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Enlargement of the cerebral ventricles is a relatively common phenomenon, 

especially in extremely preterm neonates, born below 28 weeks gestational age 

(GA). Early recognition and identification of the underlying condition is essential 

for clinicians to define the need for intervention and may, additionally, yield significant 

prognostic information. The main aims of this thesis were to optimize the early 

recognition of ventricular enlargement in neonates at risk and to explore the prognostic 

implications of cerebral ventriculomegaly (VM) among preterm infants. 

HISTORICAL PERSPECTIVE

Cerebral ventricles: ‘seat of the intellect’
Reports on the cerebral ventricular system date back to ancient times in medical 

history. Arguably its greatest exponent in Western Antiquity was the Greek physician 

and philosopher Galen (129–216 AD), although his predecessor Herophilus (335–280 

BC) is considered the first anatomist to  distinguish and describe the cerebral ventricles. 

According to Galen, the main functions of the ventricles were to elaborate, store, 

and distribute the psychic pneuma – inhaled air that following transformation into 

psychic pneuma functioned as the physical correlate of the soul, accounting for all 

aspects of the nervous system – from the ventricles via the spinal cord throughout the 

peripheral nervous system. In addition, the cerebral ventricular system was somehow 

held responsible for sensation, motion, and intellectual capacities. Distortion of the 

ventricles could lead to significant morbidity or even death, and this was considered 

the reason for the presence of two lateral ventricles, to serve as a spare one in case one 

was injured.1

Figure 1. Depiction of the cerebral ventricles in a 

Munich manuscript (ca. 1435). 

The three compartments are labeled (1) ymaginatio 

vel fantasia (2) aestimativa vel cogitativa vel 

cognitiva (3) memorativa vel reminiscentia. 

Reprinted with kind permission of Franz Steiner 

Verlag, Stuttgart, Germany.
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Galen’s ideas have been embraced and further elaborated by his successors. Nemesius, 

a Syrian bishop in the late 4th century, regarded the cerebral ventricles to be the seat of 

‘common senses’ and fantasia (lateral ventricles), reason and wisdom (third ventricle), 

and memory (fourth ventricle).1,2 The concept that intellectual capacities were localized 

in the cerebral ventricles prevailed up to the Renaissance, and illustrations of the brain 

would depict the ventricles with great detail (Figure 1).3

Hydrocephalus: ‘water over the head’
Archeological surveys, demonstrating the presence of possible paediatric or adult 

congenital hydrocephalic skulls in the Mediterranean region, suggest that the disease 

was already known in ancient Egypt. The earliest scientific description of hydrocephalus 

is ascribed to Hippocrates (466–377 BC), who referred to the condition as ‘water over 

the head’.2,4 Attempts to treat infantile hydrocephalus by trepanation of the skull and 

subsequent evacuation of superficial intracranial fluid were first reported in detail by 

the Arab surgeon Abu al-Qasim Al-Zahrawi (936–1013 AD), also known by his Latin 

name Albucasis.4 The assumption that hydrocephalus was as a fluid accumulation 

surrounding the brain rather than enlargement of the ventricular system persisted 

until the Renaissance. The Dutch anatomist Andreas Vesalius (1514–1564) for the first 

time described cerebrospinal fluid (CSF) to collect within the cerebral ventricles when 

reporting on a two-year old girl with hydrocephalus.2

From the seventeenth century onwards, descriptions and images of paediatric 

hydrocephalus appeared in many books all over Europe.2 The first historically 

documented ventricular puncture was performed in 1744, and towards the end of the 

18th century the practice became more prevalent.4 In those days, ventricular punctures 

were followed almost invariably by death.4,5 A septic intervention was not available until 

the late 19th century, when sterile ventricular punctures, external  CSF drainage, serial 

lumbar punctures, and the first permanent shunts were introduced.4 

Imaging the cerebral ventricles
Until a century ago, the decision to initiate treatment was solely based on clinical 

symptoms of raised intracranial pressure, such as enlargement of the head 

circumference, a tense fontanelle, sunset phenomenon, or clinical convulsions. In 1918, 

Dandy6 described a novel technique, ventriculography, which first enabled visualisation 

of the ventricles on X-ray by substituting CSF by air through ventricular injections. The 

Evans’ ratio was introduced in 1942 to facilitate a quantitative definition of ventricular 

dilatation.7 In the sixties, ventriculography was gradually replaced by the first 

precursors of cranial ultrasound (cUS), offering the advantage of a safe, non-invasive 

neuroimaging tool. Following the introduction of real-time cUS in the late 1970s, several 

reference curves for the neonatal ventricles were developed to assist the clinician in 

1
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defining abnormal ventricular size using cUS.8-13 From the mid-seventies onwards, the 

first reports on the use of computed tomography to evaluate the cerebral ventricles 

emerged in the literature.14

At present, cUS is still the most readily available and commonly applied neuroimaging 

technique in the neonatal intensive care unit, even though magnetic resonance 

imaging (MRI) is increasingly being used.15 cUS can be sequentially performed at the 

bedside and avoids the risks associated with transporting critically ill and medically 

unstable infants for MRI. MRI is known to be superior to cUS in visualizing more 

subtle types of brain injury, such as punctuate white matter (WM) lesions16 or small 

cerebellar haemorrhages17, and can be informative once the infant is stable enough to 

be transported to the MRI unit.

VENTRICULOMEGALY: WHAT’S IN A NAME? 

Throughout centuries, advances in knowledge have served as stepping stones for 

generations to come and resulted in the present understanding of neonatal ventricular 

enlargement.

In developed countries, the two main entities underlying neonatal VM – apart from 

congenital malformations – are, first, pressure driven post-haemorrhagic ventricular 

dilatation (PHVD) due to impaired CSF dynamics following a germinal matrix-

intraventricular haemorrhage (GMH-IVH) and, second, ex-vacuo VM due to diffuse 

Figure 2. Term cUS of two preterm born infants; parasagittal views (A) following a GMH-IVH grade II 

and subsequent PHVD requiring intervention, and (B) following diffuse WM injury without prior GMH-

IVH, referred to as ex-vacuo VM. Note the posterior dilatation and irregular ventricular margins in (B), in 

contrast with the more global ventricular enlargement in (A).

A B
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WM injury (Figure 2). Porencephalic enlargement of the ventricles represents a 

distinct pathophysiological entity that may be recognized following a periventricular 

haemorrhagic infarction (PVHI), also referred to as a GMH-IVH grade IV according to 

Papile et al.18 (Figure 3).

Differentiation between PHVD and ex-vacuo VM may be difficult, particularly in the 

absence of early cUS. Accurate determination of the underlying condition is, however, 

essential in clinical practice. Whereas timely diagnosis of GMH-IVH and subsequent 

PHVD are crucial to initiate accurate intervention, recognition of ex-vacuo VM may 

yield important prognostic information. Irregular ventricular margins and predominant 

dilatation of the occipital horns may serve as hallmark of ex-vacuo VM. PHVD, in 

contrast, is often associated with prior ‘ballooning’ of the ventricles and dilatation of 

the anterior as well as the posterior part of the lateral ventricles.19

GMH-IVH and subsequent PHVD 
Although advances in perinatal care, including the introduction of antenatal 

corticosteroids, have led to a significant decrease in the incidence of GMH-IVH in recent 

decades, GMH-IVH continues to affect  15–25% of very low birthweight (VLBW) infants 

(<1500 grams) and almost half of those born below 750 grams.20-23 Severe GMH-IVH 

(grade III-IV according to Papile et al.18) is recognized in approximately 10–15% of VLBW 

infants.21 With the increased survival of extremely preterm infants, this translates into a 

large absolute number of affected infants.20 The risk to develop PHVD is closely related 

to the amount of intraventricular blood. Progressive PHVD is observed in about a quarter 

Figure 3. (A) cUS showing a right-sided GMH-IVH and PVHI in a preterm born male infant (25+6 weeks GA) 

on day four after birth, (B) which resolved into a porencephalic cyst as shown on T2-weighted TEA-MRI, 

performed at 40+2 weeks postmenstrual age. 

A B
1
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of preterm infants following GMH-IVH, and approximately 25–35% of these infants will 

eventually require permanent CSF diversion.23,24

In preterm infants, GMH-IVH has generally been attributed to fluctuations in cerebral 

blood flow to the immature, fragile germinal matrix microvasculature, which lacks 

connective tissue support.21,25-27 Multiple environmental and genetic factors have 

been identified to independently or interactively affect pathways that are supposed 

to be involved in the pathophysiology of GMH-IVH, including cerebral vasculature and 

blood flow, inflammation, oxidative pathways, and coagulation.21,25 In approximately 

Figure 4. 

(A-D) Classification of 

GMH-IVH grade I-IV, 

respectively, according 

to Papile et al.18 in four 

extremely preterm 

infants using cUS. 

A

B

C

D
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90% of the affected neonates, GMH-IVH develops within 72 hours following birth.28 

Classification of the severity of the GMH-IVH according to Papile et al.18 is based on the 

extent of the haemorrhage and the presence of ventricular dilatation on cUS (Figure 4).

Although GMH-IVH is predominantly a lesion of the premature infant, it has also 

been documented following term birth with incidence rates of approximately 3% for 

apparently healthy and asymptomatic term newborns.29 The neuropathology of GMH-

IVH in preterm and term infants differs, primarily as concerns the principal site of origin. 

In term infants, major IVHs emanate most frequently from either a cerebral sinovenous 

thrombosis, which may coincide with a thalamic haemorrhage, or a choroid plexus 

haemorrhage.27,28,30,31 

The mechanisms by which GMH-IVH causes PHVD are still not fully elucidated. The 

majority of infants who develop PHVD will present with a communicating hydrocephalus. 

The conventional explanation for impaired CSF reabsorption following GMH-IVH is 

obstruction in the cortical subarachnoid space.21,22,26 With a large GMH-IVH, subsequent 

PHVD may evolve over days, which has mainly been attributed to obstruction of the 

arachnoid villi and granulations due to microthrombi.26,28 This mechanism is considered 

particularly likely in the preterm infant, in whom only microscopic arachnoid villi and 

not the larger, later appearing arachnoid granulations are present.28 Preterm infants may 

additionally exhibit a limited capacity to mediate clot lysis due to deficient fibrinolytic 

properties, as suggested by low plasminogen levels and high plasminogen activator 

inhibitor levels following a GMH-IVH.22,28 With smaller haemorrhages, PHVD evolves 

usually over weeks, which has presumably been related to an obliterative arachnoiditis 

in the posterior fossa, where the blood tends to collect.26,28 CSF levels of cytokines 

involved in pro-inflammatory and fibroproliferative responses were shown to be elevated 

following an IVH. 22,25,26,28 

The critical involvement of arachnoid obstruction in the pathogenesis of communicating 

hydrocephalus has, however, been questioned, and data to support this theory are 

limited. Other mechanisms suggested to be involved include accessory CSF drainage 

pathways, damage to the ependymal surface and cilia, changes in expression of 

aquaporin channels, and pathways related to iron and inflammation, as reviewed in more 

detail elsewhere.22,26

Although less common, neonates may also develop a non-communicating hydrocephalus 

following GMH-IVH due to obstruction of the foramen of Monro, the aqueduct of Sylvii, 

or the outflow foramina of the fourth ventricle (foramina of Luschka and Magendie) by 

blood clots, subependymal gliosis, or meningeal fibrosis.21,26,28

Prognostic implications
Both GMH-IVH and PHVD contribute significantly to the burden of neurodevelopmental 

disabilities among preterm survivors. Data on the functional consequences of low 

grade GMH-IVH on cUS are conflicting, which may be due to the likely underreporting of 

associated WM and cerebellar pathology for lack of additional MRI in these studies.32-36 

1
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For severe GMH-IVH, the literature is consistent in reporting increased rates of 

cognitive and motor impairments, although with a wide spread in the documented 

incidence of disabilities.24,35-37 Progressive PHVD may further increase the risk of 

neurodevelopmental sequelae, particularly in those infants requiring permanent 

ventriculoperitoneal (VP) shunt insertion.38,39 In infants with PHVD following PVHI, 

the extent and location of associated parenchymal injury are considered the main 

prognostic determinants.40,41

Optimal timing of neurosurgical intervention for PHVD is still a matter of debate. 

Retrospective data suggest that early intervention, initiated before the ventricular 

index (VI) crosses the p97 + 4 mm line according to Levene9, may be associated 

with lower rates of VP-shunt dependency and better neurodevelopmental outcome 

compared with late intervention, initiated after crossing the p97 + 4 mm line.24,42 At 

present, the multicenter, randomized Early versus Late Intervention Study (ELVIS, 

ISRCTN43171322) is conducted to evaluate potential beneficial effects of early 

intervention. 

Ex-vacuo VM
Ex-vacuo VM is closely intertwined with prematurity and considered one of the 

hallmarks of diffuse periventricular WM damage.43-45 VM in preterm survivors has been 

demonstrated to be more pronounced for the occipital horns and to be associated with 

volume loss of the adjacent WM as well as deep gray matter.46,47

Diffuse WM injury is recognized as the characteristic pattern of brain injury in 

contemporary preterm cohorts and has been related to hypoxia-ischaemia, 

inflammation, and infections.45,48,49 Recurrent postnatal infections have also been 

shown to increase the susceptibility to progression of WM injury in preterm infants.49

Initially, diffuse WM injury causes selective degeneration of late oligodendroglial 

progenitors (preOLs), which predominate in WM during the peak period of diffuse 

WM injury in preterm infants and account for 90% of the total oligodendroglial 

population at 28 weeks GA.45,48 The enhanced vulnerability of preOLs for ischemia and 

inflammation in comparison with earlier and later oligodendrocyte stages seems to 

be a cell intrinsic property.48 PreOL death is compensated by rapid proliferation and 

differentiation of early oligodendroglial progenitors. These newly generated preOLs 

lack, however, the capacity to fully mature to myelin-producing cells required for 

normal WM development, which appears to be related to a complex array of intrinsic, 

extrinsic, and epigenetic factors. This may result into hypomyelination and subsequent 

ex-vacuo VM.45,48

Axons are mostly spared in diffuse WM injury, except in necrotic foci. Recent data 

suggest, however, that oligodendrocyte maturation and myelination are critical for 

axon survival. Hence, arrested maturation of preOLs may also adversely affect the 

functional integrity of axons in, particularly, chronic WM injury.48
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Prognostic implications 
Ventricular enlargement, identified during the neonatal period or at TEA, has been 

related to an additional risk for cognitive, motor, and visuomotor impairments as well as 

behavioural problems, particularly in the presence of concomitant brain pathology.50-54 

Isolated VM, i.e. VM without associated brain injury on sequential cUS or term-equivalent 

age (TEA-)MRI, in preterm infants at TEA was not found to be associated with adverse 

early neurodevelopmental outcome.50

AIMS AND OUTLINE OF THE THESIS

The main aims of this thesis were to optimize the early recognition of ventricular 

enlargement in neonates at risk and to explore the prognostic implications of cerebral 

VM among preterm infants.

Part I - Early recognition of neonatal ventriculomegaly
Early recognition of cerebral ventricular enlargement in the neonate and identification of 

the underlying condition may have important therapeutic and prognostic implications. 

Chapter 2 provides a systematic review of the literature on the evaluation of neonatal 

ventricular size on cUS, including an overview of the available reference values for the 

neonatal ventricles. Since data for especially extremely premature infants appeared to 

be rather limited, the aim of Chapter 3 was to establish updated cross-sectional as well 

as longitudinal reference values, based on cUS measurements of the lateral ventricles 

in a large cohort of neonates from 24-42 weeks GA. Accurate reference values are 

essential to timely diagnose PHVD, define the need for intervention, and monitor the 

effect of treatment.

At present, the optimal approach to neonates with PHVD is still a matter of debate. 

Chapter 4 presents the results of a survey among 32 neonatal intensive care units in 

17 European countries. This survey offers more insight into the different diagnostic 

and therapeutic attitudes towards PHVD and underlines the need for consensus. 

Uniform diagnostic criteria would facilitate studies to assess optimal timing and mode 

of intervention in order to achieve optimal care and neurodevelopmental outcome for 

these infants.

Part II - Prognostic implications of neonatal ventriculomegaly
In the second part of this thesis, the focus is shifted towards the prognostic implications 

of ventricular enlargement among preterm infants born below 31 weeks GA.

In recent years, MRI studies have illustrated the impact of GMH-IVH and subsequent 

1
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PHVD on preterm brain development.55-62 Neonatal MRI data considering the distinct 

effects of both conditions in the absence of concomitant supra- or infratentorial 

pathology are, however, still limited. Chapter 5 therefore aimed to evaluate the 

differential effects of GMH-IVH and PHVD on preterm brain development in order to 

identify potential mechanisms underlying associated neurodevelopmental sequelae. 

Assessed outcome parameters were brain and CSF volumes and diffusion parameters 

on TEA-MRI including diffusion weighted imaging (DWI). 

Despite advances in neuroimaging, the identification of preterm infants at risk for 

cognitive impairments remains challenging. In Chapter 6, we evaluated the prognostic 

value of (a) sequential cUS throughout the neonatal period, (b) the presence of ex-vacuo 

VM or enlargement of the extracerebral CSF space on term cUS, (c) assessment of brain 

abnormalities on TEA-MRI according to a recently extended TEA-MRI scoring system by 

Kidokoro et al.63, and (d) measurements of WM and cerebellar diffusion parameters on 

TEA-DWI. Chapter 7 focuses in more detail on the clinical applicability and prognostic 

value of the TEA-MRI scoring system by Kidokoro et al.63 in a large cohort of extremely 

preterm infants (GA <28 weeks). This TEA-MRI score compromises evaluation of 

abnormalities in WM, cortical and deep gray matter, and cerebellum, as well as impaired 

brain growth patterns including VM.63 

Finally, in Chapter 8, the main findings of this thesis are discussed and directions for 

future research are highlighted.
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ABSTRACT

Germinal matrix-intraventricular haemorrhage and subsequent post-haemorrhagic 

ventricular dilatation (PHVD) are frequently encountered complications in preterm 

neonates. As progressive dilatation of the lateral ventricles may be associated with 

elevated intracranial pressure, ultrasound measurements of ventricular size play a major 

role in the evaluation of neonates at risk of ventricular dilatation as well as in assessing 

the effect of intervention for PHVD. A systematic search was carried out in Medline and 

Embase to identify neonatal and foetal ultrasound studies on lateral ventricular size. 

This review presents an overview of the available data concerning neonatal reference 

values for lateral ventricular size, the influence of gender, ventricular asymmetry, 

and the effect of the mode of delivery on the phenomenon of ventricular reopening 

following birth.

Conclusion: Serial cranial ultrasound measurements of the lateral ventricles play 

a key role in the early recognition and therapeutic evaluation of PHVD and can be of 

prognostic value in neonates with ventricular dilatation.
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INTRODUCTION

Germinal matrix-intraventricular haemorrhage (GMH-IVH) is a frequently 

encountered complication in the preterm neonate. The incidence of GMH-

IVH is inversely related to gestational age (GA)1 and, despite a gradual decline 

during the last decades, still 20–25% among very low birthweight (VLBW) infants.2,3 

For term neonates, incidence rates around 1% have been reported, the haemorrhage 

being mainly restricted to the germinal matrix.4

Especially after a severe haemorrhage (i.e. GMH-IVH grade IIb-III according to Levene et 

al.5 and de Vries et al.6 or grade III-IV according to Papile et al.7) the risk of developing 

post-haemorrhagic ventricular dilatation (PHVD) is considerable. PHVD – defined as 

ventricular enlargement above the 97th centile for GA8 – is recognized in about one-

third of infants with GMH-IVH.9

Progressive ventricular dilatation can be associated with elevated intracranial pressure 

(ICP).10 Raised ICP may lead to alterations in cerebral haemodynamics and tissue 

damage,3 and was found to correlate with delayed myelination and neurodevelopment 

in infantile hydrocephalus.11 Intervention with drainage of cerebrospinal fluid (CSF) 

improves cerebral perfusion and oxygenation in neonates with PHVD12,13 and may thus 

prevent further damage to brain tissue. This underlines the need for sequential cranial 

ultrasonography following a diagnosis of GMH-IVH to timely diagnose subsequent 

PHVD. In this review, an outline will be given of the role of sonographic evaluation of 

cerebral ventricular size in neonates at risk of PHVD.

METHODS

A systematic literature search was performed in Medline and Embase in December 2009 

to identify foetal and neonatal ultrasound studies on lateral ventricular size (detailed 

search strategy available upon request). 

The papers with abstracts meeting the predefined in- and exclusion criteria were 

evaluated for potential inclusion in the review. The references of these studies were 

screened for additional relevant studies. Foetal and neonatal series were included if 

frontal and⁄or occipital horn dimensions had been investigated. Studies on intra- and 

interobserver variability, ventricular asymmetry, the influence of gender, or the effect 

of the mode of delivery on ventricular size were included as well. Applied language 

restrictions were English.

2
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EVALUATION OF VENTRICULAR SIZE IN NEONATES AT RISK 
OF PHVD

Role of cUS in the diagnosis and evaluation of PHVD
To diagnose and evaluate PHVD, measurements of ventricular size on cranial ultrasound 

(cUS) are superior to any subjective assessments of elevated ICP, like a tense fontanel, 

sunset phenomenon of the eyes, or measurements of the head circumference.8,14–17

In clinical practice, the ventricular index (VI) of the lateral ventricles as measured on cUS 

(Figure 1A) is most frequently used for monitoring ventricular size following GMH-IVH. 

In some studies, measurements of the VI are expressed as a ratio to the hemispheric 

width (HW).18-20 The use of a ratio is, however, considered to be less useful for detecting 

ventricular dilatation according to some articles.8,21 Absolute measurements of the VI 

are therefore used in our centre.

Although a rise in ICP may be accompanied by an increase in VI,10 often the VI only 

starts to enlarge in more severe hydrocephalus and consequently may fail to identify 

neonates with mild dilatation.22,23 The first sign of an increase in ICP is more frequently 

a change in ventricular shape with rounding of the frontal horns and an increase in 

anterior horn width (AHW; Figure 1A)15,22 – a phenomenon referred to as ‘ballooning’ 

(Figure 2).24 Hence, the AHW has been suggested to be a more sensitive marker for 

early or mild ventricular enlargement than the VI.22,23

The depth of the occipital horn of the lateral ventricle (thalamo-occipital distance, TOD; 

Figure 1B) has also been recommended as a valuable addition for the evaluation of 

ventricular size following GMH-IVH. Occipital horn enlargement is often visible before 

any increase in frontal horn dimensions.19,25–30 The occipital horns are usually dilated to 

a greater extent than the frontal horns and may represent the only site of ventricular 

Figure 1. Ventricular parameters measured in the (A) coronal and (B) sagittal plane on cUS.

AHW: anterior horn width, FHR: frontal horn ratio, HW: hemispheric width, TOD: thalamo-occipital 

distance, VA: ventricular axis, VH: ventricular height, VI: ventricular index.

A B
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dilatation.19,25–27,30 Isolated occipital horn dilatation is mainly recognized in extremely 

low birthweight (ELBW) infants with, but also without GHM-IVH. Whether it needs 

intervention, even if the VI and AHW are normal, or whether it is justified to wait, still 

has to be evaluated.

The occipital horns, as well as the atria, also appear to dilate prior to other parts of the 

lateral ventricles in early congenital hydrocephalus.31,32 The underlying mechanism of this 

phenomenon has not been identified so far. Sauerbrei et al.22 observed that in neonates 

with GMH-IVH small intraventricular collections of blood tended to accumulate in the 

occipital horns, whereas large collections of blood were distributed uniformly throughout 

the ventricles. Whether this finding plays a role, remains speculative.

Visualizing the occipital horn may, however, be challenging and more prone to 

measurement errors.28,30,33 Nevertheless, non-visualization of the occipital horn in a 

neonate with an easily accessible fontanel is an important negative finding.28

The clinical value of measurements of the third and fourth ventricle is unclear. When 

combined with the dimensions of the lateral ventricles, assessment of the size of the 

third and fourth ventricle size may help in differentiating between communicating and 

non-communicating hydrocephalus.34 Enlarged third and fourth ventricular size may 

also contribute to distinguishing PHVD from ex-vacuo dilatation, which has important 

therapeutic implications.35 The observation of isolated dilatation of the third and⁄or 

fourth ventricle can be associated with a posterior fossa haemorrhage and may provide 

the clue to the proper diagnosis. Dimensions of both ventricles are, however, not easy to 

determine on cUS and reference values are scarce.20,34 The third ventricle is usually not 

visible in the coronal plane and must be dilated to perform measurements,36 whereas the 

fourth ventricle has a quite complex shape resulting in a higher interobserver variability.34 

Therefore, evaluation of third and fourth ventricular size is not included in this review.

Ventricular size and timing of treatment
About 35% of the neonates who develop PHVD require some form of intervention.9 

Figure 2. Ventricular ballooning on cUS in a 

thirteen-days old preterm neonate (GA 27+5 

weeks) with bilateral GMH-IVH grade III and 

PHVD. Both the anterior horn width (right 

AHW: 10.6 mm; left AHW: 11.1 mm) and 

ventricular index (right VI: 14.0 mm; left VI: 

15.1 mm) were significantly enlarged.
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The decision whether to initiate treatment or not tends to be based on measurements 

of ventricular size.

CSF drainage has a central role in the treatment of PHVD. It can be achieved by repeat 

lumbar punctures, ventricular taps, or the placement of a subcutaneous reservoir, 

subgaleal shunt, or ventriculoperitoneal (VP) shunt. Optimal timing for CSF drainage 

in infants with PHVD is still a matter of debate.35 It has been described that if the 

VI in neonates with progressive ventricular enlargement exceeds 4 mm above the 

97th percentile for GA8, PHVD carries a poor prognosis with about 40–60% of the 

children being shunt dependent, and over 60% of the infants being deceased or either 

disabled or impaired at the age of one year.37–39 Whether early intervention decreases 

the need for shunting and improves long-term neurodevelopmental outcome is still 

uncertain.9,38–40 In a retrospective study in five Dutch neonatal intensive care units, low 

threshold intervention – initiated when the VI crossed the p97 line – was associated 

with a significant reduced risk of VP-shunting and a lower number of infants with a 

moderate or severe handicap compared with high threshold intervention – started 

after crossing the p97 + 4 mm line.9 A randomized multicentre intervention study 

(Early versus Late Ventricular Intervention Study, ELVIS) is carried out at the moment 

to explore whether there is a beneficial role for low compared with high threshold 

intervention in neonates with PHVD with regard to both the risk of VP-shunting and 

neurodevelopmental outcome.

When treatment for PHVD is initiated, serial cUS measurements of the lateral ventricles 

still play an important role. Monitoring ventricular size enables us to assess the effect 

of the intervention and the need for other therapeutic options.

Relevance of ventricular dilatation for long-term outcome
Evaluation of ventricular size is also of prognostic value. In addition to concomitant 

mortality and VP-shunt dependency, PHVD is often associated with impaired 

neurodevelopmental outcome in preterm neonates.9,37–40 Several studies have 

demonstrated that ventricular dilatation is predictive for cognitive impairment,41,42 

as well as cerebral palsy41,43 in (V)LBW infants. Often though, it is hard to distinguish 

the mechanisms underlying the origin of ventriculomegaly – either post-haemorrhagic 

resulting from increased ICP or atrophic resulting from white matter loss (or a 

combination) – what makes it difficult to judge the impact of mild or moderate PHVD. 

The extent of parenchymal involvement and associated white matter injury may be the 

main predictor for neurodevelopmental outcome in infants with PHVD, especially with 

regard to motor outcome.6,40,44

Importance of accurate reference ranges
With a better understanding of normal and abnormal size of the neonatal lateral 
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ventricles, it may be possible to improve both the diagnostic and therapeutic evaluation 

of neonates with GMH-IVH ⁄ PHVD. Infants with ventriculomegaly at high risk of 

neurodevelopmental impairment may be identified with greater accuracy.

An overview on neonatal reference ranges for the lateral ventricles, including several 

variables influencing those values, will be provided in the following sections.

(AB)NORMAL VENTRICULAR SIZE ON cUS: NEONATAL 
REFERENCE VALUES

Six studies which met the selection criteria, reported cross-sectional reference 

ranges for the lateral ventricular size on cUS in neonates (Table 1).8,15,20,21,30,34 Data 

are available for both term and preterm infants, although reference values for ELBW 

infants are scarce and based on small numbers in most studies. 

Considerable variation exists between the studies with respect to sample size, 

patient characteristics, timing of the first cUS, and measured parameters. In the 

study of Levene8, ultrasound measurements of the VI were performed through 

the temporoparietal bone, which correlated well with measurements through the 

anterior fontanel according to the author.

Most commonly measured parameters
Several dimensions of the lateral ventricles have been investigated. Levene8 was the 

first to publish a reference curve for the VI – the distance between the falx and the 

lateral wall of the anterior horn in the coronal plane at the level of the third ventricle 

(Figure 1A). The VI has also been expressed as a ratio to the width of the corresponding 

hemisphere, referred to as the frontal horn ratio (FHR; Figure 1A).20 Because ratios 

are considered to be less useful for monitoring ventricular size,8,21 as outlined before, 

the FHR is left out of consideration. Another parameter that can be measured in the 

coronal plane is the maximal diagonal width of the anterior horn (AHW; Figure 1A).34 

A growth curve has also been published for the longitudinal axis of the anterior horn 

(ventricular axis, VA; Figure 1A].15 Because this parameter is not frequently used in 

clinical practice and does not have any apparent advantage over the VI or AHW, it will 

not be discussed in this review either. 

In the parasagittal plane, the ventricular height (VH) adjacent to the foramen of Monro 

can be determined, as well as the TOD – the distance between the outermost point 

of the thalamus at its junction with the choroid plexus, to the outermost part of the 

occipital horn (Figure 1B). While for the VH no reference values are available, data on 

occipital horn size30,34 were limited to preterm neonates until Sondhi et al.20 quite 

recently reported reference ranges for the TOD for both term and preterm infants.

2
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n GA 
in  

weeks

Exclusion 
Criteria

First cUS 
post-

partum

Follow-
up cUS

Frequency 
cUS

Method 
of 

scanning

Ventricular 
para-

meters

Davies et al.34 

(2000)

120 23–<33 unknown GA,

GMH-IVH 

grade III-IV, 

craniospinal 

malformation

≤3 days 7 MHz AF 

(C + PS)

AHW 

TOD

Levene8

(1981)

273 26–42 GMH-IVH or 

cerebral 

atrophy on 

first cUS

≤6 days ≤28 

weeks 

5 MHz TP VI

Liao et al.15

(1986)

540 24–40 GMH-IVH,

cerebral 

atrophy

≤1 day ≤6 

weeks

5 MHz AF (C) AHW

VA

VI

Perry et al.21

(1985)

533 26–42 GMH-IVH,

neural tube 

defect

48–96 

hours

7 MHz AF (C) AHW

Reeder et al.30

(1983)

52 <37 GMH-IVH unknown 5 MHz AF (PS) TOD

Sondhi et al.20

(2008)
1483 25–42 ICH, 

craniospinal 

malformation, 

perinatal 

asphyxia, 

CNS infection

≤3 days 5 MHz AF

(C + PS)

AHW 

FHR

TOD

AF: anterior fontanel, AHW: anterior horn width, C: coronal plane, CNS: central nervous system, cUS: 
cranial ultrasound, GA: gestational age, FHR: frontal horn ratio, ICH: intracranial haemorrhage, GMH-IVH: 
germinal matrix-intraventricular haemorrhage, PS: parasagittal plane, TOD: thalamo-occipital distance, TP: 
temperoparietal, VA: ventricular axis, VI: ventricular index.

