from infants with WM/WS and WM/BGT injury. In a large case series of 
placentas with fetal thrombosis there was a significant association with stillbirth, IUGR and 
non-reassuring heart rate tracings.34 Although a relatively high percentage of placentas 
showed fetal thrombosis compared to control groups known from the literature13, we are 
unable to relate the presence of fetal thrombosis to a specific pattern of brain injury. In 
contrast, in premature born infants a relation with brain injury has been suggested.35 Small 
infarctions (<5%) in the placenta did not appear to have a pathological significance. Only 3 
infants in our cohort had placental infarction >5%. 
Previous studies have shown that hypercoiling of the umbilical cord can be related to the 
presence of placental histopathology and adverse perinatal outcome.36,37 De Laat et al.37 
showed that cases with hypercoiling of the umbilical cord tend also to have placental 
maturational defects. A possible explanation for this is reduced venous flow and chronic 
congestion in the terminal capillaries that form the SCM. Although the overall incidence of 
hypercoiling of ~19% in our cohort was high, this did not differ significantly across the MRI 
groups. 
Sentinel events are related to acute, profound HI and have often been noted to precede a 
BGT pattern of injury. In our study, however, sentinel events were equally distributed across 
the groups, only slightly less common in the WM/BGT group. It has been suggested that the 
occurrence of a sentinel event such as placental abruption, acute vaginal blood loss or 
uterine rupture may be the final manifestation of an underlying placental disease.38 
Although not a placental factor, hypoglycemia <2.0 mmol/L was significantly associated 
with the brain pattern of WM/BGT. In animal models, hypoglycaemia results in an increased 
cerebral blood flow but with a substantial preferential perfusion of the lower brainstem 
and with a blunted response of white matter.39  Besides, hypoglycaemia leads to loss of 
autoregulation of the cerebral blood flow.39 Especially in infants with systemic hypotension 
superimposed on hypoglycemia, this may increase the risk of ultimate brain damage.
Our study has some limitations. First, a control group of placentas from healthy term 
infants is in preparation, but these data are not included in this study. Second, brain injury 
after NE following HI is heterogeneous and our cohort is too small to analyse more 

subgroups i.e. different patterns of WM injury. Third, data of umbilical cord length and/or 
coiling of the cord were missing in some placentas because these placentas were initially 
investigated in the referral centre and only histopathology was available for review. Fourth, 
we introduced a placental severity score (Table 1) to have a quantitative measurement of 
the placental lesions, but this score has not yet been validated in an external cohort. Last, 
therapeutic hypothermia has been applied since 2008 while infants were included from 
2005 onwards and some infants were referred outside the therapeutic time window. 
Therefore, in our population it is complex to analyse hypothermia as a factor that modifies 
cerebral MRI outcome.
This study has confirmed the importance of placental examination in infants with NE 
following HI. Consequently, the antenatal diagnosis of placental dysfunction to help 
prevent antenatal damage and complications during the delivery process is important but 
remains a major clinical challenge. Future research should focus on biomarkers in maternal 
plasma of placental dysfunction and/or severe inflammation. Recently, the role of MRI for 
visualizing the placenta during pregnancy has increased. Besides the possibility of 
delineating morphologic alterations in the placenta with MRI, a few studies have 
distinguished primary placental pathologies such as hemorrhages and ischemic lesions or 
assessed placental function.40,41 Placental insufficiency associated with growth restriction 
has been associated with restricted diffusion and reduced apparent diffusion coefficient on 
MRI.41 
In conclusion, placental lesions are common among infants with NE secondary to HI. The 
heterogeneous spectrum of brain injury after NE secondary to HI seems associated with 
different underlying pathophysiological processes. Chorioamnionitis was most common in 
infants with a normal MRI and those with the most extensive MRI injury. A placental weight 
<p10 is mainly associated with normal cerebral MRI imaging, suggesting pre-conditioning 
preventing HI brain injury. WM/WS injury with or without BGT involvement on MRI was 
linked to decreased maturation of the placenta supporting a role for chronic HI in the 
causal pathway. Chronic villitis was associated with the BGT pattern of injury with or 
without WM injury and deserves further research.

table 1
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risk factors for perinatal arterial ischemic stroke in full-term infants: a case-control study

During the perinatal period, there is a high risk of developing arterial or venous 
territory stroke. This has been increasingly recognised with the more widespread 
use of sophisticated neuro-imaging techniques. Perinatal ischaemic stroke is 

defined as a heterogeneous condition in which there is a focal disruption of cerebral blood 
flow (CBF) secondary to arterial or venous thrombosis.1 Perinatal arterial ischaemic stroke 
(PAIS) is the most common form of cerebral infarction in children with an incidence of 
1:2300 live births and an important cause of lifelong neurodevelopmental disabilities.1 Half 
of the newborn infants with PAIS present within 12–36 h after birth with (hemi)con-
vulsions, apnoeas or hypotonia.1 Patterns of MR signal intensity (SI) changes on 
conventional and diffusion-weighted imaging (DWI) show that PAIS occurs within a 
limited time-frame around birth.2

Although PAIS is a clinically relevant type of brain injury, aetiology is still a matter of 
debate.3 Thrombosis or embolism of a major cerebral artery is probably the main cause. 
Several factors appear to be related to this pathogenesis reflecting problems at different 
times during late pregnancy, delivery or the immediate neonatal period such as  
oligohydramnios, chorioamnionitis, premature rupture of membranes, pre-eclampsia and 
low Apgar score at 1 min.4-7 Thrombophilic abnormalities are also likely to increase the risk 
of PAIS.8-10

Previous studies, identifying risk factors of PAIS, were negatively affected by the 
heterogeneity of the study population. Preterm and full-term infants were taken together 
as well as lesions with a variable underlying pathophysiology or lesions occurring at 
different points in time.6 The study groups were often rather small or there was no 
adequate comparison group, except for one preterm study.4, 5, 11-14  The aim of this study 
was to identify maternal, perinatal and neonatal risk factors in full-term infants with 
symptomatic PAIS in a comparative study.

iNtroDuCtioN
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objeCtiVe  the incidence of perinatal arterial ischaemic stroke (Pais) 

is about 1 in 2300 live births. evidence about the aetiology is still lacking. 

the aim of this study was to identify maternal, perinatal and neonatal 

risk factors for symptomatic Pais in full-term infants. 

MetHoDS  each full-term infant with Pais was matched to three 

healthy controls for gestational age, date of birth and hospital of birth. 

antenatal and perinatal risk factors were studied using univariate and 

multivariate conditional logistic regression analysis.

reSultS   fifty-two infants were diagnosed with  Pais. significant risk 

factors in the univariate analysis (p<0.05) were nulliparity (64% vs 47%), 

maternal fever (>38°c) during delivery (10% vs 1%), fetal heart rate 

decelerations (63% vs 16%), meconium-stained amniotic fluid (44% vs 

17%), emergency caesarean section (35 vs 2%), apgar score (1 min) ≤3 

(29% vs 1%), apgar score (5 min) <7 (25% vs 1%), umbilical artery ph 

<7.10 (56% vs 10%), hypoglycaemia <2.0 mmol/l (29% vs 3%) and early-

onset sepsis/meningitis (14% vs 2%). in the multivariate analysis, 

maternal fever (or 10.2; 95% ci 1.3 to 78.5), apgar score (5 min) <7 (or 

18.1; 95% ci 3.4 to 96.8), hypoglycaemia <2.0 mmol/l (or 13.0; 95% ci 3.2 

to 52.6) and early-onset sepsis/meningitis (or 5.8; 95% ci 1.1 to 31.9) 

were significantly associated with Pais.

CoNCluSioNS maternal fever during delivery and early-onset sepsis/

meningitis were found to be involved with Pais as was previously noted. 

apgar score (5 min) <7 and hypoglycaemia were found to be important 

risk factors in term Pais.
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risk factors for perinatal arterial ischemic stroke in full-term infants: a case-control study

physician noted repetitive or prolonged late decelerations, fetal bradycardia, non-
reassuring fetal heart tracing or fetal distress by electronic fetal heart rate monitoring. 
A prolonged second stage of labour (>2 h), vacuum or forceps-assisted delivery and 
emergency caesarean section due to fetal distress, were also noted. GA, birth weight (BW), 
BW <3rd percentile or >97th (http://www.perinatreg.nl/registratiecurven), Apgar scores, 
umbilical cord artery pH, blood glucose <2 mmol/l and early-onset sepsis or meningitis 
were noted as infant characteristics. Early-onset sepsis was determined when the child 
developed a fever (>38°C) or an elevated C reactive protein >30 mg/l with a positive 
surface, blood or cerebrospinal fluid culture or both.

Part chaPter 7

PatIENtS

In a retrospective analysis, infants (>37 weeks gestational age (GA)) with a PAIS were 
studied. All were  admitted  to  the  Neonatal  Intensive Care  Unit  (NICU)  of  the  
Wilhelmina  Children’s Hospital, Utrecht, between 2000 and 2010. PAIS cases were 

established using the neonatal cranial ultrasound (cUS) and MRI database. In infants with 
clinical symptoms, PAIS was most often primarily suggested using cUS and subsequently 
confirmed by MRI. For every case, three controls were selected, matched for GA (≤7 days), 
date of birth (≤7 days) and hospital of birth, using the birth registry database. These births 
were under supervision of an obstetrician. Control infants for PAIS cases born at home or in 
the outpatient clinic under supervision of an independent midwife were collected from 
the University Obstetric Centre for primary obstetric care. When correct matching, based 
on above-mentioned criteria, was not possible, cases were excluded. Infants with stroke 
who also had a congenital anomaly, chromosomal abnormality or cardio-embolic stroke 
were excluded.
For this type of study, no informed consent or permission from the Internal Review Board is 
required in our hospital.

ImaGING ClaSSIfICatIoN
All records were retrieved for infants with a diagnosis of middle cerebral artery (MCA), 
posterior cerebral artery (PCA) or anterior cerebral artery (ACA) infarction. PAIS on cUS 
was diagnosed according to the following criteria: (1) presence of a wedge-shaped area of 
echogenicity in the region supplied by the MCA, ACA or PCA with a linear demarcation line 
and (2) cystic evolution of this area of increased echogenicity after 2 to 4 weeks.
Diagnosis of PAIS on MRI was based on decreased SI on T1 and increased SI on T2 within 
the affected area (Figure 1 A–C). In those infants who had their MRI during the first week 
after birth (n=47), DWI showed high SI within the region of infarction (Figure 1 D–F). The 
infarcts were classified according to the vessel, branch and site involved. MRI was 
conducted using 1.5-T and 3-T Philips system (Intera or Achieva 1.5 T; Philips, Healthcare, 
Best, The Netherlands).

data CollECtIoN
Antenatal data from late pregnancy as well as data regarding the process of birth and the 
early neonatal period were collected from cases and controls from the patient notes. These 
included maternal-related and pregnancy-related variables: maternal age, parity, previous 
spontaneous abortion, history of infertility and pre-eclampsia, defined as either pre-
eclampsia or pregnancy-induced hypertension as diagnosed by the obstetrician. Intra-
partum variables included induction or augmentation of labour, prolonged rupture of 
membranes >24 h and maternal fever (≥38°C) often combined with intrapartum use of 
antibiotics. Fetal heart rate abnormalities were considered present when the attending 
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Figure 1a-C

Figure 1D-F

PatieNtS aND MetHoDS
 

figure 1
MRI, performed in three different infants, showing axial 
T2-weighted spin echo sequence images (top row) and 
diffusion-weighted images (bottom row). (A and D) MRI 
performed on day 5 showing a right-sided main branch 
middle cerebral artery infarct; (B and E) MRI performed 

on day 4 showing a right cortical middle cerebral 
artery infarction; (C and F) MRI performed on day 7 
showing a left-sided lenticulostriate branch infarction.

a

d

B

e

c

f

figure 1
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between January 2000 and December 2010, a total of 6126 infants were admitted to 
our NICU. Fifty-two full-term infants with clinical symptoms had a PAIS (Figure 2) 
with a median GA of 40 5/7 weeks (range 37 1/7–42 5/7) and median BW 3440 g 

(range 2145–5230 g). Thirty-nine infants (75%) had been born under the supervision of an 
obstetrician in 13 different hospitals, 36 (69%) in a level-two hospital and 3 (6%) in our 
level-three unit. Thirteen (25%) infants were born under the supervision of an independent 
midwife, either at home or in the hospital.

ClINICal PrESENtatIoN of PaIS
Twenty-nine infants (56%) had seizures (18 with hemiconvulsions) in the first 48 h after 
birth as their first symptom. Seventeen infants (33%) were initially admitted because of 
perinatal asphyxia and all, but two, developed seizures. Two of them underwent 
therapeutic hypothermia. Three infants were admitted with Group B Streptococcus 
meningitis and seizures. Three infants had symptomatic hypoglycaemia and seizures. Of all 
PAIS infants, 96% developed seizures within the first 48 h after birth.

NEuroImaGING  fINdINGS
In 40 infants, the diagnosis was made using cUS and confirmed by MRI at a median age of 5 
days (range 2–14 days). In 12 infants with a small cortical or PCA infarct, the diagnosis was 
missed with cUS, and MRI was performed because of neonatal seizures. In one infant, only 
a CT scan was done. The majority of strokes involved the MCA (n=39, 75%). Of these infants 
with MCA distribution, the main branch was involved in 10 (26%), the cortical branch in 23 

Figure 2

reSultS
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StatIStICal aNalySIS
Because infants with PAIS were matched for several factors to controls, conditional logistic 
regression was used. The presence of PAIS was the outcome variable and maternal, 
intrapartum and neonatal characteristics were the independent variables in this analysis.
In the univariable analysis, the association between the individual possible risk factors and 
PAIS was studied. To determine whether risk factors were independently associated with 
PAIS, a multivariable conditional logistic regression analysis was performed, using a 
backward stepwise method. In the initial model, factors from the univariable analysis that 
were statistically significant and important factors from previous studies were included. 
Thereafter, variables were removed from the model based on the statistical significance 
(p>0.1) of the association with PAIS and changes in the regression coefficient of other 
variables. Results were expressed as ORs with 95% CI. p Values <0.05 were considered 
statistically significant. SPSS for Windows version 16.0 (SPSS Chicago, Illinois, USA)  was 
used for statistical analyses.
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  46 symptomatic infants with a 
  cerebral artery territory

 infarction recognized on cUS 
and confirmed by MRI

 

  12 symptomatic infants with a 
  small cortical or PCA infarct

  diagnosed on MRI only
 

52 infants with cerebral artery territory infarction eligible for analysis        

  Excluded:
  4 cardio-embolic strokes
  1 α-1 antitypsin deficiency
  1 congenital hernia 
   diaphragmatica

figure 2
Flow diagram of included patients.
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(59%) and one or more of the lenticulostriate branches in six infants (15%). Eleven infants 
(21%) had PCA infarction and in one of them, there was also bilateral ACA involvement. In 
two (4%) infants, an ACA distribution was seen. Left-sided stroke was more common (58%). 
MR angiography was performed in 36 infants (69%) and CT angiography in 1 infant. These 
revealed loss of flow across the vessel involved in four infants. Cervical Doppler ultrasound 
was performed in 17 infants, but no dissection of the carotid artery was demonstrated.

EChoCardIoGraPhy
An echocardiography was performed in 16 infants (31%) and showed a persistent foramen 
ovale in three, a pulmonary valve stenosis in one infant and a mid-muscular ventricular 
septal defect in one infant.

uNIVarIablE aNalySIS
Table 1 shows the results obtained with the univariable analysis. Nulliparity, maternal fever 
combined with intrapartum use of antibiotics, meconium-stained amniotic fluid, fetal 
heart rate abnormalities, emergency caesarean section, Apgar score ≤3 after 1 min and <7 
after 5 min, umbilical arterial pH less than 7.10, hypoglycaemia (≤2.0 mmol/l) and early-
onset Group B Streptococcus sepsis/meningitis were significantly associated with PAIS.
After exclusion of PAIS infants initially diagnosed with perinatal asphyxia (n=17) and their 
controls, only maternal fever and Apgar score (5 min) <7 were no longer significant.

multIVarIablE aNalySIS
The multivariable analysis identified maternal fever during delivery (OR 10.2; 95% CI 1.3 to 
78.5), Apgar score (5 min) <7 (OR 18.1; 95% CI 3.4 to 96.8), hypoglycaemia (OR 13.0; 95% 
CI 3.2 to 52.6) and early-onset sepsis/meningitis (OR 5.8; 95% CI 1.1 to 31.9) (Table 2) to be 
independently associated with PAIS.
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Table 1. Univariable risk factor analysis in PAIS cases and controls 
 

 N (%) or Median (range) OR (95% CI) P-
value 

 PAIS Controls   
No 52 156   
Male  32 (62) 84 (54) 1.39 (0.72 – 2.66) 0.33 
Maternal      
  Age 
     < 20 years 
     20-34 years 
     < 35 years 

 
1 (2) 
38 (73) 
12 (23) 

 
6 (4) 
115 (74) 
35 (22) 

 
0.60 (0.07-5.14) 
1.14 (0.56 – 2.31) 
0.93 (0.44 – 1.96) 

 
0.64 
0.72 
0.85 

    History of infertility 2 (4) 13 (8) 0.47 (0.10 – 2.21) 0.34 
    History of pregnancy loss 6 (12) 26 (17) 0.70 (0.29 – 1.76) 0.45 
    Nulliparity 33 (64) 73 (47) 1.95  (1.03 – 3.69)* 0.04 
    Pre-eclampsia 6 (12) 18 (12) 1.0  (0.38 – 2.66) 1.00 
 Intrapartum     
    Prolonged rupture of membranes (>24  h) 4 (8) 18 (12) 0.63 (0.20 – 1.98) 0.43 
    Induction of labour 11 (21) 38 (24) 0.83  (0.38 – 1.79) 0.63 
    Intrapartum fever >38°C 5  (10) 2 (1) 7.5 (1.46 – 38.66)* 0.02 
    Augmentation of labour (oxytocin) 11 (21) 39 (25) 0.78 (0.34 – 1.76) 0.55 
    Meconium-stained amniotic fluid 23 (44) 27 (17) 4.51 (2.08 – 9.79)** 0.00 
    Prolonged second stage of labour (>2 h) 2 (4) 4 (3) 1.5 (0.28 – 8.19) 0.64 
    Vacuum-assisted delivery 13 (25) 23 (15) 2.24 (0.93 – 5.37) 0.07 
    Fetal heart decelerations  26 (63) 19 (16) 8.15 (3.48 – 19.08)** 0.00 
    Emergency CS 18 (35) 3 (2) 18.00 (5.30 – 61.11)** 0.00 
    Elective CS 2 (4) 21 (13) 0.24 (0.05 – 1.12) 0.07 
    Apgar score (1 min) 6 (0 – 9) 9 (1- 10)   
    Apgar score (1 min) ≤3 15 (29) 1 (1) 45.00 (5.94 – 340.67)** 0.00 
    Apgar score (5 min) <7 13 (25) 2 (1) 19.50 (4.40 – 86.41)** 0.00 
    Arterial umbilical cord pH 7.10 (6.80 – 7.36) 7.23 (6.84 – 7.42)   
    Arterial umbilical cord pH <7.10 18/32 (56) 8/75 (10) 14.91 (3.36 – 66.08)** 0.00 
Infant     
    Birth weight (g) 3420                  

(2145 – 5230) 
3520                  
(2155 – 4925) 

  

    Birth weight <p3 5 (10) 5 (3)   3.0 (0.87 – 10.36) 0.08 
    Birth weight >p97 3 (6) 5 (3)   1.92 (0.42 – 8.82) 0.40 
    Hypoglycaemia (<2.0 mmol/L) 15 (29) 4 (3)   11.04 (3.66 – 33.28)** 0.00 
    Early onset sepsis/meningitis† 7 (14) 3 (2)   7.0 (1.81 – 27.07)** 0.01 

 
*p<0.05; **p<0.01. 
†Pathogen: group B Streptococcus in all infants (three positive blood cultures, positive surface cultures in others). 
PAIS, perinatal arterial ischaemic stroke; CS, Caesarean section.