Table 1. Cross-sectional studies on lateral ventricular size in preterm and term neonates performed within 

one week post-partum
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What is (ab)normal ventricular size?

Ventricular Index
In addition to Levene8, Liao et al.15 also published a nomogram for the VI in newborns 

(Figure 3). Both demonstrated that the upper limit for the VI depends on GA. The 

reference values of these studies correlate well for term neonates, while those for 

preterm newborns show more variation. This may be attributable to the fact that the 

lower the postmenstrual age the fewer infants were included, making the results more 

prone to variation. For premature newborns below 26 weeks of gestation, who are 

most at risk of developing GMH-IVH and subsequent PHVD, only the study of Liao et 

al.15 is applicable. Therefore more data are needed for ELBW infants.

Anterior Horn Width
Whether normal values for the width of the anterior horn correlate with GA is 

controversial. While several authors reported no or just minimal change in AHW with 

GA,15,21,34 an evident increase in AHW was demonstrated with ongoing maturity 

by Sondhi et al.20 (Figure 3). Remarkable is the small standard deviation in the last 

study in comparison with previously published data. Whether this can be completely 

explained by the large sample size and the fact that all neonates were examined on the 

third day post-partum in Sondhi’s study20, remains uncertain.

In the majority of neonates, the AHW is less than 3 mm.15,20,21,34 The clinical significance 

of an AHW above 3 mm in the absence of GMH-IVH is not clear. An AHW between 3 

and 5 mm was not associated with neurodevelopmental impairment at a single follow 

up visit in a small group of 13 infants within the first year of life.21 Values exceeding 

6 mm, however, are associated with ventricular ballooning and suggest the need for 

treatment according to Govaert et al.24

Thalamo-Occipital Distance
No explicit conclusions can be drawn from data on occipital horn size. Controversy 

also exists whether normal values of occipital horn size depend on GA. Furthermore, 

the variation in reported reference curves is considerable (Figure 3). Reeder et al.30 

compared occipital horn measurements in normal premature infants and in premature 

neonates with an intracranial haemorrhage or neural tube defects and concluded 

that, regardless of the degree of prematurity, an occipital horn length exceeding 

16 mm suggests intracranial pathology in preterms. Davies et al.34 reported much 

higher reference values for the TOD in preterm neonates, with an upper limit of 

24.7 mm. Neonates with a GMH-IVH grade I-II were, however, not excluded in the 

latter study, which may have resulted in higher values. A smaller occipital horn size 

was measured in premature newborns by Sondhi et al.20 Again the small range in 

this study is remarkable and does not agree with the other studies30,34 and our own 

experience.

2
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Figure 3. Overview of neonatal reference curves for the ventricular index, anterior horn width, and thalamo-

occipital distance according to Davies et al.34 (regression line with 95% confi dence interval), Levene8 (p3, 

p50, p97), Liao et al.15 (mean ± 2 standard deviations, SD), Perry et al.21 (p97), Reeder et al.30 (mean ± 2 

SD) and Sondhi et al.20 (p5, p50, p95).
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Reliability of ventricular measurements
To develop reliable reference ranges for clinical practice, ventricular measurements need 

to be reproducible for subsequent measurements with good interobserver agreement. 

The few studies which reported data on the intra- and interobserver variability for 

several ventricular parameters are reassuring.8,20,34 For all the above-mentioned 

ventricular dimensions (i.e. VI, AHW, and TOD), good intra-8,34 and interobserver8,20,34 

correlations could be achieved. With respect to assessment of occipital horn size, it has 

been our experience that reproducible measurements of the TOD are harder to obtain 

in some neonates because of difficulties in visualizing the occipital horn and obliquity of 

the transducer. Subjective assessment of ventricular size is less reproducible, especially 

in case of ventricular enlargement.45,46

The use of cross-sectional data for follow-up
Compared with term-born infants, preterm infants tend to have increased volumes of 

the lateral ventricles and CSF on MRI at term-equivalent age.47–49 This phenomenon 

has been demonstrated during infancy50,51 and adolescence52 as well and may be 

due to cerebral atrophy. Hence, it is questionable whether cross-sectional reference 

ranges for ventricular size can be used for the follow-up of premature neonates, 

especially in neonates with PHVD. Longitudinal data on neonatal ventricular size are, 

nevertheless, scarce and only available for the VI and AHW. While an increase in VI was 

demonstrated in both preterm and term infants postnatally,8,15 the AHW remained 

stable in preterm infants during the first six weeks after birth.15

VENTRICULAR SIZE: DOES GENDER MATTER?

In foetuses, ventricular size seems to be correlated to gender. Normal male foetuses 

appear to have slightly larger atria than female foetuses throughout the second and 

third trimester.53–56 Although statistically significant, reported mean differences are 

small, ranging from 0.1 to 0.6 mm.

Less is known about the relationship between gender and ventricular size in neonates. 

A good correlation has been observed between male and female newborns for the 

FHR,20 AHW,20,34 and TOD.20 Volumetric MRI-measurements demonstrated larger mean 

ventricular volumes in boys during the first 6 years of life.57 The difference disappeared, 

however, when corrected for intracranial volume. No difference in ventricular volume 

between both sexes could be demonstrated with further growth.51,57,58

According to these data, gender seems to play only a minor role in determining 

neonatal ventricular size. Male neonates may have slightly larger ventricles than female 

neonates, but if present, the difference does not seem to be clinically significant.

2
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ASYMMETRY OF THE LATERAL VENTRICLES

The phenomenon of lateral ventricular asymmetry on cUS was first described in the 

1980s.59 Since then, it was demonstrated by others as well.30,33,34,60-64 Reported 

prevalence rates range from 12 to 77%, and this wide range was partly explained by the 

definition which was used.

When asymmetry is present, the left ventricle is usually larger than the right 

ventricle.33,34,60-63 The same trend has been noticed in the foetus.65 Volumetric cUS 

and MRI measurements in neonates66-70 as well as children and adolescents58 also 

showed that left ventricular volumes tend to be larger than right ventricular volumes. 

Asymmetry tends to be more pronounced in the occipital horns than in the anterior 

part of the lateral ventricle,33,62,64 and side to side differences exceeding 5 mm have 

been described.34 The frontal horns may show some asymmetry, but reported 

differences in left- and right frontal horn dimensions are small and unlikely to be of 

clinical relevance.20,34

The clinical significance of ventricular asymmetry is not clear. Observations in some 

studies suggest that there might be a relationship with intracranial pathology.30,33,61 

A higher percentage of GMH-IVH was found in neonates with asymmetrical ventricles 

raising the possibility that an intracranial haemorrhage (in utero) may lead to ventricular 

asymmetry in some infants.33,61 However, the GMH-IVH was more commonly seen on 

the side of the smaller ventricle,61 and the majority of neonates with asymmetry did 

not have any evidence of a haemorrhage.33,61 Other investigators also demonstrated 

that asymmetry is not necessarily a pathological entity, because of GMH-IVH or 

impaired liquor drainage, but exists in the normal population and may represent 

normal physiological variation.63,64 This is consistent with observations in utero, where 

asymmetry of the lateral ventricles also was observed, although less frequently, and 

was considered a normal variant after excluding underlying pathology.65

Ventricular asymmetry may be influenced by genetic factors or environmental events 

that occur during brain growth.71 It has also been reported that in case of asymmetry, 

the enlarged ventricle is often associated with a larger ipsilateral choroid plexus.62 No 

relationship was found between ventricular asymmetry and gender, mode of delivery, 

or the infants age at the time of the ultrasound.61,64 

There appears to be an effect of head position at the time of scanning on ventricular 

asymmetry. In preterm neonates as well as in term newborns with brain damage, the 

depth of the anterior horn clearly changed with head position within 3 h after turning 

the head. Whereas the upper frontal horn increased in size, the depth of lower frontal 

horn decreased.71 Ventricular area63 and volume70 measurements in preterm and term 

infants also showed that head position plays a role. Its influence seems to depend 

on the time interval between changing the position of the head, for turning the head 

did not significantly alter ventricular asymmetry within 1 h.61 The influence of head 

position on ventricular size appears to diminish with increasing GA, which contributes 
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to the idea that maturation of the brain plays a role. It has been suggested that the 

structure of the brain of preterm infants might be less firm when compared with term 

infants, making it more sensitive to the effect of gravity.71

DIFFERENCES IN ANTENATAL AND POSTNATAL 
VENTRICULAR SIZE

Foetal reference curves
Both abdominal and transvaginal ultrasonography are used for monitoring foetal 

ventricular size during intra-uterine development to detect congenital hydrocephalus. 

Like in neonates, the foetal atria and occipital horns appear to be more sensitive for early 

ventricular enlargement than the frontal horns and midbody of the lateral ventricles.31,32 

Because reference values for the occipital horn are harder to obtain,72,73 most foetal 

studies have focused on the size of the atria.56,74-80 Foetal ventriculomegaly has been 

defined as an atrial size exceeding 10 mm, which represents 2.5–4 standard deviations 

above the mean. Less data are available with respect to the foetal dimensions of the 

frontal31,72,73,81-83 and occipital83,84 horns.

Foetal ventricular size has mainly been determined in the axial plane. Monteagudo 

et al.83 did, however, perform frontal horn measurements in the coronal plane and 

occipital horn measurements in the parasagittal plane, thus enabling comparison with 

neonatal data. Differences between intra-uterine and extra-uterine reference ranges are 

remarkable, especially with regard to the AHW and TOD. Reported upper limits for the 

foetal AHW and TOD are 7.5 mm and 25–30 mm (depending on GA), respectively,83 

which is higher than neonatal measurements for those parameters (Figure 3).15,20,21,30,34 

This raises the question what happens with ventricular size during and following birth.

Changes in ventricular size following birth
While the lateral ventricles are open in most foetuses,83 nearly or completely closed 

ventricles are quite a common phenomenon in term and preterm neonates in the first 

week post-partum and not necessarily related to cerebral ischaemia.33,36,85-87

A rapid increase in ventricular area36,63 and volume69 at the end of the first week and 

in the second week after birth has been reported. Nelson et al.85 investigated the 

postnatal change in ventricular size in a population of healthy term newborns following 

a vaginal delivery. By combining cross-sectional and longitudinal classifications of 

the lateral ventricles, it was assessed that within 12 h of birth the ventricles were 

completely closed in 80%, partially opened in 18%, and completely open in only 1% 

of the newborns. Gradual reopening was seen over the following days. The estimated 

median time to partially open ventricles following a vaginal delivery was 2.5–3 days.

2
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The effect of the mode of delivery
The difference in ante- and postnatal ventricular size and the process of reopening seen 

postnatally may be partly explained by the effect of a vaginal delivery.33,85 It has been 

suggested that the compression on the skull of the baby during its passage through the 

birth canal possibly forces the CSF out of the ventricles.85 For term infants, a statistically 

significant correlation between the mode of delivery and the visibility of CSF in the 

lateral ventricles was reported by Winchester et al.33 While open ventricles were found 

in 2 out of 16 neonates born by caesarean section within the first 6 days after birth, it 

was seen in only 2 out of 28 infants born vaginally. For preterm infants, the association 

between compressed ventricles and the mode of delivery is less clear.

The optimal study design for demonstrating a possible effect of the mode of delivery on 

ventricular size would be a longitudinal study with antenatal and postnatal ventricular 

measurements in neonates born after a vaginal delivery or primary caesarean section. 

In addition to Nelson’s research85 among term infants, it would be interesting to 

investigate whether the phenomenon of reopening can also be observed in preterm 

infants.

Other hypotheses
Postnatal changes in ventricular size cannot exclusively be explained by the mode of 

delivery as compressed ventricles may persist after the first week after birth85 and can 

also be seen following a caesarean section.33,86 Another factor that at least partly may be 

responsible for the difference in ante- and postnatal ventricular size, is the mild degree 

of dehydration of the newborn during the first days after birth, which is also considered 

to explain the smaller renal pyela in neonates compared with foetal pyelum size.88,89 

Dehydration may lead to reduced CSF production and hence to a smaller ventricular size.

The transition from the foetal low pressure to the neonatal high pressure circulatory 

state, probably accompanied by changes in the secretion or reabsorption of CSF, has 

also been proposed as an explanation for the changes in ventricular size following birth.36

CONCLUSION

Evaluation of the size of the lateral ventricles is important for the early detection of 

PHVD in neonates, which may have important therapeutic and prognostic implications. 

During the last three decades, cUS played a key role in the diagnosis and evaluation 

of ventricular dilatation. Reference values were established for several ventricular 

dimensions. Furthermore, several variables influencing ventricular size have been 

investigated.

The main conclusions are that, while reference values for the VI increase with ongoing 
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maturity, the correlation with GA remains controversial for measurements of the AHW 

and TOD. Asymmetry between the lateral ventricles is a common phenomenon and 

appears to represent a normal physiological variation rather than a sign of cerebral 

pathology in most neonates. The difference in foetal and neonatal reference curves is 

remarkable, ventricular size appearing larger in foetuses. This may partly be explained 

by the effect of a vaginal delivery.

Several questions remain unanswered. There is still a need for more cross-sectional as 

well as longitudinal data on normal ventricular size, especially for ELBW infants. Some 

studies have been carried out with only a small study population or were performed 

quite a long time ago with less advanced cUS techniques. No data are available with 

respect to reopening of the ventricles in premature infants or neonates born by a primary 

caesarean section, so the effect of the mode of delivery on postnatal ventricular size is 

still not clear.

The main question, however, which needs to be answered is which ventricular parameter 

gives the most accurate reflection of intracranial pressure in neonates with PHVD. To 

our knowledge, this has only been investigated for the VI.10 As important therapeutic 

decisions are based on ventricular size measurements, there still remains a need for 

prospective studies.
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ABSTRACT

Purpose: To establish new cross-sectional reference values for the size of the lateral 

ventricles in a large cohort of neonates between 24 and 42 weeks gestational age (GA) 

as well as longitudinal reference values for the follow-up of very preterm infants born at 

less than 30 weeks gestation.

Materials and Methods: Institutional review board approval and parental written 

informed consent were obtained for this prospective cohort study of 625 neonates 

(58% male patients) with a median (range) GA of 33.4 (24.7–42.6) weeks. All infants 

underwent cranial ultrasonography (cUS) within four days after birth to evaluate the size 

of the lateral ventricles. Scanning was repeated in 301 preterm and term neonates within 

the first week after birth to assess the presence of ventricular reopening. Seventy-nine 

very preterm infants (GA <30 weeks) were prospectively included for cUS at term-

equivalent age (TEA). cUS measurements were performed of the ventricular index (VI), 

anterior horn width (AHW), and thalamo-occipital distance (TOD). Statistical analysis 

was conducted by using a paired t test, multilevel analysis, and analysis of covariance.

Results: Cross-sectional reference values for the VI and TOD increased with maturity, 

whereas the AHW remained constant. Vaginal birth was independently associated with 

a slightly smaller AHW following birth and with an increase in AHW within the first 

week after birth (p<.05). Preterm born infants showed a larger ventricular size at TEA 

compared with term infants (p<.001).

Conclusion: New cross-sectional and longitudinal reference curves were established 

for the size of the neonatal lateral ventricles, which may allow for early identification 

and quantification of ventriculomegaly due to either post-haemorrhagic ventricular 

dilatation or periventricular white matter loss.
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INTRODUCTION

Post-haemorrhagic ventricular dilatation (PHVD) affects approximately 75% of 

preterm infants following a severe germinal matrix-intraventricular haemorrhage 

(GMH-IVH) and represents a potential threat to the developing neonatal brain.1 In 

infants with progressive ventricular dilatation, drainage of cerebrospinal fluid has been 

shown to improve cerebral haemodynamics and oxygenation and may prevent further 

brain injury.2,3 To diagnose PHVD and evaluate the need for intervention, measurement of 

ventricular size by means of cranial ultrasonography (cUS) has been shown to be superior 

to measurement of head circumference or assessment of clinical symptoms of raised 

intracranial pressure.4,5 cUS measurement of the lateral ventricles offers, in addition, 

a sensitive tool to detect ex-vacuo ventriculomegaly (VM) in preterm infants due to 

periventricular white matter loss.

In the early 1980s, Levene6 was the first to publish reference values for the size of the 

neonatal lateral ventricles on cUS images, and his curve is still widely used to decide 

whether an infant with progressive PHVD needs treatment. Since then, others have also 

reported nomograms for the neonatal ventricles,4,7–10 among which the reference values 

by Davies et al.7 are probably best known.

Recently, we reviewed available data on this topic and demonstrated considerable variation 

among reported reference curves, especially for the most immature infants, who face the 

greatest risk of developing ventricular dilatation.11 A substantial number of studies were 

conducted more than a decade ago with less-sophisticated cUS equipment. Not all studies 

covered the entire neonatal period, and in general, only few extremely low birthweight 

infants were included in previous research. Furthermore, not all studies excluded neonates 

with a small GMH-IVH , which may have influenced reported measurements of ventricular 

size. In addition, to our knowledge, no longitudinal reference curves are currently available 

for sequential cUS evaluation of ventricular size in preterm infants.

Accurate reference values are of importance for infants with PHVD, as intervention is 

started on the basis of changes in ventricular size of only a few millimeters. Longitudinal 

reference data should enable improved identification of ex-vacuo VM in preterm neonates. 

Therefore, the aims of this study were to establish new cross-sectional reference values 

for the size of the lateral ventricles in a large cohort of neonates between 24 and 42 weeks 

gestational age (GA) as well as longitudinal reference values for the follow-up of very 

preterm infants born at less than 30 weeks gestation.

MATERIALS AND METHODS

Institutional review board approval and written parental informed consent were 

obtained for this prospective observational cohort study.
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Patients
Between October 2005 and September 2010, 625 neonates were consecutively 

enrolled, including 217 term infants admitted with the mother on the maternity ward 

or to the medium care unit and 408 preterm infants admitted to either the medium or 

intensive care unit of the Wilhelmina Children’s Hospital. To acquire a representative 

sample size, a minimum of 25 neonates were included per week of gestation (except 

for 24 and 42 weeks GA). GA was determined as the time from the first day of the last 

menstrual period and confirmed with a crown–rump length measurement in the first 

trimester. If the cUS date differed by more than six days from the menstrual date, the 

cUS date was used.

Applied exclusion criteria for both preterm and term infants were congenital and 

chromosomal anomalies, metabolic disorders, perinatal asphyxia, seizures, central 

nervous system infections, cUS abnormalities other than mild transient periventricular 

echogenicities, and an unknown GA.

A subgroup of 115 preterm-born infants (GA <30 weeks), included between January 

2007 and June 2009, was followed prospectively and included for cUS at term-

Preterm neonates 
(GA <30 weeks)

n=115

Early death
n=7

cUS abnormalities >cUS1
n=9

No cUS-TEA
n=10

Loss to follow up <15 months
n=7

Unfavourable outcome
n=3

n=108

n=99

n=89

n=82

n=79

Figure 1. Prospective inclusion of preterm born neonates (GA <30 weeks) between January 2007 and June 

2009. 
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equivalent age (TEA) if no cUS abnormalities were observed at sequential examinations 

or around term. Neurodevelopmental outcome was assessed at 15 months corrected 

age using the Griffiths Mental Development Scales. Infants with low scores according 

to Ivens and Martin12 (corrected developmental quotient <83) were excluded to ensure 

that the longitudinal reference values were based on a cohort of preterm infants with 

a favourable outcome. In total, one-third of the 115 infants had to be excluded and 

consequently, 79 preterm-born neonates were eligible for prospective inclusion at TEA 

(Figure 1).

Measurements
Maternal and neonatal charts were reviewed for demographic and clinical characteristics.

Perinatal and neonatal characteristics considered were maternal pregnancy-induced 

hypertensive disease, prolonged rupture of membranes (>24 hours), histologic diagnosis 

of chorioamnionitis, antenatal corticosteroids, multiple birth and monochorionicity, 

mode of delivery, GA, sex, birthweight, and head circumference.

Postnatal events recorded in the subgroup of preterm infants included mechanical 

ventilation, administration of hydrocortisone, bronchopulmonary dysplasia (defined as 

the need for supplemental oxygen at 36 weeks postmenstrual age), inotropic support, 

persistent ductus arteriosus requiring treatment with indomethacin or surgery, 

necrotizing enterocolitis, sepsis defined as a positive blood culture, and the infants’ 

postmenstrual age, weight, and head circumference at TEA.

Cranial ultrasound
The first cUS scan (hereafter, cUS1) was conducted within four days following birth. To 

assess the presence of ventricular reopening, cUS scanning was repeated within the 

first week after birth (hereafter, cUS2) in those neonates who underwent cUS1 within 

48 hours after birth and were still admitted. Neonatal cUS was performed as part of 

routine care at the neonatal medium or intensive care unit, whereas term newborns in 

the maternity ward were scanned for research purposes only. cUS at TEA (hereafter, 

TEA-cUS) was part of the follow-up program of preterm neonates. Subsequent scans 

(cUS2 and/or TEA-cUS) in infants who developed cerebral abnormalities after cUS1 

were excluded from further analysis.

cUS was conducted by a team of experienced examiners including neonatologists 

(FG, LSV and MJNLB) with more than ten years of experience in neonatal cUS as well 

as medical doctors (MJB) and fellow neonatologists with at least three months of 

experience in neonatal cUS, who performed cUS under supervision of neonatologists 

(LSV or MJNLB). Scans were performed using an Aplio (Toshiba Medical Systems, 

Zoetermeer, The Netherlands) or ATL-5000 (Philips Medical Systems, Best, The 

Netherlands) ultrasound machine (until 2010) and a Xario scanner (Toshiba Medical 

Systems, Zoetermeer, The Netherlands; from 2010 onwards) with a transducer 
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frequency of 5–8 MHz. Scanning was performed at the bedside with the infant’s head 

in supine position. With the anterior fontanel used as an acoustic window, standard 

views were obtained in the coronal and sagittal planes. Ventricular measurements 

were performed offline with ImageJ (version 1.42q; http://rsb.info.nih.gov/ij) or 

DicomWorks (version 1.3.5; http://www.dicomworks.com) by one of the authors 

(MJB), with three years of experience in neonatal cUS.

Ventricular parameters
The ventricular index (VI, defined as the distance between the falx and the lateral wall 

of the anterior horn in the coronal plane), anterior horn width (AHW, defined as the 

diagonal width of the anterior horn measured at its widest point in the coronal plane), 

and thalamo-occipital distance (TOD, defined as the distance between the outermost 

point of the thalamus at its junction with the choroid plexus and the outermost part of 

the occipital horn in the parasagittal plane) were evaluated (Figure 2).

Intra- and interobserver reliability
The intra- and interobserver reliability were assessed in ten infants. To evaluate 

the intraobserver variability, cUS examination and ventricular measurements were 

repeated on the same day (with a 1–4 hour interval) by a single observer (MJB). The 

interobserver reliability was evaluated by repeating the cUS procedure and ventricular 

measurements in each infant by a second observer (MJNLB), who was unaware of the 

first observer’s data. 

The intraclass correlation coefficients were calculated by using the two-way random 

model for absolute agreement. The intraclass correlation coefficient for single 

measures was considered and interpreted according to the strength of agreement 

scale by Brennan and Silman13.

Figure 2. Ventricular parameters measured on cUS in the (A) coronal and (B) parasagittal plane.

A B
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Statistical analysis
Since differences between the left and right ventricle approached a normal distribution, 

a paired t test was performed to assess the presence of ventricular asymmetry. 

Because the observed degree of asymmetry was too small to be of clinical importance, 

measurements of the left and right ventricles were averaged in subsequent analysis to 

enhance the clinical applicability and interpretation of the data.

Cross-sectional reference curves were designed for the VI, AHW, and TOD according 

to measurements on cUS1. Following logarithmic transformation of the VI and TOD 

and square-root transformation of the AHW, estimates of the mean and 95% reference 

intervals were calculated by using the approach of regression modelling described by 

Royston and Wright14. Multiple regression analysis was used to assess the influence of 

sex, GA, birthweight, head circumference, multiple birth, and monochorionicity.

The phenomenon of ventricular reopening following birth and its hypothesized 

relationship with a vaginal delivery15 were evaluated in a subcohort of term and preterm 

neonates that had undergone two cUS scans in the first week after birth. The data of 

cUS1 and cUS2 were entered into a multilevel model as well as the presence of prolonged 

ruptured membranes (>24 hours) and the mode of delivery (vaginal birth vs. Caesarean 

section), while covarying for the GA and sex of the infants, and the time intervals from 

birth to cUS1 and from cUS1 to cUS2.

Longitudinal reference curves for the VI, AHW, and TOD were based on measurements 

on cUS1 and TEA-cUS in a subcohort of prospectively followed preterm infants (GA <30 

weeks). Estimates of the mean and 95% reference intervals were fitted to the data using 

multilevel modelling. The relationship between the previously described perinatal and 

postnatal events and the observed increase in ventricular size during the neonatal period 

was evaluated in a multilevel model, which was corrected for the infants’ postmenstrual 

age at birth and around TEA. Ventricular size of preterm born infants (GA <30 weeks) 

at TEA and term born neonates was compared by using analysis of covariance with 

postmenstrual age and head circumference as final covariates.

Statistical analysis was performed with statistical software (SPSS 18.0 for Windows; 

SPSS, Chicago, USA).

RESULTS

Descriptive results
A total of 625 neonates were enrolled (Table 1), of whom 79 preterm infants were 

eligible for prospective inclusion at TEA (Figure 1). cUS1 was performed within four 

days after birth, mainly on day 1 (n=417, 67%) or day 2 (n=130, 21%). cUS2 was 

performed in 55% (n=301/547) of the newborns in whom cUS1 was conducted within 

48 hours after birth. In the remaining neonates, it was not possible to repeat cUS 
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Total cohort 
(cUS1)                  

(n=625)

Ventricular reopening 
(cUS1 + cUS2)

(n=301)

Preterm infants
(cUS-TEA)

(n=79)

Neonatal characteristics

GA at birth in weeks 33.4 (24.7–42.6) 30.1 (24.7–41.0) 28.2 (25.9–29.9)

Birthweight in grams 1900 (530–5060) 1310 (530–4460) 1120 (600–1780)

Male sex 365 (58.4) 166 (55.1) 41 (51.9)

Vaginal birth 340 (54.4) 137 (45.5) 42 (53.2)

Multiple birth 146 (23.4) 89 (29.6) 31 (39.2)

    Monochorionicity 40 (27.4) 22 (24.7) 4 (12.9)

cUS1 and cUS2

Interval birth–cUS1 in h:min 14:24 (0:23–95:34) 3:44 (0:22–44:46) 1:57 (0:22–43:46)

Interval birth–cUS2 in h:min 67:49 (15:40–160:35)
Interval cUS1–cUS2 in h:min 54:00 (14:41–154:24)

    <24 hours 26 (8.6)

    24–48 hours 99 (32.9)

    48–72 hours 86 (28.6)

    72–96 hours 49 (16.3)

    96–120 hours 34 (11.3)

    ≥120 hours 7 (2.3)

cUS-TEA

Postmenstrual age in weeks 41.6 (39.3–46.3)

Interval birth–cUS-TEA in weeks 13.5 (10.0–17.7)

Data are presented as n (%) or median (range).

Table 1. Patient characteristics at birth and at term-equivalent age

Right Ventricle Left Ventricle Difference Left–Right 
Ventricle

cUS1 (n=625)

VI 10.3 (1.4)a 10.4 (1.5)a .0 (-2.1–2.5)

AHW 1.1 (.7)b 1.2 (.8)b .1 (-2.5–2.5)

TOD 15.6 (2.2)b 16.0 (2.4)b .3 (-7.0–6.9)

cUS-TEA (n=79)

VI 12.6 (1.2) 12.7 (1.4) .0 (-1.4–3.3)

AHW 2.2 (1.0)b 2.6 (1.1)b .3 (-2.5–3.4)

TOD 19.0 (2.5)a 19.7 (2.5)a .8 (-3.5–5.8)

Data (in mm) are presented as mean (standard deviation) or median (range).
a p<.05
b p<.001

Table 2. Ventricular asymmetry at first cUS examination after birth and at term-equivalent age
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within the first week after birth because of discharge from the hospital or subsequent 

exclusion after cUS1.

Asymmetry
Asymmetry between the left and right ventricle was observed both following birth and 

at TEA. Absolute side-to-side differences ranged up to more than 3 mm for the VI and 

AHW and up to 7 mm for the TOD. Asymmetry of one parameter was not necessarily 

associated with larger (or smaller) measurements of the other ventricular dimensions 

in the ipsilateral hemisphere, and differences in left and right ventricular size were not 

consistent over time. On average, ventricular size appeared slightly larger on the left. 

Mean differences between lateral ventricles were, however, small and unlikely to be of 

clinical importance (Table 2).

Cross-sectional reference curves
Cross-sectional reference curves were designed for VI, AHW, and TOD according to 

measurements on cUS1 (Figure 3). GA was associated with an increase in VI and TOD, 

but did not influence the AHW. Male neonates showed a slightly larger ventricular size 

than female neonates (Table 3). Birthweight, head circumference, multiple birth, and 

monochorionicity were not associated with ventricular size in multiple regression analysis.

Ventricular reopening
The presence of ventricular reopening following birth was assessed in a subcohort of 

301 neonates who had undergone two subsequent cUS scans within the first week 

(Table 1). Between cUS1 and cUS2, an increase in AHW was observed, which was 

independent of the infants’ GA and the presence or duration of prolonged ruptured 

membranes. Vaginal birth was associated with a slightly smaller AHW following birth 

and a gradual, compensatory increase in the days thereafter (Table 3). No increase in VI 

and TOD could be demonstrated in the first week after birth.

Longitudinal reference curves
Longitudinal reference curves were designed for the VI, AHW, and TOD (Figure 4) on 

the basis of measurements on cUS1 and TEA-cUS in 79 prospectively included infants 

born at less than 30 weeks gestation (Table 1). 

The infants’ postmenstrual age appeared to be most predictive for ventricular size. 