Table 1  univariable risk factor analysis in pais cases and controls

*p<0.05; **p<0.01.

†Pathogen: group B Streptococcus in all infants (three positive blood cultures, positive surface cultures in others).

PAIS, perinatal arterial ischaemic stroke; CS, Caesarean section.
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Tabel 2. Multivariable risk factor analysis of PAIS 
 OR 95% CI P- value 

Maternal fever 10.24 1.33 – 78.53 0.03 

Apgar score (5 min) <7 18.06 3.37 – 96.81 0.00 

Hypoglycaemia 12.99 3.20 – 52.56 0.00 

Early-onset sepsis/meningitis 5.82 1.06 – 31.88 0.04 

PAIS, perinatal arterial ischaemic stroke. 
 

DISCUSSION 
 
This is the first case-controlled study that has examined risk factors for PAIS in symptomatic full-term 
infants also taking the place of birth into account. In previous studies, lesions with a variable 
underlying pathophysiology or lesions occurring at different points in time were taken together.6 
Maternal fever during delivery, Apgar score (5 min) <7, early-onset sepsis/meningitis and 
hypoglycaemia were identified as independent risk factors for PAIS. 
 
Fetal distress 
A 5 min Apgar score of <7 likely reflects adverse events during delivery and suggests an important 
role for fetal distress and subsequent hypoxia-ischaemia in the pathogenic pathway of PAIS. Hypoxic-
ischaemic encephalopathy (HIE) is an established cause of diffuse brain damage in the full-term 
newborn, but was not considered to be related to focal infarction.4,15 Only 6/126 PAIS infants were 
diagnosed with HIE in a study by Ramaswamy et al.,16 and 15/315 in a study by Harbert et al.,17 but 
recent studies suggested a role of perinatal asphyxia in the development of PAIS.7,18 Among our 
cases, 17 infants (32%) were initially admitted to the NICU because of perinatal asphyxia and were 
subsequently diagnosed to have PAIS. This is in contrast to a recent study with strict entry criteria for 
therapeutic hypothermia after HIE indicative of moderate-severe perinatal asphyxia, where no 
infants with PAIS were found.19 However, intrapartum complications suggestive of hypoxic-ischaemic 
events including fetal heart rate abnormalities, meconium-stained amniotic fluid and low Apgar 
scores have frequently been reported in infants with PAIS.3, 5, 6, 11, 13, 14 These studies imply that PAIS is 
more often associated with a complicated delivery, resulting in a milder degree of perinatal asphyxia. 
Neuro-imaging will only be performed in those infants with symptoms, most likely (hemi)convulsions. 
In the absence of seizures or in centres where MRI is not routinely performed in infants with 
neonatal seizures, coexistence of focal cerebral pathology is likely to remain undiagnosed.18 Rafay et 
al.,20 comparing neonates with seizures caused by stroke to seizures caused by HIE, found that 
seizure onset >12 h and clinically observed focal seizures are more often associated with PAIS. 
Hypoxia-ischaemia might play a role in activation of thrombogenesis, as it decreases physiologically 
inhibiting anticoagulants, including antithrombin III, proteins C and S resulting in 
hypercoagulability.21, 22 Adhami et al.23 found that ischaemia-hypoxia is a rapid and powerful stimulus 
for spontaneous coagulation in mice that underwent the Levine/Vannucci procedure, mimicking 
perinatal hypoxic-ischaemic brain injury.24 However, our study does not answer the question 
whether a 5 min Apgar score <7 indicates a hypoxic-ischaemic event which might be involved in the 
causal pathway of PAIS or whether the low Apgar score is the consequence of PAIS already present at 

Tabel 2  Multivariable risk factor analysis of pais

PAIS, perinatal arterial ischaemic stroke.

table 1

table 2
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INfECtIoN
Maternal fever during delivery and early-onset sepsis/meningitis were involved in the 
genesis of PAIS, which is in agreement with previous studies, identifying prolonged rupture 
of membranes and chorioamnionitis as risk factors.6,26,27 Infection shifts the coagulation 
system towards a prothrombotic state due to release of inflammatory cytokines and direct 
endothelial injury. Chorioamnionitis may also cause direct thromboembolism in the 
placenta increasing the risk for emboli to access the fetal brain. In this cohort, three infants 
(6%) had Group B Streptococcus meningitis. This central nervous system infection can lead 
to a local inflammatory response including thrombosis and is an established cause of PAIS 
in some cases.28,29

hyPoGlyCaEmIa
As in the preterm population, hypoglycaemia was identified as a significant neonatal risk 
factor.12 In full-term infants, an association between symptomatic hypoglycaemia and 
bilateral occipital infarction has been reported.30 Burns et al.31 found stroke among diverse 
patterns of brain injury in infants with symptomatic neonatal hypoglycaemia without 
evidence for HIE. Sixteen of our cases (31%) developed hypoglycaemia <2.0 mmol/l within 
a few hours of birth preceding seizure activity and subsequent diagnosis of stroke. It is of 
interest that 7 of 11 (64%) infants with involvement of PCA had hypoglycaemia, being 
symptomatic in three of them. Nine of sixteen infants (56%) with hypoglycaemia had 
evidence of perinatal asphyxia. Because asphyxia is the most common cause of 
(asymptomatic) hypoglycaemia as was demonstrated in different animal models, it is 
difficult to distinguish whether hypoglycaemia is merely the consequence of asphyxia or 
might be causally related to PAIS.32 Anwar et al.33 observed a positive correlation between 
mean arterial blood pressure and CBF in hypoglycaemic newborn dogs, suggesting loss of 
CBF autoregulation. Areas displaying the lowest blood flow are known to be most 
vulnerable.34 Recently, attention has been paid to hypoglycaemia as a cardiovascular risk 
factor in adults. In a study by Gogitidze Joy et al.,35 acute hypoglycaemia led to an increase 
in inflammatory and pro-atherothrombotic biomarkers, suggesting an important role in 
the induction of inflammatory and prothrombotic responses.

thromboPhIlIa
The relative risk of genetic thrombophilic factors in the development of PAIS is still a 
matter of debate. A recent meta-analysis has shown that thrombophilia was a risk factor in 
children with first-episode stroke, including PAIS.8 However, a recent study regarding 
neonatal stroke did not support this.36 Further case-control studies are essential to 
investigate whether (extensive) testing is required in all infants with PAIS.
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This is the first case-controlled study that has examined risk factors for PAIS in 
symptomatic full-term infants also taking the place of birth into account. In previous 
studies, lesions with a variable underlying pathophysiology or lesions occurring at 

different points in time were taken together.6 Maternal fever during delivery, Apgar score 
(5 min) <7, early-onset sepsis/meningitis and hypoglycaemia were identified as 
independent risk factors for PAIS.

fEtal dIStrESS
A 5 min Apgar score of <7 likely reflects adverse events during delivery and suggests an 
important role for fetal distress and subsequent hypoxia-ischaemia in the pathogenic 
pathway of PAIS. Hypoxic-ischaemic encephalopathy (HIE) is an established cause of 
diffuse brain damage in the full-term newborn, but was not considered to be related to 
focal infarction.4,15 Only 6/126 PAIS infants were diagnosed with HIE in a study by 
Ramaswamy et al.,16 and 15/315 in a study by Harbert et al.,17 but recent studies suggested 
a role of perinatal asphyxia in the development of PAIS.7,18 Among our cases, 17 infants 
(32%) were initially admitted to the NICU because of perinatal asphyxia and were 
subsequently diagnosed to have PAIS. This is in contrast to a recent study with strict entry 
criteria for therapeutic hypothermia after HIE indicative of moderate-severe perinatal 
asphyxia, where no infants with PAIS were found.19 However, intrapartum complications 
suggestive of hypoxic-ischaemic events including fetal heart rate abnormalities, 
meconium-stained amniotic fluid and low Apgar scores have frequently been reported in 
infants with PAIS.3, 5, 6, 11, 13, 14 These studies imply that PAIS is more often associated with a 
complicated delivery, resulting in a milder degree of perinatal asphyxia. Neuro-imaging will 
only be performed in those infants with symptoms, most likely (hemi)convulsions. In the 
absence of seizures or in centres where MRI is not routinely performed in infants with 
neonatal seizures, coexistence of focal cerebral pathology is likely to remain 
undiagnosed.18 Rafay et al.,20 comparing neonates with seizures caused by stroke to 
seizures caused by HIE, found that seizure onset >12 h and clinically observed focal 
seizures are more often associated with PAIS.
Hypoxia-ischaemia might play a role in activation of thrombogenesis, as it decreases 
physiologically inhibiting anticoagulants, including antithrombin III, proteins C and S 
resulting in hypercoagulability.21, 22 Adhami et al.23 found that ischaemia-hypoxia is a rapid 
and powerful stimulus for spontaneous coagulation in mice that underwent the Levine/
Vannucci procedure, mimicking perinatal hypoxic-ischaemic brain injury.24 However, our 
study does not answer the question whether a 5 min Apgar score <7 indicates a hypoxic-
ischaemic event which might be involved in the causal pathway of PAIS or whether the low 
Apgar score is the consequence of PAIS already present at birth.3,7,25 The latter is, however, 
unlikely in view of the changes seen using diffusion-weighted imaging during the first week 
after birth.
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Maternal fever, a 5 min Apgar score of <7, neonatal infection and hypoglycaemia are 
associated with symptomatic PAIS in full-term infants. The importance of 
infection has previously been reported. A role for fetal distress has only recently 

been recognised and the role of hypoglycaemia appears not just restricted to the preterm 
population.

CoNCluSioN
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othEr faCtorS
In contrast with previous studies, we did not find pre-eclampsia to be related to PAIS in 
this case-control study.3,6 However, in these studies, presumed perinatal stroke cases were 
also included, suggesting other risk factors may be important in this group. A history of 
infertility was not more common either.6 Cervico-cephalic injuries due to traumatic forces 
during the process of birth has sporadically been described as a pathogenic mechanism.14 
In our study, MR angiography or ultrasonographic cervical imaging was performed (in 69% 
and 33%, respectively) without evidence for dissection of the cervical vessels.
In only three of our PAIS infants, placental histopathology was available;  in  two  of  them,  
there  was  evidence of decreased placental reserve. In a small cohort (n=5) of PAIS cases, 
placental pathology was present in all, showing mainly decreased placental reserve and 
thromboinflammatory processes.37

In a preterm case-control study, fetal heart rate abnormalities, twin-to-twin transfusion 
syndrome and hypoglycaemia were found to be independent factors associated with early 
preterm stroke.12 A role for  complicated  gestational  course and delivery as well as sepsis/
meningitis was recognised in another preterm case study.38 Although there is a difference 
in vascular anatomy and brain vulnerability between (early) preterm infants and (near)-
full-term infants, risk factors for arterial stroke share a common background.
This study has several limitations. Since it recruited infants over 10 years, obstetric policies, 
MR imaging protocols and neonatal procedures may have changed. PAIS in asymptomatic 
neonates or in infants with a mild clinical presentation admitted to a community hospital 
may remain undiagnosed; therefore, this single-tertiary centre study may represent a 
selected group. Information was obtained from patient charts, a risk for bias in reporting as 
was the difference between hospitals in the completeness of the patient data. Because 
measurement of umbilical cord pH is not part of routine care in Dutch uncomplicated 
obstetrics, we only had these data in 48% of control infants, not dissimilar from the 62% of 
the cases. Information of the control infants was not available after discharge from the 
hospital (usually within a few hours to 3 days after birth), hence asymptomatic 
hypoglycaemia or infections without admission to the hospital of birth may have occurred.
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Il-6 polymorphism at position –174 in newborn infants with perinatal arterial ischemic stroke: 

association with adverse outcome

Perinatal arterial ischemic stroke (PAIS) is a heterogeneous condition and refers to 
distinct patterns of focal ischemic injury due to disruption of cerebral blood flow 
secondary to arterial or cerebral venous thrombosis.1 Although PAIS is assumed to 

be a multifactorial disease, the pathogenesis is not well understood. Clinical risk factors in 
the pathogenesis of perinatal stroke have increasingly been recognized, such as hypoxia-
ischemia, hypoglycaemia, chorioamnionitis and neonatal infection.2-4 In complex diseases 
like ischemic stroke the genetic background may contribute to increased susceptibility to 
this type of cerebral injury. Although prothrombotic mutations, such as the factor V Leiden 
mutation and prothrombin (G20210A) gene mutation have been implicated in the risk of 
developing perinatal stroke, less is known about the contribution of  polymorphisms in 
genes encoding inflammatory molecules.5,6 Inflammation has been proposed as the 
hallmark of stroke pathology.7, 8 Besides influencing stroke risk, inflammation may also play 
a role in exacerbation of the stroke lesion in the post- ischemic phase. The inflammatory 
response to sterile cell death or injury during reperfusion after ischemia has many 
similarities to that observed during microbial infections.9 The pro-inflammatory cytokine 
that is most consistently found to be increased in cerebral spinal fluid from stroke patients 
is interleukin-6 (IL-6).7 Adhami et al10 showed that levels of IL-6 rise steadily in mouse brain 
tissue after transient middle cerebral artery occlusion.
Recently, a functional single nucleotide polymorphism (SNP) in the IL-6 gene has been 
identified: a G to C change at position -174 in the promoter region which may affect gene 
transcription leading to an increase in IL-6 production.11-13 In adults, the CC genotype of 
IL-6 -174 was associated with lacunar stroke and levels of IL-6 were significantly increased 
in ischemic stroke.14,15 In preterm infants this genotype has been linked to an increased risk 
of periventricular leukomalacia, intraventricular haemorrhage, white matter disease, and 
reduced gray matter volume.16-18 In the term neonatal population, the CC genotype was 
associated with an increased risk of cerebral palsy (CP).13

Miller et al19 evaluated 31 SNPs in a cohort of 59 neonates with stroke and were unable to 
find differences when compared with a control group. However, in this study, the IL-6-174 
SNP was not investigated and PAIS and CSVT were combined. It is therefore still unknown 
whether the IL-6 genotype influences the risk of PAIS or whether there is an interaction of 
this polymorphism with environmental risk factors in the pathogenesis of neonatal stroke. 
The aim of this study was to investigate a possible association of the IL-6 -174 genotype 
with neonatal stroke, the interaction with inflammation, and the relation with adverse 
neurological sequelae. 

iNtroDuCtioN
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baCKGrouND   inflammation has been proposed as hallmark in the 

pathophysiology of stroke. a functional polymorphism in the interleukin 

(il)-6 gene at position -174, encoding for the pro-inflammatory cytokine 

il-6, is associated with increased risk of neonatal brain injury or 

development of cerebral palsy. We aimed to study whether the il-6-174 

g/c polymorphism increased risk of perinatal arterial ischemic stroke 

(Pais) or subsequent adverse sequelae.

MetHoDS   infants born at >37 weeks gestation with Pais diagnosed by 

neonatal mri were included. genotyping of the il-6-174 g/c 

polymorphism was performed and compared to 1008 random population 

controls. Perinatal variables of case infants (n=63) were reviewed.

reSultS   there were no differences in il-6-174 genotype between 

infants with Pais and population controls. in multivariable analysis, 

independent risk factors for adverse outcome after Pais in a middle 

cerebral artery territory included cg genotype (or 5.9; 95% ci 1.02 - 

33.9) and male sex (or 4.2; 95% ci1.04 – 17.2).

CoNCluSioN   the il-6-174 gc genotype was more common among 

infants who had an adverse outcome following Pais in the middle 

cerebral artery territory. however, the distribution of the il-6 -174 g/c 

promotor  polymorphism did not differ between infants with Pais and 

population controls and therefore do not seem to play a role in stroke 

risk. 
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early onset sepsis defined as fever (>38°C) or an elevated C-reactive protein (CRP)  >30 
mg/L with a positive surface, blood or cerebrospinal fluid culture or both.

NEuromotor outComE
Infants with PAIS were seen at regular intervals at the follow-up clinic till the age of 5 years. 
Neurodevelopmental outcome was assessed using the Griffiths Mental Developmental 
Scales, the third edition of the Bayley Scales of Infant and Toddler Development (BSITD-III) 
at 24 months or the Wechsler Preschool and Primary Scale of Intelligence III-NL at 5 years 
of age.22 A spastic unilateral CP was diagnosed using the definition of Rosenbaum et al23 at 
the age of at least 18 months. Post-neonatal epilepsy was defined as electrographical 
discharges on EEG and need for treatment with anti-epileptic drugs. Visual field tests were 
performed in children with MCA and PCA infarction by a pediatric ophthalmologist using 
the behavioral visual field test (BEFIE test) which can be used from 3 months onwards. 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. 
An adverse neurodevelopmental outcome was defined as a neurocognitive score <85, CP, 
post-neonatal epilepsy or visual field deficit.