The most immature infants (GA <27 weeks) showed the largest increase in VI and TOD 

throughout the neonatal period. Male sex was associated with a larger AHW at birth 

but a smaller increase in AHW up until TEA (Table 3). No other perinatal and postnatal 
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Figure 3. Cross-sectional 

reference curves for the 

VI, AHW, and TOD on cUS 

in neonates born between 

24–42 weeks gestation 

(n=625); presented are the 

estimated means and 95% 

reference intervals fitted to 

the ventricular measurements 

of both singletons (grey) and 

multiplets (red).
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VI 
(R2=.354)

AHW 
(R2=.430)

TOD 
(R2=.372)

Intercept 11.22 (.17)d 1.23 (.07)d 15.84 (.18)d

Preterm birth <30 weeks .45 (.18)d 1.20 (.13)d 3.45 (.31)d

Postmenstrual age in weeksa .19 (.05)d ns ns

Head circumference in cmb .17 (.05)d .08 (.04)c ns

Data (in mm) are presented as the estimate (standard error); ns: not significant.
a centred at 37 weeks
b centred at 35 cm
c p<.05
d p<.001

Table 4. Prediction of ventricular size in 217 term born infants and 79 preterm born infants (GA <30 weeks) 

at term-equivalent age

VI AHW TOD

cUS1 (n=625)

Intercept 8.03 (.09)e 1.11 (.04)e 15.09 (.22)e

GA at birth in weeksa .22 (.01)e ns .04 (.02)d  

Male sex .28 (.07)e .12 (.05)c .49 (.19)d

cUS1–cUS2 (n=301)

Intercept .90 (.11)e

Interval birth–cUS1 in hoursb ns

Interval cUS1–cUS2 in hoursb .09 (.03)e

GA at birth in weeksa ns

GA at birth in weeksa by interval cUS1–cUS2 in hoursb ns

Male sex .16 (.07)c

Vaginal birth -.26 (.08)d

Vaginal birth by interval cUS1–cUS2 in hoursb .05 (.02)d

cUS1–cUS-TEA (n=79) 

Intercept 8.30 (.20)e .47 (.13)e 15.23 (.53)e

Postmenstrual age in weeksa .22 (.02)e .11 (.01)e .20 (.04)e

Preterm birth <27 weeks ns ns ns

Preterm birth <27 weeks by postmenstrual age in weeksa .07 (.03)c ns .15 (.07)c

Male sex ns .63 (.19)e ns

Male sex by postmenstrual age in weeksa ns -.04 (.01)e ns

Data (in mm) are presented as the estimate (standard error); ns: not significant.
a centred at 24 weeks
b natural logarithm
c p<.05
d p<.01
e p<.001

Table 3. Prediction of neonatal ventricular size after birth and throughout the neonatal period
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Figure 4. Longitudinal 

reference curves for the VI, 

AHW, and TOD on cUS in 

preterm born neonates (GA 

<30 weeks) from birth up till 

TEA (n=79); presented are the 

estimated means and 95% 

reference intervals fitted to 

the ventricular measurements 

of both singletons (grey) and 

multiplets (red).



61

Intraobserver reliability Interobserver reliability

Observer A 

at 1st cUS 

Observer A 

at 2nd cUS

Difference 

2nd–1st cUS

ICC Observer A 

at 1st cUS

Observer B 

at 1st cUS

Difference 

Observer B–A

ICC

Right VI 8.9 (1.0) 9.0 (1.0) .1 (-.8–.6) .896 8.9 (1.0) 8.9 (1.1) -.2 (-.9–1.2) .730

Left VI 8.7 (.8)a 9.0 (.7)a .4 (-.4–.9) .797 8.7 (.8) 9.1 (1.1) .3 (-.7–1.5) .711

Right AHW 1.9 (.9) 2.0 (.9) .0 (-.1–.5) .970 1.9 (.9) 1.8 (.9) -.1 (-.5–.3) .972

Left AHW 2.0 (.6) 2.1 (.7) .1 (-.7–.8) .834 2.0 (.6)b 2.4 (.7)b .4 (.0–1.3) .713

Right TOD 16.9 (3.9) 16.0 (4.0) -.7 (-5.0–2.2) .876 16.9 (3.9) 16.5 (3.1) -.7 (-5.2–4.2) .673

Left TOD 17.0 (3.7) 17.4 (4.1) .7 (-2.1–2.4) .918 17.0 (3.7)a 18.9 (4.6)a 2.1 (-1.1–5.4) .789

Data for ventricular measurements (in mm) are presented as mean (standard deviation) or median (range);
ICC: intraclass correlation coefficient.
a p<.05
b p<.01

Table 5. Intra- and interobserver reliability for ventricular measurements assessed by repeating cUS in ten 

infants.

characteristics were associated with the increase in ventricular size from birth to TEA.

Compared with term born infants (n=217), preterm born infants (n=79) demonstrated 

larger ventricles around TEA, even after correction for differences in postmenstrual age 

and head circumference (Table 4; Figure S1).

Intra- and interobserver reliability
The reproducibility of ventricular measurements by a single observer was considered 

very good (≥0.81) for the AHW, TOD, and right VI and good (0.61–0.80) for the left VI 

according to the classification by Brennan and Silman13. Between observers, ventricular 

measurements appeared also to be consistent. Very good interobserver reliability was 

observed for the right AHW and good reliability was observed for the other ventricular 

dimensions (Table 5).

DISCUSSION

Sequential cUS measurements of the neonatal lateral ventricles enable recognition 

of VM and further differentiation between progressive, pressure-driven dilatation 

following a germinal matrix-intraventricular haemorrhage and ex-vacuo dilatation due 

to periventricular white matter loss.

In our study, new cross-sectional reference curves were established for the ventricular 

size of newborn infants between 24 and 42 weeks GA as well as longitudinal curves 

for the follow-up of very preterm infants until TEA.
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Cross-sectional VI measurements showed a considerable increase with maturation, 

whereas the AHW remained constant, and the occipital horns only slightly enlarged 

with GA. These observations are in line with prior reports,4,6–9 except for Sondhi et 

al.10, who demonstrated a marked increase in AHW and TOD with increasing GA.

The reference intervals for the VI presented in our study are consistent with the curve 

published by Levene6 30 years ago; however, in the study by Levene6 no preterm infants 

younger than 26 weeks GA were eligible. Liao et al.4 reported slightly higher values for 

the VI in preterm infants. The inclusion of fewer extremely premature infants in both 

studies and the lower transducer resolution in the 1980s may account for the small 

differences between the previous and present reference values. Reference intervals 

for the AHW (<3 mm) are in line with earlier studies.4,7,8,10 Literature regarding the 

size of the occipital horns is inconclusive; previous reported upper limits for the TOD 

range from 7 mm for the most premature infants up to 24.7 mm.7,9,10 In our cohort, the 

97th percentile for the TOD varied between approximately 19 mm for preterm infants 

and 21 mm for term infants.

Although measuring occipital horn size may be challenging due to obliquity of the 

transducer and difficulties in defining the occipital border in some infants, evaluation 

of TOD is of clinical value. The occipital horn may show the earliest and fastest increase 

in size in infants with PHVD,16,17 and even isolated occipital horn dilatation may be 

accompanied by signs of an increased intracranial pressure and hence be an indication 

for intervention. Measurements of the AHW and TOD did not exceed 4 and 24 mm, 

respectively, in our cohort of neonates without brain abnormalities. Therefore, follow-

up of infants with ventricular measurements exceeding these values is recommended, 

even though it is still unclear at what degree ventricular enlargement is associated 

with raised intracranial pressure.

Ventricular asymmetry was shown to play only a minor role. The lateral ventricles 

were, in general, slightly larger on the left, and asymmetry appeared to be most 

pronounced for the occipital horns, which is in agreement with other neonatal7,18–20 

and foetal21 cUS studies and with volumetric MR imaging studies in neonates,22 

children, and adolescents.23

Male sex was associated with a larger ventricular size after birth, but its effect was 

shown to diminish in preterm infants who were followed prospectively. Sex-related 

differences in ventricular size have been reported previously for both foetuses24 and 

neonates7 and were also demonstrated to disappear with further growth.25

After birth, a small increase in AHW was observed in term and preterm neonates. 

This confirms the concept of ventricular reopening proposed by Nelson et al.15, who 

subjectively assessed the amount of cerebrospinal fluid in the lateral ventricles of 

term infants who were born vaginally and observed a gradual increase in ventricular 

size in the first days following birth. Others also demonstrated a rapid increase in 

ventricular area20,26 and volume27 at the end of the first week and in the second week 

after birth. We found that vaginal birth was associated with a slightly smaller AHW 
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following birth and a gradual increase in AHW in the first week, which supports the 

hypothesis by Nelson et al.15 that reopening of the cerebral ventricles may be related 

to the mechanical effect of a vaginal delivery. A correlation between the amount of 

cerebrospinal fluid in the lateral ventricles and the mode of delivery has been reported 

previously for term infants.28 The effect of ventricular reopening was, however, small 

and did not change the 97th percentile of the reference curve for the AHW, which was 

based on the first cUS after birth.

For preterm infants born before 30 weeks gestation, longitudinal reference curves 

were interpolated according to ventricular cUS measurements following birth and 

around TEA. At TEA, preterm born infants had larger ventricles than term infants. 

Previous MR imaging studies have also demonstrated increased cerebrospinal fluid 

and ventricular volumes in preterm neonates at TEA compared with term born control 

subjects.29–31 Differences in ventricular volume between preterm and term born 

infants have been shown to persist throughout childhood and adolescence32–34 and 

were also observed in infants29 and adolescents33 without a history of PHVD. In the 

absence of major preceding brain disease, ventricular enlargement in preterm infants 

seems a consequence of more subtle brain injury with subsequent volume loss of 

the adjacent periventricular white matter and subcortical grey matter.32,34 Previous 

studies did not reveal any relationship between isolated VM and neurodevelopmental 

outcome in preterm born infants.35,36 In the presence of other brain disease, however, 

ventricular dilatation was shown to pose an additional risk for cognitive and motor 

impairments.35,36

Our study is subject to several limitations that need to be addressed. The study period 

had to be extended to five years to include the required minimum of 25 extremely 

low birthweight infants without cUS abnormalities per week GA. Although all images 

were reviewed and measured by a single researcher, some uniformity might have 

been lost due to the performance of cUS by several examiners and with different 

ultrasound machines during this 5-year period. Measurements of third and fourth 

ventricular size as well as Doppler ultrasound measurements of cerebral blood flow 

velocities were beyond the scope of this study but should, however, be considered as 

a valuable additional tool to evaluate the pathophysiology of VM. The phenomenon 

of ventricular reopening was mainly studied in term neonates born by means of a 

Caesarean section and in preterm infants. Healthy term neonates born after a vaginal 

delivery were often discharged on the same or next day and had either no second 

cUS or a shorter time interval between cUS1 and cUS2. Since the extent of reopening 

was shown to correlate with the time interval between cUS scans, the influence of 

vaginal birth on ventricular reopening in term infants may have been underestimated. 

The longitudinal reference values established in this study were based on premature 

infants with a favourable neurodevelopment at 15 months corrected age. These 

infants will be reassessed at later age to confirm their favourable outcome. Finally, 

no relationship was found between perinatal and postnatal events and the increase 
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in ventricular size from birth to TEA in our cohort of preterm infants. The use of serial 

volumetric MR imaging measurements may, however, be a more sensitive method 

to identify risk factors for ex-vacuo VM than two-dimensional measurements, and 

therefore caution has to be taken when interpreting these results.

In conclusion, new cross-sectional and longitudinal reference values were established 

for the neonatal lateral ventricles, which may allow early identification of PHVD and 

ex-vacuo VM and may offer the opportunity for accurate timing of intervention in 

infants with progressive PHVD.
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SUPPLEMENTAL MATERIALS

Figure S1. Cross-sectional 

(black) and longitudinal 

(blue) reference curves 

for the VI, AHW, and TOD; 

presented are the estimated 

means and 95% reference 

intervals.
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ABSTRACT

Background: Post-haemorrhagic ventricular dilatation (PHVD) is a serious complication 

of prematurity with subsequent disabilities. The diagnostic and therapeutic approaches 

to PHVD vary among neonatal centres.

Aim: To gain more insight into the different diagnostic criteria and treatment policies 

on PHVD among neonatal intensive care units across Europe.

Methods: A PHVD questionnaire was designed and sent to neonatologists in 37 

European centres.

Results: A response was obtained from 32/37 (86%) centres located in 17 European 

countries. An overall estimated incidence of 7% was reported for severe intraventricular 

haemorrhages (grade III-IV according to Papile et al.) among premature neonates born 

below 30 weeks gestation. Approximately half of these infants developed PHVD, of 

whom three-quarters required intervention. Ultrasound measurements of ventricular 

size were most commonly used to diagnose PHVD (94%). No consensus existed 

on which ventricular parameters had to be enlarged and when to start treatment of 

PHVD. Early intervention (i.e. initiated after the ventricular index [VI] exceeded the 97th 

percentile [p97] according to Levene) was provided in 8/32 centres (25%), whereas 

23/32 centres (72%) first started therapy once the VI had crossed the p97 + 4 mm line 

and/or when neonates presented with a progressive increase in head circumference 

or with clinical symptoms of raised intracranial pressure. Wide variation was seen with 

respect to the applied therapy modalities for cerebrospinal fluid drainage.

Conclusion: This survey shows that diagnostic and therapeutic approaches to 

neonates with PHVD vary considerably. Uniform diagnostic criteria would facilitate 

studies to assess optimal timing and mode of intervention.
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INTRODUCTION

A substantial number of survivors of preterm birth exhibit subsequent disabilities. 

A variety of intracranial lesions are known to account for a spectrum of cognitive 

and behavioural problems in 25–50% of the very low birthweight infants who 

survive, whereas major motor deficits occur in 5–10%.1 Among the different lesions 

that may cause brain injury, severe intraventricular haemorrhage (IVH) grades III and 

IV according to Papile et al.2 and subsequent post-haemorrhagic ventricular dilatation 

(PHVD) pose a significant threat to the developing neonatal brain.3–5 However, preterm 

infants who develop progressive PHVD in the absence of associated parenchymal 

lesions may have a normal neurodevelopmental outcome. In a recent retrospective 

cohort study, we found that 90% of the preterm born infants that were treated for PHVD 

following an IVH grade III had a developmental quotient (DQ) greater than 85 at two 

years corrected age.6 As was to be expected, outcome was not so promising for those 

infants with PHVD following a grade IV haemorrhage. They more often had cognitive 

and motor impairments, and 49% went on to develop cerebral palsy; nevertheless, 

67% of these infants with an IVH grade IV had a DQ greater than 85 at the age of two 

years. Results of other studies also suggest that the extent of associated parenchymal 

lesions is the main predictor especially for motor outcome in neonates with progressive 

PHVD.7,8

At present there is no consensus about the optimal timing of intervention for PHVD. 

In the same retrospective study we observed that early intervention was associated 

with a reduced need for ventriculoperitoneal (VP) shunt placement and a trend towards 

a better cognitive outcome.6 In the prospective randomised Drainage, Irrigation and 

Fibrinolytic Therapy (DRIFT) study, severe cognitive disability (mental development 

index <55) was significantly less common at the age of two years in those infants with 

PHVD who had received DRIFT intervention.9 In addition to differences in timing and 

mode of intervention, diagnostic approaches to PHVD seem to vary among neonatal 

centres.

The aim of this study was to gain more insight into the diagnostic criteria and different 

treatment policies for PHVD among neonatal intensive care units across Europe by 

conducting a survey on this topic.

METHODS

The survey was conducted between May and August 2010. An online questionnaire was 

designed, and the invitation to participate was sent by email to neonatologists with a 

known interest in neonatal neurology in 37 European neonatal centres. Questions did 

not request the personal opinion of the recipients but explored the formal protocols 

4
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for the diagnosis and treatment of PHVD. The questionnaire (see appendix, available 

online only) included sections related to the diagnostic criteria for PHVD and the timing 

and mode of intervention. In addition, participants were asked how many very preterm 

infants (gestational age [GA] <30 weeks) were admitted annually, how many of them 

developed a severe IVH (grade III-IV), how many subsequently developed PHVD, and 

how many received intervention.

As this study related to unit policies and not to clinical information of individual patients, 

requirements for informed consent and ethics committee approval did not apply.

RESULTS

A positive response was obtained from 32/37 (86%) European neonatal centres, located 

in 17 different countries.

Incidence of PHVD
Incidence rates of severe IVH (grade III-IV) and PHVD were reported by 27/32 respondents. 

Most respondents provided estimates of the past 1–3 years. Severe IVH was diagnosed 

in less than 10% of the neonates below 30 weeks GA in most centres (range 3–20%). 

Approximately half of these infants subsequently developed PHVD, of whom almost three-

Preterm neonates (GA <30 weeks)
2730 admissions per year in 27/32 centres

IVH grade III-IV
n=180 (7%)

No PHVD
n=91 (51%)

PHVD
n=89 (49%)

No Intervention
n=25 (28%)

Intervention
n=64 (72%)

Figure 1. Estimated incidence 

rates of severe IVH (grade III-

IV) and PHVD in very preterm 

infants below 30 weeks GA 

in 27/32 of the responding 

centres; a distinction is 

made between infants 

with progressive PHVD 

who received any type of 

intervention and infants with 

PHVD who did not receive 

intervention. 
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quarters required any type of cerebrospinal fluid (CSF) drainage (Figure 1). The majority of 

centres treated less than five preterm infants with progressive PHVD each year.

Diagnosis of PHVD
The diagnosis of PHVD was based on measurements of ventricular size using cranial 

ultrasound (cUS) in 94% of the centres (Figure 2). In infants with an IVH, cUS was 

conducted twice a week in most centres (range: daily to once a week). Once PHVD had 

been diagnosed, cUS was performed more frequently, mainly daily or every other day; a 

few centres, however, continued performing cUS once a week.

In more than half of the centres (n=18), the diagnosis of PHVD was exclusively based 

on the ventricular index (VI) and corresponding reference curve according to Levene.10 

In 10/32 centres, the VI was measured in combination with additional ventricular 

dimensions. The anterior horn width (AHW) was assessed in 8/32 centres, using either 

the reference curve according to Davies et al.11 or Couchard et al.12 A few centres 

measured the frontal horn ratio (FHR)13 or took occipital horn size (thalamo-occipital 

distance, TOD)11 into account. The diagnosis of PHVD was based on visual assessment 

of ventricular shape and the presence of ballooning using either cranial ultrasonography 

or computed tomography in 2/32 centres (Table 1).

There was a wide variation among the respondents regarding the criteria to diagnose 

PHVD. The thresholds for ventricular size that were most often applied were either a VI 

Figure 2. Measured ventricular parameters on cUS to diagnose PHVD; (A) measurements of the anterior 

horn width (AHW, i.e. the maximal diagonal width of the anterior horn), ventricular index (VI, i.e. the 

distance between the falx and the lateral wall of the anterior horn), and frontal horn ratio (i.e. the ratio 

between the VI and corresponding hemispheric width) in the coronal plane at the level where the AHW 

appears maximal; (B) measurements of the thalamo-occipital distance (i.e. the distance between the 

outermost point of the thalamus at its junction with the choroid plexus and the outermost part of the 

occipital horn posteriorly) in the parasagittal plane.

A B

4
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above the 97th percentile (p97) according to Levene10 or a VI exceeding the p97 + 4 mm 

line (Table 2). In addition to measurements of the lateral ventricles, seven respondents 

took into account the size of the third ventricle; six respondents measured both third 

and fourth ventricular size.

Timing of intervention
The decision whether or not to start intervention, and when, was mainly based on 

ultrasound measurements of ventricular size in 20/32 centres. A rapid increase in head 

circumference (1.0–2.0 cm per week, depending on the centres’ criteria) and clinical 

Enlarged ventricular size on cUS 30/32 (93.8)

VI >p97 13/30 (43.3)

VI >p97 and ballooning 1/30 (3.3)

VI >p97 and AHW >6 mm 1/30 (3.3)

VI >p97, AHW >6 mm and/or TOD >24 mm 1/30 (3..3)

VI >p97, AHW >5 mm and 3rd ventricular width >4–5 mm 1/30 (3..3)

VI >p97 and aqueduct diameter >5 mm 1/30 (3.3)

VI >p97 + 4 mm 9/30 (30.0)

VI >p97 + 4 mm and ballooning 1/30 (3.3)

AHW >5–10 mm (moderate); >10 mm (severe) 1/30 (3..3)

FHR >10 x 8 mm 1/30 (3.3)

Visual assessment of ventricular ballooning on cUS or CT 2 (6.2)

Data are presented as n (%).
AHW: anterior horn width, CT: computed tomography, cUS: cranial ultrasound, FHR: frontal horn ratio, 
p97: 97th percentile according to Levene10, TOD: thalamo-occipital distance, VI: ventricular index.

Table 2. Criteria to diagnose PHVD

Measurements of ventricular size on cUS 30/32 (93.8)

AHW 1/30 (3.3)

FHR 1/30 (3.3)

VI 18/30 (60.0)

VI + AHW 4/30 (13.3)

VI + TOD 3/30 (10.0)

VI + AHW + FHR 1/30 (3.3)

VI + AHW + TOD 2/30 (6.7)

Visual assessment of ventricular shape on cUS or CT 2/32 (6.2)

Data are presented as n (%).
AHW: anterior horn width, CT: computed tomography, cUS: cranial ultrasound, FHR: frontal horn ratio, 
TOD: thalamo-occipital distance, VI: ventricular index

Table 1. Diagnostic approach to PHVD
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Early intervention 8/32 (25.0)

VI >p97 6

VI >p97, AHW >6 mm, and/or TOD >24 mm (ELVIS) 2

Late intervention 23/32 (71.9)

VI >p97 + 4 mm 12

VI >p97 + 4 mm + increased HC and/or clinical symptoms of raised ICP 6

AHW >10 mm + overt 3rd ventricular dilatation 1

FHR >10 x 8 mm + ballooning 1

Increased HC + ballooning and transependymal exudation on CT 1

Increased HC and/or clinical symptoms of raised ICP 2

Missing 1/32 (3.1)

Visual assessment of ventricular ballooning on cUS or CT 2 (6.2)

Data are presented as n (%).
AHW: anterior horn width, CT: computed tomography,  ELVIS: Early versus Late Intervention Study, FHR: 
frontal horn ratio, HC: head circumference, ICP: intracranial pressure, p97: 97th percentile according to 
Levene10, TOD: thalamo-occipital distance, VI: ventricular index.

Table 3. Criteria to start intervention in neonates with progressive PHVD

symptoms of raised intracranial pressure (ICP) (e.g. a bulging fontanel, apnoeas or 

seizures) were the main indications for CSF drainage in three and six centres, respectively. 

For another three respondents, the decisive factor was the presence of cerebral blood 

flow velocity abnormalities, recorded using Doppler ultrasound measurements.

Early intervention, defined as intervention once the VI has crossed the p97 line 

according to Levene10, was administered by a quarter of the respondents. In the other 

centres, therapy was first started after the VI had exceeded the p97 + 4 mm line (i.e. 

late intervention), when a more marked increase in AHW was noted, or when neonates 

presented with a progressive increase in head circumference or with clinical symptoms 

of raised ICP. Isolated dilatation of the occipital horns (TOD >24 mm) was regarded as 

an indication for treatment in two centres (Table 3).

Treatment modalities
When CSF drainage was considered necessary in neonates with progressive PHVD, the 

majority of respondents (26/32, 81%) started with lumbar punctures (LPs). Six centres 

(19%) started with placement of either a subcutaneous ventricular reservoir (n=3) 

or an external drain (n=3). Osmotic diuretics (i.e. isosorbide or acetazolamide) were 

administered before or in addition to CSF drainage in two centres (Table 4). In general, 

the infant’s GA did not influence the treatment offered.

Most centres performed a few LPs (median: 3, range: 1–20) before switching to 

any surgical intervention, depending on the effectiveness of the LP in decreasing 

ventricular size or ICP. Five centres did not limit the number of LPs, but continued to 

4
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do LPs until they were no longer effective due to a lack of communication, or until the 

infant’s weight and CSF protein content were appropriate to place a VP-shunt.

All centres consulted a neurosurgeon once ventricular taps or the placement of 

a ventricular reservoir, subgaleal shunt, external drain or VP-shunt were required. 

In four hospitals, infants had to be transferred to another centre for neurosurgical 

intervention. In the other hospitals, either a paediatric neurosurgeon (16/28, 57%) or 

a general neurosurgeon (12/28, 43%) was on service for neurosurgical interventions. 

Prophylactic antibiotics (i.e. amoxicillin plus clavulanate, ampicillin, cefazolin, 

cefuroxim, flucloxacillin in combination with gentamycin, teicoplanin, or vancomycin) 

were administered in 66% of the centres (21/32) prior to neurosurgical intervention 

(three missing).

Neonates with isolated occipital horn dilatation were treated in 2/32 centres with 

either an osmotic diuretic agent (i.e. isosorbide or acetazolamide) or a combination 

of an osmotic diuretic agent and additional CSF drainage in the case of progressive 

dilatation or signs of raised ICP.

Ventricular reservoir
Twenty-one (66%) centres used a ventricular reservoir. Punctures from the reservoir 

were mainly performed by the attending neonatologist (n=18), resident (n=11), and/or 

neurosurgeon (n=6 ). In a few hospitals, physician assistants (n=2), advanced neonatal 

nurse practitioners (n=2), and nurses (n=1) also performed punctures.

Reservoir punctures were in 90% of the centres (19/21) carried out under strict aseptic 

conditions, including hand scrubbing and the use of a cap, mask and sterile gown, and 

gloves, whereas the protocol in two hospitals only prescribed hand washing and the 

use of gloves. While 38% of the respondents (8/21) allowed the CSF to drop freely from 

the needle following insertion into the reservoir, 62% (13/21) attached the needle to a 

syringe and used gentle suction. The most common approach was to withdraw 1 ml/min, 

aiming for 10 ml/ kg (n=14). Others either stopped the procedure when 10 ml/ kg CSF had 

Osmotic diuretic 2/32 (6.3)

Lumbar puncture 26/32 (81.3)

Ventricular tap 11/32 (34.4)

Subcutaneous ventricular reservoir 21/32 (65.6)

Subgaleal shunt 1/32 (3.1)

External drain 11/32 (34.4)

Ventriculoperitoneal shunt 32/32 (100)

Ventricular lavage (DRIFT) 2/32 (6.3)

Ventriculocisternostomy 1/32 (3.1)

Data are presented as n (%).
DRIFT: Drainage, Irrigation and Fibrinolytic Therapy study.

Table 4. Applied treatment modalities in neonates with progressive PHVD



77

When taps from reservoir are still needed >4 weeks 10/32 (31.3)

When taps from reservoir are still needed >4 weeks +  
   increased HC and/or clinical symptoms of raised ICP

7/32 (21.9)

Increased HC and/or clinical symptoms of raised ICP 5/32 (15.6)

When trying to stop tapping has failed 3/32 (9.4)

When trying to stop tapping has failed  + increased HC and/
   or clinical symptoms of raised ICP

1/32 (3.1)

More than four lumbar punctures 1/32 (3.1)

Missing 5/32 (15.6)

Data are presented as n (%).
HC: head circumference, ICP:  intracranial pressure.

Table 5. Indications for placement of a ventriculoperitoneal shunt

dropped freely from the needle (n=2) or used a time limit of 15 min for CSF withdrawal, 

irrespective of the amount of fluid that had been removed (n=4, one missing).

Ventriculoperitoneal shunt
With respect to the placement of a VP-shunt, different indications were reported 

(Table 5). A combination of bodyweight and concentration of protein in the CSF was 

most frequently considered when deciding whether insertion of a VP-shunt could be 

performed (17/32, 53%). Either bodyweight or the CSF protein concentration was the 

main criterion in 8/32 (25%) and 5/32 (16%) centres, respectively (two missing). The 

minimal bodyweight required to insert a VP-shunt varied between the hospitals from 

1000 to 3000 g. Thresholds for CSF protein concentration ranged between 1.0 g/l and 

1.5 g/l. In one centre, the concentration of erythrocytes in the CSF was evaluated in 

addition to the bodyweight, and this had to be less than 100/mm3.

DISCUSSION

This questionnaire offers insight into the variety of different perspectives regarding 

the diagnosis and treatment of PHVD among 32 neonatal centres with a special 

interest in neonatal neurology in 17 European countries. From this survey, it can 

be concluded that there is considerable variation in the diagnostic and therapeutic 

approach to neonates with PHVD.

According to these data, the pooled estimated incidence of severe IVH (grade III-IV) was 

7% among neonates born below 30 weeks gestation. In the literature, the incidence of 

severe IVH in preterm infants with a GA less than 30 weeks or a birthweight less than 

1500 g varies between 7% and 18%.14–18 Almost half of the very preterm infants that 

were diagnosed with severe IVH developed subsequent PHVD, which is in line with 

4
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previous reported data.1 Of these neonates, approximately three-quarter required 

intervention for their PHVD.

Measuring ventricular size on cUS was the most common method to diagnose PHVD. 

However, there was no consensus on which ventricular parameters had to be enlarged 

and to what extent. The same applied to the timing and mode of intervention. Some 

centres advocated early intervention, initiated when the VI had crossed the p97 line 

according to Levene10 but had not yet reached the p97 + 4 mm line, whereas others 

started intervention only once the VI had exceeded the p97 + 4 mm threshold or 

in neonates who showed symptoms of an increased ICP. When CSF drainage was 

deemed necessary, LPs were most often considered as the intervention of first 

choice, whereas placement of a VP-shunt, in general, was the last treatment option 

after failure of other therapeutic interventions. Consensus was missing regarding the 

use of other treatment modalities for CSF drainage.

Differences in the organisation of neonatal care among hospitals may to some degree 

account for the reported variety. Whether or not an infant has to be transferred to 

another hospital for neurosurgical treatment as well as the availability of specialised 

neonatal intensive care unit care will be taken into account when deciding for a 

specific type of intervention or the placement of a particular ventricular device. Ethical 

considerations and personal beliefs may also play a role. Neurosurgeons may be less 

willing to place a shunt or reservoir in extremely low birthweight infants or in infants 

who lack clinical symptoms of a raised ICP (e.g. a bulging fontanel) or a rapid increase 

in head circumference, even though a raised ICP is unlikely to be present in the context 

of these signs in the preterm infant.19 Concerns for an increased risk of infection 

following the placement of a ventricular device may also affect decisions that have to 

be made. Due to a high number of missing answers (41%), it is not possible to draw 

conclusions from this survey regarding the infection rate associated with reservoirs 

and VP-shunts, which varied significantly from 0% to 50%.

For the past few decades, the amount of research focusing on gaining more 

evidence for distinct treatment approaches has been increasing. Several studies have 

investigated the optimal timing of intervention,20,21 and currently, the prospective 

randomised ELVIS trial (Early vs. Late Ventricular Intervention Study, trial number 

ISRCTN43171322) is conducted to assess the potential beneficial role of early 

intervention (i.e. initiated once the VI has crossed the p97 line according to Levene10) 

over late intervention (i.e. initiated after the VI has exceeded the p97 + 4 mm line). A 

few randomised controlled trials have been conducted to gain evidence for the role 

of diuretics.22,23 Others have focused on the specific benefits of several modalities of 

CSF drainage, but conclusions regarding the optimal treatment approach varied.9,24–26 

A common concern among neonatal centres is the risk of infections associated with 

neurosurgical interventions and devices. Results of recent studies that considered 

infections following neurosurgical treatment are, however, reassuring and suggest 

that concerns for ensuing infections should not be a limiting factor.27–29
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Several limitations should be considered with regard to this survey. The centres 

participating in this survey only represent some of the neonatal centres across Europe. 

Therefore, no conclusions can be drawn regarding the diagnostic and therapeutic 

approaches for PHVD in other European hospitals or outside Europe. In addition, the 

provided incidence rates for severe IVH and PHVD should be interpreted as estimates. 

Management in individual centres may have been limited by the available treatment 

modalities and specialists. From this questionnaire it was, however, not possible to 

determine to what extent this did influence the choice of a particular approach to 

infants with PHVD.

In general, the results of this study underline the need to collaborate on an international 

consensus on the diagnosis and treatment of neonates with PHVD. More uniformity 

in diagnosing PHVD would be a significant step forward. The management of infants 

with PHVD is controversial because the benefits of any specific treatment regimen 

have not yet been established. More research is needed to define the optimal timing of 

intervention and the most preferable treatment strategy. The use of cUS on a regular 

basis is recommended to monitor the rate of progression of PHVD and to evaluate the 

effectiveness of therapy. As most hospitals treat only a few neonates with progressive 

PHVD each year, centralisation of care in specialised centres with neonatal intensive 

care and neurosurgery on site will be important to gain more experience, develop 

expertise, and maintain consistency in the management of infants with PHVD, thus 

optimising care. In addition, collective registration of data regarding the infection rates 

associated with the different ventricular devices would be of great value because little 

is known about these specific infection risks.