StatIStICal aNalySIS
The -174 SNP was in Hardy-Weinberg equilibrium both in cases and controls. Genotypes 
and allele frequencies of cases and controls were compared using Chi square tests or 
Fishers exact tests were appropriate. The effect of the IL-6-174 genotype on the 
neurodevelopmental outcome in PAIS infants was assessed using a logistic regression 
analysis, including gender, known to affect outcome in perinatal morbidity, and treatment 
with erythropoietin which was administered as a potentially neuroprotective agent during 
part of the study period. SPSS version 20 (IBM SPSS Statistics 20, New York, USA) was used.
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PatIENtS aNd CoNtrolS

Infants with a gestational age (GA) >37 weeks and a diagnosis of PAIS were included. All 
were admitted to the level three Neonatal Intensive Care Unit of the Wilhelmina 
Children’s Hospital, Utrecht, between 2003 and 2011. Diagnosis of PAIS was established 

by MRI. PAIS was defined as a well described area of decreased signal intensity on T1 and 
increased signal intensity on T2 and diffusion weighted imaging within the territory of the 
middle, anterior or posterior cerebral artery. The infarcts were classified according to the 
vessel, branch and side involved. 
An unselected population of 1008 persons born in The Netherlands who participated in 
the “Regenboog study“ were taken as controls for IL-6 -174 genotyping. The “Regenboog 
study” consists of  a large Dutch population taken from a health examination survey aiming 
to evaluate chronic and infectious diseases.20 DNA isolation and genotyping were 
described previously.21

dNa ISolatIoN aNd Il-6 -174 G/C GENotyPING of CaSE INfaNtS
DNA was extracted from whole blood samples by using the Maxwell 16 LEV blood DNA 
isolation kit (Promega, Leiden, the Netherlands). SNP rs1800795 (minor allele frequency 
0.434) is located in the promoter region of the IL-6 gene and was genotyped using a PCR-
restriction fragment length polymorphism assay. The region including SNP rs1800795 was 
amplified using the following primers; 0.5 uM forward: 5′-CAGAAGAACTCAGATGACTGG-3′ 
and 0.5 uM reverse: 5′-GCTGGGCTCCTGGAGGGG-3. The PCR reaction contained: 0.2 mM 
dNTPs (GE Healtcare), 2.4 mM MgCl2 (Promega, Madison, WI, USA), 0.5 U GoTaq 
(Promega), 4 ul 5x buffer (Promega) and 30 ng genomic DNA in a total volume of 20 ul. 
The PCR reaction was started at 95°C for 10 min, followed by 30 cycles of 95°C for 15 s, 
61.8°C for 15 s and 72°C for 1 min. The final extension was at 72°C for 10 minutes. The PCR 
product was digested with 0.5 U SfaN1 (New England Biolabs, UK), 1 μl buffer and 4.5 μl 
H20 at 37°C for 1.5 hours. The digested products were visualized on a 2% agarose gel. An 
undigested product is 612 bp and corresponds to the C/C genotype. The digested products 
377 and 235 bp correspond to the G/G genotype and samples were 3 bands were visible 
correspond to the G/C genotype.   

ClINICal VarIablES
Clinical information from the cases was derived from maternal and neonatal records. 
Maternal and obstetric variables include GA, primiparity, hypertensive disorders defined as 
either pre-eclampsia or pregnancy induced hypertension, prolonged rupture of 
membranes >24 hrs, maternal fever (>37.8°C) during delivery, meconium stained fluid, 
fetal heart rate abnormalities, emergency Cesarean section due to fetal distress, Apgar 
scores after 1 and 5 minutes, and umbilical cord pH. Neonatal and perinatal factors were 
birth weight (less than P3 according to Dutch standards), hypoglycaemia <2.0 mmol/L, 
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Among infants with PAIS, genotyping of the IL-6 SNPs was successfully performed in 
85%. 
In this group, PAIS involved the middle cerebral artery in 49 (78%), posterior 

cerebral artery in 12 (19%) and anterior cerebral artery in 2 (3%) as determined by MRI 
(Table 1). A left-sided infarction was most common (52%). Table 1 shows clinical 
characteristics of the PAIS infants.

IL-6-174 genotyPe In Cases anD ControLs
There were no significant genotype and allele frequency differences in relative risk of PAIS 
when comparing the IL-6-174 GG, GC or CC genotypes with the population controls (Table 
2). Odds ratios (ORs) for the different IL-6-174 genotypes in PAIS infants compared to 
controls are shown in Table 2.

NEurodEVEloPmENtal outComE
One of the infants with PAIS died in the neonatal period due to necrotizing enterocolitis. 
Another infant was lost to follow-up. Median age at last follow-up visit of the other 61 
infants was 24 months (9 -124 months, 3 infants were 9 months of age, the others >18 
months). Sixteen (33%) infants with MCA infarction developed a spastic unilateral CP, in 1 
concomittant with epilepsy, in 2 with visual field deficits and in two others with epilepsy as 
well as visual field deficits. One infant with MCA infarction developed epilepsy and another 
one a DQ <85. Of 12 infants with PCA infarction, 3 developed visual field deficits, 1 epilepsy 
and 1 a DQ <85. An infant with infarction in an ACA distribution developed epilepsy. In 
total, 24 infants had an adverse neurodevelopmental outcome.

Il-6-174 GENotyPE IN INfaNtS WIth PaIS: aSSoCIatIoN WIth 
adVErSE outComE
In a logistic regression model the following variables were included: IL-6-174 GG, CG or CC 
genotype, treatment with erythropoietin, and gender. In the total cohort, only male sex 
significantly increased the risk for an adverse outcome (Table 3). In the subgroup of infants 
with PAIS in the MCA territory (n=49), the IL-6 -174 GC genotype showed a significantly 
increased risk of  an adverse neurodevelopmental outcome compared to infants with a 
favorable outcome (Table 3). Male sex was significantly related to an adverse 
neurodevelopmental outcome (p=0.04). 

ClINICal fEaturES of PErINatal artErIal ISChEmIC StrokE
In infants with PAIS, CRP levels <48 hrs after birth had a median of  30, 14 and 10 mg/L in 
those with the CC, GC and GG IL-6-174 genotype respectively (p=0.07). Four out of 9 (44%) 
infants with the IL-6 -174 CC genotype had an early onset infection, compared to 3/31 
(10%) with GC and 3/20 (15%) with the GG genotype.
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Table 1. Imaging and clinical characteristics of infants with perinatal arterial ischemic stroke (n, %) 
Characteristics Total cohort of PAIS  

(n = 63)  
PAIS infants with adverse 

outcome (n = 24)a,b 

Imaging   
MCA 49 (78) 17 (71) 
PCA 12 (19) 6 (24) 
ACA 2 (3) 1 (5) 
Left-sided 
Right-sided 
Bilateral 

33 (52) 
25 (40) 

4 (6) 

10 (42) 
12 (50) 

2 (8) 
Clinical   
Male 38 18 
Gestational Age (median; range) 40.7 (37.1 – 42.7) 40.6 (37.1 – 42.1) 
Primiparity 37 14 
Pre-eclampsia 9 5 
Maternal fever 6 2 
Prolonged rupture of membranes 4 0 
Meconium stained amniotic fluid 24 13 
Fetal heart rate abnormalities 28 14 
Emergency CS 20 9 
Apgar score (1 min) (median) 6.5 (0 – 9) 6 (1 – 9) 
Apgar score (5 min) (median) 8 (3 – 10) 8 (3 -10) 
Apgar score <3 (1 min) 15 6 
Apgar score <5 (5 min) 9 3 
Cord pH <7.10 15/36 8 
Birth weight (gram) (median; range) 3348 (2145 – 5230) 3360 (2410 – 5230) 
Birth weight <p3 7 4 
Infection 10 4 
CRP (mg/L) (<48 hrs) (median; range) 12 (2 – 238) 21 (2 – 198) 
CRP >30 (<48 hrs) 14 6 
Hypoglycaemia <2.0 mmol/L 15 8 
Erythropoietin treatment 15 6 
Cerebral Palsy 16 16 
Post-neonatal epilepsy 7 7 

a1 infant was lost to follow-up and 1 infant died of necrotizing enterocolitis 
bComparing PAIS infants with a favorable outcome (n=37) with those with an adverse outcome (n=24), none of the 
characteristics were statistically significant 

Table 1  imaging and clinical characteristics of infants with perinatal arterial ischemic 

stroke (n, %)

a1 infant was lost to follow-up and 1 infant died of necrotizing enterocolitis
bComparing PAIS infants with a favorable outcome (n=37) with those with an adverse outcome (n=24), none of the characteristics were 

statistically significant
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Table 2. Allele and genotype frequencies in PAIS infants and Dutch population controls  
Allele PAIS 

(n =126)  
Controls 

(n = 2016) 
OR (95% CI) P Genotype PAIS 

(n = 63) 
Controls 

(n = 1008) 
OR (95% CI) P 

C 52 (41) 834 (41) 1.0 (0.69 – 1.44) 0.98 GG 20 (32) 336 (33) 1.00 0.89 
     GC 34 (54) 510 (51) 1.12 (0.63 – 1.98)  
     CC 9 (14) 162 (16) 0.93 (0.42 – 2.10)  
     GC + CC 43 (86) 672 (67) 1.08 (0.62 – 1.86)  

 
IL-6-174 genotype in cases and controls 
There were no significant genotype and allele frequency differences in relative risk of PAIS when 
comparing the IL-6-174 GG, GC or CC genotypes with the population controls (Table 2). Odds ratios 
(ORs) for the different IL-6-174 genotypes in PAIS infants compared to controls are shown in Table 2. 
 
Neurodevelopmental outcome 
One of the infants with PAIS died in the neonatal period due to necrotizing enterocolitis. Another 
infant was lost to follow-up. Median age at last follow-up visit of the other 61 infants was 24 months 
(9 -124 months, 3 infants were 9 months of age, the others >18 months). Sixteen (33%) infants with 
MCA infarction developed a spastic unilateral CP, in 1 concomittant with epilepsy, in 2 with visual 
field deficits and in two others with epilepsy as well as visual field deficits. One infant with MCA 
infarction developed epilepsy and another one a DQ <85. Of 12 infants with PCA infarction, 3 
developed visual field deficits, 1 epilepsy and 1 a DQ <85. An infant with infarction in an ACA 
distribution developed epilepsy. In total, 24 infants had an adverse neurodevelopmental outcome. 
 
IL-6-174 genotype in infants with PAIS: association with adverse outcome 
In a logistic regression model the following variables were included: IL-6-174 GG, CG or CC genotype, 
treatment with erythropoietin, and gender. In the total cohort, only male sex significantly increased 
the risk for an adverse outcome (Table 3). In the subgroup of infants with PAIS in the MCA territory 
(n=49), the IL-6 -174 GC genotype showed a significantly increased risk of  an adverse 
neurodevelopmental outcome compared to infants with a favorable outcome (Table 3). Male sex was 
significantly related to an adverse neurodevelopmental outcome (p=0.04).  
 
Clinical features of perinatal ischemic stroke 
In infants with PAIS, CRP levels <48 hrs after birth had a median of  30, 14 and 10 mg/L in those with 
the CC, GC and GG IL-6-174 genotype respectively (p=0.07). Four out of 9 (44%) infants with the IL-6 -
174 CC genotype had an early onset infection, compared to 3/31 (10%) with GC and 3/20 (15%) with 
the GG genotype. 
 
Table 3. Multivariable analysis of factors affecting adverse outcome in infants with PAIS 

Factors All infants with PAIS (n = 63) Infants with PAIS in MCA territory (n = 49) 
 OR (95% CI) P-value OR (95% CI) P-value 
IL-6 -174 genotype     
GC 2.7 (0.76 – 9.9) 0.13 5.9 (1.0 - 33.9) 0.05 
CC 1.9 (0.34 – 10.9) 0.46 6.8 (0.61 – 75.4) 0.12 
Male 3.2 (0.99 – 10.5) 0.05 4.2 (1.04 – 17.2) 0.04 
Treatment with 
erythropoietin 

1.15 (0.32 – 4.18) 0.83 0.87 (0.19 – 4.02) 0.86 

P-value in bold <0.05 
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Table 2  allele and genotype frequencies in pais infants and dutch population controls

Table 3  Multivariable analysis of factors affecting adverse outcome in infants with pais

We hypothesized that the G>C polymorphism at position -174 of the IL-6 gene, 
associated with increased IL-6 levels, may predispose infants to perinatal stroke. 
However, we did not find differences in the distribution of the IL-6-174 genotype 

in these infants compared to population controls. In contrast, infants with the GC or CC 
genotype showed an increased risk for an adverse outcome after PAIS in the middle 
cerebral artery territory, suggesting a role for these genotypes in the pathophysiological 
changes that occur after acute stroke.  
Several neonatal studies suggest a role for the GC or CC IL-6 -174 genotype in the 
development of perinatal brain injury or subsequent adverse neurodevelopmental 
sequelae.16-18 Harding et al.16   investigated the IL-6-174 genotype in preterm infants <32 
weeks GA and found a significant association with the CC genotype and development of 
IVH and white matter injury. Reiman et al.18 showed that the IL-6 -174 CC genotype may be 
associated with reduced volumes in deep grey matter in preterm infants. Among 52 
preterm infants with cystic periventricular leukomalacia (c-PVL) and preterm controls, no 
difference in the IL-6 -174 genotype was observed. However, infants with c-PVL and the CC 
or GC genotype in this cohort had a significantly increased risk of cognitive impairment.17 
Although our cohort consists of full-term infants and is therefore not comparable with this 
preterm study, the finding that adverse neurological sequelae following brain injury are 
associated with the CC or GC IL-6 -174 genotype is consistent. We found an increased risk 
for adverse neurodevelopmental outcome, including CP, after perinatal stroke in infants 
with the IL-6 (-174) GC or CC genotype, although the latter was not statistically significant. 
This is in agreement with the study of Wu et al.13 who found an 2.6-fold increased risk for 
CP in infants with the IL-6 CC genotype compared  to controls. Djukic et al.24 showed that 
carriage of the IL-6-174 C allele markedly increased the risk of hemiplegic CP in infants of 
all gestational ages. In contrast, O’Callaghan et al.25, investigating several SNPs in 
inflammatory genes as a risk factor for CP, showed that this SNP did not remain significant 
in a large cohort of infants with CP after correction for multiple testing. However, in the last 
study no interactions with other important risk and environmental factors were examined. 
These previous studies include infants with a clinical diagnosis of CP but did not 
differentiate between the different causes of brain injury leading to CP.13,24,25

The etiology of perinatal stroke remains complex and a multifactorial origin has been 
assumed. Several clinical studies support evidence for inflammation as a key player in the 
pathogenesis of perinatal stroke.2,3 Moreover, ischemia and reperfusion causes sterile 
inflammation.9 The inflammatory response to sterile cell death or injury has many 
similarities to that observed during microbial infections, resulting in the induction of 
proinflammatory cytokines and chemokines.9 Pro-inflammatory cytokines such as IL-1β, 
IL-6 and tumor necrosis factor-alpha (TNF-α) are secreted in the ischemic region especially 
by glial cells, which activate neurons and expansion of the inflammatory process by 
inducing the expression of other inflammatory molecules, such as chemokines.26 Cerebral 
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chemokines recruit leukocytes, such as monocytes/macrophages in the so-called M1pro-
inflammatory phase, to the ischemic region which  leads to further loss of neuronal cells 
and brain tissue.27 Lambertsen et al.7 have proposed that sensitivity of neurons for neuronal 
death after ischemia may be modulated by cytokines. The effects of these pro-
inflammatory cytokines in their role of defining the lesion size mainly depend on their 
availability in the ischemic penumbra in the early phase after stroke onset. 
In a large prospective cohort of adult stroke patients, increased IL-6 levels showed an 
independent association with poor outcome after stroke.28 Beridze et al.29 showed that 
elevated levels of IL-6 in cerebral spinal fluid within 6 hrs after adult stroke were correlated 
with lesion size and poor outcome after 1 month.
Previous research regarding adult stroke and association with -174 SNP in the IL-6 gene is 
conflicting. A recent meta-analysis did not support a clear association of the IL-6 -174G/C 
polymorphism with ischemic stroke in adults.30 In contrast, Revilla et al.14 demonstrated a 
significant increased risk for lacunar stroke in adults with the -174 CC genotype. 
The role of these polymorphisms in neonates may be different. Kilpinen et al.12 found an 
significantly increased IL-6 response in neonates but not in adults with the C-allele at the 
-174 position. This may indicate that the genetic regulation of IL-6 production with respect 
to this polymorphism can only be observed in relatively non-committed cells, while in 
adult cells previous contact with exogenous antigens might overrule the regulatory effect 
of this polymorphism. 
In term neonates with neonatal encephalopathy, elevations in serum inflammatory 
cytokines (IL-1β, IL-6, IL-8) were associated with impaired cerebral oxidative metabolism 
as detected by 1H-MRS in the neonatal period and with an abnormal neurodevelopmental 
outcome at 30 months of age.31 Previously, in infants with HI encephalopathy, a significant 
relationship between serum IL-6 and the degree of HI encephalopathy, and on the other 
hand between serum IL-6 and outcome has been observed.32,33