At present, several centres in Europe are involved in the ELVIS study. Awaiting the 

results of this randomised trial, we hope the ELVIS protocol may be an impetus to a 

European protocol for the diagnosis and treatment of PHVD to achieve optimal care 

and neurodevelopmental outcome of these neonates.

4
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ABSTRACT

Objective: To evaluate the differential impact of germinal matrix-intraventricular 

haemorrhage (GMH-IVH) and post-haemorrhagic ventricular dilatation (PHVD) on brain 

and cerebrospinal fluid (CSF) volumes and diffusion parameters in preterm born infants 

at term-equivalent age (TEA).

Study design: Nineteen infants (gestational age <31 weeks) with GMH-IVH grade 

II-III according to Papile et al. and subsequent PHVD requiring intervention were 

matched against nineteen controls with GMH-IVH grade II but no PHVD and nineteen 

controls without GMH-IVH. Outcome parameters on TEA-MRI including diffusion 

weighted imaging were volumes of white matter (WM), cortical grey matter (GM), 

deep GM, brainstem, cerebellum, ventricles, extracerebral (e)CSF, total brain tissue, and 

intracranial volume (ICV) as well as WM and cerebellar apparent diffusion coefficients 

(ADCs). Effects of GMH-IVH and PHVD on TEA-MRI parameters were evaluated using 

multivariable regression analysis. Brain and CSF volumes were adjusted for ICV to 

account for differences in bodyweight at TEA-MRI and ICV between cases and controls.

Results: PHVD was independently associated with volumes of deep GM (β [95% 

confidence interval]: -1.4 cc [-2.3; -.5]), cerebellum (-2.7 cc [-3.8; -1.6]), ventricles 

(+12.7 cc [7.9; 17.4]), and eCSF (-11.2 cc [-19.2; -3.3]), and with ADC values in occipital, 

parieto-occipital, and parietal WM (β: +.066–.119*10-3 mm2/s) on TEA-MRI (p<.05). No 

associations were found between GMH-IVH grade II-III and brain and CSF volumes or 

ADC values at TEA.

Conclusions: PHVD was negatively related to deep GM and cerebellar volumes and 

positively to WM ADC values on TEA-MRI, despite early intervention for PHVD in the 

majority of the infants. These relations were not observed for GMH-IVH.
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INTRODUCTION

E arly human brain development is a delicate process during which neurons and 

neuroglia originate, migrate, differentiate, and establish reciprocal structural and 

functional connections.1,2 Germinal matrix-intraventricular haemorrhage (GMH-

IVH) and subsequent post-haemorrhagic ventricular dilatation (PHVD) are conditions 

well known to disrupt this ongoing and complex process in preterm infants. Presumed 

mechanisms of injury are multiple inasmuch as both direct injury and secondary trophic 

disturbances may affect a variety of vulnerable cells.1-4

Advances in neuroimaging have offered further insight into the impact of GMH-IVH and 

PHVD on preterm brain development. Volumetric magnetic resonance imaging (MRI) 

studies among very preterm infants have related both GMH-IVH and PHVD to altered 

regional brain volumes.5-9 In recent years, GMH-IVH has also been associated with altered 

cerebral and cerebellar diffusion parameters at term-equivalent age (TEA).10-12 

Not all of the previous neuroimaging studies discriminated between the impact of 

GMH-IVH and PHVD or accounted for the presence of a concomitant periventricular 

haemorrhagic infarction or cerebellar haemorrhage. Accordingly, it is still challenging to 

fully appreciate the distinct effects of GMH-IVH and PHVD on preterm brain development 

in the absence of supra- or infratentorial parenchymal lesions. In addition, neonatal MRI 

data considering PHVD as a specific entity are still limited. 

The aim of the present case-control study was to evaluate the differential effects 

of GMH-IVH and PHVD on brain development among very preterm infants without 

concomitant supra- or infratentorial parenchymal injury. Outcome parameters were brain 

and cerebrospinal fluid (CSF) volumes and diffusion parameters on TEA-MRI including 

diffusion weighted imaging (DWI).

METHODS

Patients 
From October 2006 to November 2014, preterm infants born below 31 weeks gestational 

age (GA) and admitted to the level three neonatal intensive care unit (NICU) of the 

Wilhelmina Children’s Hospital, Utrecht, The Netherlands, were eligible for inclusion in 

this case-control study. 

Cases were identified as infants with GMH-IVH grade II or III according to Papile et al.13 

who developed progressive PHVD requiring intervention. Using cranial ultrasound 

(cUS), PHVD was defined as a ventricular index >97th percentile according to Levene14, 

anterior horn width >6 mm, or thalamo-occipital distance >24 mm according to Davies 

et al.15 Our NICU has a longstanding practice to intervene early for PHVD, i.e. before the 

ventricular index has crossed the p97 + 4 mm line. Since our NICU serves as a tertiary 

5
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referral centre and also as a result of participation in the randomised Early versus Late 

Intervention Study (ELVIS, trial number ISRCTN43171322), some infants received late 

intervention, having crossed the p97 + 4 mm line.

Each case was matched for sex, GA (± one week), and scanning protocol (i.e. axial or 

coronal T1- and T2-weighted 3.0 Tesla TEA-MRI; see below for details) to one infant with 

GMH-IVH grade II but no PHVD and one infant without GMH-IVH. 

Applied exclusion criteria for all infants were congenital and chromosomal anomalies, 

central nervous system infections, concomitant parenchymal injury – except for 

punctate lesions – on sequential cUS or TEA-MRI (i.e. periventricular haemorrhagic 

infarction, supra- or infratentorial haemorrhage, stroke, and cystic periventricular 

leukomalacia grade II-III according to de Vries et al.16), and a postmenstrual age (PMA) 

≥44 weeks at TEA-MRI. 

Permission from the institutional review board and parental informed consent for the 

TEA-MRI were obtained.

Clinical variables
Neonatal charts were reviewed for demographic and clinical characteristics. Z-scores 

for birthweight and bodyweight at TEA-MRI were computed according to the Dutch 

Perinatal registry reference data.17 Postnatal events that were considered included 

days of mechanical ventilation, severe chronic lung disease – defined as the need for 

mechanical ventilation, positive airway pressure, or supplemental oxygen >30% at 

36 weeks PMA18 –, inotropic support, patent ductus arteriosus requiring treatment 

with indomethacin or surgery, days of parenteral nutrition, perforated necrotizing 

enterocolitis, and culture proven sepsis. 

Cranial ultrasound (cUS)
GMH-IVH and PHVD were diagnosed using sequential cUS examination, performed 

within six hours of admission, at least three times in the first week after birth, then 

weekly until discharge to a level two hospital, and again at TEA. Infants with imminent 

PHVD were monitored more closely to evaluate the need for intervention. cUS was 

performed by experienced neonatologists using a Toshiba Aplio (Toshiba Medical 

Systems, Zoetermeer, The Netherlands) or ATL-5000 ultrasound machine (Philips 

Healthcare, Best, The Netherlands) with a transducer frequency of 5–8 MHz. 

Magnetic resonance imaging at term-equivalent age (TEA-MRI)
TEA-MR images were acquired on a 3.0 Tesla MR system (Philips Healthcare, Best, 

The Netherlands) using a sense head coil. Infants were sedated with 50–60 mg/kg 

chloralhydrate by gastric tube. The protocol involved axial 3D T1-weighted imaging 
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(repetition time [TR]=9.4 ms; echo time [TE]=4.6 ms; slice thickness=2.0 mm, no 

gap) and axial T2-weighted imaging (TR=6293 ms; TE=120 ms; slice thickness=2.0 

mm, no gap) until May 2008. From June 2008 onwards, coronal 3D T1-weighted 

imaging (TR=9.5 ms; TE=4.6 ms; slice thickness=1.2 mm, no gap) and coronal T2-

weighted imaging (TR=4847 ms; TE=150 ms; slice thickness=1.2 mm, no gap) were 

acquired. Coronal T1- and T2-weighted images were converted to the axial plane (slice 

thickness=2.0 mm, no gap) using a standalone MR work station (Achieva, Philips 

MR Systems, Best, The Netherlands) before segmentation was performed. DWI 

was acquired in the axial plane throughout the study period (single shot echo planar 

imaging in three orthogonal directions; TR=2407 ms; TE=68 ms; b-value=800 mm2/s; 

slice thickness=4.0mm, no gap).

Signal abnormalities
T1- and T2-weighted MRI were scored for the presence of signal abnormalities in white 

matter (WM), cortical and deep grey matter (GM), and cerebellum according to Kidokoro 

et al.19

Brain volumes
Brain volumes were obtained using an extended automatic method for probabilistic 

brain segmentation.9,20-22 This algorithm enables classification into myelinated and 

unmyelinated WM, cortical and deep GM, brainstem, cerebellum, ventricles, and 

extracerebral (e)CSF. Segmentation is based on supervised voxel classification, 

taking into account both the intensity values on T1- and T2-weighted TEA-MRI and 

the spatial coordinates of the image voxels. Final volumes of the distinct brain 

tissues are achieved by adding up the volumes of the individual voxels multiplied by 

the posterior probability of these voxels to belong to a specific tissue type. The Dice 

similarity indices for the different tissue types ranged between .78–.93, except for 

the myelinated WM (.57).21 Since myelinated WM segmentation was not sufficiently 

accurate, the sum of myelinated and unmyelinated WM volumes was considered for 

this paper, referred to as WM volume. In a previous study, no significant differences in 

brain and CSF volumes were found in five preterm infants with both axial and coronal 

TEA-MRI, the coronal images being converted to the axial plane.21

In infants with marked ventriculomegaly, ventricular volumes tended to be 

underestimated. Therefore, segmentations of all tissue types were reviewed for all 

infants and manually corrected where necessary by one of the authors (MJB) using 

custom made software (Image Sciences Institute, University Medical Center Utrecht, 

Utrecht, The Netherlands). 

ADC values
Using DWI, apparent diffusion coefficients (ADCs) were measured by one of the authors 

(MJB) in ten regions of interest, i.e. in frontal, occipital, parieto-occipital, and parietal 

5
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WM bilaterally and in both cerebellar hemispheres. For details regarding the applied 

method of ADC measurements and for data on the intra- and interobserver reliability, 

we refer to a previous paper.23

Statistical analysis
Data were analyzed using IBM SPSS Statistics version 20 (SPSS Inc, Chicago, USA).

The distribution of clinical parameters among cases and controls was compared 

using Chi-square or Fisher’s exact tests for categorical variables; analysis of variances 

(ANOVA) and Kruskal-Wallis one-way ANOVA were conducted for parametric and non-

parametric continuous variables, respectively. 

The effects of GMH-IVH grade II-III and PHVD on brain and CSF volumes and ADC 

values at TEA were evaluated using multivariable regression analysis with TEA-MRI 

outcome parameters as dependent variable. Brain and CSF volumes were adjusted for 

ICV to account for differences in bodyweight at TEA-MRI and ICV between cases and 

controls. Bodyweight or bodyweight z-score at TEA-MRI did not contribute to brain 

and CSF volumes in addition to ICV. We also adjusted for perinatal factors that differed 

significantly between cases and controls (i.e. premature contractions, completed 

course of antenatal corticosteroids, and mechanical ventilation >7 days), GMH-IVH 

severity (i.e. GMH-IVH grade III and bilateral GMH-IVH), and PMA at TEA-MRI. This was 

done by hand in a forward manner with a p-value ≥.05 as exclusion criterion. 

RESULTS

Nineteen preterm infants with PHVD following GMH-IVH grade II (n=9) or III (n=10) were 

eligible for inclusion and matched against nineteen infants with GMH-IVH grade II but no 

PHVD, and nineteen normal infants without GMH-IVH (Table 1). All infants underwent 

TEA-MRI including DWI, and both brain volumes and ADC values were acquired (Figure 

1; Table 2). 

GMH-IVH and PHVD
Bilateral GMH-IVH was seen in fourteen infants with PHVD and in one of the GMH-

IVH controls (p<.001). The majority of the infants with PHVD (n=16) received early 

intervention, initiated before the ventricular index crossed the p97 + 4 mm line according 

to Levene14; three  infants received late intervention, initiated after crossing the p97 + 

4 mm line. Isosorbide was administered to sixteen infants. In one infant, stabilization 

of PHVD was subsequently achieved and no further intervention was needed. Eighteen 

infants received CSF drainage. Lumbar punctures were performed in seventeen infants, 
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PHVD 
(n=19)

GMH-IVH
(n=19)

Normal
(n=19)

P

Neonatal characteristics

GA at birth in weeks 27.3 (24.9–30.6) 26.4 (25.1–30.4) 27.6 (25.0–30.6) .22

Birthweight in grams 1085 (670–1735) 980 (680–1775) 975 (640–1325) .08

Birthweight z-score .64 (-.96–1.90) .44 (-1.12–1.45) -.18 (-1.51–1.45) .11

Male sex 12 (63.2) 12 (63.2) 12 (63.2)

Premature contractions 14 (73.7) 11 (57.9) 6 (31.6) .03

Complete course of aCCS 7 (36.8) 11 (57.9) 15 (78.9) .03

Vaginal birth 13 (68.4) 13 (68.4) 7 (36.8) .07

Mechanical ventilation >7 days 12 (63.2) 9 (47.4) 2 (10.5) .003

Severe chronic lung disease 4 (21.1) 3 (15.8) 1 (5.3) .50

Inotropics 11 (57.9) 8 (42.1) 6 (31.6) .26

Patent ductus arteriosus 11 (57.9) 8 (42.1) 7 (36.8) .40

Sepsis 5 (26.3) 7 (36.8) 7 (36.8) .73

Parenteral nutrition >21 days 5 (26.3) 2 (10.5) 1 (5.3) .24

GMH-IVH grade II 9 (47.4) 19 (100.0)

GMH-IVH grade III 10 (52.6)

TEA-MRI

PMA in weeks 41.0 (40.3–43.1) 41.1 (40.4–42.9) 40.7 (40.3–42.6) .08

Bodyweight in grams 3500 (3015–4300) 3290 (2285–4735) 3365 (2350–4265) .14

Bodyweight z-score -.38 (-1.67–1.49) -1.17 (-3.14–1.51) -.91 (-2.89–1.03) .10

Head circumference in cm 36.1 (33.6–39.0) 35.8 (33.5–39.0) 35.5 (33.0–37.8) .46

Data are presented as n (%) or median (range).
aCCS: antenatal corticosteroids

Table 1. Patient characteristics

and these were sufficiently effective to achieve stabilization of PHVD in ten infants. A 

subcutaneous reservoir was inserted in eight infants, among whom one infant without 

preceding lumbar punctures. In four infants, PHVD did not stabilize following placement 

of a reservoir, and a ventriculoperitoneal shunt was eventually inserted, in one infant 

eight days before TEA-MRI and in three infants within 4–25 days following TEA-MRI.

Signal abnormalities on TEA-MRI
No statistically significant differences between cases and controls were observed in the 

distribution of signal abnormalities on T1- and T2-weighted TEA-MRI (Table S1).

Brain and CSF volumes on TEA-MRI
No statistically significant differences in unadjusted brain and CSF volumes were 

5
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Figure 1. Distribution of brain and CSF volumes (unadjusted for ICV) and ADC values on TEA-MRI among 

cases and controls; median (range).
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PHVD 
(n=19)

GMH-IVH
(n=19)

Normal
(n=19)

Volumes (cc)a

ICV 491.6 (426.7–594.2) 475.9 (371.1–608.3) 482.2 (382.1–570.9)

Ventricles 18.3 (8.6–64.5) 10.4 (4.4–17.4) 7.8 (5.8–18.8)

eCSF 87.6 (62.3–115.9) 94.6 (68.7–158.5) 92.7 (74.2–118.4)

Total Brain Tissue 380.5 (346.0–447.5) 372.8 (314.7–493.5) 375.3 (302.2–444.6)

WM 158.0 (120.6–216.5) 152.2 (97.9–220.8) 155.3 (130.1–193.2)

Cortical GM 170.0 (142.1–221.2) 168.7 (125.6–215.6) 165.1 (128.9–214.4)

Deep GM 21.0 (17.5–25.8) 21.7 (17.3–27.9) 21.4 (17.1–27.5)

Brainstem 5.6 (4.6–7.2) 5.5 (4.4–7.0) 5.5 (4.7–6.6)

Cerebellum 24.9 (19.9–35.8) 26.6 (21.4–33.8) 26.8 (21.4–31.9)

ADC values (*10-3 mm2/s)

Frontal WM Right 1.597 (1.321–1.711) 1.530 (1.384–1.732) 1.545 (1.412–1.716)

Left 1.614 (1.341–1.763) 1.535 (1.405–1.738) 1.565 (1.402–1.691)

Occipital WM Right 1.681 (1.440–1.846) 1.503 (1.413–1.701) 1.581 (1.427–1.776)

Left 1.690 (1.562–1.969) 1.565 (1.451–1.785) 1.593 (1.431–1.742)

Parieto-occipital WM Right 1.675 (1.516–1.876) 1.532 (1.396–1.755) 1.627 (1.441–1.724)

Left 1.710 (1.557–1.941) 1.549 (1.392–1.724) 1.619 (1.457–1.734)

Parietal WM Right 1.600 (1.429–1.722) 1.524 (1.318–1.707) 1.575 (1.459–1.758)

Left 1.622 (1.409–1.755) 1.489 (1.336–1.692) 1.533 (1.438–1.773)

Cerebellum Right 1.037 (.962–1.163) 1.038 (.955–1.145) 1.080 (.988–1.250)

Left 1.059 (.970–1.211) 1.046 (.903–1.121) 1.082 (.978–1.273)

Data are presented as median (range).
a unadjusted for ICV

Table 2. Distribution of brain and CSF volumes and ADC values on TEA-MRI among cases and controls

observed in relation to GMH-IVH or PHVD, except for ventricular volume, which was 

positively associated with PHVD (β [95% confidence interval] in cc: +13.9 [8.8; 18.9], 

p<.001; Figure 2). 

Since infants with PHVD demonstrated a non-significant trend for bodyweight at 

MRI-TEA (Table 1) and ICV (Table 2; Figure 2) to be increased compared with controls, 

we adjusted brain and CSF volumes for ICV in subsequent analyses. Bodyweight or 

bodyweight z-score at TEA did not contribute to the regression model in addition to ICV.

PHVD was negatively associated with volumes of deep GM (-1.4 [-2.3; -.5], p=.002), 

cerebellum (-2.7 [-3.8; -1.6], p<.001), and eCSF (-11.2 [-19.2; -3.3], p=.007) and positively 

with ventricular volume (+12.7 [7.9; 17.4], p<.001)) after adjustment for ICV (Figure 2). 

For infants with PHVD, ventricular volume was inversely correlated to deep GM (-.1 [-.1; 

-.0]) and eCSF (-.5 [-1.1; -.0]) volumes (p<.05), whereas a trend was observed for total 

5
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Figure 2. Effect of PHVD on brain and CSF volumes and ADC values on TEA-MRI; β (95% confidence interval) 

according to multivariable regression analysis.

brain tissue volume (-.5 [-1.0; .1], p=.08). Ventricular and cerebellar volumes were not 

related in infants with PHVD. GMH-IVH grade II-III was not associated with brain or CSF 

volumes at TEA. Observed associations persisted after adjustment for perinatal factors, 

GMH-IVH severity, and PMA at TEA-MRI.
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ADC values on TEA-DWI
PHVD was positively associated with ADC values in right (β [95% CI] *10-3 mm2/s: +.092 

[.032; .152], p=.004) and left occipital WM (+.119 [.059; .179], p<.001), right (+.094 

[.038; .151], p=.002) and left (+.118 [.058; .178], p<.001) parieto-occipital WM, and 

left parietal WM (+.066 [.012; .120], p=.02) on TEA-DWI (Figure 2). Ventricular volume 

did not correlate with ADC values in infants with PHVD. GMH-IVH grade II-III was not 

associated with ADC values in WM or cerebellum. Observed associations persisted 

after adjustment for perinatal factors, GMH-IVH severity, and PMA at TEA-MRI.

DISCUSSION

In this case-control study among very preterm infants, PHVD, and not GMH-IVH grade 

II-III, was independently associated with brain and CSF volumes, adjusted for ICV, and 

with WM ADC values on TEA-MRI despite early intervention in the majority of the 

infants with PHVD (84.2%). Reduced volumes were observed for deep GM, cerebellum, 

and eCSF; ventricular volumes were increased. Although WM volume was not reduced 

in patients with PHVD, ADC values were increased in posterior WM, which is suggestive 

of alterations in WM integrity.

Since infants with PHVD demonstrated a non-significant trend for bodyweight at TEA-

MRI and ICV to be increased in comparison to controls, brain and CSF volumes were 

adjusted for ICV. Whereas absolute volumes, except for the ventricles, did not differ 

between cases and controls, PHVD was significantly associated with altered brain 

and CSF volumes adjusted for ICV. The reduction in deep GM and cerebellar volume 

was rather limited (<10%), which might be due to early intervention in the majority of 

infants with PHVD. 

Infants with PHVD received relatively less often antenatal corticosteroids and required 

more often prolonged mechanical ventilation. Respiratory problems have been related 

to a global reduction in brain volumes in preterm infants.24,25 Infants with PHVD also 

suffered more frequently from bilateral GMH-IVH compared with controls having GMH-

IVH grade II but no PHVD, and half of the infants with PHVD had a preceding GMH-IVH 

grade III. Adjustment for perinatal parameters and GMH-IVH severity did, however, not 

alter the observed associations.

The onset of GMH-IVH and subsequent PHVD in the very preterm infant coincides with 

a highly vulnerable phase of brain development.1, 2 Both direct and indirect mechanisms 

may be involved in PHVD induced brain injury. 

Deep GM volume reduction in infants with PHVD might directly relate to adverse effects 

of raised intracranial pressure on deep GM haemodynamics.26 Intracranial pressure 

measurements were, however, not routinely performed in the present cohort. PHVD 

following GMH-IVH may also further interrupt the ventral ganglionic eminence supply 
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of neuron precursors to the thalamus during the second and early third trimester.2,27 

For the cerebellum, one of the hypothesized direct injury mechanisms invokes the 

toxic effect of blood breakdown products (i.e. haem, free iron) and raised levels of pro-

inflammatory cytokines in the CSF, which may persist for weeks after GMH-IVH.28,29 

Proposed key targets are the granule precursor cells of the external granular layer.1 

Messerschmidt and coworkers6 identified superficial haemosiderin deposition on 

the cerebellar surface as the main risk factor for disruptive cerebellar development 

in a cohort of preterm infants with severe supratentorial brain pathology. Tam et 

al.7 reported a reduction in preterm cerebellar growth during the third trimester in 

association with GMH-IVH, with cerebellar volume deficits at TEA of 1.3 cc and 5.3 cc in 

the presence of GMH-IVH grade I-II and III-IV, respectively. The specific impact of PHVD 

was not commented on in the latter paper, nor were the data corrected for ICV. In the 

present study, however, the reduction in cerebellar volume was exclusively related to 

PHVD and not to GMH-IVH grade II-III, suggesting other mechanisms to be involved as 

well. Our findings are in agreement with previous data illustrating that GMH-IVH as an 

isolated factor was not associated with a reduction in cerebellar volume.22,30 

Remote effects on deep GM and cerebellar connections may offer an alternative 

explanation for the observed reduction in deep GM and cerebellar volumes in 

association with PHVD. PHVD induced microstructural WM injury may serve as an 

important intermediate. Both pre-oligodendrocyte injury and axonal injury are likely to 

interfere with the development of thalamocortical WM tracts.31 Deep GM growth failure 

in preterm infants, predominantly affecting lentiform nuclei and thalamic volumes, was 

previously recognized to be more pronounced in the presence of overt WM lesions as 

well as increased WM ADC values, which supports our data.32,33 Injury to the cortical 

subplate in severe PHVD may further disturb early thalamocortical tract development 

and organization.2,34 For the cerebellum, remote adverse effects could relate not only to 

loss of positive afferent effects from the cerebral cortex and brain stem relay nuclei but 

also to negative retrograde effects due to loss of efferent connections to the thalamus 

and cortex.2 

Clinical data regarding the effect of PHVD on deep GM and cerebellar development are 

scarce. Jary et al.5 reported considerably decreased thalamic and cerebellar volumes on 

TEA-MRI for preterm infants demonstrating the severe end of the spectrum of GMH-IVH 

and subsequent PHVD. Since 60% of these infants suffered from GMH-IVH grade IV, it 

is difficult to appreciate the additional contribution of PHVD in their data. Srinivasan et 

al.35 found decreased cerebellar volumes in preterm infants with severe supratentorial 

pathology including PHVD. Decreased cerebellar volumes have also been related to 

ventriculomegaly, defined as a constellation of both ex-vacuo dilatation and PHVD.36

Our observation of increased WM ADC values on TEA-DWI in association with PHVD 

supports the hypothesis that microstructural WM injury may be involved in PHVD 

induced deep GM and cerebellar injury. Increased WM ADC values in infants with PHVD 
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may reflect an increase of the extracellular water compartment due to transependymal 

CSF absorption. Leliefeld et al.37,38 reported increased frontal and occipital WM ADCs for 

infants with progressive, symptomatic hydrocephalus, which decreased following CSF 

diversion. In the present cohort, however, PHVD was treated early and had stabilised 

in the majority of infants prior to TEA-MRI; only four infants suffered from persistent 

hydrocephalus around TEA, which necessitated placement of a ventriculoperitoneal 

shunt. The observed increase in posterior WM ADCs was, however, not restricted to 

these four infants. 

Alterations in WM integrity and disrupted WM maturation may offer an alternative 

explanation for the observed increase in WM ADC values in the presence of PHVD.23,37 

Experimental data illustrated that the induction of hydrocephalus first affected 

oligodendrocytes and myelin deposition, with early shunting allowing for recovery 

of myelination; axonal loss became apparent after several weeks.38 Several factors 

may contribute to WM injury in infants with PHVD, including alterations in cerebral 

vasculature, haemodynamics, and oxidative metabolism,26,31,39-42 neurochemical 

effects of impaired CSF flow,39,43 and mechanical forces (i.e. compression and stretching 

of periventricular WM).39 We hypothesize that the reduction in eCSF volume in infants 

with PHVD may also relate to effects of mechanical compression due to ventricular 

distension.

In the present study, the increase in WM ADC was confined to posterior WM. This 

might relate to the observation that ventricular dilatation was most pronounced for the 

occipital horns.44 Volumetric MRI studies also point towards a particular vulnerability of 

the parieto-occipital region for periventricular WM injury.25,45, 46

Some limitations need to be addressed. First, our segmentation algorithm did not 

enable differentiation between basal ganglia and thalamic volumes nor allow sufficiently 

accurate segmentation of myelinated WM. Next, since the majority of infants with 

PHVD received early intervention, we were not able to assess the effect of timing of 

intervention. Hence, we have to await the results of the multicenter randomized ELVIS 

trial, which is currently conducted to evaluate the potential beneficial effect of early 

intervention. Finally, since most infants are still too young, we were not yet able to 

correlate our findings to neurodevelopmental outcome. 

In conclusion, this study draws attention to the impact of PHVD on the immature brain. 

In spite of early intervention in the majority of the infants, PHVD was associated with 

reduced deep GM and cerebellar volumes at TEA as well as increased posterior WM 

ADCs, suggestive of regional alterations in WM integrity. Future studies using more 

sophisticated MRI post-processing techniques may elucidate whether GMH-IVH and 

PHVD are associated with altered cortical folding patterns. Long-term follow-up of 

preterm infants with GMH-IVH and subsequent PHVD is recommended to appreciate 

the neurodevelopmental correlates of alterations in brain development. 

5
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Table S1. Distribution of signal abnormalities on TEA-MRI according to Kidokoro et al.19

PHVD 
(n=19)

GMH-IVH 
(n=19)

Normal 
(n=19)

WM 7 (36.8) 5 (26.3) 4 (21.1)

Focal punctate 5 (26.3) 4 (21.1) 4 (21.1)

Extensive punctate 2 (10.5) 1 (5.3) 0 (0)

Deep GM 2 (10.5) 1 (5.3) 0 (0)

Focal unilateral 2 (10.5) 1 (5.3) 0 (0)

Cerebellum 4 (21.1) 6 (31.6) 2 (10.5)

Punctate unilateral 2 (10.5) 3 (15.8) 2 (10.5)

Punctate bilateral 2 (10.5) 3 (15.8) 0 (0)

Data are presented as n (%). 
None of the differences reached statistical significance. Cortical GM signal abnormalities were not 
observed in this cohort.

SUPPLEMENTAL MATERIALS
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ABSTRACT 

Objective: To evaluate the contribution of sequential cranial ultrasound (cUS) and term-

equivalent age magnetic resonance imaging (TEA-MRI) including diffusion weighted 

imaging (DWI) to the early prognosis of neurodevelopmental outcome in a cohort of very 

preterm infants (gestational age [GA] <31 weeks). 

Study design: In total, 93 preterm infants (median [range] GA in weeks: 28.3 [25.0-

30.9]) were enrolled in this prospective cohort study and underwent early and term cUS 

as well as TEA-MRI including DWI. Early cUS abnormalities were classified as normal, 

mild, moderate, or severe. Term cUS was evaluated for ex-vacuo ventriculomegaly (VM) 

and enlargement of the extracerebral cerebrospinal fluid (eCSF) space. Abnormalities 

on T1- and T2-weighted TEA-MRI were scored according to Kidokoro et al. Using DWI 

at TEA, apparent diffusion coefficients (ADCs) were measured in four white matter 

regions bilaterally and both cerebellar hemispheres. Neurodevelopmental outcome was 

assessed at two years corrected age (CA) using the Bayley Scales of Infant and Toddler 

Development, third edition. Linear regression analysis was conducted to explore the 

correlation between the different neuroimaging modalities and outcome. 

Results: Moderate/severe abnormalities on early cUS, ex-vacuo VM and enlargement of 

the eCSF space on term cUS, and increased cerebellar ADC values on term DWI were 

independently associated with worse motor outcome (p<.05). Ex-vacuo VM on term cUS 

was also related to worse cognitive performance at two years CA (p<.01).

Conclusion:  These data support the clinical value of sequential cUS and recommend 

repeating cUS at TEA. In particular assessment of moderate/severe early cUS 

abnormalities and ex-vacuo VM on term cUS provides important prognostic information. 

Cerebellar ADC values may further aid in the prognostication of gross motor function.  
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INTRODUCTION

D uring the last decades, several neuroimaging modalities have been introduced 

to evaluate the preterm brain during the neonatal period in order to improve 

prediction of developmental impairments. 

Cranial ultrasound (cUS) has proven to be an easily accessible neuroimaging technique, 

which can be performed at the bedside to detect a variety of brain lesions in the preterm 

infant. Significant associations have been reported between severe cUS abnormalities, 

such as germinal matrix-intraventricular haemorrhage (GMH-IVH) grade III or IV according 

to Papile et al.1 or cystic periventricular leukomalacia (PVL) according to de Vries et al.2, 

and an unfavourable cognitive and motor outcome.3 Conventional magnetic resonance 

imaging performed around term-equivalent age (TEA-MRI) or even soon after birth has 

been shown to be superior to cUS in detecting more subtle brain lesions.4 Scoring systems 

have been developed for white matter (WM) and grey matter (GM) abnormalities in order 

to better predict the risk of an adverse outcome.5 An adjusted brain scoring system 

for TEA-MRI has recently been published,6 which also incorporates evaluation of the 

cerebellum, reflecting the increased recognition of the impact of cerebellar abnormalities 

on neurodevelopment.7,8

The application of diffusion weighted imaging (DWI) was introduced to assess the 

microstructural development of WM in the preterm brain.9 Data on the correlation between 

WM apparent diffusion coefficients (ADCs) and brain injury10-13 or neurodevelopmental 

outcome14-16 remain, however, controversial. A few studies have addressed the effect 

of supratentorial brain injury on cerebellar ADC values, with inconclusive results.12,17 No 

data are available on the prognostic value of cerebellar ADC values. 

With the increasing availability of neuroimaging modalities, the question arises to which 

extent they are complementary, at which point in time they are most predictive, and 

whether TEA-MRI should be performed in every extremely low birth weight infant. The 

aim of this cohort study among very preterm infants was to examine the contribution of 

sequential cUS and TEA-MRI including DWI to the early prognosis of neurodevelopmental 

outcome at two years corrected age (CA).

MATERIALS AND METHODS

Patients
From October 2006 to March 2008, very preterm infants (gestational age [GA] <31 

weeks) admitted to the level three unit of the Wilhelmina Children’s Hospital, Utrecht, 

The Netherlands, were recruited for a prospective neuroimaging study approved by the 

Medical Ethics Committee of our institute. Neonates who were born outside our referral 

district or with congenital anomalies were excluded. Of the 168 consecutively admitted 

6



106

neonates, eighteen infants deceased before reaching TEA, no parental informed 

consent was obtained for fifteen infants, and sixteen infants were examined on a 1.5 

Tesla system, resulting in 119 infants with 3.0 Tesla MR imaging at TEA. From this 

cohort, we further excluded infants with congenital brain abnormalities on sequential 

cUS and TEA-MRI (n=2; i.e. heterotopia, antenatal porencephalic cyst) as well as infants 

who were scanned at a postmenstrual age (PMA) ≥44 weeks (n=2) or with motion 

artifacts on DWI (n=18). Four infants were lost to follow up at two years CA, leaving 93 

infants eligible for final inclusion. Written parental informed consent was obtained for 

all infants.

Neuroimaging

Early and term cUS
Ultrasound scans were performed within six hours of admission, at least three times 

in the first week after birth, and then weekly till discharge to a level two hospital. 

These scans are referred to as early cUS. At TEA, within 24 hours following MRI, cUS 

was repeated. This scan is referred to as term cUS. Scanning was performed with 

a Toshiba Aplio (Toshiba Medical Systems, Zoetermeer, The Netherlands) or ATL-

5000 ultrasound machine (Philips Medical Systems, Best, The Netherlands) with a 

transducer frequency of 5-8 MHz. Using the anterior fontanel as an acoustic window, 

standard views were taken in the coronal and sagittal planes. Comprehensive 

evaluation of the cerebellum through the mastoid and posterior fontanel was not 

performed at the time in all neonates. Hence, cerebellar cUS abnormalities could not 

be analysed in this paper.

TEA-MRI
MR images were acquired on a 3.0 Tesla MR system (Philips Healthcare, Best, 

The Netherlands) using a sense head coil. Infants were sedated with 50-60 mg/

kg chloralhydrate fifteen minutes prior to the examination. The protocol involved 

sagittal T1-weighted imaging (repetition time [TR]=886 ms; echo time [TE]=15 ms; 

slice thickness=3.0 mm), axial 3DT1-weighted imaging (TR=9.4 ms; TE=4.6 ms; slice 

thickness=2.0 mm, no gap), axial T2-weighted imaging (TR=6293 ms; TE=120 ms; slice 

thickness=2.0 mm, no gap) and axial DWI (TR=2407 ms; TE=68 ms; voxel size=.9x.9x4.0 

mm; b-values=0 and 800 mm2/s).

Assessment of brain injury

Early cUS
Assessment of brain injury was performed offline by two authors (MJNLB, LSV) using 
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DicomWorks 1.3.5 (www.dicomworks.com). For each infant, a final classification was 

applied to the whole set of early cUS scans based on the most severe lesion observed. 

Early cUS findings were classified as (1) normal when no or just minor abnormalities 

were observed (e.g. germinal layer cysts, plexus cysts, subependymal pseudocysts 

and/or lenticulostriate vasculopathy); (2) mildly abnormal in the presence of a GMH-

IVH grade I or II according to Papile et al.1, mild subsequent ventricular dilatation and/

or PVL grade I according to de Vries et al.2; (3) moderately abnormal if a GMH-IVH 

grade III was diagnosed, and (4) severely abnormal in case of a GMH-IVH grade IV, 

progressive post-haemorrhagic ventricular dilatation (PHVD, i.e. ventricular index >97th 

percentile according to Levene18, anterior horn width >6 mm19 and/or thalamo-occipital 

distance >24 mm19) requiring intervention, cystic PVL grade II or III, parenchymal lobar 

haemorrhage and/or focal infarction. 

Term cUS
Term cUS scans were qualitatively scored by one of the authors (LSV) for the presence 

of (1) enlargement of the extracerebral cerebrospinal fluid (eCSF) space, defined as 

an increase in interhemispheric distance and/or subarachnoid space (Figure 1)20 and 

(2) ex-vacuo ventriculomegaly (VM), defined as an increase in ventricular size – often 

Figure 1. Term cUS of two preterm born infants; 

coronal views with (A) normal findings and (B) 

enlargement of the eCSF space with an increase 

in interhemispheric distance and subarachnoid 

space.

A

B

6
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most pronounced for the occipital horns – with irregularity of the ventricular margins 

(Figure 2A).21 Ex-vacuo VM, considered as a sequel of WM injury, was distinguished 

from PHVD on the basis of ventricular shape. In contrast to ex-vacuo VM, PHVD tends 

to be associated with so-called ‘ballooning’ of the ventricles with both anterior and 

posterior dilatation without an irregular ventricular shape (Figure 2B).21 In infants 

with prior GMH-IVH, early cUS did further aid in the discrimination between these 

two entities.

T1- and T2-weighted TEA-MRI 
WM, cortical and deep GM, and cerebellum were evaluated for the presence of brain 

abnormalities (assessed by LSV) and abnormal brain metrics (measured by MJB) 

according to the scoring system by Kidokoro et al.6 for T1- and T2-weighted TEA-MRI. 

Measurements were obtained using OsiriX (32-bit version, www.osirix-viewer.com), 

which allowed for free conversion to all planes.  A global brain abnormality score was 

calculated as the sum of these regional scores and further classified as normal (0-≤3), 

mildly abnormal (4–≤7), moderately abnormal (8–≤11), and severely abnormal (≥12) 

according to Kidokoro et al.6

Term DWI – ADC values
ADC values were measured in ten regions of interest (ROIs) in WM and cerebellum 

(Figure 3). Measurements were performed by two independent observers (MJB, BJMK) 

using a standalone MR work station (Achieva, Philips Medical Systems, Best, The 

Netherlands).

For the WM, ADC maps and ADC maps with enhanced contrast (e-ADC) were first 

derived from the diffusion weighted images. ROIs were then manually drawn on the 

Figure 2. Term cUS of two preterm born infants; parasagittal views (A) following diffuse WM injury without 

prior GMH-IVH, referred to as ex-vacuo VM, and (B) following a GMH-IVH grade II and subsequent PHVD 

requiring intervention. Note the posterior dilatation and irregular ventricular margins in (A), in contrast to 

the more global ventricular enlargement in (B).

A B
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e-ADC map using a seed growing tool and copied to the ADC map. The frontal and 

occipital WM were assessed at the level of the foramen of Monro and the trigone, 

respectively. Sagittal T1-weighted MRI was used to define the cross-sectional planes 

for ADC measurements of the parieto-occipital and parietal WM, in general two and 

three slices above the level of the trigone, respectively. Care was taken to avoid partial 

volume averaging from CSF or cortical GM on the slices above and below. Cerebellar 

ROIs were positioned at the level of the maximal cerebellar hemispheric width. Given 

the complex structure of the cerebellum and partial volume effects, large ROIs were 

placed in the center of both hemispheres instead of selecting a particular tissue type. In 

infants with profound supra- or infratentorial parenchymal lesions, ADC measurements 

were not performed in the areas involved. 

For nineteen infants selected at random, ADC measurements were repeated by both 

observers after a time interval of at least 24 hours. After calculating the intra- and 

interobserver reliability, both observers’ ADC measurements were averaged. Means 

were calculated for bilateral ADC measurements of each WM region and the cerebellum 

and used in consecutive analyses. 

Figure 3. Evaluation 

of ADC values on 

term DWI in ten ROIs 

in (A) cerebellum and 

(B) frontal, occipital, 

(C) parieto-occipital, 

and (D) parietal WM.

6
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Neurodevelopmental outcome
Neurodevelopmental outcome was assessed at 24 months CA by a single developmental 

specialist (ICH) using the cognitive, fine motor, and gross motor subtest of the Bayley 

Scales of Infant and Toddler Development, third edition (BSITD-III). The composite and 

scaled scores corrected for premature birth were calculated (mean [SD] in a normative 

population: 100 [15] and 10 [3], respectively).

Statistical analysis
Data were analyzed using IBM SPSS Statistics version 20  (SPSS Inc, Chicago, USA).

The intra- and interobserver reliability for ADC measurements were assessed by calculating 

the intraclass correlation coefficients for single measures using the two-way random 

model for absolute agreement. 

To evaluate the relationship between the different neuroimaging modalities, several 

statistical tests were conducted. Categorical variables were analysed using either a Chi-

square or Fisher’s exact test. The distribution of continuous variables between groups was 

compared using ANOVA and Mann-Whitney U tests for parametric and non-parametric 

data, respectively. Continuous data were compared by calculating a Spearman’s rho. The 

distribution of GMH-IVH and PHVD among infants with and without ex-vacuo VM on term 

cUS was compared using a Chi-square and Fisher’s exact test, respectively. 

The correlation between neuroimaging and outcome was evaluated using linear regression 

analysis with outcome as dependent variable. Cognitive and fine motor outcome were 

corrected for maternal education; gross motor outcome was not related to maternal 

education. First, the association between the different neuroimaging modalities and 

outcome was explored. Next, neuroimaging parameters were combined into one model. 

This was done by hand in a forward manner; entrance criterion was a p-value <.10, 

exclusion criterion a p-value ≥.05. Finally, the additional influence of gender, GA, and birth 

weight z-score on outcome was assessed.

RESULTS

Descriptive results 
A total number of 93 preterm neonates (50 males, 43 females) were enrolled (median 

[range] GA in weeks: 28.3 [25.0–30.9]; birth weight in grams: 1060 [630–1910]; birth 

weight z-score: 0.05 [-1.14–2.06]). The maternal educational level was low, intermediate, 

and high for 23 (24.7%), 38 (40.6%) and 30 (32.3%) infants, respectively; data for 

two infants were missing. TEA-MRI was performed at a median (range) PMA of 41.6 

(39.6–43.6) weeks. Neurodevelopmental assessment (BSITD-III) was conducted at a 

median (range) CA of 24.1 (23.6–27.6) months. The infants’ neuroimaging findings and 
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neurodevelopmental outcome are summarized in Table 1.

Early cUS
Since only twelve neonates (12.9%) demonstrated moderate or severe abnormalities 

on early cUS, they were combined into one group. Infants with no (n=26, 28.0%) or mild 

Early cUS

Normal 26 (28.0)

Mild abnormalities 55 (59.1)

Moderate abnormalities 3 (3.2)

Severe abnormalities 9 (9.7)

Term cUSa

Ex-vacuo VM 18 (19.4)

Enlargement eCSF space 41 (44.1)

T1- and T2-weighted TEA-MRI

Global brain abnormality score 3 (2–6; 0–15)

WM score 3 (2–4; 0–11)

Cortical GM score 0 (0; 0–3)

Deep GM score 0 (0; 0–3)

Cerebellum score 0 (0–1; 0–7)

Term DWI – ADC values *10-3 mm2⁄sb

Frontal WM R 1.611 (1.516–1.666; 1.292–1.840)

L 1.626 (1.526–1.679; 1.324–1.837)

Occipital WM R 1.579 (1.508–1.661; 1.367–1.794)

L 1.607 (1.523–1.687; 1.356–1.843)

Parieto-occipital WM R 1.654 (1.581–1.716; 1.409–1.843)

L 1.662 (1.579–1.727; 1.434–1.870)

Parietal WM R 1.610 (1.538–1.671; 1.382–1.923)

L 1.600 (1.524–1.664; 1.408–1.906)

Cerebellum R 1.075 (1.021–1.121; .920–1.242)

L 1.078 (1.025–1.125; .911–1.271)

Neurodevelopmental outcome (BSITD-III) at 24 months CA

Cognitive composite score 105 (95–110; 70–145)

Cognitive scaled score 11 (9–12; 4–19)

Motor composite score 107 (100–112; 73–142)

Fine motor scaled score 13 (11–14; 5–19)

Gross motor scaled score 9 (9–10; 6–15)

Data are presented as n (%) or median (interquartile range; range).
L: left hemisphere; R: right hemisphere. 
a term cUS data were missing for ten infants
b uncorrected for postmentrual age

Table 1. Descriptive results (n=93)
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(n=55, 59.1%) cUS abnormalities did not differ with respect to neuroimaging findings at 

TEA or outcome at two years CA and were therefore also analysed together. 

Term cUS 
Ex-vacuo VM at TEA was not related to a previous GMH-IVH and/or PHVD. Three out of 

18 infants (16.7%) with ex-vacuo VM previously suffered from a severe GMH-IVH (i.e. two 

infants with a GMH-IVH grade III and one infant with a small unilateral venous infarction) 

and subsequently developed PHVD requiring CSF drainage. At TEA, these infants 

demonstrated bilateral irregularity of the ventricular margins, suggestive of ex-vacuo 

dilatation.  Among the infants without ex-vacuo VM on term cUS, three out of 65 infants 

(4.6%; term cUS data for ten infants were missing) were previously diagnosed with a 

severe GMH-IVH and developed PHVD requiring intervention (p=.11).

No association was observed between ex-vacuo VM and enlargement of the eCSF space 

on term cUS.

T1- and T2-weighted TEA-MRI
Eight infants (8.6%) infants were classified with moderate/severe brain abnormalities 

on TEA-MRI; the remaining 85 infants (91.4%) were classified as having no or just mild 

brain abnormalities. 

Term DWI – ADC values
A high intra- and interobserver reliability (≥0.81) could be achieved according to the 

strength of agreement scale by Brennan and Silman22 for ADC measurements in all ten 

assessed ROIs.

ADC values showed a downward trend with increasing PMA in all WM regions (p<.10) 

and in the cerebellum (p<.001), irrespective of the presence of brain injury on sequential 

cUS or TEA-MRI. The mean (95% confidence interval, CI) decrease in ADC per week PMA 

ranged from -.018 (-.039; .003) to -.033 (-.055; -.011) *10-3 mm2/s for the different WM 

regions and was -.038 (-.050; -.026) *10-3 mm2/s for the cerebellum. Hence, ADC values 

were corrected for PMA using linear regression analysis (i.e. corrected ADC = measured 

ADC + the slope * [PMA - 40]).

Relationship between neuroimaging modalities
No statistically significant association could be demonstrated between moderate/

severe early cUS abnormalities and enlargement of the eCSF space or ex-vacuo VM 

on term cUS.

Both moderate/severe abnormalities on early cUS and ex-vacuo VM on term cUS 

were associated with higher global brain abnormality scores on TEA-MRI (p<.01; 

Table 2). The majority of infants with no/mild early cUS abnormalities (79/81, 97.5%) 

had a normal or just mildly abnormal TEA-MRI scan according to Kidokoro et al.6; the 
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remaining two infants (2.5%) demonstrated diffuse WM and cerebellar injury on TEA-

MRI, classified as moderately abnormal. Among the twelve infants with moderate/

severe early cUS abnormalities, six infants (50%) were classified as having a normal or 

just mildly abnormal TEA-MRI. Five of these infants previously suffered from a GMH-

IVH grade III, four of whom subsequently developed PHVD requiring intervention; one 

infant had a parenchymal haemorrhage  which revolved into a single large cyst.

Neither early and term cUS findings nor global brain abnormality scores or the 

different subscores on TEA-MRI were related to ADC values of the WM or cerebellum 

on term DWI.

Neuroimaging versus outcome

Cognitive outcome
Ex-vacuo VM on term cUS was associated with worse cognitive outcome at two years 

CA (β in composite scores [95% CI]: -9.2 [-14.6; -3.7], p=.001). A trend towards worse 

cognitive performance was observed for moderate/severe abnormalities on early cUS 

(-6.2 [-13.5; 1.1], p=.09) and global brain abnormality scores on TEA-MRI (-.8 [-1.6; .0],  

p=.06). When combined in the final model, only ex-vacuo VM on term cUS remained 

statistically significant (Table 3). The negative association between ex-vacuo VM and 

cognitive outcome remained unmodified after correcting for a preceding GMH-IVH or 

PHVD. Adding gender, GA, or birth weight z-score did not significantly improve the model.

In contrast to qualitative assessment of ex-vacuo VM on term cUS, classification of 

ventricular size on TEA-MRI as incorporated in the global brain abnormality score by 

Kidokoro et al.6 – i.e. based on absolute measurements of atrial size – did not correlate 

with cognitive outcome nor with fine or gross motor outcome.

TEA-MRI Early cUS P Term cUSa P Term cUSa P

Normal  Moderate Ex-vacuo VM Enlarged eCSF space

/ Mild / Severe No Yes No Yes

(n=81) (n=12)  (n=65)  (n=18) (n=42) (n=41)

GBAS 3 (0–9) 7.5 (3–15) <.001 3 (0–13) 5.5 (2–15) .003 3 (0–15) 3 (1–13) .96

WM score 2 (0–7) 6 (3–11) <.001 2 (0–11) 4 (1–8) .003 3 (0–8) 3 (0–11) .86

Cortical GM score 0 (0–3) 0 (0–1) .90 0 (0–2) 0 (0–3) .19 0 (0–1) 0 (0–3) .001

Deep GM score 0 (0–1) 0 (0–3) .02 0 (0–1) 0 (0–3) .15 0 (0–3) 0 (0–1) .31

Cerebellum score 0 (0–3) 2 (0–7) .001 0 (0–7) 0 (0–7) .44 0 (0–7) 0 (0–2) .02

Data are presented as median (range). GBAS: global brain abnormality score.
a term cUS data were missing for ten infants

Table 2. Comparison between sequential cUS and T1- and T2-weighted TEA-MRI (n=93)
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Fine motor outcome
Ex-vacuo VM on term cUS (β in scaled scores [95% CI]: -2.2 [-3.5; -.8],  p=.002) and global 

brain abnormality scores on TEA-MRI (-.3 [-.5; -.1],  p=.005) were associated with worse 

fine motor outcome at two years CA, whereas a trend was observed for moderate/

severe abnormalities on early cUS (-1.5 [-3.2; .2],  p=.08). When combined, TEA-MRI did 

not significantly contribute to early and term cUS in predicting fine motor outcome. 

Adding birth weight z-score further improved the final model, in contrast to GA and 

gender (Table 3). 

Gross motor outcome
Moderate/severe abnormalities on early cUS (β in scaled scores [95% CI]: -1.7 [-2.8; -.5],  

p=.004), ex-vacuo VM (-1.4 [-2.4; -.5],  p=.003) and enlargement of the eCSF space on 

term cUS (-.9 [-1.7; -.1], p=.03), global brain abnormality scores on TEA-MRI (-.2 [-.4; 

-.1], p=.001), as well as cerebellar ADC values on term DWI (-.5 [-.9; -.1], p=.03) were 

all associated with gross motor performance at two years CA. When combined, global 

brain abnormality scores on TEA-MRI did not significantly contribute to sequential 

cUS and cerebellar ADC values on term DWI in the prediction of gross motor function. 

Adding birth weight z-score further improved the final model, whereas GA and gender 

did not contribute (Table 3).  

β 95% CI P R2

Cognitive outcomea .268

Maternal education 5.9 2.9; 8.8 .000

Term cUS: Ex-vacuo VM -9.2 -14.6; -3.7 .001

Fine motor outcomeb .339

Maternal education .8 .1; 1.5 .02

Birth weight z-score 1.2 .5; 1.9 .001

Early cUS: Moderate/severe abnormalities   -2.8 -4.6; -1.0 .002

Term cUS:      Ex-vacuo VM -2.3 -3.6; -1.1 .000

Gross motor outcomeb .364

Birth weight z-score .6 .2; 1.1 .008

Early  cUS: Moderate/severe abnormalities  -2.3 -3.7; -1.0 .001

Term cUS: Ex-vacuo VM -1.6 -2.4; -.7 .001

 Enlargement eCSF space -.9 -1.6; -.1 .02

Term DWI: Cerebellum ADCc -.6 -1.0; -.2 .003
a in composite scores according to the BSITD-III; mean (SD) in a normative population: 100 (15)
b in scaled scores according to the BSITD-III; mean (SD) in a normative population: 10 (3)
c presented are the changes in scaled scores per increase in ADC of  .100*10-3 mm2⁄s

Table 3. Correlation between the different neuroimaging modalities and neurodevelopmental outcome at 

two years CA according to multilinear regienion analysis; (n=93)
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DISCUSSION 

In this study, ex-vacuo VM on term cUS was identified as an independent marker for 

worse cognitive and motor performance in preterm infants at two years CA. Early cUS, 

assessment of the eCSF space on term cUS, and cerebellar ADC values on term DWI 

further added to the early prognosis of motor outcome in preterm infants.

Moderate/severe early cUS abnormalities were associated with fine and gross motor 

outcome in agreement with previous data.3,21 No correlation with cognitive outcome 

was observed at two years CA; the number of infants with moderate/severe injury on 

early cUS in our cohort was, however, small.

Ex-vacuo VM on term cUS was related to cognitive, fine motor, and gross motor outcome, 

irrespective of a preceding GMH-IVH and/or PHVD or the presence of moderate/severe 

brain pathology on early cUS. Ex-vacuo dilatation of the ventricles seems closely 

intertwined with prematurity.23,24 In preterm infants, it has been postulated to reflect a 

sequel of diffuse WM damage with injury to pre-oligodendrocytes as a key finding.25 VM 

has been demonstrated to be more pronounced for the occipital horns and associated 

with volume loss of the adjacent WM and subcortical GM.26,27 In previous studies, VM 

was shown to pose an additional risk for cognitive, motor, and visuomotor impairments 

as well as behavioural problems, but only in the presence of concomitant brain injury.28-30 

Considering ventricular shape in addition to size, though more subjective, may yield 

more prognostic information according to our data, probably by better identification of 

infants with ex-vacuo VM. Differentiation between ex-vacuo VM and PHVD is essential 

but may be difficult, especially in the absence of sequential early cUS as well as in infants 

with a previous GMH-IVH. Irregular ventricular margins and predominant dilatation of 

the occipital horns may serve as hallmark of ex-vacuo VM. PHVD, in contrast, is often 

associated with prior ‘ballooning’ of the ventricles and dilatation of the anterior as well 

as the posterior part of the ventricles.21

Enlargement of the eCSF space was a common sonographic finding at TEA and found 

to be associated with worse gross motor function. Horsch et al.20 previously identified 

enlargement of the eCSF space in combination with a reduction in complex gyral 

folding as a marker for adverse cognitive and motor outcome in very preterm infants. 

No correction was, however, applied for associated VM or concomitant brain pathology.

The additional prognostic value of  T1- and T2-weighted TEA-MRI over sequential high-

quality cUS appeared to be limited in our preterm cohort. This may be due to only a 

small number of infants with severe brain injury and an overall relatively favourable 

neurodevelopmental outcome. Hence, the prognostic significance of the new MRI 

scoring system by Kidokoro et al.6 needs to be reassessed in a larger preterm cohort. 

Although our data demonstrated that sequential cUS during the neonatal period can 

reliably predict the absence of major TEA-MRI abnormalities, MRI is known to be superior 

to cUS in detecting more subtle types of injury such as punctate WM lesions4 or small 

cerebellar haemorrhages31. Whereas not necessarily associated with unfavourable 
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neurodevelopment at early age32,33, the long-term clinical correlates of these brain 

lesions are still not known. 

Cerebellar ADC values on term DWI were found to be associated with gross motor 

outcome in this study. We hypothesize that increased ADC values may reflect delayed or 

impaired cerebellar development. This assumption is supported by the observation that 

cerebellar ADC values decreased with PMA, which might relate to the ongoing increase 

in size and cell density of particularly the molecular and internal granular layers at the 

time, hence restricting diffusion. There is growing evidence that supratentorial brain 

pathology plays a crucial role in the causal pathway of cerebellar underdevelopment, 

resulting in smaller cerebellar volumes.8,34,35 Reduced cerebellar volumes, as well as the 

cerebellar N-acetylaspartate⁄choline ratio measured using proton MR spectroscopy, 

were recently found to be associated with cognitive but not motor outcome in the 

same cohort.7

In agreement with two recent studies14,15, WM ADC values did not contribute to the 

prediction of early outcome in our preterm cohort. Hence, we could not reproduce the 

finding of Krishnan and colleagues16, who observed an inverse association between 

WM ADC on term DWI and outcome at two years CA among 38 preterm born infants 

without severe cerebral pathology. Neither WM nor cerebellar ADC values did relate to 

the presence of supra- or infratentorial brain injury as assessed using sequential cUS 

and TEA-MRI. Previous MRI studies have reported conflicting data on this topic.10-13,17 

Diffusion parameters which take anisotropy into account may offer more insight in 

microstructural changes related to neonatal brain injury and secondary maturational 

disturbances.13

The  strength of the present study is that we used sequential cUS, TEA-MRI – performed 

within 24 hours of the term cUS examination – as well as supratentorial WM and 

cerebellar tissue DWI. There are, however, also several limitations that need to be 

addressed. Although the measured ADCs in our cohort demonstrated a high intra- 

and interobserver reliability, it is well known that these values are prone to partial 

volume effects due to inclusion of other tissue types, which may easily bias the data. 

Comprehensive sonographic evaluation of the cerebellum through the mastoid and 

posterior fontanel was not performed in all neonates. We therefore could not relate 

cerebellar cUS abnormalities to TEA-MRI, DWI, and outcome. Regarding the limited 

additional prognostic value of T1- and T2-weighted TEA-MRI observed in this study, we 

have to acknowledge that assessment at two years CA may be too early to notice subtle 

deficits that may first manifest themselves at a later age.36

In conclusion, these data support the clinical value of sequential cUS and demonstrate 

the benefits of an additional cUS at TEA. Cerebellar ADC values on term DWI may also 

contribute to prognostication in unselected preterm infants. Advanced research using 

more sophisticated MRI techniques may further improve the recognition of subtle 

brain pathology and provide more insight in preterm brain injury patterns related to the 

development of subsequent disabilities in childhood or adolescence. 
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ABSTRACT

Importance:  Term-equivalent age magnetic resonance imaging (TEA-MRI) is increasingly 

used as biomarker for neurodevelopmental outcome in extremely preterm infants. An 

accurate TEA-MRI scoring system would enable systematic and uniform evaluation of brain 

abnormalities across cohorts. 

Objective: First, to evaluate the applicability of a recently extended TEA-MRI scoring 

system  (Kidokoro et al., AJNR 2013) in a regional extremely preterm cohort; second, to 

identify independently associated perinatal factors; and third, to assess the prognostic 

value of this TEA-MRI score with respect to early neurodevelopmental outcome. 

Design: Prospective cohort study.

Setting: Level three Neonatal Intensive Care Unit (Wilhelmina Children’s Hospital/University 

Medical Center Utrecht, The Netherlands).

Participants: 239 extremely preterm infants (median GA [range] in weeks: 26.6 [24.3–

27.9]), admitted to the Wilhelmina Children’s Hospital between 2006 and 2012.

Main outcomes and measures: Brain abnormalities and brain growth in white matter, 

cortical and deep grey matter and cerebellum were scored on T1- and T2-weighted TEA-

MRI using the Kidokoro scoring system. Neurodevelopmental outcome was assessed at two 

years corrected age using the Bayley Scales of Infant and Toddler Development, third edition. 

The association between TEA-MRI and perinatal factors as well as neurodevelopmental 

outcome was evaluated using multivariable regression analysis. 

Results: The distribution of brain abnormalities and brain metrics in the Utrecht cohort 

differed from the St. Louis cohort, in whom the TEA-MRI score was evaluated initially (p<.05). 

In the Utrecht cohort, mechanical ventilation >7 days and parenteral nutrition >21 days were 

independently associated with higher global brain abnormality scores on TEA-MRI (p<.001). 

Global brain abnormality scores were inversely associated with cognitive, fine motor, and 

gross motor outcome at two years corrected age (p<.01); explained variances were <.22. 

Conclusion and relevance: Patterns of brain abnormalities and impaired brain growth 

on TEA-MRI were shown to differ between cohorts. Prolonged mechanical ventilation and 

parenteral nutrition were identified as independent perinatal risk factors for preterm brain 

injury. The prognostic value of the TEA-MRI score was rather limited in this relatively well-

performing cohort. Optimizing cut-off values for the brain metrics and determination of the 

predictive value of the incorporated items might further improve the clinical applicability and 

prognostic accuracy of the TEA-MRI scoring system.
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INTRODUCTION

W ith the increased use of term-equivalent age magnetic resonance imaging 

(TEA-MRI) as biomarker for neurodevelopmental outcome among extremely 

preterm infants, there is a need for an accurate TEA-MRI scoring system to 

enable systematic and uniform evaluation of preterm brain abnormalities across cohorts.

Over the last decade, several TEA-MRI scoring systems have been developed to 

assess the degree of white matter (WM) and cortical grey matter (GM) injury1,2 as 

well as to evaluate brain maturation.3 In 2013, Kidokoro and colleagues extended a 

previous scoring system from their group to also incorporate evaluation of deep GM 

and cerebellar abnormalities.1,4 In addition, several brain metrics were included to 

systematically account for impairments in brain growth. Reference values for these 

brain metrics were based on healthy term born controls with normal TEA-MRI findings. 

This extended scoring system provides a more comprehensive assessment of brain 

abnormalities on TEA-MRI, taking into account the increased awareness of the effect of 

deep GM and cerebellar injury on neurodevelopment.5,6 

In a recent cohort of very preterm infants, the global brain abnormality score (GBAS) by 

Kidokoro et al.4 was related to motor outcome at two years corrected age (CA).7 In a different 

cohort, an increased GBAS was demonstrated to be associated with worse memory and 

learning performances at seven years of age.8 In both cohorts, the GBAS accounted for only 

a small amount of variance in neurodevelopmental outcome (<10%).

The aims of this study were threefold. First, to evaluate the applicability of the TEA-

MRI scoring system by Kidokoro et al.4 for a cohort of extremely preterm infants from 

Utrecht; for this purpose, the distribution of brain abnormalities in the Utrecht cohort 

was compared with the St. Louis cohort, in whom the scoring system was evaluated 

initially.4 Second, to identify perinatal factors independently associated with higher 

brain abnormality scores. Third, to evaluate the prognostic value of the TEA-MRI scoring 

system with respect to neurodevelopmental outcome at two years CA. 