In adult population-based cohort studies, the C-allele at IL-6-174 has been associated with 
significantly higher plasma CRP levels.34,35 The pathophysiological mechanism could be 
explained by the hypothesis that the IL-6-174 C allele influences IL-6 gene transcription 
and subsequent CRP gene expression.35 In our infants with PAIS, CRP levels <48 hrs after 
birth were significantly higher in infants with the GC or CC genotype compared to the GG 
wild type. CRP levels in the first few days after birth are determined by different clinical 
variables, with mode of delivery, birth weight and gestational age being the most 
important.36 However, in our infants with the CC genotype, a (suspected) perinatal 
infection was more common. Pang et al.37, determining the role of IL-6 in mediating 
lipopolysaccharide-induced brain injury in rats, suggested that the contribution of IL-6 to 
brain injury depends on its interaction with lipopolysaccharide and not on IL-6 alone.   
An important limitation of our study is the lack of IL-6 plasma levels. Although an 
association between IL-6-174 genotype and IL-6 plasma levels in neonates has been 
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established12,13, it would be interesting to link these measurements to CRP levels and 
neurodevelopmental outcome. However, there was no serum or plasma available at the 
time of the study. Second, the IL-6-174 G/C polymorphism might be in linkage 
disequilibrium with other functional polymorphisms in the IL-6 promotor region. It cannot 
be excluded that these other polymorphisms are related to stroke risk. Lastly, 15/63 (24%) 
infants with PAIS were treated with erythropoietin (EPO). EPO is a neuroprotective 
growthfactor and reduces neuronal apoptosis, pro-inflammatory cytokine production,  and 
increases neurogenesis and angiogenesis.38 A protective effect of EPO on the progression of 
the post-ischemic lesion has not been well investigated. However, in experimental stroke 
EPO potentiates protective or reparative pathways, in particular genes implicated in 
synaptic plasticity.38,39 However, EPO treatment did not reveal to be a significant factor in 
reducing the risk for adverse outcome, including CP in our logistic regression model.  
When the role of cytokines in driving the inflammatory response is causally related to the 
degree of brain injury or to subsequent adverse sequelae, targeting these cytokines 
provides opportunities to therapeutic intervention in the post ischemic phase. Recently, 
minocycline, a potent anti-inflammatory agent, has been proven to lower IL-6 levels at 24 
hrs after acute stroke.40 The effect of tocilizumab, an antihuman monoclonal antibody that 
competitively inhibits the IL-6 receptor, in vascular disease is not yet known. However, 
there are suggestions that pharmacological inhibition of IL-6 transsignaling significantly 
reduces the development of atherosclerosis.41 Although the clinical significance of 
lowering IL-6 remains to be fully elucidated, it is an exciting prospect for application to 
combat the devastating consequences of ischemic stroke.
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The IL-6-174 CC and GC genotypes were more common among infants who had an 
adverse outcome following PAIS in the MCA territory. These genotypes may 
therefore affect the size and progression of the lesion following PAIS. However, the 

distribution of the IL-6 -174 G>C promotor polymorphism did not differ between infants 
with PAIS and population controls and therefore do not seem to play a role in stroke risk. 
The complex interplay between genetic background and clinical risk factors may ultimately 
regulate the outcome of stroke.
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Summary

A role for the prothrombotic factor V Leiden mutation in the development of venous stasis 
and subsequent PVHI has been suggested. The absence of GMH-IVH in 5/7 (71%) infants 
with the factor V Leiden mutation highlights the presence of another pathophysiological 
mechanism in these infants with an atypical PVHI. Further research of the factor V Leiden 
mutation in atypical PVHI is recommended. 
Encouraged by the findings in Chapter 2 to further study underlying pathophysiological 
mechanisms of 65 infants with a typical or atypical PVHI, placental examinations are 
presented in Chapter 3. The placenta of 14/19 (74%) infants with an atypical PVHI (of 
whom seven with a factor V Leiden mutation) and 38/46 (83%) infants with a typical PVHI 
was available for histopathological examination. Comparing maternal and neonatal factors 
revealed that an atypical PVHI was significantly associated with fetal heart rate 
abnormalities, a planned caesarean section, and hypertensive disorders of the mother (p 
values 0.00, 0.00, 0.01, respectively) whereas the need for mechanical ventilation was 
associated with a typical PVHI (0.00). In infants with an atypical presentation of PVHI, fetal 
thrombosis, a placental weight <p10, and placental infarction reflecting utero-placental 
perfusion problems were significantly more common than in infants with a typical PVHI (p 
values 0.01, 0.00, 0.00 respectively). An association was found between chorioamnionitis 
and the onset of a typical PVHI 6–96 hrs after birth (p value 0.04). Of the seven infants with 
an atypical PVHI and a factor V Leiden mutation, fetal thrombosis was present in 4 (57%) 
and an infarction in 6 (86%) infants. This study underlines the significance of placental 
examination in preterm infants with a PVHI because placental pathology reflects 
underlying disease processes and clinical conditions which may interact with the 
pathogenic mechanism of PVHI.

NEoNatal ENCEPhaloPathy IN full-tErm INfaNtS
Part II focuses on brain patterns of injury in infants with neonatal encephalopathy (NE) 
following an hypoxic-ischemic (HI) insult as assessed by MRI.  Using MRI, injury in the basal 
ganglia – thalami (BGT) and injury involving intravascular boundary zones, referred to as a 
watershed (WS) pattern, have been regarded as main patterns of injury following NE. On 
diffusion-weighted MRI (DW-MRI), these patterns are more conspicuous and seen earlier 
compared to conventional imaging. The prognostic value of DW-MRI in infants with BGT 
injury has been established. In contrast, less is known about DWI abnormalities in a WS 
distribution in relation to permanent damage and associated neurodevelopmental 
outcome. Chapter 4 describes 22 infants with predominant DWI changes in a WS 
distribution on neonatal MRI. In all infants, aEEG data of the first 96 hrs after birth was 
evaluated and in the survivors (n=15, 68%) also a follow-up MRI and their 
neurodevelopmental outcome. The neonatal MRI abnormalities were bilateral in all and 
symmetrical in 10 infants. WS injury occurred in isolation in 10/22 (46%) infants and was 
associated with involvement of the BGT in the other 12 (54%), of whom seven died. Cystic 
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In this thesis we have studied risk factors associated with neonatal brain injury in preterm 
and full-term infants. These risk factors include clinical factors, prothrombotic genetic 
factors, and placental characteristics.

Chapter 1 provides an overview of the different patterns of brain injury in the preterm and 
full-term born infant and the presumed underlying pathophysiological mechanisms. It 
underlines the  vulnerability of specific cell populations in specific developmental periods. 
The pattern of brain injury is therefore age-dependent and differs between preterm and 
full-term infants. Furthermore, current knowledge about associations with clinical 
conditions, genetic profiles, placental abnormalities, and subsequent patterns of brain 
injuries are described. The value of neuro-monitoring by (amplitude-integrated) 
electroencephalography ([a]EEG), cranial ultrasonography (cUS) and magnetic resonance 
imaging (MRI) is addressed. Finally, an outline of this thesis is presented. 

PErIVENtrICular haEmorrhaGIC INfarCtIoN IN 
thE PrEtErm INfaNt
Part I describes thrombophilic and placental factors in preterm born infants with 
periventricular haemorrhagic infarction (PVHI). PVHI is a severe type of white matter injury 
in very-low-birthweight (VLBW), preterm infants. PVHI usually develops within 96 hrs 
postpartum in preterm infants with an associated germinal matrix-intraventricular 
haemorrhage (GMH-IVH) in the context of a critical illness. Chapter 2 describes a cohort 
infants (<34 weeks gestational age [GA]) with a PVHI. We observed that 17/62 (27%) 
infants developed a PVHI with an atypical presentation and timing of onset. They 
developed the PVHI presumably antenatally or very late in the postnatal course (>96 hrs) 
in the absence of a critical illness. Because of this atypical presentation, the presence of 
genetic prothrombotic mutations were studied. These include the factor V Leiden and 
prothrombin gene mutation, the C677T and A1298C polymorphisms in the MTHFR gene, 
and plasma levels of homocysteine and lipoprotein(a). We compared clinical variables 
among these 17 infants with an atypical timing and onset of PVHI to 45 infants with a 
typical PVHI as was diagnosed on cUS. There was a significant difference in GA in infants 
with an atypical PVHI versus typical PVHI (30.6 versus 29.6 wks respectively). Besides, 
infants with an atypical PVHI were more often delivered by emergency Caesarean section 
(76% versus 36%). Among the 17 infants with an atypical PVHI, a heterozygous factor V 
Leiden mutation was found in seven (41%) infants and in two (12%) infants a mutation in 
the COL4A1 gene was previously demonstrated. Thus in 9/17 (53%) infants with an atypical 
PVHI, an associated genetic mutation was found. In 13/17 (76%) infants with an atypical 
presentation of PVHI, a spastic unilateral cerebral palsy (CP) was present (n=11) or was 
expected to develop (n=2) in contrast to 7/39 (18%) surviving infants in the group with a 
typical PVHI. 

174

summary, general discussion, conclusions

Part chaPter 9V



177

Summary

PErINatal StrokE IN full-tErm INfaNtS
Part III focuses on risk factors for the development of perinatal arterial ischaemic stroke 
(PAIS). Although the incidence of PAIS equalizes the incidence of adult stroke, the 
pathophysiology is not well understood.
In Chapter 7 we described maternal, perinatal, and neonatal risk factors in symptomatic 
PAIS infants compared to healthy controls which were matched for hospital of birth, date 
of birth (≤ 7 days) and GA (≤ 7 days). Risk factors significantly associated with PAIS were: 
maternal fever during delivery, Apgar score (5 min) <7, hypoglycaemia <2.0 mmol/L, and 
neonatal infection. The role of infection has been noted previously. However, our results 
emphasize the importance of the process of birth and fetal distress as reflected by Apgar 
scores (5 min) <7. Although the association of hypoglycaemia was previously reported in 
PAIS in preterm infants, this was not recognized in full-term PAIS. The hemostatic system of 
infants is most vulnerable in the perinatal period and the associated risk factors may 
interact with coagulation, eventually leading to arterial thrombosis.
Inflammation has been regarded as a hallmark of stroke pathology. The inflammatory 
response including  tumor necrosis factor, and interleukins (IL) modulates tissue injury in 
experimental stroke. Genetic differences might enhance the susceptibility to ischemic 
brain injury such as functional single nucleotide polymorphisms (SNPs) in inflammatory 
genes. In neonates, the IL-6-174 G/C polymorphism is associated with higher levels of 
plasma IL-6.
In Chapter 8 we compared the IL-6 SNP at position -174 among 63 infants with PAIS and 
1008 population controls. The distribution of the IL-6-174 genotype did not differ between 
cases and controls. However, the GC genotype was significantly associated with an adverse 
neurodevelopmental outcome (CP, epilepsy or DQ <85) in infants with PAIS in the middle 
cerebral artery territory (n=49) compared with infants with a favorable outcome 
(p=0.047). These results emphasize a possible role for inflammatory genes and therefore 
inflammation in the progression of post ischemic injury. More research to understand the 
role of inflammatory cytokines is of utmost relevance because they are a potential target to 
combat the devastating consequences of ischemic stroke.
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evolution, seen on MRI at the age of 3 months, occurred in 3/15 (20%) surviving infants. In 
7/15 (46%) infants a follow-up MRI was performed at the age >18 months that showed 
ulegyria in 4 of them (27%) and gliosis in all. A neurodevelopmental assessment of the 
surviving infants was performed at a median age of 35 months (range 18–48mo). Of five 
survivors with a BGT involvement, two developed CP, one had a mental developmental 
quotient (DQ) <85, and two had a normal outcome. Of the 10 infants with isolated WS 
injury, nine (90%) had a normal motor and cognitive outcome in infancy or early childhood. 
In all infants with a favourable outcome, background recovery was seen on aEEG within 48 
hrs after birth. This study shows that extensive DWI changes in a WS distribution in full-
term born neonates are not invariably associated with adverse sequelae, even in the 
presence of cystic evolution. Associated lesions of the BGT are a better predictor of adverse 
sequelae than the extent and severity of the WS abnormalities seen on DW-MRI.
In Chapter 5 we studied whether the different patterns of brain injury following NE due to 
HI can be attributed to clinical and thrombophilic risk factors. Thrombophilic factors were 
examined according to the ‘Stroke protocol’ and antenatal and perinatal factors were 
studied. Among 118 infants with NE considered secondary to HI, 45 infants (38%) had a 
predominant white matter (WM)/WS injury, 40 (34%) a predominant BGT injury, and 33 
(28%) had normal. Across these three groups, the BGT pattern was associated with Apgar 
scores (5 min) <5, whereas the WM/WS pattern was associated with hypoglycaemia (<2.0 
mmol/L), CT and TT 677 MTHFR genotype, and plasma homocysteine levels in the upper 
quartile. A better understanding of clinical and genetic factors that predispose to 
neuropathological substrates after HI followed by NE may lead to the unravelling of 
pathogenic mechanisms.
Chapter 6 continues the search for underlying pathophysiological processes related to 
patterns of brain injury after NE due to HI by histopathological examination of 95 
placentas. In this cohort, cerebral MRI showed no abnormalities in 34 (36%) infants, 
predominant WM/WS injury in 27 (28%), predominant BGT injury in 18 (19%), and WM/WS 
injury with BGT involvement in 16 (17%). Chorioamnionitis was an important finding 
across these groups with the highest incidence in the normal and BGT/WM/WS group (59% 
and 56% respectively). WM/WS injury with and without BGT involvement was linked to a 
decreased maturation of the placenta. The pattern of BGT injury was associated with 
chronic villitis (OR 12.7; 95% CI 2.4 – 68.7). A placental weight <p10 appeared to be 
protective for brain injury, especially for the BGT pattern (OR 0.1; 95% CI 0.01 – 0.7). The 
severity of placental abnormalities was scored and showed a significant difference 
(p=0.00) across the groups with the highest score for the group of infants with a WM/WS/
BGT injury. This study shows that chorioamnionitis is a common finding in infants with NE 
due to HI but has an ambiguous role in the development of brain injury. Decreased 
placental maturation exposes the fetus to chronic hypoxia and was associated with WM/
WS injury. Infants without brain injury showed often a placental weight <p10 and a role for 
preconditioning in the prevention of brain injury was hypothesized.
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General discussion, conclusions, future research

Part i 
PeriVeNtriCular HaeMorrHaGiC iNFarCtioN

timing and presentation of periventricular haemorrhagic infarction

The incidence of periventricular haemorrhagic infarction (PVHI) in preterm infants is 
inversely related to gestational age.1 As outlined in the introduction section, the 
presumed mechanism leading to PHVI is obstruction of the terminal vein and 

subsequently the medullary veins by a germinal matrix-intraventricular haemorrhage 
(GMH-IVH).2 An ipsilateral IVH is present in 80-90% of infants with PVHI.2 The time of onset 
of GMH-IVH, defined by cranial ultrasound (cUS), is the first day of life in at least 50% of 
affected infants, and approximately 90% of the lesions can be identified by 72 hours.3 For a 
long time, PVHI has been classified as grade IV IVH, a lesion that was interpreted as the 
result of an extension of the haemorrhage from the ventricle into the adjacent white 
matter (WM).4 We have shown that some preterm infants developed a PVHI without an 
associated GMH-IVH. Besides, the time of onset of the development of a PHVI was unusual: 
presumed antenatal or late in the post-partum period (>96 hrs) (Chapter 2). Recently, 
Adler et al.5 argued that if the venous infarction is caused by compression of the veins, one 
should expect a blood-distended ventricle (grade III IVH) which is not the case in all infants 
with PVHI. Therefore, they suggested that other mechanisms underlying PHVI must be 
considered such as the inefficient barrier function of the ventricular wall allowing 
ventricular contents (constituents of blood or inflammatory proteins) to gain access to the 
adjacent WM where they cause damage. 
Although we and others clearly visualized the venous infarction with MRI6, the observation 
that not all infants with PVHI have a typical presentation was reason to perform additional 
examinations (Chapter 2 and 3). It is recommended to take the differences in timing and 
presentation of PHVI into account when assessing imaging characteristics and associated 
risk factors. 

our research focused on factors which may affect the vulnerability for the 
development of hypoxic-ischemic (HI) brain injury in preterm and full-term infants. 
The aim was to improve our understanding of underlying mechanisms of injuries. 

We investigated factors concerning placental, clinical, and biochemical factors, and genetic 
susceptibility.

Coagulation and thrombophilia in preterm infants in relation to brain injury
Little is known about the coagulation system of the premature infant. It has been assumed 
that the neonatal hemostatic system is functionally balanced with no tendency toward 
haemorrhage or thrombosis.7 However, critical illnesses often disrupt the hemostatic 
system altering the balance of pro- and anticoagulant factors, predisposing to 
haemorrhagic or thrombotic complications. Andrew et al.8 developed reference values of 
the coagulation system in healthy preterm infants  between 30-36 weeks of gestation. The 
procoagulant vitamin K-dependent factors as well as the anticoagulant factors were 
between 25% to 70% of adult values. 
There is growing evidence that alterations of the coagulation system are associated with 
the occurrence of IVH and PVHI in preterm infants. Sentilhes et al.9 compared components 
of the fibrinolytic cascade among (very) preterm and full-term infants. They found 
significant increases in both plasminogen activator inhibitor-1 (PAI-1) antigen and PAI-1 
activity in extremely preterm neonates (26-29 wks) on day 10 compared with full-term 
infants. This might suggest the development of an abnormal fibrinolysis suppression in 
preterm infants with a subsequent higher risk in the development of thrombosis and PVHI. 
Poralla et al.10 demonstrated in a cohort of preterm infants (<28 wks gestational age [GA]) 
that activation of interleukin (IL)-6 was associated with decreased vitamin K-dependent 
coagulation factors and subsequently the development of IVH. They suggested that 
inflammation might cause systemic and local hemodynamic changes as well as endothelial 
damage of the GM and the WM. Unfortunately, they did not make a subdivision of the 
different grades of IVH, especially PVHI. 
We reported that 40% of infants with an atypical presentation of PVHI had a heterozygous 
point mutation of factor V Leiden (G1691A). This mutation in the factor V gene results in 
the replacement of the amino acid arginine to glutamine in one of the activated protein C 
cleavage sites. The subsequent diminished cleavage of factor V by protein C results in 
hypercoagulability. In the presence of thrombophilia, the immature coagulation system of 
the premature infant may contribute to an increased susceptibility to thrombus formation. 
Several cases reported a role for the factor V Leiden mutation in preterm infants with 
intraventricular haemorrhage, cerebral sinovenous thrombosis, or WM injury.11, 12 Recently, 
two sisters with extensive bilateral PVHI and mutations in the protein C gene resulting in a 
quantitative and qualitative reduction in protein C, were reported.13 This also address the 
role of hypercoagulability in the pathogenesis of PVHI. 
Next to new reference values of the coagulation system of very preterm infants from 24 
weeks GA, future research should focus on the role of thrombophilia and other genetic 
variants influencing the susceptibility of thrombus formation in large, prospective cohorts 
of preterm and full-term infants with typical and atypical patterns of brain injury. This 
would help to establish the role played by these genes as risk factors in these types of 
lesions and support the need for performing these tests in clinical practice.14
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might be of clinical value to guide early treatment and subsequent prevention of GMH-IVH 
and PVHI.
Utero-placental underperfusion has different systemic implications. Pre-eclampsia and  
IUGR, which are strongly associated with this placental disorder, have a lower risk of brain 
injury compared with chorioamnionitis.26, 27 In contrast to chorioamnionitis, it has been 
suggested that uteroplacental underperfusion exposes the fetus to antenatal ischemic 
preconditioning that might have a neuroprotective effect by upregulation of the VEGF/
VEGF receptor-2 pathway which has neurotrophic and angiogenic properties.28 Placental 
insufficiency causes a redistribution of the fetal arterial circulation including a shift in 
cardiac output from the right to the left ventricle, which favors blood flow to the fetal 
brain.29 However, a recent experimental study demonstrated that vascular IUGR by 
antenatal uterine vessel ligation offered only a transient protection against neonatal 
excitotoxic lesions.30 In agreement, a rat model showed that chronic reductions in 
uteroplacental perfusion pressure results in fetal, placental, and maternal cardiovascular 
and endocrine abnormalities that are consistent with the anti-angiogenic state and 
placental ischemia observed in pre-eclamptic women.31 Recently, van Vliet et al.32 showed 
that preterm infants with placental underperfusion had a poorer cognitive outcome at the 
age of 2 years than infants with a histological chorioamnionitis. This underlines the 
importance of the different types of placental pathology which should be taken into 
account.
Early, antenatal detection of placental disorders might be important in prevention of brain 
injury. Recently, WM injury following lipopolysaccharide (LPS) induced preterm birth in 
mice and was reduced by treatment with N-acetylcysteine, a potent anti-inflammatory 
agent.33 In the same mice model, erythropoietin ameliorates damage to the placenta 
induced by exposure to LPS.34 In factor V Leiden-associated placental failure, a protective 
effect of low molecular weight heparin on placental development and protection from 
fetal loss has been demonstrated.35 In the future, predicting whether preterm infants are at 
risk of chorioamnionitis or utero-placental underperfusion may allow early intervention 
and prevention of possible brain injury. 

neuromotor outcome following PVhI
Infants with an atypical PVHI were at higher risk to develop unilateral cerebral palsy (CP) 
compared with infants with a typical PVHI in our cohort (76% versus 19%) (Chapter 2). A 
previous study identified that 66% of surviving infants with PVHI developed CP. Only the 
most extensive form of PVHI was associated with a development of CP, but no other 
clinical variables were found as independent predictor.36 In a study of Maitre et al.37, 67% of 
infants with an unilateral PVHI developed CP as was the case in  89% of infants with a 
bilateral PVHI. Bassan et al.38 also reported neuromotor abnormalities in 60% of their 
cohort of infants with PVHI. These motor abnormalities were predicted by an anterior or 

Infants with PVHI are suggested to be at higher risk for necrotizing enterocolitis.15 This 
might suggest the presence of hypercoagulability as a common pathogenetic pathway.

Placenta
Placental abnormalities are a major reason for preterm birth. These could be mainly 
divided in inflammation (chorioamnionitis with or without funisitis) and utero-placental 
underperfusion. Importantly, pregnancy complications such as (prolonged) premature 
rupture of membranes, maternal hypertensive disorders, and intrauterine growth 
retardation (IUGR) are associated with these placental disorders.16 Even in infants with an 
idiopathic preterm birth, maturation disorders of the placenta are more common.17 
Inflammatory and angiogenic protein biomarkers in neonatal blood samples are related to 
these different placental disorders. There is a strong association between histological 
chorioamnionitis and funisitis and a systemic inflammatory response in the newborn.18, 19 
Conversely, histological lesions that indicate vascular underperfusion such as infarcts are 
associated with anti-angiogenic factors.18 Faupel-Badger et al.20 measured protein patterns 
in placental lysates of groups with a history of preterm premature membrane rupture, 
pre-eclampsia, and preterm labor (contractions in the setting of intact membranes), and 
elucidated discriminating patterns among these groups. Placentas of pre-eclampsia had 
high levels of vascular endothelial growth factors (VEGF) combined with low levels of acute 
inflammatory proteins in contrast to the other groups.
We aimed to evaluate placental pathology in a cohort of infants with PVHI to understand 
the mechanisms underlying this complication of preterm birth (Chapter 3). We 
distinguished infants with an atypical (presumed antenatal or >96 hrs after birth) and a 
typical timing (6-96 hrs after birth) and presentation of this type of brain injury. We found 
placental lesions such as fetal thrombosis and placental infarction significantly more often 
associated with an atypical PVHI. In contrast, chorioamnionitis and funisitis were 
significantly associated with a typical presentation of PVHI. Our results emphasized the 
different underlying pathophysiological pathways reflected by placental pathology 
between these groups. However, the role of these different placental lesions in the 
development of brain injury following preterm birth is still not fully elucidated. Several 
studies have suggested an association between histological chorioamnionitis and 
development of GMH-IVH or PVHI.19, 21-24 Although there is a role for pro-inflammatory 
cytokines and subsequent fetal inflammatory response linked to brain injury, the exact 
underlying mechanism is not fully clarified. Inflammation may produce vasodilatation and 
hemodynamic instability, resulting in GMH-IVH.25 Recently, a clinical prediction rule for 
histological chorioamnionitis composed of clinical variables available at birth was 
developed with a positive prediction value of 80% and a negative predictive value of 93%.16 
This shows that there is a difference in the clinical condition among infants with and 
without chorioamnionitis. Predicting the risk of chorioamnionitis in individual infants 
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Part ii
NeoNatal eNCePHaloPatHy FollowiNG 
HyPoxia-iSCHeMia iN Full-terM iNFaNtS

With the increased use of cerebral MRI and additional MR techniques, major patterns of 
brain injury following neonatal encephalopathy (NE) secondary to hypoxia-ischemia (HI) in 
the term infant can be differentiated.40, 41 These patterns are the result of a remarkable 
regional vulnerability observed in the brain of the term newborn following HI. Patterns of 
brain injury appear to be associated with antenatal and perinatal clinical risk factors. 
Besides, perinatal factors are important indicators of a response to treatment.42 However, 
the severity of brain injury following HI is not accurately predicted by indicators commonly 
used in the first hours of life, such as umbilical cord pH and Apgar scores.40

In this thesis we studied additional clinical, genetic, and placental risk factors to unravel 
the pathophysiological mechanisms. Our aim was to link patterns of brain injury to factors 
reflecting the underlying pathophysiological pathways. Injury in the watershed (WS) areas 
is one of the major patterns described after HI. Evolution of this type of injury as assessed 
by diffusion-weighted imaging (DWI), subsequent permanent damage, and 
neurodevelopmental outcome is not well described.

Watershed injury detected by diffusion-weighted imaging 
In recent years, an increased spectrum of WM and cortical injury following HI has been 
recognized, including periventricular and subcortical (focal) punctate lesions or 
infarctions.43, 44 However, infarction in WS areas is the most well-described pattern of WM 
injury following HI and associated with chronic, prolonged HI. With DWI, signal intensity 
changes in WS areas after HI are detected before these changes are apparent on 
conventional MRI. Although the WS pattern of injury has not been associated with 
functional motor deficits, increasing evidence shows a relation with cognitive 
impairment.45, 46 However, the evolution of this injury assessed by DWI and subsequent 
permanent lesions on MRI at a later age has not yet been studied. We were able to show 
that signal intensity changes in WS areas on neonatal DWI lead to atrophy in these 
corresponding areas on follow-up MRI at the age of 3 months (Chapter 4). Cystic evolution 
only occurred in a minority. At later ages (>18 months), gliosis was noted on a follow-up 
MRI in most but not all of the previously affected areas. As is known, ulegyria 
(“mushroom”) may be the final cortical abnormality following WS injury characterized by 
atrophy at the depth of the sulci and relative sparing of the crest of the gyri. In our cohort, 
ulegyria was present in only 4/7 infants with a follow-up MRI >18 months. This suggests 
that WS injury as seen by neonatal DWI does not invariably evolve into severe permanent 
lesions. 
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posterior frontal position of the PVHI, left-sided PVHI and microcystic evolution of the 
original PVHI echogenicity. One of the reasons for a lower incidence of CP in our more 
recent cohort might be that also smaller PVHIs were included because of improved cUS 
techniques. Timing of PVHI was not taken into account in any of these previous studies . 
Among our infants with an atypical PVHI, all but one of the infants with a heterozygous 
factor V Leiden mutation developed CP. This is in agreement with Mercuri et al.39 who 
showed that among infants with neonatal cerebral infarction, those with a factor V Leiden 
mutation all developed a spastic unilateral CP. When examining the neurodevelopmental 
outcome of preterm infants with a PVHI in future studies,  the timing of PVHI, the 
underlying placental lesions, and the presence of a genetic mutation is of utmost 
importance.

Conclusion
The cause of preterm birth may have an effect on the neurological outcome of a child. In 
infants with a PVHI, the underlying placental disorder was associated with the presentation 
and timing of this type of brain injury. An atypical PVHI was associated with a heterozygous 
factor V Leiden mutation. Elucidations of underlying mechanisms of PVHI and classification 
according to timing and presentation may help to unravel the etiology. Besides, it may 
provide insight into ways of prevention or treatments, also for future pregnancies. 
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postneonatal epilepsy. However, infants in our cohort were still young at the time of this 
study but will be followed until school age, as they may develop epilepsy in childhood. The 
early neurodevelopmental outcome of infants with isolated WS injury was surprisingly 
favorable, even in the presence of cysts at the age of 3 months. In contrast, when the BGT 
were also involved, there was a great risk for death or adverse neurodevelopmental 
sequelae. The association of BGT injury and adverse outcome has been reported 
previously.56, 57 The use of apparent diffusion coefficients (ADC) obtained with DWI in BGT 
during the first week of life can be used as a good predictor of neurodevelopmental 
outcome.56, 58 Our study addresses that larger cohorts are needed which study infants with 
WS injury on DWI, taking ADC values in BGT into account on MRI made during the first 
week after birth. Also careful follow-up MRI of these cohorts at later ages (>24 months) 
and long term neurodevelopmental follow-up are very important to extent our body of 
knowledge.
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Although DWI has been used for over a decade, the prognostication and consequences of 
restricted diffusion in some brain structures has not been completely clarified. In the 
majority of our cohort, either the anterior or posterior corpus callosum (or both) was 
affected (Fig 1a). The corpus callosum is a major anatomical and functional cerebral 
commissure consisting of approximately 200 million interhemispheric fibers most of 
which connect homologous regions of the cerebral cortex.47 Following HI, injury to the 
corpus callosum is not rare and correlates well with the presence of tract degeneration.48 
Results of previous studies reporting outcome after corpus callosal injuries are inconsistent 
and sometimes contradictory to each other.49, 50 Therefore, larger cohorts are needed to 
study the relation of restricted diffusion in the corpus callosum with subsequent 
permanent damage and neurological outcome. In some infants we also found localized 
restricted diffusion in the lateral cerebral peduncle, supposed to be the occipito-pontine 
tract (Fig 1b). This phenomenon possibly represents pre-Wallerian degeneration of these 
WM fascicles that results from damage to the neuronal cell body or excitotoxic injury 
spreading along the axons.41 Though a detailed function of the occipito-pontine tract is not 
well understood, it seems to be involved in cortical areas that
respond to visual stimulation.51 Further studies are essential to discover whether cerebral 
visual impairment might be predicted by this phenomenon.
We described that a considerable number of infants with WS injury showed only mild 
symptoms of NE in the early post-partum course. Seizures were often the clinical symptom, 
occurring as late as 65 hours after birth. Sato et al.52 investigated clinical features and 
neurological manifestations of infants with WS damage based on conventional neonatal 
imaging. They concluded that WS injury was related with serious neurological 
abnormalities despite a less serious physiological and neurological manifestation at birth. 
This means that also infants with moderate clinical signs of NE should be monitored by 
early amplitude integrated electroencephalography (aEEG) monitoring. One would expect 
that EEG depression can be observed prior to the development of seizures, allowing early 
intervention. 
Recently, a significant decrease in seizure burden was established in cooled versus non-
cooled babies with HI encephalopathy.53 In our cohort, only 5 out of 22 patients received 
therapeutic cooling. Because in our cohort of infants with WS injury seizures were 
frequently observed and severe, the effect of cooling on the seizure burden in these 
patients should be studied in the future. However, as these infants often develop seizures 
beyond the window for therapeutic cooling, this may be more difficult..
Previous studies, evaluating late neurological outcome after neonatal WS injury with 
permanent damage, have shown that the development of postneonatal epilepsy is an 
important adverse sequel.54, 55 This high risk for epileptogenicity may depend on the 
hyperexcitability of the damaged cortex. We found that mainly infants with restricted 
diffusion in WS areas as well as in the basal ganglia and thalami (BGT) developed 
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figure 1
(A) DW-MRI showing restricted diffusion in the anterior 
and posterior corpus callosum, the bilateral WS 
anterior/middle cerebral artery territories, and the 
left-sided posterior/middle cerebral artery territory.  

(B) DW-MRI demonstrated restricted diffusion in the 
lateral cerebral peduncles (arrows), supposed to be the 
occipito-pontine tract.

a B

figure 1
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confirmed in four infants with noncystic deep WM injury following NE.66 In studying clinical 
factors, it seems important to subdivide NE according to the pattern of brain injury. Next to 
the presence of intrapartum risk factors, the importance of the antepartum period in 
infants with NE has been emphasized. The placenta may provide valuable information 
regarding this antepartum period.

Placental diseases
The placenta is an important ‘black box’, hiding information regarding pathophysiological 
processes that expose the fetus to an adverse intra-uterine, antepartum environment. 
Besides the origin, also timing of injury might be reflected by placental pathology. 
Pathological patterns of the placenta can be divided into three categories: maternal and 
fetal vasculature and inflammatory lesions.67 Previous studies, reporting placental 
histopathology in term infants with NE after HI or low Apgar scores, show that placental 
pathology in this group is very common.68-70 Chorioamnionitis and funisitis were important 
placental findings in these studies.68, 69 
In our study, linking placental pathology to the pattern of brain injury after NE, we found an 
important role for chronic villitis, a decreased maturation, and a placental weight <p10 
(Chapter 6). Infants with chronic villitis showed a significant increased risk for BGT injury. 
Although chronic villitis is a characteristic, histopathological pattern of focal areas of 
inflammation with mononuclear cells and areas of fibrinoid necrosis in chorionic villi, the 
etiology is still unknown.71 An immunological or viral origin has been suggested, but 
further research is needed to investigate the cause and consequences of chronic villitis. 
Another important finding was a decreased maturation of the placenta in 48% of infants 
with WM/WS injury and 69% of infants with extensive brain injury (WM and BGT). In this 
maturational defect of the placenta there is a marked reduction in capillary density and 
number of syncytio-capillary membranes, resulting in an insufficient decrease of the 
diffusion distance between the maternal and fetal blood supplies.72 This leads to a reduced 
oxygen transport and exposes the fetus to hypoxia. A severe decreased maturation 
increases the risk for fetal death 70-fold and the risk of stillbirth tenfold.72 The etiogenesis 
of this important placental defect is unknown  and early diagnosis a major challenge.72 
None of the 18 infants with isolated BGT injury in our cohort had a decreased placental 
maturation, addressing the absence of chronic hypoxia in this group. 
Besides a chronic hypoxic component represented by a maturational defect in the 
pathogenesis of WM injury, this group also showed the most placental lesions. As the 
presence of a variety of placental lesions appears to be a strong predictor for damage to 
the central nervous system (CNS), measurement of placental function and indicators of 
placental pathology during pregnancy are important tools for early detection of infants at 
risk.67 Next to ultrasound-Doppler, MRI of the placenta and biomarkers in maternal plasma 
may be promising.73, 74 In the rhesus monkey, an approximate 40% reduction in functional 
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neonatal encephalopathy and clinical risk factors
In a large cohort of (near) term infants with NE, inflammatory factors including elevated 
maternal temperature in labor (27%), prolonged rupture of membranes (5%), and small-
for-gestational age (birth weight below the 10th percentile[16%]) were strong predictors of 
NE.59 Only 15% of the infants had a sentinel asphyxial event, thus in most infants the cause 
of NE remained unexplained. Badawi et al.60 also emphasized the absence of evidence of 
intrapartum hypoxia in over 70% of cases with NE. It is likely that many babies already have 
problems before labor and that others whose reserve is diminished at the onset of labor 
may have less capacity to cope with hypoxia during labor. In contrast, in a large cohort of 
infants with NE, seizures, or both, Cowan et al.61 showed that more than 90% had evidence 
of perinatally acquired insults. A significantly lower birth weight was found in infants with 
non-acute brain injury on MRI compared to those with acute injury. However, from their 
data it could not be excluded that antenatal factors could initiate a causal pathway for 
perinatal brain injury and that they might make fetuses more susceptible to the stresses of 
labor and delivery. The differences between the studies of Cowan et al. and Badawi and 
coworkers could partly be attributable to the differences in inclusion criteria. Badawi et 
al.60 included also infants with obvious neurodevelopmental and chromosomal 
abnormalities and those infants presenting symptoms only late in the first week of life. This 
stresses the importance of a homogeneous study group when studying risk factors. Wu et 
al.62 established that among 2131 infants with NE, IUGR, lack of prenatal care, primiparity, 
advanced maternal age, and infant male sex gave a significant elevated risk of NE. They also 
found that nighttime delivery was an independent risk factor for NE. In conclusion, from a 
clinical perspective, causes of NE are heterogeneous. These previous studies suggest a role 
for intrapartum as well as antepartum factors.
Our research focused on the association of clinical variables and patterns of brain injury 
after NE. Previously, Miller et al.40 focused on the association of clinical factors and patterns 
of  brain injury after NE. An emergency Cesarean section was most common in the BGT 
predominant group. We confirmed this finding in our two cohorts of infants with NE 
(Chapter 5 and 6). We also found an acute onset of HI, expressed by lower umbilical cord 
pH and lower Apgar scores, to be related to BGT injury following NE. Previously, Mercuri et 
al.63 showed that BGT injury was associated with an 1 minute Apgar score of ≤3. In a study 
evaluating the pattern of brain injury in term infants with NE who were born after a 
sentinel event, BGT lesions were the hallmark in 74%.64 The BGT, posterior brainstem, and 
the most active regions of the cerebral cortex are regions of the brain with the most 
advanced myelination, highest perfusion, increased synaptic plasticity, and greatest 
glucose uptake and are therefore at highest risk for acute, profound hypotension.65 Miller 
et al.40, also looking at the severity of brain injury, found that maternal inflammatory state, 
prolonged rupture of membranes, and a lower birth weight were related to higher, more 
severe WS scores. Compared to healthy born controls, a lower birth weight was also 
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rate of glucose (CMRglc) in rat pups that underwent unilateral carotid artery ligation and 
HI. They found that 3-12 hrs after HI there were regions with an increased CMRglc in the 
ipsilateral hemisphere compared with the contralateral hemisphere, followed by a 
secondary phase with low CMRglc. In these regions infarctions were subsequently 
observed. The increased glucose utilization may indicate an impaired mitochondrial 
function and tissue at risk of developing overt infarction. In the same animal model, a 
marked reduction of brain infarctions in fasted rats with hypoglycemia and ketonemia as 
compared to insulin-treated and control rats has been described.85 The presence of an 
alternative energy source in the absence of glucose might reduce perinatal HI brain 
damage. McGowan et al.86 described hypoglycemia-induced alterations of the ionotropic 
glutamate receptor function in piglets, triggering excitotoxic neuronal injury. Thus, the 
deleterious effects of hypoglycemia in HI brain injury has been confirmed from animal 
experiments, but the exact role of glucose in modulating brain injury in neonates after HI is 
not fully unraveled. Further evidence regarding identification of infants with a significant 
energy deficit, need and duration of energy supply, and interference of glucose supply with 
other interventions is needed.87 This would allow modification of present clinical practice 
guidelines which may contribute to improving neurological outcomes after HI. 
In our cohort of infants with NE following HI, plasma homocysteine levels (tHcy) of those 
infants with WM/WS injury were significantly higher compared with infants without brain 
injury or predominant BGT injury. The metabolic pathway of homocysteine has been 
shown to be of importance in several diseases. Homocysteine is a sulfur-containing amino 
acid that is metabolized via two alternative pathways: by remethylation to methionine or 
irreversibly degraded through the transsulphuration pathway to cysteine. Both pathways 
are B-vitamin-dependent. Hyperhomocysteinemia can be caused by cobalamin (vitamin 
B12) or folate deficiencies, defects in CβS, cobalamin and folate metabolism, especially 
deficiency of the enzyme methylenetetrahydrofolate reductase (MTHFR).88 Elevated levels 
of tHcy are especially linked to an increased risk of cardiovascular diseases and CNS 
damage in adults.89 Hogeveen et al.90 demonstrated that elevated tHcy concentrations 
were associated with an increased risk of an ischemic or hemorrhagic stroke in neonates. 
Besides, significant higher maternal tHcy concentrations during pregnancy were found to 
be associated with an increased risk for being small-for-gestational-age at birth.91 A recent 
large prospective cohort study demonstrated that higher tHcy concentrations in the first 
trimester of pregnancy were associated with lower placental weight, lower birth weight 
and a higher risk of small-for-gestational age at birth.92 These and our findings address the 
need for further steps examining whether tHcy concentrations are causally related to 
adverse pregnancy outcomes or that tHcy is merely a marker related to other underlying 
risk factors. Because folate and cobalamin have been proven to lower tHcy concentrations, 
this may allow intervention when elevated tHcy concentrations increases the brain’s 
vulnerability to other primary insults.93 Therefore, prospective cohort studies in 
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placental capacity may be compensated by an increased placental growth and 
maintenance of umbilical volume blood flow.75 However, chronic reductions in utero-
placental perfusion pressure result in fetal, placental and maternal cardiovascular, and 
endocrine abnormalities.31 In the future, research of the critical border between placental 
function or dysfunction and its detection is of utmost relevance. 
A placental weight <p10 was associated with a reduced risk of brain injury after NE 
following HI. We hypothesized that a placental weight <p10 is indicative of placental 
underperfusion and ischemia (Chapter 6). Placental ischemia is a strong in vivo stimulus of 
angiostatic factors such as HIF-1α.76 This may be important in (neuronal) cell survival (see 
page 193 ’Genetic background’).
Placental examination in infants with perinatal brain injury is important. In search of 
pathophysiological mechanisms it is important that placental examinations are performed 
by an experienced pathologist in a large prospective, population-based cohort.77 When 
investigating the role of placental pathology in NE due to HI,  sentinel events and 
treatment with hypothermia should also be taken into account. 