METHODS 

Patients 
Between October 2006 and December 2012, 332 extremely preterm infants (gestational 

age [GA] <28 weeks) were admitted to the level three neonatal intensive care unit of 

the Wilhelmina Children’s Hospital/University Medical Center Utrecht, The Netherlands, 

and eligible for participation in this prospective neuroimaging study approved by the 

institutional review board. Neonates with congenital anomalies (n=5, 1.5%) were 

excluded. Fifty-two (15.7%) infants died before reaching TEA, and no parental informed 

consent was obtained for eighteen (5.4%) infants. Seven (2.1%) infants were examined 

7
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on a 1.5 Tesla system, leaving 250 (75.3%) infants with a 3.0 Tesla TEA-MRI. We further 

excluded infants who were scanned at a postmenstrual age (PMA) ≥44 weeks (n=2, 

0.6%) or with severe motion artefacts on TEA-MRI (n=1, 0.3%). Eight (2.4%) infants 

were lost to follow up at two years CA, leaving 239 (72.0%) infants eligible for final 

inclusion. 

Fifty-two (21.8%) of the 239 included infants were also included in a previous smaller 

study of 93 very preterm infants (gestational age [GA] <31 weeks) comparing the 

prognostic value of several neuroimaging modalities, including assessment of the TEA-

MRI scoring system by Kidokoro et al.4,7

Clinical variables
Maternal and neonatal charts were reviewed for demographic and perinatal 

characteristics. Socioeconomic status was based on maternal educational level.9 

Ethnicity was classified as western, mixed, or non-western, based on the ethnic 

background of both parents. Birthweight (BW) z-scores were computed according to 

the Dutch Perinatal registry reference data.10 Postnatal events that were considered 

included days of mechanical ventilation, severe chronic lung disease (i.e. defined as the 

need for mechanical ventilation, positive airway pressure, or supplemental oxygen >30% 

at 36 weeks PMA11), inotropic support, patent ductus arteriosus requiring treatment with 

indomethacin or surgery, days of parental nutrition, perforated necrotizing enterocolitis, 

culture proven sepsis, germinal matrix-intraventricular haemorrhage (GMH-IVH; graded 

according to Papile et al.12), progressive post-haemorrhagic ventricular dilatation 

(PHVD; i.e. ventricular index >97th percentile according to Levene13, anterior horn 

width >6mm or thalamo-occipital distance >24 mm) requiring cerebrospinal fluid (CSF) 

drainage, and cystic periventricular leukomalacia (c-PVL; defined according to de Vries 

et al.14). GMH-IVH, PHVD, and c-PVL were diagnosed by sequential cUS examination, 

performed within six hours of admission, at least three times in the first week after 

birth, then weekly till discharge to a level two hospital, and again at TEA.

TEA-MRI 
MR images were acquired around TEA on a 3.0 Tesla MR system (Philips Healthcare, 

Best, The Netherlands) using a sense head coil. Infants were sedated with 50–60 mg/

kg chloralhydrate by gastric tube. Until May 2008, conventional axial 3DT1-weighted 

imaging (repetition time [TR]=9.4 ms; echo time [TE]=4.6 ms; slice thickness=2.0 mm, 

no gap) and axial T2-weighted imaging (TR=6293 ms; TE=120 ms; slice thickness=2.0 

mm, no gap) were performed. In June 2008, a new protocol was introduced, which 

involved coronal 3D T1-weighted imaging (TR=9.5 ms; TE=4.6ms; slice thickness=1.2 

mm, no gap) and coronal T2-weighted imaging (TR=4847 ms; TE=150 ms; slice 

thickness=1.2 mm, no gap).
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Assessment of brain injury
WM, cortical and deep GM, and cerebellum were evaluated for the presence of 

brain abnormalities (MJNLB and LSV) and abnormal brain metrics (MJB and KJK) 

according to the scoring system by Kidokoro et al.4 for T1- and T2-weighted TEA-

MRI. Measurements were obtained using OsiriX (32-bit version, www.osirix-viewer.

com), which allowed for free conversion to all planes. The GBAS was calculated as the 

sum of regional subscores and further classified as normal (0–≤3), mildly abnormal 

(4–≤7), moderately abnormal (8–≤11), and severely abnormal (≥12) according to 

Kidokoro et al.4 

TEA-MRI scores of the Utrecht cohort were compared with the St. Louis cohort 

(n=97), for which the TEA-MRI scoring tool was described initially.4

Neurodevelopmental outcome 
Neurodevelopmental outcome was assessed at either 24 or 30 months CA, depending 

on inclusion in a European study (www.i-med.ac.at/neobrain). Neurodevelopmental 

assessment was performed by a single developmental specialist (ICH) using the 

cognitive, fine motor, and gross motor subtests of the Bayley Scales of Infant and Toddler 

Development, third edition (BSITD-III).15 The composite and scaled scores corrected for 

premature birth were calculated (mean [standard deviation] in a normative population: 

100 [15] and 10 [3], respectively). The severity of cerebral palsy was graded according 

to the Gross Motor Function Classification System.16

Statistical analysis
Data were analysed using IBM SPSS Statistics version 20 (SPSS Inc, Chicago, USA). 

Measurements of the biparietal diameter, deep GM area, and transcerebellar diameter 

were corrected for PMA using linear regression analysis as described in the original 

paper (i.e. corrected measurement = original measurement + slope * [40 – PMA]).4 

Corrected measures were used in consecutive analysis.

Perinatal characteristics and TEA-MRI scores of the Utrecht and St. Louis cohorts were 

compared using either a Chi-square or Fisher’s exact test for categorical variables and 

ANOVA for continuous variables.

The relationship between perinatal characteristics and TEA-MRI was explored using 

either logistic regression analysis or multivariable regression analysis with TEA-MRI as 

dependent variable. This was done by hand in a forward manner with a p-value ≥.05 as 

exclusion criterion; statistically significant interactions between independent variables 

were added to the model. The association between TEA-MRI and neurodevelopmental 

outcome was evaluated using multivariable regression analysis. Results were adjusted 

for maternal education, ethnicity, female sex, GA, BW z-score, and test age (i.e. 24 or 

30 months CA).

7
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RESULTS

Descriptive results
In total, 239 preterm neonates were included. Clinical characteristics and 

neurodevelopmental outcome data are presented in Table 1. Neurodevelopmental 

assessment was performed at a median (range) CA of either 24.0 (23.2–27.6) or 30.0 

(29.5–30.9) months in 159 (66.5%) and 80 (33.5%) infants, respectively. 

Distribution of TEA-MRI scores in comparison with the St. Louis cohort
A comparison of perinatal characteristics between the Utrecht cohort and St. Louis 

cohort (n=97) is presented in Table S1. For more details regarding the latter cohort, we 

refer to the paper by Kidokoro et al.4 

Significant differences in the distribution of the GBAS and regional subscores were 

observed between both cohorts (Figure 1; Table S2). Overall, a smaller proportion of the 

Utrecht infants demonstrated moderate/severe brain injury (15.9% vs. 35.0%; p<.001).

Substantial differences were also observed in the distribution of brain metrics (Table 

S3). Compared to the Utrecht cohort, St. Louis infants demonstrated a relatively larger 

atrial size whereas measurements of the deep GM area and transcerebellar diameter, 

corrected for PMA at TEA-MRI, were reduced (p<.001). In both cohorts, deep GM and 

cerebellar measurements appeared to be interrelated. Deep GM area was 1.6 cm2 (95% 

confidence interval, CI: 1.4; 1.8, p<.001) reduced in the St. Louis infants after adjustment 

for deep GM signal abnormalities, biparietal diameter, and transcerebellar diameter. 

Differences in cerebellar size between the Utrecht and St. Louis infants remained no 

longer statistically significant after correction for cerebellar signal abnormalities, 

biparietal diameter and deep GM area. 

Perinatal factors associated with TEA-MRI
In the Utrecht cohort, mechanical ventilation >7 days (β [95% CI]: 1.3 [.5; 2.0], p<.001) 

and parenteral nutrition >21 days (2.2 [1.2; 3.2], p<.001) were independently associated 

with a higher GBAS on TEA-MRI in multivariable analysis.  

Infants with parenteral nutrition >21 days demonstrated a higher rate of cystic 

WM abnormalities (12.8% vs. 3.6%, p=.03), deep GM signal abnormalities (17.9% 

vs. 2.6%, p<.001), and cerebellar signal abnormalities (35.9% vs. 13.0%, p<.001). 

Mechanical ventilation >7 days was also associated with deep GM and cerebellar signal 

abnormalities; however, in logistic regression analysis, only parenteral nutrition >21 

days remained statistically significant. 

Biparietal diameter was negatively related to  prolonged mechanical ventilation 

(-1.2 mm [-2.1; -.3], p=.008) and parenteral nutrition (-1.4 mm [-2.6; -.1], p=.03) in 
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Neonatal characteristics

Maternal educational levela

  Low 75 (31.8)

  Middle 77 (32.6)

  High 84 (35.6)

Ethnicity

  Western 177 (74.1)

  Mixed 13 (5.4)

  Non-western 49 (20.5)

GA at birth in weeks  26.6 (25.9–27.4; 24.3–27.9)

Birthweight in gram 900 (760–1000; 455–1450)

Birthweight z-score .36 (-.28–.89; -2.48–2.28)

Female 177 (49.0)

Multiple birth 75 (31.4)

Complete course of antenatal corticosteroidsa 173 (73.3)

Caesarean section 110 (46.0)

Mechanical ventilation >7 days 120 (50.2)

Severe chronic lung disease 59 (24.7)

Inotropics 102 (42.7)

Persistent ductus arteriosus 108 (45.2)

Parenteral nutrition >21 daysb 39 (16.8)

Sepsis 96 (40.2)

Perforated necrotizing enterocolitis 18 (7.5)

GMH-IVH 98 (41.0)

  Grade I 20 (8.4)

  Grade II 43 (18.0)

  Grade III 18 (7.5)

  PVHI 17 (7.1)

PHVD requiring CSF drainage 20 (8.4)

c-PVL  1 (0.4)

TEA-MRI

PMA in weeks 41.1 (40.7–41.6; 39.3–43.7)

Bodyweight in gram 3300 (2985–3630; 1685–4715)

Head circumference in cm 35.2 (34.5–36.2; 30.0–39.0)

Neurodevelopmental outcome at 24 and 30 months CA

Cognitive composite score 105 (95–110; 60–145)

Motor composite score 107 (100–112; 70–148)

  Fine motor scaled score 13 (11–14; 3–19)

  Gross motor scaled score 9 (8–10; 1–17)

Cerebral palsy 6 (2.5)
 

Data are presented as n (%) or median (interquartile range; range).
a data were missing for three infants — b data were missing for seven infants

Table 1. Patient characteristics and neurodevelopmental outcome in the Utrecht cohort (n=239)

7
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Figure 1. Distribution of the global brain abnormality score and regional subscores across the Utrecht 

(n=239) and St. Louis (n=97) cohorts. A left-sided shift of the curve can be appreciated for the Utrecht data.

multivariable regression analysis, adjusted for bodyweight at TEA-MRI. Mechanical 

ventilation >7 days was also associated with a small reduction in deep GM area (-.4 

cm2 [-.6; -.2], p<.001), adjusted for deep GM signal abnormalities, biparetial width, and 

transcerebellar diameter. 
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Sequential cUS findings in relation to TEA-MRI
Grade II (1.5 [.7; 2.3]), grade III (2.5 [1.2; 3.8]), and grade IV (5.7 [4.3; 7.1]) GMH-

IVH (p<.001) as well as PHVD requiring CSF drainage (2.0 [.7; 3.4], p=.007) were 

independently associated with a higher GBAS on TEA-MRI in multivariable regression 

analysis. GMH-IVH grade II-IV correlated with increased subscores of WM, deep GM, 

and cerebellum, whereas PHVD requiring CSF drainage was exclusively related to an 

increased cerebellum score.   

Brain abnormality scores on TEA-MRI and neurodevelopmental outcome

Cognitive outcome
The GBAS was inversely related to cognitive performance at two years CA (β in 

composite scores [95% CI]: -.7 [-1.2; -.2], p=.004, R2=.219; Table 2). Classification of 

the GBAS into four categories (i.e. normal, mildly, moderately, or severely abnormal) 

according to Kidokoro et al.4 did not correlate with cognition.

With respect to the subscores for WM, cortical and deep GM, and cerebellar 

abnormalities, only the cerebellum score was associated with cognition (-1.8 [-2.9; -.6], 

p=.002, R2=.223; Table S4).

Cognition was adjusted for maternal education, ethnicity, female sex, and test age (i.e. 

24 or 30 months CA); the explained variance of these four parameters for cognitive 

outcome was .191 (p<.001). Adding GA or BW z-score did not significantly improve the 

model.  

Fine motor outcome
The GBAS was also inversely associated with fine motor performance (β in scaled 

scores [95% CI]: -.1 [-.3; -.0], p=.007, R2=.130; Table 2). Classification of the GBAS was 

not related to fine motor outcome. 

Regarding the different subscores, WM, and deep GM abnormalities correlated with fine 

motor function. When combined into one model, the WM score remained statistically 

significant (-.2 [-.4; -.1], p=.004, R2=.134; Table S4).

Fine motor outcome was adjusted for maternal education, GA, BW z-score, and test 

age (i.e. 24 or 30 months CA); the explained variance of these four parameters for fine 

motor performance was .102 (p<.001). Ethnicity and female sex did not contribute to 

the model. 

Gross motor outcome
The GBAS also demonstrated a negative association with gross motor outcome 

at two years CA (β in scaled scores [95% CI]: -.2 [-.3; -.1], p<.001, R2=.178; Table 2). 

Classification of GBAS did also correlate with gross motor performance (-.6 [-1.0; -.3], 

p<.001, R2=.152). 

7
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β 95% CI P R2

Cognitive outcomea .219

(Constant) 104.1 100.2; 108.0 <.001

Maternal education 3.0 1.4; 4.7 <.001

Non-western ethnicity -8.3 -11.7; -4.9 <.001

Female sex 3.6 .8; 6.4 .01

Test age 30 months CA -3.5 -6.5; -.5 .02

Global brain abnormality score -.7 -1.2; -.2 .004

Fine motor outcomeb .130

(Constant) 12.0 10.9; 13.2 <.001

Maternal education .6 .3; 1.0 .001

GA at birth in weeksc .4 .1; .7 .008

Birthweight z-score .4 .1; .8 .02

Test age 30 months CA -.9 -1.5; -.2 .01

Global brain abnormality score -.1 -.3; -.0 .007

Gross motor outcomeb .178

(Constant) 9.4 8.7; 10.1 <.001

Maternal education .6 .2; .9 .001

Female sex .6 .0; 1.2 .03

Birthweight z-score .5 .2; .8 .002

Global brain abnormality score -.2 -.3; -.1) <.001
 

a in composite scores according to the BSITD-III; mean (SD) in a normative population: 100 (15)
b in scaled scores according to the BSITD-III; mean (SD) in a normative population: 10 (3)
c centred at 24 weeks

Table 2. Global brain abnormality score on TEA-MRI in relation to neurodevelopmental outcome in the 

Utrecht cohort (n=239) according to multivariable regression analysis

Concerning the different subscores, an inverse relationship with gross motor function 

was observed for WM, deep GM, and cerebellar abnormalities. When combined into one 

model, WM (-.2 [-.4; -.1], p=.008) and deep GM (-1.2 [-1.9; -.5], p<.001) scores remained 

statistically significant (R2=.206; Table S4).

Gross motor outcome was adjusted for maternal education, female sex, and BW 

z-score; the explained variance of these three parameters for gross motor function was 

.108 (p<.001). Ethnicity and GA did not significantly contribute to the model. 

Brain metrics on TEA-MRI and neurodevelopmental outcome
Independent associations with cognitive outcome and motor outcome – in composite 

and scaled scores, respectively, and adjusted for the parameters mentioned in 

the previous section – were exclusively observed for ventricular and cerebellar 

measurements on TEA-MRI (Figure 2; Table S5). The maximal atrial width (-.6/mm [-1.2; 
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Figure 2. Association between brain metrics on TEA-MRI and neurodevelopmental outcome in the Utrecht 
cohort (n=239).  Presented are the residuals for cognitive outcome (corrected for maternal education, non-
Western ethnicity, female sex, and test age) fine motor outcome (corrected for maternal education, GA, 
birthweight z-score, and test age) and gross motor outcome (corrected for maternal education, female 
sex, and birthweight z-score).

-.1], p=.03) and transcerebellar diameter (.5/mm [.1; .9], p=.01) were independently 

associated with cogniton (R2=.239). Fine motor outcome was related to the maximal 

atrial width (-.3/mm [-.4; -.1], p<.001, R2=.165). The maximal atrial width (-.2/mm 

[-.3; -.0], p=.01) and transcerebellar diameter (.1/mm [.0; .2], p=.003) were both 

related to gross motor function (R2=.184). After the exclusion of 102 (42.7%) infants 

7
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with concomittant brain pathology on sequential cUS (i.e. GMH-IVH grade I-IV or 

c-PVL) or TEA-MRI (i.e. WM cysts or extensive signal abnormalities in WM, deep GM, 

or cerebellum), only the inverse association between the maximal atrial width and 

cognition remained statistically significant (-1.1/mm [-2.2; -.1], p=0.03), with a trend for 

fine motor outcome (-.2/mm [-.5; .0], p=.06).

DISCUSSION

In this study, the recently developed scoring system for T1- and T2- weighted TEA-MRI 

by Kidokoro et al.4 was evaluated in a large regional cohort of extremely preterm infants 

from Utrecht. The distribution of brain abnormalities and brain metrics was shown to 

differ from the original St. Louis cohort. In the Utrecht cohort, mechanical ventilation >7 

days and parenteral nutrition >21 days were identified as risk factors for a higher GBAS 

on TEA-MRI. TEA-MRI scores accounted for only a relatively small amount of variance in 

neurodevelopmental outcome at two years CA according to the BSITD-III.

The TEA-MRI scoring system by Kidokoro et al.4 allows structured evaluation of preterm 

brain injury in the WM, cortical and deep GM, and cerebellum. The extent of brain 

injury and deviant brain metrics are accounted for in regional subscores and together 

expressed in a GBAS. Significant differences in the distribution of both the GBAS and 

regional subscores were observed between the Utrecht and St. Louis cohorts.4 Overall, 

a smaller proportion of the Utrecht cohort demonstrated moderate/severe brain injury 

on TEA-MRI (15.9% vs. 35.0%; Figure 1).  

There was a lower prevalence of ventricular enlargement in the Utrecht cohort. This 

may relate to differences in the incidence and severity of GMH-IVH and PHVD as well 

as periventricular WM injury with subsequent ex-vacuo dilatation. Since GMH-IVH, 

PHVD, and c-PVL were diagnosed differently across both cohorts (i.e. using sequential 

neonatal cUS in Utrecht vs. TEA-MRI in St. Louis), no definite conclusions can be drawn 

regarding the underlying pathophysiology.

Also striking was the relative reduction in deep GM and cerebellar size in the St. Louis 

cohort compared to the Utrecht cohort. This cannot exclusively be explained by the 

higher presence of focal signal abnormalities or by differences in brain size, hence 

suggesting different rates of regional brain growth impairments between cohorts.  The 

prevalence of delayed gyral maturation was significantly lower in the St. Louis cohort 

(1.0 % vs. 41.4%). This is likely due to the difference in median scan ages between 

the cohorts (38 vs. 41 weeks PMA) since the absence of tertiary folds in the inferior 

temporal and occipital lobes was the main reason to score infants as delayed in the 

Utrecht cohort, and this feature is not yet required at 38 weeks PMA. 

As far as we could compare both cohorts, differences in the distribution of perinatal 

characteristics did not seem to be sufficient to explain the lower prevalence of moderate-
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severe brain injury in the Utrecht cohort. This suggests that other determinants such 

as antenatal risk factors, socio-economic circumstances and access to antenatal care= 

might be involved. More intrinsic differences between populations, e.g. ethnicity and 

rate of teenage pregnancies, may also offer a partial explanation for the observed 

differences. 

Perinatal factors independently correlated with the GBAS in the Utrecht cohort were 

mechanical ventilation >7 days and parenteral nutrition >21 days. For the St. Louis 

cohort, these factors were also identified to relate to increased GBAS in univariate 

analysis.4 

The detrimental effects of respiratory problems on brain development and outcome in 

preterm infants were previously acknowledged. Chronic lung disease has been shown 

to negatively impact brain volumes, cortical growth, and brain microstructure.17-20 

Prolonged mechanical ventilation and chronic lung disease have also been identified 

as independent risk factors for neurodevelopmental impairments, including cerebral 

palsy.21-23

The adverse effects of prolonged parenteral nutrition on preterm brain development 

are likely dual. On the one hand, parenteral nutrition itself can have a negative impact 

on brain growth and maturation.24,25 On the other hand, preterm infants requiring 

prolonged parenteral nutrition tend to be the more severely ill infants in whom 

nutritional needs are often not optimally met, as evident in decreased growth rates of 

both bodyweight and head circumference.26 Malnutrition following birth was previously 

shown to delay microstructural development of the cortical GM.24,27 The duration of 

parenteral nutrition has been reported to be negatively associated with regional brain 

volumes at TEA.28

In our extremely preterm cohort, the GBAS was inversely related to cognitive and 

motor outcome, although the amount of explained variance was small. Concerning 

the regional subscores, a negative association was observed between cognition and 

cerebellar abnormalities, which is in agreement with previous studies.29-31 Fine motor 

outcome was related to WM injury, whereas gross motor outcome was associated with 

both WM and deep GM injury. WM abnormalities have previously been related to motor 

impairments.32,33 Moderate/severe deep GM abnormalities in our cohort were invariably 

due to the presence of GMH-IVH grade III-IV and PHVD, which are known risk factors for 

adverse motor outcome.34,35

Regarding the brain metrics incorporated in the TEA-MRI score, associations with 

cognitive and motor performance were exclusively observed for ventricular and cerebellar 

measurements. The association between transcerebellar diameter and outcome was 

mainly determined by a few infants with a significantly reduction in cerebellar size due 

to a severe cerebellar haemorrage. Both ventriculomegaly, whether due to PHVD or 

ex-vacuo,7,36 and cerebellar volume loss29-31 were previously identified as risk factors 

for developmental impairments. In contrast to a recent study, no associations were 

observed between the biparietal diameter or interhemispheric distance and outcome.37

7
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The strengths of the present study include the evaluation of the TEA-MRI scoring 

system in a large cohort of extremely preterm infants with high-quality neuroimaging 

and a follow-up rate of >97% of survivors. Some limitations should be mentioned. First, 

the limited prognostic value of the TEA-MRI scoring system observed in this study may 

relate to the overall relatively favourable outcome in the Utrecht cohort. In addition, the 

BSITD-III may not be sensitive enough to recognize more subtle neurodevelopmental 

deficits that first manifest at a later age.38 Furthermore, TEA-MRI alone may not show 

the full extent of brain injury that occurred during the neonatal period.7 Sequential early 

neuroimaging is necessary to fully appreciate the severity of GMH-IVH and subsequent 

PHVD as well as c-PVL.

In conclusion, the scoring system by Kidokoro et al.4 allows structured and 

comprehensive evaluation of brain abnormalities in preterm born infants at TEA. The 

need for prolonged mechanical ventilation and parenteral nutrition was found to be 

associated with a higher rate of brain abnormalities on TEA-MRI. The prognostic value 

of the TEA-MRI scoring tool in this relatively well-performing cohort appeared to be 

rather limited. Since patterns of brain abnormalities and impaired brain growth were 

shown to differ among preterm cohorts, we recommend further evaluation of the 

TEA-MRI scoring system in relation to long-term neurodevelopmental outcome across 

other preterm populations. Optimizing cut-off values for the different brain metrics and 

determination of the predictive value of each of the incorporated items might further 

improve the clinical applicability and prognostic accuracy of the TEA-MRI scoring 

system.
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Utrecht cohort
(n=239)

St. Louis cohort
(n=97)

P

Neonatal characteristics

Maternal age in years 31 (27–34; 21–42) 28 (23–33; 15–47) .004

GA at birth in weeks 26.6 (25.9–27.4; 24.3–27.9) 27 (25–28; 23–32) .39

Birthweight in grams 900 (760–1000; 455–1450) 930 (745–1120; 480–1600) .03

Birthweight <2 standard deviations 2 (.8) 6 (6.2) .008

Female sex 177 (49.0) 54 (55.7) .26

Multiple birth 75 (31.4) 33 (34.0) .64

Antenatal corticosteroids (≥1 gift) 221 (93.6)a 80 (82.5) .002

Caesarean section 110 (46.0) 68 (70.1) <.001

Mechanical ventilation >7 days 120 (50.2) 30 (30.9) .001

Oxygen at 36 weeks PMA 103 (43.1) 49 (50.5) .22

Inotropics 102 (42.7) 33 (34.0) .14

Persistent ductus arteriosus 108 (45.2) 39 (40.2) .40

Parenteral nutrition >21 days 39 (16.8)b 38 (39.2) <.001

Sepsis 96 (40.2) 29 (29.9) .08

Perforated necrotizing enterocolitis 18 (7.5) 7 (7.2) .92

TEA-MRI

PMA in weeks 41.1 (40.7–41.6; 39.3–43.7) 38 (37–39; 36–42) <.001

Bodyweight in grams 3300 (2985–3630; 1685–4715) 2500 (2270–2745; 1490–3825) <.001c

Head circumference in cm 35.2 (34.5–36.2; 30.0–39.0) 32.5 (31.9–33.5; 29.0–36.8) <.001d

Data are presented as n (%) or median (interquartile range; range).
a data were missing for three infants
b data were missing for seven infants
c adjusted for PMA in multivariable regression analysis: β (95% CI) for the St. Louis cohort: -395 gram (-600;
 -195), p<.001)
d  adjusted for PMA and bodyweight at MRI-TEA in multivariable regression analysis: β (95% CI) for the St. Louis
 cohort: +.1 cm (-.5; .6), p=.85

Table S1. Comparison of patient characteristics between the Utrecht and St. Louis cohorts

Table S2: See pages 138-139 

SUPPLEMENTAL MATERIALS
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Utrecht cohort
(n=239)

St. Louis cohort
(n=97)

P

Biparietal diameter in mma 72.7 (63.4–86.2) 72.2 (56.8–82.2) .40

Corpus callosum in mm: genu 1.7 (1.1–5.0) 1.7 (1.0–3.5) .91

Corpus callosum in mm: body 1.2 (.6–2.4) 1.4 (.9–2.0) <.001

Corpus callosum in mm: splenium 2.4 (1.2–4.2) 2.2 (1.2–4.4) .13

Right atrial width in mm 5.7 (2.3–17.6) 7.7 (2.9–13.3) <.001

Left atrial width in mm 5.9 (3.0–17.7) 7.7 (2.5–18.5) <.001

Interhemispheric distance in mm 3.2 (.0–7.9) 3.4 (.5–8.8) .02

Deep GM area in cm2 a 11.5 (9.4–13.7) 9.6 (7.0–12.8) <.001

Transcerebellar diameter in mma 51.5 (24.8–58.1) 49.6 (38.8–55.1) <.001

Data are presented as median (range).
a corrected for PMA

Table S3. Distribution of brain metrics incorporated in the TEA-MRI scoring system across the Utrecht and 

St. Louis cohorts

7
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Table S2. Distribution of the global brain abnormality score and regional subscores on TEA-MRI across the 

Utrecht and St. Louis cohorts

Utrecht cohort
(n=239)

St. Louis cohort
(n=97)

P

Global brain abnormality score 4 (3–6; 0–23) 6 (4–9; 1–19) <.001

  Global brain classification <.001
    Normal (0–3) 85 (35.6) 18 (18.6)
    Mild (4–7) 116 (48.5) 45 (46.4)
    Moderate (8–11) 29 (12.1) 21 (21.6)
    Severe (≥12) 9 (3.8) 13 (13.4)

WM score 3 (2–4; 0–10) 4 (2–5; 0–12) <.001

WM classification .01
  Normal (0–2) 89 (37.2) 25 (25.8)
  Mild (3–4) 97 (40.§6) 34 (35.1)
  Moderate (5–6) 37 (15.5) 27 (27.8)
  Severe (≥7) 16 (6.7) 11 (11.3)

Cystic lesions .008
  None 224 (93.7) 90 (92.8)
  Focal unilateral - 3 (3.1)
  Focal bilateral - 1 (1.0)
  Extensive unilateral 14 (5.9) 2 (2.1)
  Extensive bilateral 1 (.4) 1 (1.0)

Focal signal abnormalities .05
  Focal punctate 56 (23.4) 13 (13.4)
  Extensive punctate 5 (2.1) 5 (5.2)
  Linear 2 (.8) 2 (2.1)

Myelinisation .005
  Posterior limb internal capsule + corona radiata 160 (66.9) 65 (67.0)
  Only posterior limb internal capsule 78 (32.6) 26 (26.8)
  Minimal-no posterior limb internal capsule 1 (.4) 6 (6.2)

Thinning corpus callosum .02
  None 86 (36.0) 40 (41.2)
  Partiala 152 (63.6) 53 (54.6)
  Globalb 1 (0.4) 4 (4.1)

Dilated lateral ventricles <.001
  Both sides <7.5 mm 158 (66.1) 26 (26.8)
  One side 7.5–<10 mm 49 (20.5) 19 (19.6)
  Both sides 7.5–<10 mm / one side ≥10 mm 24 (10.0) 42 (43.3)
  Both sides ≥10 mm 8 (3.3) 10 (10.3)

Volume reductionc .11
  Biparietal diameter ≥77 mm 35 (14.6) 21 (21.7)
  Biparietal diameter 72–<77 mm 107 (44.8) 30 (30.9)
  Biparietal diameter 67–<72 mm 83 (34.7) 40 (41.2)
  Biparietal diameter <67 mm 14 (5.9) 6 (6.2)

Cortical GM score 1 (0–1; 0–7) 0 (0–1; 0–3) .02

Cortical GM classification .04
  Normal (0) 104 (43.5) 60 (61.9)
  Mild (1) 80 (33.5) 21 (21.6)
  Moderate (2) 38 (15.9) 8 (8.2)
  Severe (≥3) 17 (7.1) 8 (8.2)
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Utrecht cohort
(n=239)

St. Louis cohort
(n=97)

P

Signal abnormalities 1.00

  None 237 (99.2) 97 (100)
  Focal unilateral - -
  Focal bilateral - -
  Extensive unilateral 2 (.9) -
  Extensive bilateral - -

Gyral maturation <.001

  Delay <2 weeks 140 (58.6) 96 (99.0)
  Delay 2–<4 weeks 94 (39.3) 1 (1.0)
  Delay ≥4 weeks 5 (2.1) -

Increased extracerebral space .42
  Interhemisperic distance <4 mm 164 (68.6) 61 (62.9)
  Interhemisperic distance 4–<5 mm 51 (21.3) 20 (20.6)
  Interhemisperic distance 5–<6 mm 13 (5.4) 8 (8.3)
  Interhemisperic distance ≥6 mm 11 (4.6) 8 (8.3)

Deep GM score 0 (0; 0–3) 0 (0–1; 0–4) <.001

Deep GM classification <.001
  Normal (0) 221 (92.5) 52 (53.6)
  Mild (1) 14 (5.9) 33 (34.0)
  Moderate (2) 1 (.4) 7 (7.2)
  Severe (≥3) 3 (1.3) 5 (5.2)