metabolic pathways and molecular mechanisms of brain injury
Brain injury after HI develops over a protracted time period. The pathogenesis of this injury 
is complex since interrelated toxic events occur simultaneously. After the acute phase 
(with oxygen and glucose deficiency), several critical biochemical and molecular events 
may be involved in the cascade leading to brain injury. These include mitochondrial 
dysfunction, apoptotic mechanisms, impaired glutamate homeostasis, excitotoxicity 
mediated by the Ca2+-permeable N-methyl-D-aspartate receptor, and accumulation of 
reactive oxygen species.78-80 Elucidating molecular mechanisms is of utmost importance in 
unraveling underlying mechanisms and novel targets for intervention. Experimental data 
from animal studies suggest that interventions that interfere with the delayed (secondary) 
phase may improve survival of injured neurons and prevent secondary neuronal loss.78  
From our clinical research, we reported both hypoglycaemia (Chapter 5 and 6) and 
homocysteine level (Chapter 5) as potentiating factors in the development of specific 
patterns of injury after NE. 
The role of hypoglycemia in perinatal brain injury is increasingly recognized. Nadeem et 
al.81 described that an hypoglycemia <2.6 mmol/L < 6 hours after birth was linked to 
severe HI encephalopathy and thereby to an adverse outcome. In agreement with our 
findings, an association with WM disease has been described previously.82 In animal 
models, hypoglycaemia results in an increased cerebral blood flow but with a substantial 
preferential perfusion of the lower brainstem and with a blunted response of WM.83 
Besides, hypoglycaemia leads to loss of autoregulation of the cerebral blood flow.83 
Especially in infants with systemic hypotension superimposed on hypoglycemia, this may 
increase the risk of ultimate brain damage. Gilland et al.84 studied the cerebral metabolic 
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sensitizing the brain to a second stress,  inflammatory processes occur also immediately 
after damage to the CNS. This post ischemic inflammation is important in modulating 
tissue injury. In infants with NE, proinflammatory cytokines were present in cerebrospinal 
fluid/plasma. Elevated levels of these proinflammatory cytokines were correlated with a 
poorer outcome.105, 106 Reduction of inflammation and levels of proinflammatory cytokines 
are known to decrease the severity of injury.107, 108 In conclusion, (intra-uterine) 
inflammation preceding an HI insult have an ambiguous role in the development of a brain 
injury. However, post ischemic inflammation is viewed as detrimental to the recovery from 
HI brain injury. 

genetic background
Serious monogenetic disorders may mimic the picture of NE due to HI, including the 
MECP2 mutation, Prader-Willi syndrome, and molybdenum cofactor deficiency.109-111 
Awareness of a possible underlying genetic syndrome in an infant presenting with NE is 
important. The presence of a genetic syndrome does not always have consequences for the 
index case, but may be of utmost importance for future pregnancies. Recently, in an infant 
with molybdenum cofactor deficiency which was diagnosed antenatally because of a 
previous affected sibling, experimental treatment with cyclic pyranopterin 
monophosphate, the missing substance, has been shown to be of benefit for the short 
term neurological outcome.112 
Genetic differences might enhance susceptibility to brain injury after HI such as single 
nucleotide polymorphisms (SNPs) in prothrombotic, inflammatory, immune-mediated, or 
metabolic pathways. So far, only in one small study of infants with HI encephalopathy some 
prothrombotic and inflammatory polymorphisms have been studied.113 We demonstrated 
that the MTHFR 677 CT or TT genotype was significantly associated with WM/WS injury 
after NE due to HI compared with infants without injury and those with predominant BGT 
injury (Chapter 5). The MTHFR gene encodes for the MTHFR enzyme that links 
homocysteine with folate metabolism and has a unique function in that it regulates the 
availability of methyl groups for methylation reactions. The 677C>T variant in the MTHFR 
gene causes a reduced MTHFR activity, in particular if folate levels are low-normal. This 
subsequently causes a redistribution of one-carbon units. which may result in a global 
reduction of methylation of DNA.114, 115, 116 Although the link between brain injury and the 
MTHFR 677C>T genotype was reported previously, the precise role is not yet unraveled.117 
Our findings may emphasize the importance of the genetic background in the 
susceptibility for brain injury and encourages further research. Identifying functional SNPs 
would require the study of large populations. Gene exploration by sequencing or a 
comparable technique should be used rather than just testing known, published gene 
variants. When exome sequencing will become easier to perform in the near future and 
also be cheaper, this could narrow the gap in our knowledge regarding undiscovered 
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homogeneous neonatal populations are warranted. Regarding underlying mechanisms of 
elevated tHcy in brain damage, animal models revealed that homocysteine may induce 
oxidative DNA damage, increase reactive oxygen species formation, and subsequently 
enhance brain damage after cerebral ischemia.94, 95 Acute hyperhomocysteinemia causes 
hypercoagulability in the plasma of rats.96 Further research should focus on homocysteine 
homeostasis in animal models exposed to HI, because HI may destroy the brain 
metabolism. Recently, a significantly decreased cholesterol metabolism in neonatal rats 
during the first three days after HI compared with controls and subsequent 
hypomyelination has been reported.97 
 
(Intra-uterine) Inflammation
We have shown that in almost 50% of infants with NE following HI a chorioamnionitis was 
present, indicating moderate to severe intrauterine inflammation preceding NE (Chapter 
6). As reported  above, clinical inflammatory factors are significantly more common in 
infants with NE compared to controls.98 Inflammation/infection can act as a predisposing 
factor making the brain more susceptible to a second stress. However, findings of brain 
damage after HI preceded by inflammation in animal studies show conflicting results. 
While in some studies exposure to the bacterial endotoxin LPS dramatically increased the 
vulnerability of the immature brain to HI, 99, 100 others demonstrated that pretreatment 
with LPS induces a state of tolerance to subsequent HI.101, 102 The complexity of the role of 
inflammation in brain injury following HI has been confirmed by our findings that infants 
without and those with the most extensive brain injury both had the highest percentage 
(~60%) of chorioamnionitis preceding HI. One of the explanations might be that 
chorioamnionitis is a sub-damaging stimulus leading to preconditioning of brain tissue, 
depending on the time interval between the onset of chorioamnionitis and the HI insult. 
Usually, 12-72 hrs is required to achieve tolerance.103 A protective mechanism to the brain 
that occur in this time period includes up regulation of antioxidant enzyme expression 
decreasing the deleterious effect of free radicals on neurons.104 Another important factor in 
determining the development of brain injury after chorioamnionitis and HI might be the 
presence and pathogenicity of a microorganism. Subsequently, the level of activation of 
pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), IL-1β, and IL-6, 
may be essential in determining the deleterious or beneficial effect to the brain. Further 
experimental and clinical research is required to support the role of chorioamnionitis and/
or pro-inflammatory stimuli in preconditioning of the brain to a second insult and to 
develop new strategies of intervention. Recently, early detection of LPS-induced placental 
inflammation by MRI allowed therapeutic intervention with IL-1Ra, blocking the IL-1β 
pathway.73 This was associated with a decreased pro-inflammatory cytokine expression in 
the placenta and protected the placenta.
Besides inflammation as initiation of HI, trigger for adverse events during labor, or 
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Part iii
PeriNatal StroKe iN Full-terM iNFaNtS

Although neonatal and adult stroke have a similar incidence, the mechanisms are entirely 
different.121 These include the impact of neuroinflammation, the immature neonatal 
coagulation system, and the immaturity of the brain which makes the brain more 
susceptible to ischemic, excitotoxic, and oxidative damage.

risk factors 
In our case-control study of infants with perinatal arterial ischemic stroke (PAIS) (Chapter 
7) we identified maternal intrapartum fever and early onset sepsis/ meningitis as 
independent risk factors. Furthermore, Apgar scores <7 after 5 min and hypoglycaemia 
(<2.0 mmol/L) were significantly associated with PAIS. The role of intrapartum fever has 
been suggested previously.122-124  Although intrapartum fever is associated with 
chorioamnionitis, it is important to note that intrapartum fever is not a reliable diagnosis 
of an underlying inflammatory process. Further studies, investigating the placenta of 
infants with PAIS, are needed to establish the role of histological chorioamnionitis. 
Unfortunately, the placenta is often no longer available at the time that the infants present 
with neonatal seizures. Meningitis has previously been associated with perinatal arterial or 
venous stroke.125

Apgar scores <7 at 5 minutes suggest a role for fetal distress and intrapartum HI. However, 
previous reports are conflicting whether this picture of HI is involved in the causal pathway 
or might be the result of a stroke occurring in late pregnancy or early labor.126-128 
Intrapartum complications suggestive of HI events including fetal heart rate abnormalities, 
meconium-stained amniotic fluid, and low Apgar scores have frequently been reported in 
infants with PAIS.122, 126, 129, 130 As shown in an animal model, HI induced by unilateral 
common carotid artery ligation combined with hypoxia, leads to reduction of regional 
blood flow to values known to produce brain injury.131 
Next to an association of hypoglycaemia <2.0 mmol/L with brain injury following HI 
(described above), hypoglycaemia <2.0 mmol/L was present in 25% of infants with PAIS. 
This is in agreement with findings in the preterm PAIS population. In contrast, Burns et al.82 
identified brain injury patterns in symptomatic neonatal hypoglycemia and found a middle 
cerebral artery infarction in only 3/35 infants. Further experimental and clinical research is 
needed to identify the role of neonatal hypoglycaemia and HI in full-term brain injury.
Most studies support the theory that perinatal stroke has to be considered as a 
multifactorial problem.122, 123 Large, controlled trials are needed to detect etiological 
groups of infants at risk of PAIS. Furthermore, the effects of these complications on the 
placenta and fetus should be studied to clarify the causal pathway of PAIS. 
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potential genetic variation that could enhance the susceptibility to HI brain injury. 
Recently, exome sequencing in patients with an intellectual disability (IQ <50) yielded 
potentially causative de novo mutations in novel candidate genes in 22/100 patients.118

Besides an association of genetic variation with patterns of brain injury following HI, it is 
becoming increasingly apparent that epigenetic mechanisms play a role in the cellular 
response to hypoxia.119 The term ‘epigenetics’ refers to enzymatic (e.g. acetylation, 
methylation) and nonenzymatic mechanisms (micro-RNA) by which gene expression is 
modified without altering the sequence in genomic DNA.78 Different underlying 
mechanisms, such as inflammation, growth restriction, maternal stress, and hypoxia are 
known to alter the epigenome. Exposition to hypoxia may lead to cellular responses that 
largely depend on changes in gene expression. Hypoxia Inducible Factors (HIFs) are 
transcription factors that are upregulated by exposition to hypoxia. HIFs regulate gene 
expression through interaction with specific hypoxia response elements of promoter and 
enhancer regions of hypoxia-responsive genes.119 They target specific genes such as those 
involved in erythropoiesis, angiogenesis and anti-apoptosis. During mild hypoxia, the 
transcriptional activations mainly promote cell survival. In contrast, during severe hypoxia, 
the transcriptional activations mainly lead to cell necrosis and apoptosis.120 There is 
increasing evidence that the activity of hypoxia-induced transcription factors is 
superimposed upon a background of epigenetic changes that are essential for determining 
the hypoxic response.119 It is also important to note that chronic hypoxia may induce 
changes in gene expression that are independent of the classical HIF pathway.119 The next 
step in future research is identifying genes that are under epigenetic control and involved 
in the etiology of brain injury. The ultimate goal is the identification of molecular pathways 
that are essential for prevention of neonatal brain injury due to HI.

Conclusion
The onset of NE following HI and the subsequent pattern of brain injury is subjected to 
several clinical, biochemical, placental, and genetic factors. These factors are also intricately 
interrelated. Due to increased and improved neuro-imaging, different patterns of injury can 
be detected. The differentiation of these patterns may help in determining the underlying 
pathophysiological mechanism and in the prediction of progression of the injury.  
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Conclusion
PAIS is a multifactorial disease with an important role for inflammation. We also 
demonstrated an association with Apgar scores <7 after 5 minutes and hypoglycaemia 
<2.0 mmol/L. A functional polymorphism in the IL-6-174 gene was not associated with an 
increased risk of PAIS, but the IL-6-174 GC genotype was independently related to an 
adverse outcome after PAIS, including CP. Lowering the pro-inflammatory response 
following PAIS is an exciting prospect for new therapeutics. Therefore, enhancing the 
research field with regard to neonatal post-ischemic inflammation is of utmost relevance.
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Histopathological examination of placentas is important to detect underlying mechanisms. 
The role of chorioamnionitis is of special interest, because of the previously reported 
association with maternal fever.122, 123

Inflammation 
Our study (Chapter 7) shows a role for maternal fever during delivery and early onset 
sepsis/meningitis in neonatal stroke risk. This is in agreement with other clinical studies 
investigating perinatal risk factors in PAIS.122, 123 Inflammation has been regarded as the 
hallmark of stroke pathology, significantly contributing to stroke risk, progression of post 
ischemic injury,  and outcome.132, 133 However, this is mainly demonstrated in experimental 
stroke models.134 Moreover, the impact of age and therefore the aspect of immaturity of 
the brain in (repair following) neonatal stroke is frequently overlooked.134 Pro-
inflammatory cytokines such as TNF-α, IL-1, and IL-6 are increased many-fold in the brain 
within the first 24 hours after experimental stroke or HI.132, 135 These pro-inflammatory 
cytokines are secreted in the ischemic region, especially by glial cells which activate 
neurons and expansion of the inflammatory process by inducing the expression of other 
inflammatory molecules such as chemokines. Cerebral chemokines recruit leukocytes such 
as monocytes/macrophages in the so-called M1pro-inflammatory phase to the ischemic 
region which  leads to further loss of neuronal cells and brain tissue.133 The effects of these 
cytokines on infarct evolution depend on a pronounced, many-fold increase in cytokine 
levels in the ischemic territory. Most experimental studies link post-ischemic inflammation 
to the progression of brain damage.132 However, clinical studies studying levels of pro-
inflammatory cytokines in infants with PAIS and subsequent lesion volume are scarce. IL-6, 
a pro-inflammatory cytokine, is most consistently found to be increased in the 
cerebrospinal fluid from stroke patients.132 Blocking its action reduced HI brain injury.135 In 
neonates, in vivo and in vitro experiments showed an increased IL-6 production in infants 
with the -174 CC and GC genotype compared to the GG wild type. 136, 137 In chapter 8 we 
studied the IL-6-174 genotype in infants with PAIS and compared this with population 
controls. We did not find an association of the IL-6-174 genotype with an increased risk of 
PAIS. However, infants with PAIS in a middle cerebral artery territory showed an increased 
risk of an adverse outcome, including CP, in the presence of the IL-6-174 GC genotype. 
Because there was no plasma available of infants in our study, we were not able to correlate 
IL-6-174 genotype to plasma IL-6 levels. Further clinical studies are recommended to study 
pro-inflammatory cytokines and its genetic association in relation to perinatal stroke. 
Because these pro-inflammatory cytokines are supposedly produced within the 
therapeutic window, lowering pro-inflammatory cytokines is an exciting prospect for 
application to combat the devastating consequences of ischemic stroke. 
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another important placental abnormality with an unknown etiology and showed a 
significant association with a BGT pattern of injury. Besides, studying the critical border 
between placental function and dysfunction detected by tools that are easily applicable 
in clinical practice may identify infants at risk.