Signal abnormalities .13
  None 223 (93.3) 92 (94.9)
  Focal unilateral 12 (5.0) 2 (2.1)
  Focal bilateral 1 (.4) 2 (2.1)
  Extensive unilateral 3 (1.3) -
  Extensive bilateral - 1 (1.0)

Volume reductionc <.001
  Deep GM area ≥9.5 cm2 237 (99.2) 53 (54.6)
  Deep GM area 8.5–<9.5 cm2 2 (.9) 35 (36.1)
  Deep GM area 7.5–<8.5 cm2 - 8 (8.3)
  Deep GM area <7.5 cm2 - 1 (1.0)

Cerebellum score 0 (0–1; 0–7) 1 (0–2; 0–7) <.001

Cerebellum classification <.001
  Normal (0) 143 (59.8) 42 (43.3)
  Mild (1) 58 (24.3) 23 (23.7)
  Moderate (2) 24 (10.0) 13 (13.4)
  Severe (≥3) 14 (5.9) 19 (19.6)
  Signal abnormalities .20

  None 198 (82.8) 74 (76.3)
  Punctate unilateral 24 (10.0) 10 (10.3)
  Punctate bilateral 10 (4.2) 5 (5.2)
  Extensive unilateral 5 (2.1) 4 (4.1)
  Extensive bilateral 2 (.8) 4 (4.1)

Volume reductionc <.001
  Transcerebellar diameter ≥50 mm 167 (69.9) 43 (44.3)
  Transcerebellar diameter 47–<50 mm 50 (20.9) 31 (32.0)
  Transcerebellar diameter 44–<47 mm 16 (6.7) 18 (18.6)
  Transcerebellar diameter <44 mm 6 (2.5) 5 (5.2)
Date are presented as n (%) or median (interquartile range; range).
a genu <1.3mm and/or body <1.3mm and/or splenium <2.0mm; b genu <1.3mm and body <1.3mm and 
splenium <2.0mm; c measurements of the biparietal diameter, deep GM area and transcerebellar diameter 
were corrected for PMA

7
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β 95% CI P R2

Cognitive outcomea .223

(Constant) 101.6 98.6; 104.7 <.001

Maternal education 3.1 1.4; 4.8 <.001

Non-western ethnicity -8.4 -11.8; -5.0 <.001

Female sex 3.7 .9; 6.4 .009

Test age 30 months CA -3.0 -5.9; -.0 .046

Cerebellum score -1.8 -2.9; -.6 .002

Fine motor outcomeb .134

(Constant) 12.0 10.9; 13.2 <.001

Maternal education .6 .2; 1.0 .001

GA at birth in weeksc .4 .1; .8 .005

Birthweight z-score .5 .1; .8 .01

Test age 30 months CA -.8 -1.4; -.2 .02

WM score -.2 -.4; -.1 .004

Gross motor outcomeb .206

(Constant) 9.1 8.4; 9.9 <.001

Maternal education .6 .3; .9 <.001

Female sex .6 .0; 1.2 .03

Birthweight z-score .6 .3; .9 <.001

WM score -.2 -.4; -.1 .008

Deep GM score -1.2 -1.9; -.5 <.001
 

a in composite scores according to the BSITD-III; mean (SD) in a normative population: 100 (15)
b in scaled scores according to the BSITD-III; mean (SD) in a normative population: 10 (3)
c centred at 24 weeks

Table S4. Regional subscores on TEA-MRI in relation to neurodevelopmental outcome in the Utrecht 

cohort (n=239) according to multivariable regression analysis
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β 95% CI P R2

Cognitive outcomea .239

(Constant) 79.5 57.7; 101.2 <.001

Maternal education 3.1 1.4; 4.8 <.001

Non-western ethnicity -8.6 -12.0; -5.2 <.001

Female sex 3.8 1.1; 6.6 .006

Test age 30 months CA -3.7 -6.7; -.7 .01

Maximal atrial width in mm -.6 -1.2; -.1 .03

Fine motor outcomeb .165

(Constant) 13.0 11.7; 14.3 <.001

Maternal education .6 .2; .9 .002

GA at birth in weeksd .5 .2; .8 .002

Birthweight z-score .6 .2; .9 .002

Test age 30 months CA -1.0 -1.7; -.4 .002

Maximal atrial width in mm -.3 -.4; -.1 <.001

Gross motor outcomeb .184

(Constant) 2.7 -2.0; 7.3 .258

Maternal education .6 .2; .9 <.001

Female sex .7 .1; 1.3 .02

Birthweight z-score .5 .1; .8 .008

Maximal atrial width in mm -.2 -.3; -.0 .01

Transcerebellar diameter in mmc .1 .0; .2 .003
 

a in composite scores according to the BSITD-III; mean (SD) in a normative population: 100 (15)
b in scaled scores according to the BSITD-III; mean (SD) in a normative population: 10 (3)
c corrected for PMA
d centred at 24 weeks

Table S5. Brain metrics on TEA-MRI in relation to neurodevelopmental outcome in the Utrecht cohort  

(n=239) according to multivariable regression analysis
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E arly human brain development is an intriguing process during which neurons and 

neuroglia originate, migrate, differentiate, and establish complex structural and 

functional connections.1,2 This process, which continues into early adulthood, 

may be easily disrupted in neonates born preterm. Frequent complications of extremely 

preterm birth are germinal matrix-intraventricular haemorrhage (GMH-IVH) and diffuse 

white matter (WM) injury.2,3

GMH-IVH affects 15-25% of very low birth weight infants (<1500 gram).4-7 One of the 

main complications of GMH-IVH, apart from a periventricular haemorrhagic infarction 

(PVHI), is post-haemorrhagic ventricular dilatation (PHVD). Close surveillance of cerebral 

ventricular size on cranial ultrasound (cUS) enables early diagnosis of PHVD and timely 

initiation of intervention. Retrospective data suggest that early intervention for PHVD, 

initiated before the ventricular index (VI) according to Levene8 crosses the p97 + 4 mm 

line, is associated with lower rates of ventriculoperitoneal (VP-)shunt dependency and 

better neurodevelopmental outcome compared with late intervention, initiated after 

crossing the p97 + 4 mm line.9,10

Diffuse WM injury is recognized in more than one-third of very preterm infants.2,11,12 

In contrast to cystic periventricular leukomalacia, diffuse WM injury likely represents 

a more disseminated process involving both discrete foci of microscopic necrosis and 

selective degeneration of particularly late oligodendroglial progenitors (preOLs). Over 

weeks, this may evolve not only into reactive astrogliosis and microgliosis but also 

into hypomyelination due to a failure of regenerated preOLs to mature into myelin-

producing oligodendrocytes.2,12 Diffuse WM injury is not reliably detected on cUS, 

although the presence of punctate WM lesions may be suspected in preterm infants 

with inhomogeneous echogenicities.13 Around term-equivalent age (TEA), ex-vacuo 

ventriculomegaly (VM) of the cerebral ventricles on cUS or magnetic resonance imaging 

(MRI) may serve as a hallmark of periventricular WM loss.2,14 In previous studies, VM 

was shown to pose an additional risk for neurodevelopmental impairment, particularly 

in the presence of concomitant brain pathology.15-19

The main aims of this thesis were to optimize the early recognition of ventricular 

enlargement in neonates at risk and to explore the prognostic implications of cerebral 

VM among very preterm infants.

PART I – EARLY RECOGNITION OF NEONATAL VM

What is (ab)normal ventricular size?
A systematic review on ultrasonographic evaluation of neonatal ventricular size, 

including an overview of the available reference values, is provided in Chapter 2. 

Following the introduction of real-time cUS in the late 1970s, Levene8 was the first 

to publish cross-sectional reference data for the lateral ventricles – based on cUS 
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measurements of the VI among neonates of 26-42 weeks gestational age (GA) – to aid 

the clinician in defining abnormal ventricular size. At present, this reference curve is still 

used to diagnose PHVD, to evaluate the need for intervention, and to monitor the effect 

of therapy once initiated. In the last decades, nomograms have also been established 

for other ventricular dimensions on cUS, including the anterior horn width (AHW) 

and thalamo-occipital distance (TOD).20-24 For extremely preterm infants, reference 

data appeared to be scarce and not uniform, underlining the need for accurate cross-

sectional as well as longitudinal reference values for the neonatal lateral ventricles.

New cross-sectional and longitudinal reference values
Chapter 3 reports on updated cross-sectional and longitudinal reference curves for 

the neonatal VI, AHW, and TOD on cUS. Cross-sectional reference values were based 

on a cohort of 625 neonates from 24-42 weeks GA, was performed cUS within four 

days following birth. Whereas measurements of the VI and TOD increased with GA, 

no such relation was observed for the AHW. Male sex was found to be associated with 

a slightly larger ventricular size. This is in line with previous antenatal and postnatal 

neuroimaging studies demonstrating small sex-related differences in ventricular size 

without any evidence of clinical significance (Chapter 2).

Longitudinal reference values were based on a subpopulation of 79 preterm infants (GA 

<30 weeks) without overt brain abnormalities on sequential cUS and a favourable early 

neurodevelopmental outcome. Compared with term born infants, preterm born infants 

demonstrated enlarged ventricular size on cUS at TEA, which might be attributed to 

diffuse WM injury and subsequent periventricular WM loss.

Asymmetry in ventricular size
Previous studies provide convincing evidence that asymmetry between the lateral 

ventricles represents a normal physiological variation rather than a sign of cerebral 

pathology (Chapter 2), which is in line with the data presented in Chapter 3. Asymmetry 

between the left and right ventricles was observed both following birth and at TEA, 

although differences in left and right ventricular size were not consistent over time. 

On average, left ventricular size appeared slightly larger. Mean differences between the 

lateral ventricles were, however, small and unlikely to be of clinical importance.

Ventricular reopening
Significant differences between fetal and neonatal reference values have been observed, 

with ventricular size appearing to be larger antenatally (Chapter 2). Some studies have 

suggested an effect of the mode of delivery on ventricular dimensions.25,26 In healthy 

term infants, ventricular reopening was observed in the first week following vaginal 

delivery.25 This phenomenon was further evaluated in Chapter 3 in a subset of 301 

preterm and term infants with two cUS scans within the first week after birth. A small 

8
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increase in AHW was observed between the first and second cUS, independent of the 

infants’ GA. Vaginal delivery was associated with a slightly smaller AHW after birth and 

a gradual, compensatory increase in the days thereafter. The overall effect of ventricular 

reopening was, however, small.

Diagnostic and therapeutic perspectives on PHVD among Europe
The novel reference values for the neonatal lateral ventricles presented in Chapter 

3 may further contribute to the early recognition of PHVD. At present, the optimal 

diagnostic and therapeutic approaches to neonates with PHVD are still a matter 

of debate. Chapter 4 offers more insight into the different diagnostic criteria and 

treatment policies on PHVD among 32 neonatal intensive care units in 17 European 

countries. In these centres, the pooled estimated incidence of severe GMH-IVH (grade 

III-IV according to Papile27) among neonates born below 30 weeks GA was 7%. Almost 

half of these infants were reported to subsequently develop PHVD, of whom about 

three-quarter required any form of intervention. cUS measurements of the lateral 

ventricles were most commonly used to diagnose PHVD (93.8%). No consensus 

existed on which ventricular parameters had to be enlarged and to what extent in order 

to diagnose PHVD. The same applied to the timing of intervention. Intervention was 

initiated early, i.e. before the VI crossed the p97 + 4 mm line according to Levene8, in a 

quarter of the neonatal intensive care units; in the remaining neonatal centres, therapy 

was first started once the VI had crossed the p97 + 4 mm line or when neonates 

presented with a progressive increase in head circumference or clinical symptoms 

of raised intracranial pressure. A wide variation was also noticed with respect to 

the applied therapy modalities for cerebrospinal fluid (CSF) drainage. The results of 

this survey underline the need to collaborate on an international consensus on the 

diagnosis and treatment of PHVD in order to achieve optimal care and long-term 

neurodevelopmental outcome for these infants.

 

PART II – PROGNOSTIC IMPLICATIONS OF NEONATAL VM

In the second part of this thesis, the focus is shifted toward the prognostic implications 

of ventricular enlargement among preterm infants born below 31 weeks GA.

PHVD and preterm brain development
Experimental and human studies have offered an insight into mechanisms by which 

GMH-IVH and PHVD may affect preterm brain development and mediate impairments 

later in life.3,28-38 Neuroimaging reports on distinct effects of GMH-IVH and PHVD 
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among very preterm infants without concomitant supra- or infratentorial parenchymal 

injury are, however, limited.

Chapter 5 draws attention to specific effects of PHVD on the immature brain and 

elucidates potential mechanisms by which PHVD may affect neurodevelopmental 

outcome. In this study, the differential impact of GMH-IVH and PHVD on preterm brain 

development was evaluated in a case-controlled design. Outcome parameters were 

brain and CSF volumes as well as WM and cerebellar apparent diffusion coefficients 

(ADCs) on TEA-MRI including diffusion weighted imaging (DWI). 

PHVD was independently associated with brain and CSF volumes, adjusted for 

intracranial volume, and with WM ADC values, in spite of early intervention in the 

majority of infants with PHVD (84.2%). Reduced volumes were observed for deep 

grey matter (GM), cerebellum, and extracerebral (e)CSF; ventricular volumes were 

increased. Although WM volume was not reduced in patients with PHVD, ADC values 

were increased in occipital, parieto-occipital and parietal WM, which is suggestive of 

alterations in WM integrity. No such relations were observed for GMH-IVH grade II-III.

In the literature, several mechanisms have been proposed by which PHVD may induce 

direct WM, deep GM and cerebellar injury.3,28,30,32,39-45 The data presented in Chapter 

5 illustrate that PHVD induced microstructural WM injury may also serve as an 

intermediate in secondary deep GM and cerebellar injury. For deep GM, preOL injury 

and axonal injury as well as damage to the cortical subplate may interfere with the 

development of thalamocortical WM tracts.2,3,46 For the cerebellum, remote adverse 

effects could relate not only to loss of positive afferent effects from the cerebral cortex 

and brain stem relay nuclei but also to negative retrograde effects due to loss of efferent 

connections to the thalamus and cortex.2

The observed adverse effects of PHVD on the preterm brain, despite early intervention 

in the majority of neonates, are of particular interest in view of the European survey 

described in Chapter 4, which illustrated that the majority of preterm infants with PHVD 

receives late intervention. At present, the multicenter Early versus Late Ventricular 

Intervention Study (ELVIS, ISRCTN43171322) is conducted to assess the potential 

beneficial role of early over late intervention in a randomized controlled trial.

The prognostic value of sequential cUS and TEA-MRI
In spite of advances in neuroimaging techniques during the last decennia, 

prognostication among preterm infants remains challenging, particularly with 

respect to impairments in the cognitive and behavioural domains. In Chapter 6, the 

prognostic value of early cUS – performed sequentially throughout the neonatal 

period –, term cUS, and TEA-MRI including DWI was evaluated in a cohort of 93 very 

preterm infants (GA <31 weeks). Chapter 7 focused in more detail on the prognostic 

value of TEA-MRI in an extended cohort of 239 extremely preterm infants (GA <28 

weeks). Neurodevelopmental outcome in both studies was assessed at two years 

8
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corrected age (CA) using the Bayley Scales of Infant and Toddler Development, third 

edition.

Early and term cUS
Ex-vacuo VM on term cUS was identified as an independent marker for worse cognitive, 

fine motor, and gross motor performance at two years CA, irrespective of the presence 

of moderate/severe abnormalities including severe GMH-IVH and PHVD on early 

cUS (Chapter 6). VM, identified during the neonatal period or at TEA, was previously 

reported to increase the risk for neurodevelopmental impairments, particularly in the 

presence of concomitant brain pathology.15-19 Isolated VM, i.e. VM without associated 

brain injury on sequential cUS or TEA-MRI, in preterm infants at TEA was not associated 

with adverse early neurodevelopmental outcome in a previous cohort,15 which contrast 

with the data presented in this thesis (Chapters 6, 7).

Evaluation of both moderate/severe abnormalities on early cUS and enlargement of 

the eCSF space on term cUS did further contribute to the prognostication of motor 

outcome at two years CA (Chapter 6), which is in line with previous data.14,47,48 

The absence of an association between early cUS abnormalities and cognition should 

be interpreted with caution, since the number of infants with moderate/severe brain 

injury on early cUS was limited in the preterm cohort described in Chapter 6. In addition, 

assessment at two years CA may be too early to notice subtle deficits that first manifest 

themselves at a later age.49

ADC values on TEA-DWI
An independent and inverse association was observed between cerebellar ADCs 

on TEA-DWI and gross motor outcome (Chapter 6). We hypothesize that increased 

cerebellar ADC values may reflect delayed or impaired cerebellar development in the 

preterm infant. This assumption is supported by the observation that ADCs of the 

cerebellum decreased with PMA, which might relate to the ongoing increase in size 

and cell density of particularly the molecular and internal granular layers around TEA, 

hence restricting diffusion. WM ADC values did not contribute to the prediction of early 

neurodevelopmental outcome, which is in line with two recent studies.50,51 Neither WM 

nor cerebellar ADC values did relate to the presence of supra- or infratentorial brain 

injury on sequential cUS or TEA-MRI. Previous MRI studies have reported conflicting 

data on this topic.38,52-55

T1- and T2-weighted TEA-MRI
Although the data presented in Chapter 6 provide evidence that sequential cUS 

performed throughout the neonatal period can reliably predict the absence of major 

TEA-MRI abnormalities, MRI is known to be superior to cUS in detecting more subtle 

types of injury such as punctate WM lesions or small cerebellar haemorrhages.56,57

In 2013, an extended scoring system for T1- and T2-weighted TEA-MRI was published by 
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Kidokoro et al.58, allowing structured evaluation of both overt brain abnormalities and 

deviant brain metrics in WM, cortical and deep GM, and cerebellum.

The additional prognostic value of this TEA-MRI score over sequential high-quality 

cUS appeared to be limited according to the data presented in Chapter 6. This may 

have been due to a small number of preterm infants with severe brain injury and an 

overall relatively favourable neurodevelopmental outcome in this cohort. The TEA-MRI 

scoring system by Kidokoro et al.58 was therefore evaluated in more detail in Chapter 

7 in an extended extremely preterm cohort. Several conclusions can be drawn from 

this evaluation. First, patterns of brain abnormalities and impaired brain growth in 

the Utrecht cohort were shown to differ from those of the St. Louis cohort, in whom 

the TEA-MRI score was evaluated initially. This observation may have important 

implications for the generalizability and clinical applicability of this scoring system 

across preterm populations. Second, mechanical ventilation >7 days and parenteral 

nutrition >21 days were identified as independent perinatal risk factors for brain 

abnormalities and impaired brain growth at TEA. Third, measurements of the atrial 

width and transcerebellar diameter, as incorporated in the TEA-MRI score, were related 

to both cognitive and motor performance. The association between ventricular size and 

cognition remained statistically significant after exclusion of infants with concomitant 

brain pathology on early cUS or TEA-MRI. This suggests that isolated VM may adversely 

affect neurodevelopmental outcome in preterm infants, which is in line with the findings 

in Chapter 6. Fourth, the TEA-MRI score was related to cognitive, fine motor, and gross 

motor outcome at two years CA, although explained variances were rather limited in 

this relatively well-performing extremely preterm cohort.

Based on Chapters 6 and 7, further evaluation of the Kidokoro58  TEA-MRI scoring system 

among other preterm populations seems recommended to optimize cut-off values for 

the different brain metrics and to accurately determine the predictive value of each of 

the incorporated items in order to improve its overall prognostic accuracy.

CONCLUSIONS

The following conclusions can be drawn from this thesis:

- For extremely preterm born infants, available reference data for the lateral ventricles 

appeared to be scarce and not uniform. (Chapter 2) 

- Novel cross-sectional and longitudinal reference values were established for the 

VI, AHW, and TOD to further contribute to the early recognition of ventricular 

enlargement in neonates born between 24-42 weeks gestation. (Chapter 3)

- Diagnostic and therapeutic approaches towards PHVD were shown to differ 

considerably among neonatal centres across Europe, which underlines the need 

for an international consensus to achieve optimal care and neurodevelopmental 

8
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outcome for infants with PHVD. (Chapter 4)

- PHVD may have an adverse effect on preterm brain development. Despite early 

intervention for PHVD in the majority of the infants, PHVD was negatively related 

to deep GM and cerebellar volumes on TEA-MRI and positively to WM ADC values, 

suggestive of alterations in WM integrity. These associations were not observed for 

GMH-IVH grade II-III. (Chapter 5)

- Sequential cUS, repeated at TEA, as well as TEA-MRI including DWI may contribute 

to the early prognostication of neurodevelopmental outcome among very preterm 

infants. (Chapters 6, 7) 

- Compared with term newborns, preterm born infants demonstrated enlarged lateral 

ventricles  at TEA, suggestive of periventricular WM atrophy. Qualitative evaluation 

of ex-vacuo VM on term cUS and measurements of ventricular size on TEA-MRI 

may yield relevant prognostic information regarding both the cognitive and motor 

domains. (Chapters 3, 6, 7)

DIRECTIONS FOR FUTURE RESEARCH

Prevention, neuroprotection, and neurorepair are the likely cornerstones of future 

initiatives for preterm brain injury.12,59 Since both PHVD and ex-vacuo VM are invariably 

related to prematurity, preventing (iatrogenic) preterm birth may be the most effective 

strategy to diminish the long-term neurodevelopmental sequelae associated with 

both conditions. Enhanced understanding of context-specific pathways leading to 

preterm birth may facilitate the development of efficacious and appropriate protective 

interventions.60,61 A better grasp of the pathophysiology of GMH-IVH and subsequent 

PHVD as well as of non-cystic WM injury may further impact the incidence of neonatal 

VM and may elucidate additional preventive and therapeutic targets. 

PHVD
Gaining more insight into normal CSF absorption is essential to evaluate potential 

pathways of CSF accumulation following GMH-IVH and may reveal additional 

opportunities for intervention.62 Recent experimental data provide evidence for 

the involvement of several markers in the CSF, such as haemoglobin, iron, and 

lysophosphatidic acid, in the induction of hydrocephalus in foetal and neonatal rat 

models.62-64 Particularly reassuring in this perspective are recent data on mesenchymal 

stem cell (MSC) transplantation in an IVH model of newborn rats, proposing MSCs 

as promising neuroprotective agents following severe IVH. Intraventricular injection 

of umbilical cord blood-derived MSCs down-regulated inflammatory cytokines in the 

CSF and attenuated progressive PHVD. In addition, MSC transplantation mitigated 
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associated brain injury, including cell death, reactive gliosis, and reduced myelination, 

and was associated with improved sensorimotor function.65 

As illustrated in Chapter 4, the optimal diagnostic and therapeutic approaches to 

neonates with PHVD are still a matter of debate. Research on this topic is emerging but 

requires inclusion of larger numbers of preterm infants with PHVD. Since most hospitals 

treat only a few neonates with progressive PHVD each year, centralization of care will be 

important to develop expertise and to facilitate larger cohort studies. Neurophysiological 

assessment, including amplitude-integrated electroencephalography, near-infrared 

spectroscopy, and visual-evoked potentials, as well as the evaluation of specific CSF 

markers suggestive of (PHVD induced) brain injury may further aid in determining the 

optimal timing to initiate therapy.44,66-70 With respect to neurosurgical interventions, 

combined endoscopic third ventriculostomy and choroid plexus cauterization has been 

proposed as an alternative for permanent VP-shunt placement in a selection of preterm 

infants with progressive PHVD and was found to be effective for approximately 40% 

of infants.71,72 No data are available yet on the neurodevelopmental benefits of this 

approach. 

Experimental and human data on specific effects of PHVD on preterm brain 

development are limited, as was discussed in Chapter 5. Advanced MRI research, using 

more sophisticated post-processing techniques, as well as histopathological studies 

on this topic are recommended to gain more insight into potential mechanisms of brain 

injury that are related to the development of subsequent disabilities in childhood or 

adolescence in infants with PHVD.

Ex-vacuo VM
With regard to diffuse WM injury in preterm infants, the activation of dysmaturation 

processes that prevent oligodendrocyte maturation and myeliniation is considered a key 

factor disrupting regeneration and repair.2,12 Developing pharmacological interventions 

aimed at blocking the inhibitory pathways that sustain the maturation arrest of the 

regenerated early oligodendrocyte progenitors may reverse or prevent myelination 

failure and the potential subsequent loss of connectivity between developing 

neuronal pathways.12 Future experimental and human studies are also needed to 

survey the evolution of WM injury over time, and to determine the significance of 

impaired myelination and axonal dysfunction with respect to the observed long-term 

neurocognitive deficits of preterm survivors, including impairments in attention and 

executive functions.12,73-75 

8



154

REFERENCES

1. Volpe JJ. Cerebellum of the premature infant: 
Rapidly developing, vulnerable, clinically 
important. J Child Neurol. 2009;24:1085-1104

2. Volpe JJ. Brain injury in premature infants: 
A complex amalgam of destructive and 
developmental disturbances. Lancet Neurol. 

2009;8:110-124
3. Volpe J. Neurology of the newborn. 

Philadelphia: Saunders Elsevier; 2008.
4. du Plessis AJ. The role of systemic hemodynamic 

disturbances in prematurity-related brain injury. 
J Child Neurol. 2009;24:1127-1140

5. McCrea HJ, Ment LR. The diagnosis, 
management, and postnatal prevention of 
intraventricular hemorrhage in the preterm 
neonate. Clinics in perinatology. 2008;35:777-
792

6. Cherian S, Whitelaw A, Thoresen M, Love S. The 
pathogenesis of neonatal post-hemorrhagic 
hydrocephalus. Brain Pathol. 2004;14:305-311

7. Murphy BP, Inder TE, Rooks V, Taylor 
GA, Anderson NJ, Mogridge N, et al. 
Posthaemorrhagic ventricular dilatation in 
the premature infant: Natural history and 
predictors of outcome. Arch Dis Child Fetal 

Neonatal Ed. 2002;87:F37-41
8. Levene MI. Measurement of the growth of the 

lateral ventricles in preterm infants with real-
time ultrasound. Arch Dis Child. 1981;56:900-
904

9. Brouwer A, Groenendaal F, van Haastert 
IL, Rademaker K, Hanlo P, de Vries L. 
Neurodevelopmental outcome of preterm 
infants with severe intraventricular hemorrhage 
and therapy for post-hemorrhagic ventricular 
dilatation. J Pediatr. 2008;152:648-654

10. de Vries LS, Liem KD, van Dijk K, Smit BJ, 
Sie L, Rademaker KJ, et al. Early versus late 
treatment of posthaemorrhagic ventricular 

dilatation: Results of a retrospective study 
from five neonatal intensive care units in the 
netherlands. Acta Paediatr. 2002;91:212-217

11. Gano D, Andersen SK, Partridge JC, Bonifacio 
SL, Xu D, Glidden DV, et al. Diminished white 
matter injury over time in a cohort of premature 
newborns. J Pediatr. 2015;166:39-43

12. Back SA, Miller SP. Brain injury in premature 
neonates: A primary cerebral dysmaturation 
disorder? Ann Neurol. 2014;75:469-486

13. de Vries LS, Benders MJ, Groenendaal F. 
Imaging the premature brain: Ultrasound or 
MRI? Neuroradiology. 2013;55:13-22

14. de Vries LS, van Haastert IC, Benders MJ, 
Groenendaal F. Myth: Cerebral palsy cannot 
be predicted by neonatal brain imaging. Semin 

Fetal Neonatal Med. 2011;16:279-287
15. Maunu J, Lehtonen L, Lapinleimu H, Matomaki 

J, Munck P, Rikalainen H, et al. Ventricular 
dilatation in relation to outcome at 2 years 
of age in very preterm infants: A prospective 
finnish cohort study. Dev Med Child Neurol. 

2011;53:48-54
16. Nosarti C, Walshe M, Rushe TM, Rifkin L, 

Wyatt J, Murray RM, et al. Neonatal ultrasound 
results following very preterm birth predict 
adolescent behavioral and cognitive outcome. 
Dev Neuropsychol. 2011;36:118-135

17. Vollmer B, Roth S, Riley K, Sellwood MW, Baudin 
J, Neville BG, et al. Neurodevelopmental 
outcome of preterm infants with ventricular 
dilatation with and without associated 
haemorrhage. Dev Med Child Neurol. 

2006;48:348-352
18. Ment LR, Vohr B, Allan W, Westerveld M, 

Katz KH, Schneider KC, et al. The etiology 
and outcome of cerebral ventriculomegaly at 
term in very low birth weight preterm infants. 
Pediatrics. 1999;104:243-248



155

19. Fox LM, Choo P, Rogerson SR, Spittle AJ, 
Anderson PJ, Doyle L, et al. The relationship 
between ventricular size at 1 month and 
outcome at 2 years in infants less than 30 
weeks’ gestation. Arch Dis Child Fetal Neonatal 

Ed. 2014;99:F209-214
20. Davies MW, Swaminathan M, Chuang SL, 

Betheras FR. Reference ranges for the linear 
dimensions of the intracranial ventricles 
in preterm neonates. Arch Dis Child Fetal 

Neonatal Ed. 2000;82:F218-223
21. Liao MF, Chaou WT, Tsao LY, Nishida H, 

Sakanoue M. Ultrasound measurement of the 
ventricular size in newborn infants. Brain & 

development. 1986;8:262-268
22. Perry RN, Bowman ED, Murton LJ, Roy RN, 

de Crespigny LC. Ventricular size in newborn 
infants. J Ultrasound Med. 1985;4:475-477

23. Reeder JD, Kaude JV, Setzer ES. The occipital 
horn of the lateral ventricles in premature 
infants. An ultrasonographic study. Eur J 

Radiol. 1983;3:148-150
24. Sondhi V, Gupta G, Gupta PK, Patnaik SK, 

Tshering K. Establishment of nomograms and 
reference ranges for intra-cranial ventricular 
dimensions and ventriculo-hemispheric ratio in 
newborns by ultrasonography. Acta Paediatr. 

2008;97:738-744
25. Nelson MD, Jr., Tavare CJ, Petrus L, Kim P, Gilles 

FH. Changes in the size of the lateral ventricles 
in the normal-term newborn following vaginal 
delivery. Pediatr Radiol. 2003;33:831-835

26. Winchester P, Brill PW, Cooper R, Krauss AN, 
Peterson HD. Prevalence of “compressed” 
and asymmetric lateral ventricles in healthy 
full-term neonates: Sonographic study. Am J 

Roentgenol. 1986;146:471-475
27. Papile LA, Burstein J, Burstein R, Koffler H. 

Incidence and evolution of subependymal and 
intraventricular hemorrhage: A study of infants 
with birth weights less than 1,500 gm. J Pediatr. 

1978;92:529-534
28. Del Bigio MR. Cellular damage and prevention 

in childhood hydrocephalus. Brain Pathol. 

2004;14:317-324
29. Del Bigio MR. Cell proliferation in human 

ganglionic eminence and suppression after 
prematurity-associated haemorrhage. Brain. 
2011;134:1344-1361

30. Del Bigio MR, Kanfer JN, Zhang YW. 
Myelination delay in the cerebral white 
matter of immature rats with kaolin-induced 
hydrocephalus is reversible. J Neuropathol Exp 

Neurol. 1997;56:1053-1066
31. Jary S, De Carli A, Ramenghi LA, Whitelaw A. 

Impaired brain growth and neurodevelopment 
in preterm infants with posthaemorrhagic 
ventricular dilatation. Acta Paediatr. 