• Hypoglycaemia seems to play a role in the modulation of brain injury in infants with NE 
following HI. The underlying mechanism is however not yet fully understood. The 
optimal glucose management in infants with NE after HI should be better defined. 

• The metabolic pathway of homocysteine is of importance in several (brain) diseases. 
Elevated homocysteine levels might increase the vulnerability of neurons. The 
homocysteine metabolism in brain injury following NE by HI is unknown and 
prospective studies are needed to detect whether homocysteine levels are causally 
related to brain injuries or are merely a marker related to underlying risk factors. The 
role of folate and B vitamin (deficiency) is important, because supplementation 
therapy is a possible intervention.

• Although chorioamnionitis showed to be important in NE following HI, the ambiguous 
role in subsequent brain injury needs further research. It should be elucidated whether 
chorioamnionitis is connected to viral or bacterial infection or is non-infectious, 
whether it aggravates the inflammatory response in the brain after HI, and what the 
subsequent influence on the brain following HI might be. Further experimental 
research is required to study the role of anti-inflammatory interventions in the 
prevention of brain injury after HI.

• Little is known about genetic associations with brain injury following NE due to HI. 
Exome sequencing might be an effective diagnostic strategy to detect mutations 
involved in brain injury following NE or in the susceptibility to HI brain injury. Moreover, 
identifying genes that are under epigenetic control and are involved in the etiology of 
brain injury is essential for our understanding of molecular mechanisms and the 
development of preventive strategies.

Part III Perinatal stroke in full-term infants
• It has been assumed that the etiology of perinatal stroke is multifactorial. Therefore, 

large, controlled cohorts are needed to detect etiological groups at risk.
• Placental investigation in infants with PAIS is important to establish the role of 

chorioamnionitis with or without fetal involvement or placental underperfusion.
• Inflammation has been regarded important in stroke pathology. However, little is 

known with regard to the post-ischemic inflammatory response in perinatal stroke. 
Further steps are needed to elucidate the effect of cytokines on infarct evolution, the 
association with SNPs in (pro-)inflammatory genes, and subsequent neurological 
sequelae. Experimental research focusing on post-ischemic inflammation and the 
effect of anti-inflammatory interventions after perinatal stroke may help to develop a 
potential future stroke therapy.
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Part I  Periventricular haemorrhagic infarction in the preterm infant
• Studies of thrombophilia and other genetic variants influencing the susceptibility of 

thrombus formation in large, prospective cohorts of preterm and full-term infants with 
typical or atypical patterns of ischemic brain injury should be performed.

• Histopathological examination of the placenta should be performed in all preterm 
born infants and related to short- and long-term outcome. Placental pathology reflects 
underlying disease processes which influences the clinical condition and may interact 
with the pathogenic mechanism of brain injury such as IVH, PVHI, or WM injury. 
Therefore, knowledge of placental pathology may increase our insight in mechanisms 
underlying brain injury. Further steps are prospective studies focusing on antenatal 
identification of placental abnormalities by biomarkers in maternal plasma and MRI of 
the placenta, allowing early intervention or strategies for prevention. 

Part II  neonatal encephalopathy following hypoxia-ischemia in  
full-term infants

• DW-MRI in infants with NE following HI often show restricted diffusion in the corpus 
callosum. The functional consequences of these diffusion abnormalities on long-term 
outcome has to be investigated further.

• On DW-MRI, localized restricted diffusion in the lateral peduncle, supposed to be pre-
Wallerian degeneration of the occipito-pontine tract, was found in some infants in our 
cohort. The functional consequences of this finding on cerebral visual impairment 
deserves further attention.

• Larger cohorts of infants with extensive DW abnormalities in WS areas after NE are 
needed to predict which imaging characteristics are the best predictors of long-term 
outcome.

• To investigate the role of clinical risk factors in the onset of brain injury following NE, a 
subdivision according to their pattern of brain injury is important, taking into account 
the expanding spectrum of brain injuries.

• Performance of studies relating placental findings to NE and subsequent outcome are 
important. The role of therapeutic hypothermia and sentinel events should be taken 
into account. Decreased placental maturation was significantly associated with WM 
injury after NE due to HI. The cause of this maturation disorder is however unknown. 
Unraveling of causative or associated factors is of utmost relevance. Chronic villitis is 
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hersenschade bij aterme geboren kinderen
Hersenschade bij aterme geboren kinderen is hoofdzakelijk in twee groepen onder te 
verdelen: (1) schade die ontstaat na een neonatale encefalopathie als gevolg van hypoxie-
ischemie rondom de geboorte en (2) schade die ontstaat na een perinataal herseninfarct. 
Het patroon en de ernst van de schade die ontstaat na een neonatale encefalopathie als 
gevolg van hypoxie-ischemie wordt met name bepaald door de duur en ernst van de 
hypoxie-ischemie. Echter, er lijken meer factoren een rol te spelen die nog niet bekend zijn. 
De predominante patronen van hersenschade na hypoxie-ischemie zijn schade aan de 
basale ganglia en thalami (BGT) en schade in de waterscheidingsgebieden (WS).
Het perinatale herseninfarct is de meest voorkomende vorm van herseninfarct bij 
kinderen. Hierbij vormt zich een trombus in een van de hersenvaten die de hersenen van 
zuurstof voorziet. De onrijpheid van het stollingssysteem, de kwetsbaarheid van het brein 
en inflammatie lijken hieraan bij te dragen. Welke onderliggende mechanismen leiden tot 
het herseninfarct zijn echter nog niet bekend.

Beschrijving van de resultaten van het onderzoek
In dit proefschrift worden risicofactoren onderzocht die geassocieerd zijn met hierboven 
beschreven patronen van hersenschade bij premature en aterme pasgeborenen. Deze 
risicofactoren hebben betrekking op de klinische conditie, genetische factoren en 
onderzoek van de placenta.

Periventriculair hemorrhagisch infarct in het prematuur geboren kind
In hoofdstuk 2 beschrijven we een cohort kinderen (<34 weken zwangerschapsduur) met 
een PVHI. We observeerden dat 17/62 (27%) kinderen een PVHI ontwikkelden met een 
atypische presentatie. Deze atypische presentatie kenmerkt zich door het tijdstip van 
ontstaan. Het PVHI is namelijk al opgetreden binnen enkele uren na de geboorte of 
ontwikkelt zich juist laat in het beloop na de geboorte (>96 uur) bij een stabiele klinische 
conditie. Vanwege de atypische presentatie werden deze 17 kinderen onderzocht op 
aanwezigheid van trombofilie, een genetische aanleg tot verhoogde bloedstolling, zoals de 
factor V Leiden en protrombine mutatie, de C677T en A1298C polymorfismen in het 
MTHFR-gen en verhoogde plasma waarden van homocysteine en lipoproteine(a). Klinische 
variabelen tussen kinderen met een atypisch en typisch PVHI werden vergeleken. Er was 
een significant verschil in zwangerschapsduur tussen kinderen met een atypisch en typisch 
PVHI (respectievelijk 30.6 versus 28.6 weken). Kinderen met een atypisch PVHI werden 
vaker met een spoed-keizersnede geboren. In de groep kinderen met een atypische 
presentatie werd een heterozygote mutatie voor factor V Leiden gevonden bij 7/17 (41%) 
kinderen (terwijl dit in de normale populatie 3-5% is). Vijf van deze kinderen met een factor 
V Leiden-mutatie hadden geen geassocieerde IVH. Bij twee andere kinderen werd al eerder 
een mutatie in het COL4A1-gen gerapporteerd. Bij 9/17 kinderen met een atypisch PVHI 
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Voor de kwetsbare hersenen van prematuur en aterme geboren kinderen is de 
periode rondom de geboorte risicovol. Verschillende verstorende factoren en 
condities in deze periode kunnen schade aan de hersenen veroorzaken. Sommige 

factoren leiden tot een bepaalde mate van hypoxie-ischemie (zuurstoftekort), dat een 
belangrijke rol speelt in het ontstaan van de hersenschade. In toenemende mate wordt 
ook een rol aan inflammatie toegekend. De laatste jaren wordt in het vaststellen van 
hersenschade bij neonaten in toenemende mate MRI toegepast en zijn MRI-technieken 
sterk verbeterd, waardoor het mogelijk is om het patroon en de uitgebreidheid van 
hersenschade accuraat vast te stellen. Het patroon van hersenschade dat ontstaat, is sterk 
afhankelijk van de rijping van de hersenen en daarmee de zwangerschapsduur bij de 
geboorte. Als gevolg hiervan is er een belangrijk verschil in de patronen van hersenschade 
tussen premature en aterme pasgeborenen.

hersenschade bij prematuur geboren kinderen
Bij sterk prematuur geborenen (<32 weken zwangerschapsduur) kunnen 
bloeddrukschommelingen, infecties en ademhalingsmoeilijkheden optreden die op een 
belangrijke manier bijdragen aan de kwetsbaarheid voor hypoxisch-ischemische 
hersenschade. Het periventriculair hemorrhagisch infarct (PVHI) is een karakteristiek 
patroon van hersenschade bij prematuren dat optreedt in de witte stof aangrenzend aan 
de hersenventrikels. Indien zich een PVHI ontwikkelt, is dit doorgaans (~90%) in de eerste 
vier dagen na premature geboorte. Bij 80-90% van de prematuren die een PVHI 
ontwikkelen, wordt dit voorafgegaan door een bloeding in de hersenventrikels 
(intraventriculaire bloeding). In de wand van de hersenventrikels bevindt zich een gebied, 
de germinale matrix, waaruit gedurende de zwangerschap neuronen en gliacellen 
gevormd worden. Bij een zwangerschapsduur van 36 weken is de germinale matrix bijna 
volledig verdwenen. Omdat de germinale matrix sterk doorbloed is en de bloedvaten 
kwetsbaar zijn, ontstaan er gemakkelijk bloedingen. De intraventriculaire bloeding geeft 
vervolgens obstructie van de veneuze afvloed vanuit de witte stof in het periventriculaire 
gebied, waardoor er een hemorrhagisch infarct ontstaat: PVHI. Op de plaats van het PVHI 
ontwikkelt zich bij het merendeel van de kinderen een cyste (porencefale cyste). Een 
belangrijk negatief gevolg hiervan kan zijn dat de motorische banen die hier in de buurt 
lopen, beschadigd raken en deze kinderen daardoor een eenzijdige cerebrale parese 
ontwikkelen.
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up-MRI gemaakt en werd de neurologische ontwikkeling in kaart gebracht. De neonatale 
DW-MRI liet bij alle kinderen bilaterale afwijkingen zien, die bij 10 kinderen symmetrisch 
waren. Bij 10 van de 22 kinderen waren er geïsoleerde afwijkingen in WS-gebieden, bij de 
andere 12 waren ook de BGT betrokken. Van de kinderen met BGT-betrokkenheid, 
overleden 7 kinderen. MRI-onderzoek op de leeftijd van 3 maanden liet bij 3 kinderen 
cysteuze ontwikkeling zien in de aangedane WS-gebieden. MRI-onderzoek bij de 7 
kinderen ouder dan 18 maanden toonde gliose in de aangedane hersengebieden en bij 4 
ook ulegyria. Van de 5 overlevende kinderen met BGT-betrokkenheid hadden 3 een 
ongunstige uitkomst (2 ontwikkelden een eenzijdige cerebrale parese, 1 een IQ onder de 
85). Van de 10 kinderen met geïsoleerde afwijkingen in WS-gebieden, hadden 9 een 
gunstige vroege motorische en cognitieve ontwikkeling. Alle kinderen met een gunstige 
ontwikkeling lieten herstel zien van het aEEG-achtergrondpatroon binnen de eerste 48 uur 
na de geboorte. Deze resultaten laten zien dat uitgebreide afwijkingen in WS-gebieden die 
met neonatale DW-MRI in beeld worden gebracht niet per definitie geassocieerd zijn met 
een slechte ontwikkelingsuitkomst, zelfs als er cysten in deze gebieden ontstaan. De 
aanwezigheid van afwijkingen in BGT lijken beter een negatieve uitkomst te voorspellen 
dan de uitgebreidheid en ernst van de afwijkingen in WS-gebieden.

In hoofdstuk 5 wordt onderzocht of de verschillende patronen van hersenschade die 
ontstaan na neonatale encefalopathie als gevolg van hypoxie-ischemie kunnen worden 
toegeschreven aan klinische en genetische prothrombotische risicofactoren. Genetische 
protrombotische factoren werden onderzocht volgens het ‘Stroke protocol’ en antenatale 
en perinatale factoren werden bestudeerd. In een cohort van 118 kinderen met NE als 
gevolg van hypoxie-ischemie hadden 45 kinderen schade in de witte stof/
waterscheidingsgebieden, 40 in BGT en 33 kinderen hadden geen afwijkingen. BGT-schade 
was significant geassocieerd met Apgar scores<7 (5 min), terwijl schade in witte stof/
waterscheidingsgebieden een significante associatie toonden met hypoglycemie (<2.0 
mmol/L), het CT of TT 677 MTHFR genotype en plasma homocysteine waarden boven het 
75ste percentiel. Resultaten in deze studie laten zien dat het patroon van hersenschade dat 
ontstaat na NE als gevolg van hypoxie-ischemie geassocieerd is met klinische en genetische 
factoren. Het herkennen van deze factoren geeft inzicht in pathogenetische mechanismen 
die aan de schade ten grondslag liggen. Daarnaast is het mogelijk om kinderen met een 
groter risico op hersenschade te identificeren.

Hoofdstuk 6 beschrijft het onderzoek van de placenta in kinderen met NE als gevolg van 
hypoxie-ischemie met het doel pathologie van de placenta te relateren aan patroon van 
hersenschade zoals dat met MRI-onderzoek is vastgesteld. In een cohort van 95 kinderen 
werd de placenta histopathologisch onderzocht. In deze groep hadden 27 van hen schade 
in de witte stof/waterscheidingsgebieden, 18 schade in BGT, 16 hadden schade in zowel 

werd dus een associatie met een mutatie gevonden. In de groep kinderen met een 
atypische presentatie ontwikkelden 15/17 (88%) een eenzijdige cerebrale parese of werd 
dit op basis van MRI-onderzoek voorspeld. Bij kinderen met een typisch PVHI daarentegen, 
werd slechts bij 7 (19%) een eenzijdige cerebrale parese gezien of op basis van het MRI-
onderzoek verwacht.
Onze resultaten suggereren een rol voor de factor V Leiden-mutatie in de pathogenese van 
PVHI bij kinderen met een atypische presentatie. In deze groep ontwikkelde een groot deel 
van de kinderen een eenzijdige cerebrale parese. Bij een atypisch PVHI lijkt een ander 
onderliggend mechanisme een rol te spelen en is aanvullend onderzoek, in het bijzonder 
naar de factor V Leiden-mutatie, aanbevolen.
Aangemoedigd door de resultaten beschreven in hoofdstuk 2 waarbij aan het atypisch 
PVHI een ander onderliggend pathogenetisch mechanisme ten grondslag ligt dan aan een 
typisch PVHI, wordt in hoofdstuk 3 histopathologisch onderzoek van de placenta van deze 
kinderen gepresenteerd. Veertien kinderen met een atypisch PVHI en 38 kinderen met een 
typisch PVHI werden geïncludeerd. Maternale en neonatale factoren tussen beide groepen 
werden vergeleken. Het typisch PVHI was significant geassocieerd met noodzaak voor 
beademing, terwijl een geplande keizersnede en hypertensieve aandoeningen bij de 
moeder significant geassocieerd zijn met een atypisch PVHI. Een placentagewicht onder 
het 10e percentiel, infarcering van de placenta en foetale trombose in de placenta kwamen 
significant vaker voor bij kinderen met een atypisch PVHI. Het typisch PVHI was 
geassocieerd met chorioamnionitis. Placentapathologie weerspiegelt ziekteprocessen 
waaraan de foetus is blootgesteld en die invloed hebben op de klinische conditie. Deze 
kunnen sterk samenhangen met de pathogenetische mechanismen die aan PVHI ten 
grondslag liggen. Het placentaonderzoek in kinderen met PVHI onderstreept de verschillen 
tussen het typisch en atypisch PVHI en geeft weer welke onderliggende mechanismen een 
rol kunnen spelen. 

aterme geboren kinderen met neonatale encefalopathie 
In deel 2 van dit proefschrift staan patronen van hersenschade bij kinderen met neonatale 
encefalopathie na hypoxie-ischemie centraal. Door middel van diffusie gewogen MRI (DW-
MRI) is het mogelijk om hypoxisch-ischemische hersenschade eerder en duidelijker in 
beeld te brengen dan met conventionele beeldvorming. De prognostische waarde van 
DW-MRI-afwijkingen in de BGT is bekend. Echter, van uitgebreide DW-MRI-afwijkingen in 
WS-gebieden is niet duidelijk welke structurele schade aan de hersenen hiervan overblijft 
en wat de invloed is op de neurologische ontwikkeling. Hoofdstuk 4 geeft een beschrijving 
van 22 kinderen met neonatale encefalopathie met uitgebreide afwijkingen in WS-
gebieden op DW-MRI in de neonatale periode. Van alle kinderen werden de aEEG-data van 
de eerste 96 uur na geboorte geanalyseerd. Van overlevende kinderen (n=15) werd op de 
leeftijd van 3 maanden en bij 7/15 kinderen ook na de leeftijd van 18 maanden een follow-
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Inflammatie wordt beschouwd als de basis voor het ontstaan van een arterieel infarct. De 
inflammatoire respons, zoals het vrijkomen van cytokinen, tumor necrosis factor (TNF) en 
interleukinen (IL), speelt een belangrijke rol in de uiteindelijke weefselschade aan de 
hersenen die optreedt na een arterieel infarct. Variatie in genen, zoals een wijziging van 
een enkele-nucleotide (Engels: single nucleotide polymorphism (SNP)) kan leiden tot 
functionele veranderingen van dit gen. Zo is voor het IL-6 gen op positie -174 een 
verandering van nucleotide G naar C bekend, die bij neonaten geassocieerd is met een 
hogere IL-6 productie. 
In hoofdstuk 8 hebben wij onderzocht of neonaten met perinataal arterieel infarct (n=63) 
vaker een G>C SNP hebben in het IL-6-174 gen vergeleken met populatie controles 
(n=1008). Dit werd niet aangetoond. Echter, binnen de groep kinderen met een perinataal 
arterieel infarct in het stroomgebied van de arteria cerebri media (n=49), blijkt het GC 
genotype significant geassocieerd met een ongunstige motorische of cognitieve 
ontwikkeling, zoals een cerebrale parese, een IQ <85en ontwikkeling van epilepsie. Deze 
resultaten moedigen aan om de rol van interleukinen en de associatie met genetische 
variatie in interleukine genen bij het perinataal arterieel infarct verder te onderzoeken. 
Indien inflammatie een belangrijke rol speelt in de uitgebreidheid van schade die optreedt 
na een arterieel infarct kan dit een belangrijk aanknopingspunt zijn voor toekomstige 
interventies om de schade te beperken.

witte stof/waterscheidingsgebiedenen BGT en 34 kinderen hadden geen hersenschade. 
Een chorioamnionitis was bij 46% van de kinderen in het totale cohort aanwezig met de 
hoogste incidentie bij kinderen zonder schade (59%) en kinderen met schade in witte stof/
waterscheidingsgebieden/BGT(56%). De placenta van kinderen met schade in de witte stof/
waterscheidingsgebieden, met of zonder BGT-betrokkenheid, was significant geassocieerd 
met een achtergebleven rijping. Het patroon van BGT schade was geassocieerd met 
chronische villitis (OR 12.7; 95% CI 2.4 – 68.7). Een placentagewicht onder het 10e 
percentiel lijkt protectief voor hersenschade, met name voor BGT schade (OR 0.1; 95% CI 
0.01 – 0.7). De ernst van de placenta-afwijkingen werd gescoord, waarbij het vergelijk van 
de score tussen de vier groepen een sterk significant verschil liet zien met de hoogste score 
voor kinderen met de meest uitgebreide hersenschade (schade in zowel witte stof/
waterscheidingsgebieden en BGT). Resultaten van deze studie laten zien dat een 
chorioamnionitis veel voorkomend is bij kinderen met NE als gevolg van hypoxie-ischemie, 
hoewel de rol van chorioamnionitis in het ontstaan van hersenschade tweeledig lijkt. Een 
achterblijvende rijping van de placenta stelt de fetus bloot aan chronische hypoxie en 
toont een associatie met schade in de witte stof/waterscheidingsgebieden. In de groep 
zonder hersenschade werd frequent een placenta met een gewicht <p10 gezien en een rol 
voor preconditioning is hiervoor een hypothese.

het perinataal arterieel infarct bij aterme geboren neonaten
In deel 3 staat het perinataal arterieel herseninfarct centraal. Hoewel de incidentie van een 
arterieel infarct gelijk is aan de incidentie bij volwassenen, wordt de pathofysiologie niet 
goed begrepen.
In hoofdstuk 7 worden maternale, perinatale en neonatale risicofactoren onderzocht bij 
52 kinderen met een symptomatisch perinataal arterieel herseninfarct binnen drie dagen 
na geboorte. Deze factoren werden vergeleken met kinderen die geboren zijn in hetzelfde 
ziekenhuis rondom dezelfde datum (≤ 7 dagen) met dezelfde zwangerschapsduur (≤ 7 
dagen). Factoren die significant geassocieerd zijn met het risico op een perinataal arterieel 
infarct zijn: maternale koorts tijdens de bevalling, Apgar scores (5 min) <7, hypoglycemie 
<2.0 mmol/L en neonatale infectie. De rol van neonatale infectie komt overeen met 
eerdere bevindingen in de literatuur. Apgar scores (5 min) <7 suggereren dat het 
perinataal arterieel infarct samenhangt met een mate van foetale stress. Bij prematuur 
geboren kinderen met een perinataal arterieel infarct is hypoglykemie als factor 
onderkend, de associatie met een perinataal infarct bij aterme geboren kinderen is echter 
niet eerder gerapporteerd.
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Dit proefschrift was niet tot stand gekomen zonder mensen die bereid waren tot 
samenwerking en gemotiveerd waren voor een gemeenschappelijk doel. Ik had het 
voorrecht me met deze mensen te omringen en wil hen daarom ook graag bedanken.

Prof. dr. L.S. de Vries, beste Linda. Toen ik als geneeskundestudente het ‘professorenlab’ 
betrad om een verdiepingsopdracht voor het co-schap perinatologie in Tanzania met je te 
bespreken, had ik niet kunnen denken dat onze samenwerking zou resulteren in dit 
proefschrift. Wél was ik na het volgen van een college bij je al enorm enthousiast voor het 
vakgebied neonatale neurologie. Je kennis en passie waar ik in dat college mee in aanraking 
kwam, bleken nog maar een bescheiden weergave van wat jij mij de afgelopen jaren liet 
delen. Behalve jouw kennis heb ik het een voorrecht gevonden om je enorme inzet en 
grote hart voor die kleine mensjes van de NICU en hun ouders te mogen zien. Je 
betrokkenheid en meeleven op alle fronten zijn voor mij van grote waarde. Wat hebben we 
het gezellig gehad op congressen, borrels of gewoon na vijven even op de 
‘onderzoekerskamer’! Het is geweldig om deel uit te maken van de neo-onderzoeksfamilie 
die je om de neonatale neurologie hebt bijeengebracht. Onze samenwerking, 
vakgerelateerd en persoonlijk, heeft een stevige basis en belooft nog veel moois voor de 
toekomst.

Dr. F. Groenendaal, beste Floris. Op jouw trouwe samenwerking kon ik steeds rekenen. Wat 
fijn dat je mijn co-promotor was! Je nuchtere kijk, het enthousiast meedenken en 
bemoedigingen zijn belangrijk geweest in mijn promotietraject. Inmiddels ben je naast 
neonatoloog ook klinisch epidemioloog en is het aantal publicaties een goede 
weerspiegeling van je zeer brede wetenschappelijke ervaring. 

Dr. P.G.J. Nikkels, beste Peter. Wat is het bijzonder om met jou, zo’n ervaren en 
enthousiaste patholoog samen te werken. Vele uren hebben we placenta’s ‘weggekeken’ 
en heb je me ingewijd in  de wereld van de placenta. We voelen ons beiden geroepen tot 
een placenta-lobby: wat wordt de waarde van de informatie die de placenta kan opleveren, 
onderschat! Ik hoop dat nog velen in de toekomst mogen delen in jouw kennis en kunde.

Beste leden van de leescommissie, prof. F.C. Cowan, prof.dr. F. Walther, prof.dr. A. Franx, 
prof.dr. van Diest en dr. J.R. Vermeulen. Hartelijk dank voor het beoordelen van dit 
proefschrift.

Dear prof. Frances Cowan. It is a pleasure and honour for me that you will travel to the 
Netherlands for my defends. You are an important person in the field of the neonatal 
neurology and an inspiring person for me as a young researcher. Your personal attention 
for our research in Utrecht is of great value.
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In de ontdekkingstocht van een onderzoeker is  het  fijn om te ervaren dat het vaak 
laagdrempelig mogelijk is om interdisciplinair samen te werken. Prof. dr. Cobi Heijnen, 
Prof. dr. Henk Blom, Dr. Albert Huisman en Dr. Hanneke Willemen wil ik van harte 
bedanken voor betrokkenheid en hulp bij onderzoeksprojecten in dit proefschrift.

In 2010 heb ik met ontzettend veel plezier als ANIOS gewerkt in het Sint Antonius 
ziekenhuis in Nieuwegein. Ik ben veel dank verschuldigd aan Drs. Maartje ten Berge als 
mentor en Dr. Walter Balemans als opleider. Jullie gaven mij vertrouwen om mijn loopbaan 
in de kindergeneeskunde voort te zetten. Ik hoop dat nog vele arts-assistenten in de veilige 
en open sfeer van het Antonius ervaring kunnen opdoen binnen dit mooie vakgebied.

Lieve collega’s. Gekscherend zeggen we wel eens tegen elkaar dat wij als collega’s samen 
heel wat meer uren doorbrengen dan met mensen uit onze privé omgeving. Daarom is het 
niet gek dat afscheid nemen van jullie een beetje pijn doet! Inge-Lot, jij hebt een oprecht 
oog en oor voor het wel-en-wee van de ‘jongelui’ om je heen. Dat heeft veel voor mij 
betekend! Dankzij cake en koek van de echte bakker, maak je voor ons van menig werkdag 
een feestje. Ik hoop dat de komende jaren, naast werkvreugde, ook ruimte bieden voor 
muziek en tijd met mensen om je heen. Niek, ik vind het een eer dat wij onze promoties 
vieren met een gezamenlijk symposium. Ik heb bewondering voor je enorme  inzet voor 
jouw promotie en hoop dat jouw promotiedag een mooie kroon op jouw werk mag zijn. 
Karina, op jouw vaardigheden en kennis wordt door velen een beroep gedaan. Dat je een 
fijne, positieve en meelevende collega bent, kan ik alleen maar beamen! Veel succes in 
Londen en met het inzetten van de eindspurt van je onderzoek. Ik ga je als fietsmaatje 
missen, maar we vinden vast een andere manier om bij te kletsen! Thomas, jouw 
sportiviteit blijkt niet alleen uit het feit dat je zo nu en dan met de fiets uit Rotterdam naar 
het WKZ komt, maar zeker ook uit je collegialiteit en hulp bij computerproblemen, echt 
TO(HO)P! Hilde, de theemomenten waarvoor je regelmatig de oversteek uit het lab 
maakte, waren altijd gezellig evenals de congresreizen. Veel succes met jouw onderzoek! 
Britt, jouw enthousiasme over de neonatale neurologie maakte destijds op mij als student 
grote indruk. Ik hoop dat je met hetzelfde enthousiasme en plezier in de 
kindergeneeskunde werkzaam bent. Joppe, jij maakte een snelle carrière door op de 
neonatologie. Veel succes in jouw kindergeneeskundige loopbaan. 

Lieve Margaretha, jij bent niet alleen een vriendin maar ook een  reisgenoot, huisgenoot  
en collega geweest. Dat je me als paranimf ter zijde staat, is een mooie onderstreping van 
onze gezamenlijke geschiedenis. Naast het schrijven van een proefschrift, kunnen we ook 
met gemak een boekje vullen over onze avonturen in Tanzania en Israël. En nu geniet ik 
met jou en Lauran mee van een ander belangrijk hoofdstuk in jullie leven: jullie prachtige 
dochter. Ik hoop dat we in de toekomst nog veel samen mogen beleven.

Beste neonatologen van het WKZ. Ik heb me altijd erg welkom gevoeld op jullie afdeling. 
Dank voor jullie inzet voor onderzoeksprojecten waarvan de NEMO studie zeker niet de 
makkelijkste was..! De vele kaarten en bedankjes die de koffiekamer sieren, getuigen van 
het belang en de waardering van jullie werk voor ouders en hun pasgeboren kind. Het WKZ 
mag trots zijn op deze ervaren afdeling!

Prof.dr. F. van Bel, beste Frank. Hartelijk dank voor de mogelijkheid om de afgelopen jaren 
binnen de afdeling neonatologie werkzaam te zijn.  Het is fijn dat de PhD studenten door 
jou helemaal ingelijfd worden in de afdeling. Je aanmoedigingen bij presentaties op 
congressen zijn zeer gewaardeerd, evenals alle handtekeningen onder 
declaratieformulieren! Het heeft je menig krantenbaan gekost, maar hopelijk heeft dat een 
positieve uitwerking op je conditie. 

Beste Mona. Als ‘NEMOnatologen’ hebben we verschillende reizen gemaakt. Was het niet 
voor een certificaat GCP, dan wel om onze standpunten te verdedigen in een 
consortiumbespreking of om Beierse koeien te melken. En gezellig was het altijd! Ik heb 
veel geleerd van jouw kunst om met hart en ziel dokter te zijn en je streven om de energie 
evenwichtig te delen met het thuisfront. Ik heb onze samenwerking ontzettend prettig 
gevonden en wil je daar enorm voor bedanken. 

Beste Linda van Rooij. Het was voor mij een voorrecht dat je op tijd terug was uit Zwolle 
om de verantwoordelijkheden voor NEMO bij nacht en ontij te kunnen delen. Daarnaast 
ken jij het traject van een PhD student met de wens om in opleiding tot kinderarts te 
komen als geen ander. Je betrokkenheid, belangstelling en meeleven zijn voor mij heel 
waardevol. Ik wens je heel veel geluk als bijna-neonatoloog, samen met je prachtige gezin.

Beste Manon Benders. Dank dat je tijd hebt gemaakt om kritisch mee te denken over mijn 
manuscripten en je gastvrijheid voor collegiale etentjes bij jou thuis. De snelheid waarmee 
jij nieuwe projecten en nieuwe samenwerkingsmogelijkheden tot stand weet te brengen, 
is ongekend! Ik wens je veel succes met al deze mooie ontwikkelingen. 

Voor het NEMO project heb ik met verschillende mensen de afgelopen twee jaar intensief 
samengewerkt. Prof.dr. A.C. van Huffelen wil ik bedanken voor zijn betrokkenheid  en 
toegankelijkheid bij de NEMO studie. Kijkend naar het EEG, heeft u mij niet alleen wat 
bijgebracht over convulsies, maar ook over de geschiedenis van de geneeskunde, muziek 
of actualiteiten. Ben Nieuwenstein, heel veel dank voor alle technische vragen waarmee ik 
altijd bij je mocht aankloppen! Nizare Henriquez en Anja Ezendam hebben een belangrijke 
rol gespeeld in het mogelijk maken van langdurige bed-side EEG monitoring. NEMO1 zit 
erop, maar NEMO2 komt eraan en ik hoop dat jullie je, samen met de rest van het KNF 
laboranten team, opnieuw sterk willen maken om deze belangrijke vorm van neuro-
monitoring toe te passen en te verbeteren!
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Veel lieve vrienden hebben de afgelopen jaren belangstelling getoond voor mijn 
onderzoek. Hartelijk dank hiervoor! Belangrijker nog is dat we momenten van het leven 
met elkaar mogen delen. Lieve Annet, de zorgzaamheid en oprechte belangstelling  van 
destijds voor het ‘nieuwe’ meisje in 4 VWO kenmerken je nog altijd! Lieve Froukje, met zo’n 
lang bestaande vriendschap is het altijd fijn om weer een avondje of weekendje bij te 
kletsen. Dank voor je hulp en betrokkenheid. Delftse en Rotterdamse vrienden, met jullie 
kan het culturele en culinaire  vaak goed gecombineerd worden zonder dat discussies en 
goede gesprekken ontbreken. De ‘meiden’weekendjes zijn ontspannend en staan garant 
voor veel gezelligheid, dank jullie wel! Het is genieten van al die kleine babies die geboren 
worden. Fieke en Maurits, jullie spanden de kroon met jullie twin. Wat een heerlijke 
kereltjes. Hanneke en Constantijn, heel bijzonder vind ik dat jullie gastvrijheid onveranderd 
blijft ondanks jullie groeiend gezin. Alinda, veel dank voor je zorgzaamheid en gezelligheid 
als huisgenoot.

Lieve familie Bakker, bij jullie voel ik me altijd erg welkom. Jullie staan elk moment voor ons 
klaar, zelfs op de gekste tijden! Hanneke en Rik, veel dank voor jullie meeleven. We hopen 
nog lang van jullie gezelligheid en creativiteit te mogen genieten. Lieve Rob en Rianne, wat 
een geluk dat jullie zo’n fotogenieke zoon hebben! Wat was het leuk  Rianne om met jou te 
werken aan ons boekje! Het resultaat vind ik geweldig. Elise, onze uitjes vind ik altijd erg 
gezellig. Laten we er nog veel plannen!

Lieve Reinike, je bent mijn grote zus en mijn grote voorbeeld. Altijd meelevend, sociaal en 
met een enorm doorzettingsvermogen. Ik ben ontzettend blij dat je mijn paranimf bent op 
mijn promotiedag. Lieve Cees Jan, jouw rustig en evenwichtig karakter maakt dat je niet 
alleen zeer geschikt bent voor je vak, maar ook een broer op wie je kunt bouwen. Lieve 
Sebastiaan, je hebt ontzettend veel bereikt! Ik ben op niemand zo trots als op jou.

Lieve opa en oma Langerak, de liefdevolle belangstelling en warmte maakt dat we graag 
even bij jullie thuis tot rust komen. Ik hoop dat dit ons nog jaren gegeven is. Soms kunnen 
woorden niet op de juiste manier uitdrukken hoe dankbaar ik voor jullie ben, daarom 
draag ik dit boekje aan jullie op.  

Lieve papa en mama. Bij jullie kom ik altijd thuis. Pap, ik ben er trots op dat hoewel onze 
vakgebieden verschillend zijn we met dezelfde naam publiceren. U hield mijn publicaties 
goed in de gaten, dat heeft er vast mede toe geleid dat dit boekje nu af is. Mama, wat zou ik 
iedereen zo’n moeder gunnen: op de juiste tijd de juiste woorden en de juiste hulp. Dank 
jullie wel.

Lieve, lieve Hugo. Dank voor je hulp, betrokkenheid, muziek en liefde. Laten we, verbonden 
in geloof, hoop en liefde, onze passies nog lang, heel lang mogen inzetten om deze wereld 
mooier en beter te maken!

220