2012;101:743-748
32. Messerschmidt A, Prayer D, Brugger PC, 

Boltshauser E, Zoder G, Sterniste W, et 
al. Preterm birth and disruptive cerebellar 
development: Assessment of perinatal 
risk factors. European journal of paediatric 

neurology 2008;12:455-460
33. Tam EW, Miller SP, Studholme C, Chau V, 

Glidden D, Poskitt KJ, et al. Differential effects 
of intraventricular hemorrhage and white 
matter injury on preterm cerebellar growth. J 

Pediatr. 2011;158:366-371
34. Vasileiadis GT, Gelman N, Han VK, Williams 

LA, Mann R, Bureau Y, et al. Uncomplicated 
intraventricular hemorrhage is followed by 
reduced cortical volume at near-term age. 
Pediatrics. 2004;114:e367-372

35. Kersbergen KJ, de Vries LS, van Kooij BJ, Isgum 
I, Rademaker KJ, van Bel F, et al. Hydrocortisone 
treatment for bronchopulmonary dysplasia and 
brain volumes in preterm infants. J Pediatr. 

2013;163:666-671 e661
36. Morita T, Morimoto M, Yamada K, Hasegawa 

T, Morioka S, Kidowaki S, et al. Low-grade 

8



156

intraventricular hemorrhage disrupts cerebellar 
white matter in preterm infants: Evidence from 
diffusion tensor imaging. Neuroradiology. 
2015:57;507-514

37. Ou X, Glasier CM, Ramakrishnaiah RH, Mulkey 
SB, Ding Z, Angtuaco TL, et al. Impaired white 
matter development in extremely low-birth-
weight infants with previous brain hemorrhage. 
Am J Neuroradiol. 2014;35:1983-1989

38. Tam EW, Ferriero DM, Xu D, Berman JI, 
Vigneron DB, Barkovich AJ, et al. Cerebellar 
development in the preterm neonate: Effect 
of supratentorial brain injury. Pediatr Res. 
2009;66:102-106

39. Savman K, Blennow M, Hagberg H, Tarkowski 
E, Thoresen M, Whitelaw A. Cytokine response 
in cerebrospinal fluid from preterm infants with 
posthaemorrhagic ventricular dilatation. Acta 

Paediatr. 2002;91:1357-1363
40. Savman K, Nilsson UA, Blennow M, Kjellmer I, 

Whitelaw A. Non-protein-bound iron is elevated 
in cerebrospinal fluid from preterm infants with 
posthemorrhagic ventricular dilatation. Pediatr 

Res. 2001;49:208-212
41. Soul JS, Eichenwald E, Walter G, Volpe 

JJ, du Plessis AJ. Csf removal in infantile 
posthemorrhagic hydrocephalus results 
in significant improvement in cerebral 
hemodynamics. Pediatr Res. 2004;55:872-876

42. Soul JS, Taylor GA, Wypij D, Duplessis AJ, Volpe 
JJ. Noninvasive detection of changes in cerebral 
blood flow by near-infrared spectroscopy in a 
piglet model of hydrocephalus. Pediatr Res. 
2000;48:445-449

43. van Alfen-van der Velden AA, Hopman JC, 
Klaessens JH, Feuth T, Sengers RC, Liem KD. 
Cerebral hemodynamics and oxygenation after 
serial CSF drainage in infants with PHVD. Brain 

& development. 2007;29:623-629
44. Norooz F, Urlesberger B, Giordano V, 

Klebermasz-Schrehof K, Weninger M, Berger 

A, et al. Decompressing posthaemorrhagic 
ventricular dilatation significantly improves 
regional cerebral oxygen saturation in preterm 
infants. Acta Paediatr. 2015:104;663-669

45. Whitelaw A, Aquilina K. Management of 
posthaemorrhagic ventricular dilatation. Arch 

Dis Child Fetal Neonatal Ed. 2012;97:F229-223
46. Khan OH, Enno TL, Del Bigio MR. Brain damage 

in neonatal rats following kaolin induction 
of hydrocephalus. Experimental neurology. 
2006;200:311-320

47. Rademaker KJ, Uiterwaal CS, Beek FJ, van 
Haastert IC, Lieftink AF, Groenendaal F, et al. 
Neonatal cranial ultrasound versus mri and 
neurodevelopmental outcome at school age 
in children born preterm. Arch Dis Child Fetal 

Neonatal Ed. 2005;90:F489-493
48. Horsch S, Muentjes C, Franz A, Roll C. 

Ultrasound diagnosis of brain atrophy is related 
to neurodevelopmental outcome in preterm 
infants. Acta Paediatr. 2005;94:1815-1821

49. Aylward GP. Cognitive and neuropsychological 
outcomes: More than iq scores. Ment Retard 

Dev Disabil Res Rev. 2002;8:234-240
50. Hart A, Whitby E, Wilkinson S, Alladi S, Paley 

M, Smith M. Neuro-developmental outcome 
at 18 months in premature infants with diffuse 
excessive high signal intensity on mr imaging of 
the brain. Pediatr Radiol. 2011;41:1284-1292

51. Kidokoro H, Anderson PJ, Doyle LW, Neil 
JJ, Inder TE. High signal intensity on t2-
weighted mr imaging at term-equivalent 
age in preterm infants does not predict 
2-year neurodevelopmental outcomes. Am J 

Neuroradiol. 2011;32:2005-2010
52. Cheong JL, Thompson DK, Wang HX, Hunt 

RW, Anderson PJ, Inder TE, et al. Abnormal 
white matter signal on mr imaging is related 
to abnormal tissue microstructure. Am J 

Neuroradiol. 2009;30:623-628
53. Counsell SJ, Allsop JM, Harrison MC, Larkman 



157

DJ, Kennea NL, Kapellou O, et al. Diffusion-
weighted imaging of the brain in preterm 
infants with focal and diffuse white matter 
abnormality. Pediatrics. 2003;112:1-7

54. Hart AR, Whitby EH, Clark SJ, Paley MN, 
Smith MF. Diffusion-weighted imaging of 
cerebral white matter and the cerebellum 
following preterm birth. Dev Med Child Neurol. 
2010;52:652-659

55. Huppi PS, Murphy B, Maier SE, Zientara GP, 
Inder TE, Barnes PD, et al. Microstructural 
brain development after perinatal cerebral 
white matter injury assessed by diffusion 
tensor magnetic resonance imaging. Pediatrics. 
2001;107:455-460

56. Maalouf EF, Duggan PJ, Counsell SJ, 
Rutherford MA, Cowan F, Azzopardi D, et al. 
Comparison of findings on cranial ultrasound 
and magnetic resonance imaging in preterm 
infants. Pediatrics. 2001;107:719-727

57. Steggerda SJ, Leijser LM, Wiggers-de Bruine 
FT, van der Grond J, Walther FJ, van Wezel-
Meijler G. Cerebellar injury in preterm infants: 
Incidence and findings on us and mr images. 
Radiology. 2009;252:190-199

58. Kidokoro H, Neil JJ, Inder TE. New mr imaging 
assessment tool to define brain abnormalities in 
very preterm infants at term. Am J Neuroradiol. 
2013;34:2208-2214

59. Robinson S. Neonatal posthemorrhagic 
hydrocephalus from prematurity: 
Pathophysiology and current treatment 
concepts. Journal of neurosurgery. Pediatrics. 
2012;9:242-258

60. Simmons LE, Rubens CE, Darmstadt GL, 
Gravett MG. Preventing preterm birth and 
neonatal mortality: Exploring the epidemiology, 
causes, and interventions. Semin Perinatol. 
2010;34:408-415

61. Wen SW, Smith G, Yang Q, Walker M. 
Epidemiology of preterm birth and neonatal 

outcome. Semin Fetal Neonatal Med. 
2004;9:429-435

62. Strahle J, Garton HJ, Maher CO, Muraszko KM, 
Keep RF, Xi G. Mechanisms of hydrocephalus 
after neonatal and adult intraventricular 
hemorrhage. Transl Stroke Res. 2012;3:25-38

63. Strahle JM, Garton T, Bazzi AA, Kilaru H, Garton 
HJ, Maher CO, et al. Role of hemoglobin 
and iron in hydrocephalus after neonatal 
intraventricular hemorrhage. Neurosurgery. 

2014;75:696-705; discussion 706
64. Yung YC, Mutoh T, Lin ME, Noguchi K, Rivera 

RR, Choi JW, et al. Lysophosphatidic acid 
signaling may initiate fetal hydrocephalus. Sci 

Transl Med. 2011;3:99ra87
65. Ahn SY, Chang YS, Sung DK, Sung SI, Yoo HS, 

Lee JH, et al. Mesenchymal stem cells prevent 
hydrocephalus after severe intraventricular 
hemorrhage. Stroke. 2013;44:497-504

66. de Vries LS, Brouwer AJ, Groenendaal F. 
Posthaemorrhagic ventricular dilatation: When 
should we intervene? Arch Dis Child Fetal 

Neonatal Ed. 2013;98:F284-285
67. Klebermass-Schrehof K, Rona Z, Waldhor T, 

Czaba C, Beke A, Weninger M, et al. Can 
neurophysiological assessment improve timing 
of intervention in posthaemorrhagic ventricular 
dilatation? Arch Dis Child Fetal Neonatal Ed. 

2013;98:F291-297
68. Olischar M, Klebermass K, Hengl B, Hunt RW, 

Waldhoer T, Pollak A, et al. Cerebrospinal 
fluid drainage in posthaemorrhagic ventricular 
dilatation leads to improvement in amplitude-
integrated electroencephalographic activity. 
Acta Paediatr. 2009;98:1002-1009

69. Olischar M, Klebermass K, Kuhle S, Hulek M, 
Messerschmidt A, Weninger M. Progressive 
posthemorrhagic hydrocephalus leads to 
changes of amplitude-integrated eeg activity in 
preterm infants. Childs Nerv Syst. 2004;20:41-45

70. Morales DM, Holubkov R, Inder TE, Ahn 

8



158

HC, Mercer D, Rao R, et al. Cerebrospinal 
fluid levels of amyloid precursor protein 
are associated with ventricular size in post-
hemorrhagic hydrocephalus of prematurity. 
PLoS One. 2015;10:e0115045

71. Chamiraju P, Bhatia S, Sandberg DI, Ragheb J. 
Endoscopic third ventriculostomy and choroid 
plexus cauterization in posthemorrhagic 
hydrocephalus of prematurity. J Neurosurg 

Pediatr. 2014;13:433-439
72. Warf BC, Campbell JW, Riddle E. Initial 

experience with combined endoscopic 
third ventriculostomy and choroid plexus 
cauterization for post-hemorrhagic 
hydrocephalus of prematurity: The importance 
of prepontine cistern status and the predictive 
value of FIESTA MRI imaging. Childs Nerv Syst. 

2011;27:1063-1071
73. Aarnoudse-Moens CS, Duivenvoorden HJ, 

Weisglas-Kuperus N, Van Goudoever JB, 
Oosterlaan J. The profile of executive function 
in very preterm children at 4 to 12 years. Dev 

Med Child Neurol. 2012;54:247-253
74. Anderson PJ, Doyle LW, Victorian Infant 

Collaborative Study G. Executive functioning 
in school-aged children who were born very 
preterm or with extremely low birth weight in 
the 1990s. Pediatrics. 2004;114:50-57

75. Marlow N, Wolke D, Bracewell MA, Samara M, 
Group EPS. Neurologic and developmenta

76. Marlow N, Wolke D, Bracewell MA, Samara 
M, Group EPS. Neurolgic and developmental 
disability at six years of age after extremely 
preterm birth. N Engl J Med. 2005;352:9-19



159

8





CHAPTER 9
Nederlandse samenvatting

(summary in Dutch)



162

INTRODUCTIE

D e ontwikkeling van het menselijke brein is een intrigerend proces. Hersencellen 

worden gevormd, migreren, differentiëren en vormen complexe structurele en 

functionele interacties. Dit proces, wat begint met de vorming van de neurale 

plaat op de 19e dag na de bevruchting en continueert tot in de vroege volwassenheid, 

kan verstoord worden in neonaten die prematuur worden geboren. 

Verwijding van de hersenventrikels kan één van de uitingsvormen zijn van de 

neurologische complicaties van vroeggeboorte. Met name in extreem premature 

neonaten (zwangerschapsduur <28 weken) is ventriculomegalie een relatief frequent 

fenomeen. Naast congenitale afwijkingen en infecties van het zenuwstelsel, welke 

buiten het bestek van dit proefschrift vallen, zijn er twee belangrijke aandoeningen 

die ten grondslag kunnen liggen aan neonatale ventriculomegalie, namelijk post-

hemorrhagische ventrikeldilatatie (PHVD) en ex-vacuo ventriculomegalie (zie Figuur 2 

in Hoofdstuk 1).

PHVD ontstaat bij prematuren meestal als gevolg van een bloeding in de ventrikels 

(germinal matrix-intraventricular haemorrhage, GMH-IVH; zie Figuur 4 in Hoofdstuk 1). 

Ex-vacuo ventriculomegalie is een uiting van weefselverlies van de witte stof rondom de 

ventrikels door diffuse hersenschade gerelateerd aan de vroeggeboorte

GMH-IVH en PHVD
GMH-IVH is één van de meest voorkomende neurologische complicaties van 

prematuriteit. Het risico op een GMH-IVH is 15-25% voor neonaten met een 

geboortegewicht <1500 gram en neemt toe tot bijna 50% voor neonaten met een 

geboortegewicht <750 gram. Fluctuaties in de bloedvoorziening naar het premature 

brein gedurende de eerste dagen na de geboorte lijken een belangrijke bijdrage te 

leveren aan het ontstaan van een GMH-IVH.

De kans op PHVD na een GMH-IVH is gerelateerd aan de hoeveelheid bloed in de 

hersenventrikels. Progressieve PHVD wordt gezien bij ongeveer een kwart van de 

premature neonaten na een GMH-IVH. Ongeveer 25-35% van deze kinderen zal 

uiteindelijk afhankelijk worden van een shunt. 

Het mechanisme waardoor PHVD ontstaat, is niet volledig opgehelderd. De meest 

gangbare verklaring voor de verstoorde heropname van hersenvocht is obstructie in 

de subarachnoïdale ruimte rondom het brein door de aanwezigheid van bloedstolsels. 

Wetenschappelijk bewijs hiervoor is echter beperkt.

Frequente evaluatie van de afmetingen van de hersenventrikels door middel van 

echografie van het brein is essentieel om de diagnose PHVD tijdig te stellen en de 

noodzaak voor behandeling in een vroeg stadium te evalueren. Vroege interventie voor 

PHVD lijkt op basis van retrospectief onderzoek geassocieerd te zijn met een gunstiger 

prognose.
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Ex-vacuo ventriculomegalie
Bij ex-vacuo ventriculomegalie is er sprake van verlies van de witte stof rondom de 

ventrikels door diffuse witte stof schade. Uitingen van diffuse witte stof schade worden 

herkend bij meer dan een derde van de zeer premature neonaten (zwangerschapsduur 

<32 weken). 

In het ontstaansmechanisme speelt selectieve degeneratie van met name late voorlopers 

van oligodendrocyten (pre-oligodendrocyten) in de witte stof een belangrijke rol. Pre-

oligodendrocyten behoren tot de meest kwetsbare cellen van het zich ontwikkelende 

premature brein en zijn zeer gevoelig voor schadelijke factoren als infecties, inflammatie 

en zuurstoftekort. Het premature brein is in staat om, als reactie op schade, nieuwe 

pre-oligodendrocyten te vormen, echter lijkt er bij deze cellen sprake te zijn van een 

verstoorde uitrijping tot mature, myeline producerende oligodendrocyten. Deze 

verstoorde uitrijping wordt beschouwd als een belangrijke oorzaak voor verstoorde 

myelinisatie van de witte stof, wat zich kan uiten in ex-vacuo ventriculomegalie.

Diffuse witte stof schade is vaak niet goed te herkennen op vroege schedelecho’s. Rond 

de uitgerekende (a terme) datum kan ex-vacuo ventriculomegalie, aangetoond middels 

schedelechografie dan wel MRI, een belangrijk kenmerk zijn van weefselverlies van de 

periventriculaire witte stof.

Verschillende onderzoeken hebben aangetoond dat ventriculomegalie bij premature 

neonaten op de a terme leeftijd geassocieerd is met een vertraagde ontwikkeling, 

met name wanneer er tevens sprake is van andere vormen van hersenschade. 

Studies die specifiek gekeken hebben naar de prognostische betekenis van ex-vacuo 

ventriculomegalie zijn echter schaars. 

DOEL VAN DIT PROEFSCHRIFT

Het doel van dit proefschrift was het optimaliseren van de vroege herkenning van 

neonatale ventriculomegalie, en het evalueren van de prognostische implicaties ervan 

voor premature neonaten.

VROEGE HERKENNING VAN NEONATALE 
VENTRICULOMEGALIE

In Hoofdstuk 2 worden de resultaten gepresenteerd van een literatuurstudie gericht op 

de evaluatie van het neonatale ventrikelsysteem door middel van schedelechografie, 

inclusief een overzicht van beschikbare referentiewaarden voor de afmetingen van 

de neonatale ventrikels. Voor het diagnosticeren van PHVD en het evalueren van de 

9
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noodzaak en het effect van therapie wordt meest frequent gebruikt gemaakt van de 

referentiecurve van Levene (1981). Deze curve is opgesteld op basis van echometingen 

van de ventrikelindex (VI; zie Figuur 1A in Hoofstuk 2) bij neonaten geboren na een 

zwangerschapsduur van 26-42 weken. Referentiewaarden zijn ook gepubliceerd voor 

andere afmetingen van de hersenventrikels, zoals de wijdte van de voorhoorn (anterior 

horn width, AHW; zie Figuur 1A in Hoofstuk 2) en de lengte van de achterhoorn (thalamo-

occipital distance, TOD; zie Figuur 1B in Hoofstuk 2) van de laterale ventrikel. Voor 

extreem premature neonaten, die het hoogste risico hebben op het ontwikkelen van 

PHVD, bleken referentiewaarden voor de diverse afmetingen van de hersenventrikels 

schaars en niet uniform.

Op basis van de bevindingen beschreven in Hoofdstuk 2 zijn nieuwe cross-sectionele 

en longitudinale referentiewaarden opgesteld voor de VI, AHW en TOD (Hoofdstuk 3). 

De cross-sectionele referentiewaarden zijn gebaseerd op een cohort van 625 neonaten, 

geboren na een zwangerschapsduur van 24-42 weken, bij wie binnen vier dagen na de 

bevalling een schedelecho werd gemaakt. Metingen van de VI en TOD lieten een toename 

zien met de zwangerschapsduur, terwijl metingen van de AHW constant bleven. In lijn 

met eerdere foetale en neonatale studies bleek het mannelijk geslacht geassocieerd met 

iets grotere ventrikels; voor de klinische praktijk is dit verschil echter niet relevant.

De longitudinale referentiewaarden zijn gebaseerd op een subcohort van 79 premature 

neonaten (zwangerschapsduur <30 weken) zonder evidente hersenafwijkingen en 

een gunstige ontwikkeling op de leeftijd van 18 maanden. Bij deze neonaten werden 

de metingen van de VI, AHW en TOD herhaald op de a terme schedelecho. Vergeleken 

met voldragen neonaten (zwangerschapsduur 37-42 weken) hadden prematuur geboren 

neonaten rond de a terme leeftijd grotere hersenventrikels. Deze bevinding is in lijn 

met eerdere studies en ondersteunt de hypothese dat ex-vacuo ventriculomegalie bij 

zeer premature neonaten een uiting is van diffuse witte stof schade gerelateerd aan de 

vroeggeboorte.

Diagnostiek en behandeling van PHVD in Europese neonatale centra
De referentiewaarden voor de neonatale hersenventrikels zoals beschreven in Hoofdstuk 

3 kunnen verder bijdragen aan de vroege herkenning van PHVD. Momenteel ontbreekt 

consensus ten aanzien van de optimale diagnostische en therapeutische benadering 

van neonaten met PHVD. 

In Hoofdstuk 4 wordt meer inzicht gegeven in de verschillen tussen neonatale centra in 

Europa wat betreft het diagnostische en therapeutische beleid ten aanzien van PHVD.

Deze gegevens zijn gebaseerd op een enquête onder 32 neonatale intensive care units 

in 17 Europese landen. 

In de meeste centra (93.8%) werd de diagnose PHVD gesteld op basis van echometingen 

van de hersenventrikels. Hierbij werden geen uniforme criteria gehanteerd ten aanzien 

van welke ventrikelafmetingen verwijd dienden te zijn en in welke mate. Ook wat betreft 
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het moment van interveniëren in neonaten met progressieve PHVD werd veel variatie 

gezien. Vroege interventie, dat wil zeggen bij een VI <p97 + 4 mm volgens Levene 

(1981), werd toegepast in een kwart van de neonatale intensive care units; in de overige 

centra werd therapie gestart bij een VI >p97 + 4 mm volgens Levene (1981), dan wel 

bij een progressieve toename in hoofdomtrek of klinische symptomen van verhoogde 

intracraniële druk bij de neonaat. Ook wat betreft de toegepaste interventie voor 

drainage van hersenvocht werden veel verschillen gerapporteerd.

Bovenstaande bevindingen onderstrepen het belang van samenwerking tussen 

neonatale centra om meer consensus te realiseren ten aanzien van de diagnostiek en 

behandeling van PHVD en zo de zorg en prognose voor deze kinderen te optimaliseren.

 

PROGNOSTISCHE IMPLICATIES VAN NEONATALE 
VENTRICULOMEGALIE

In het tweede deel van dit proefschrift wordt het focus verlegd naar de prognostische 

betekenis van ventriculomegalie voor premature neonaten.

PHVD en de ontwikkeling van het premature brein
Zowel experimentele als klinische studies hebben afgelopen decennia meer inzicht 

verschaft in mechanismen waardoor GMH-IVH en PHVD bij premature neonaten de 

hersenontwikkeling en daarmee de cognitieve en motorische ontwikkeling op latere 

leeftijd kunnen beïnvloeden.  Literatuur waarin onderscheid wordt gemaakt tussen 

de specifieke effecten van GMH-IVH en PHVD bij neonaten zonder geassocieerde 

hersenschade is echter beperkt. 

In Hoofdstuk 5 wordt aangetoond dat PHVD bij premature neonaten (zwangerschapsduur 

<31 weken) geassocieerd is met veranderde volumes van diverse hersenstructuren en een 

hogere signaalintensiteit van de witte stof op de a terme MRI, ondanks vroege interventie 

in de meerderheid van de neonaten met PHVD. Neonaten met PHVD lieten verminderde 

volumes zien van de diepe grijze stof, het cerebellum en het extracerebraal hersenvocht 

en een toegenomen volume van de hersenventrikels ten opzichte van controles met een 

GMH-IVH maar geen PHVD en controles zonder GMH-IVH. Hoewel het witte stof volume 

niet gereduceerd was in neonaten met PHVD, werden hogere ADC (apparent diffusion 

coefficient) waarden gemeten in de occipitale, pariëto-occipitale en pariëtale witte stof 

door middel van diffusie gewogen MRI (DWI). ADC waarden zijn een maat voor de diffusie 

van watermoleculen. Verhoogde ADC waarden van de witte stof bij prematuren op de a 

terme leeftijd zijn suggestief voor veranderingen in de integriteit van de witte stof. 

De resultaten van Hoofdstuk 5 illustreren dat witte stof schade als intermediair zou 

kunnen functioneren voor secundaire schade aan de diepe grijze stof en het cerebellum 

9
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in premature neonaten met PHVD. Schade aan de zenuwbanen in de witte stof die de 

cortex, thalamus en het cerebellum met elkaar verbinden speelt hierbij een cruciale rol. 

De prognostische waarde van seriële schedelechografie en a terme MRI 
Ondanks de introductie van geavanceerde beeldvormende technieken afgelopen 

decennia, waarmee hersenschade bij premature neonaten in meer detail kan worden 

gevisualiseerd, blijft het voorspellen van met name de cognitieve ontwikkeling van deze 

kinderen een uitdaging.

In Hoofdstuk 6 is de prognostische waarde geëvalueerd van zowel seriële 

schedelechografie als MRI inclusief DWI op de a terme leeftijd in een cohort van 93 

premature neonaten (zwangerschapsduur <31 weken). Ex-vacuo dilatatie van de 

hersenventrikels op de a terme schedelecho bleek een onafhankelijke voorspeller voor 

zowel de cognitieve als motorische ontwikkeling op de gecorrigeerde leeftijd van twee 

jaar. Matig-ernstige afwijkingen op schedelecho’s gedurende de neonatale periode en 

verwijding van de perifere liquorruimten op de a terme schedelecho waren uitsluitend 

geassocieerd met de motorische uitkomst. De afwezigheid van een relatie tussen 

echoafwijkingen gedurende de neonatale periode en cognitie kan samenhangen met 

het beperkte aantal kinderen met significante hersenafwijkingen in dit cohort. De 

interpretatie van deze bevinding moet dan ook met voorzichtigheid gebeuren. Naast 

seriële schedelechografie bleken ook ADC waarden in het cerebellum, gemeten op de a 

terme DWI, negatief te correleren met de motorische ontwikkeling op de gecorrigeerde 

leeftijd van twee jaar. Hogere cerebellaire ADC waarden zouden een uiting kunnen zijn 

van een vertraagde ontwikkeling van het cerebellum. 

Hoofdstuk 6 illustreert dat seriële schedelechografie gedurende neonatale periode 

en herhaald op de a terme leeftijd op betrouwbare wijze de afwezigheid van ernstige 

afwijkingen op de a terme MRI kan voorspellen. MRI is echter wel superieur ten opzichte 

van echografie wat betreft het detecteren van meer subtiele vormen van hersenschade, 

zoals puntlaesies in de witte stof of kleine bloedingen in het cerebellum. 

In 2013 is een nieuw scoringssysteem voor de a terme MRI gepubliceerd om afwijkingen 

in de witte stof, corticale en diepe grijze stof en het cerebellum systematisch te kunnen 

beoordelen. De toegevoegde prognostische waarde van deze MRI score was in het 

cohort beschreven in Hoofdstuk 6 beperkt, wat gerelateerd kan zijn aan het geringe 

aantal neonaten met ernstige hersenschade.

In Hoofdstuk 7 is daarom de prognostische waarde van deze MRI score geëvalueerd 

in een groter cohort van 239 extreem premature neonaten (zwangerschapsduur <28 

weken). Afwijkingen op de a terme MRI, beoordeeld volgens dit scoringssysteem, 

bleken gerelateerd aan zowel de cognitieve als motorische ontwikkeling op de 

leeftijd van twee jaar. De sterkte van de geobserveerde associaties was echter 

beperkt. Dit kan samenhangen met de over het geheel gunstige ontwikkeling van de 

onderzoekspopulatie. 
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De afmetingen van de hersenventrikels en het cerebellum, gemeten volgens het 

scoringssysteem, bleken eveneens gerelateerd aan zowel de cognitieve als motorische 

ontwikkeling op de leeftijd van twee jaar. De associatie tussen ventrikelgrootte op de a 

terme MRI en cognitie bleef significant na exclusie van neonaten met hersenafwijkingen. 

Dit is een belangrijke bevinding aangezien het suggereert dat geïsoleerde 

ventriculomegalie in premature neonaten op de a terme leeftijd geassocieerd is met de 

neurocognitieve ontwikkeling, wat in lijn is met de resultaten beschreven in Hoofdstuk 6. 

CONCLUSIE

Samenvattend onderstrepen de bevindingen beschreven in dit proefschrift de waarde 

van seriële beeldvorming van het premature brein gedurende de neonatale periode en 

op de a terme leeftijd door middel van schedelechografie en MRI. Vroege herkenning 

van neonatale ventriculomegalie en identificatie van de onderliggende oorzaak middels 

frequente beeldvorming is essentieel om de noodzaak voor interventie te evalueren. 

Daarnaast kan de aanwezigheid van ventriculomegalie in premature neonaten 

aanvullende prognostische informatie opleveren.

9
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Gestational Age VIa AHWb TODc

Weeks Days p2.5 Mean p97.5 p2.5 Mean p97.5 p2.5 Mean p97.5

 24 0 6,8 8,0 9,4 1,1 1,5 2,8 11,2 14,5 18,7

1 6,8 8,0 9,5 1,1 1,5 2,8 11,3 14,5 18,7

2 6,8 8,1 9,5 1,1 1,5 2,8 11,3 14,6 18,8

3 6,9 8,1 9,6 1,1 1,5 2,8 11,3 14,6 18,8

4 6,9 8,1 9,6 1,1 1,5 2,8 11,3 14,6 18,9

5 6,9 8,2 9,7 1,1 1,5 2,8 11,4 14,7 18,9

6 7,0 8,2 9,7 1,1 1,5 2,8 11,4 14,7 19,0

25 0 7,0 8,3 9,7 1,1 1,5 2,8 11,4 14,7 19,0

1 7,0 8,3 9,8 1,1 1,5 2,8 11,5 14,8 19,1

2 7,1 8,3 9,8 1,1 1,5 2,8 11,5 14,8 19,1

3 7,1 8,4 9,9 1,1 1,5 2,8 11,5 14,8 19,1

4 7,1 8,4 9,9 1,1 1,5 2,8 11,5 14,9 19,2

5 7,1 8,4 10,0 1,1 1,5 2,8 11,6 14,9 19,2

6 7,2 8,5 10,0 1,1 1,5 2,8 11,6 14,9 19,3

26 0 7,2 8,5 10,1 1,1 1,5 2,8 11,6 15,0 19,3

1 7,2 8,5 10,1 1,1 1,5 2,8 11,6 15,0 19,3

2 7,3 8,6 10,1 1,1 1,5 2,8 11,6 15,0 19,4

3 7,3 8,6 10,2 1,1 1,5 2,8 11,7 15,1 19,4

4 7,3 8,7 10,2 1,1 1,5 2,8 11,7 15,1 19,5

5 7,4 8,7 10,3 1,1 1,5 2,8 11,7 15,1 19,5

6 7,4 8,7 10,3 1,1 1,5 2,8 11,7 15,1 19,5

27 0 7,4 8,8 10,3 1,1 1,5 2,8 11,8 15,2 19,6

1 7,5 8,8 10,4 1,1 1,5 2,8 11,8 15,2 19,6

2 7,5 8,8 10,4 1,1 1,5 2,8 11,8 15,2 19,6

3 7,5 8,9 10,5 1,1 1,5 2,8 11,8 15,3 19,7

4 7,5 8,9 10,5 1,1 1,5 2,8 11,8 15,3 19,7

5 7,6 8,9 10,6 1,1 1,5 2,8 11,9 15,3 19,7

6 7,6 9,0 10,6 1,1 1,5 2,8 11,9 15,3 19,8

28 0 7,6 9,0 10,6 1,1 1,5 2,8 11,9 15,4 19,8

1 7,7 9,0 10,7 1,1 1,5 2,8 11,9 15,4 19,8

2 7,7 9,1 10,7 1,1 1,5 2,8 11,9 15,4 19,9

3 7,7 9,1 10,8 1,1 1,5 2,8 12,0 15,4 19,9

4 7,8 9,2 10,8 1,1 1,5 2,8 12,0 15,4 19,9

5 7,8 9,2 10,8 1,1 1,5 2,8 12,0 15,5 20,0

6 7,8 9,2 10,9 1,1 1,5 2,8 12,0 15,5 20,0

Table 1. Cross-sectional reference values for the neonatal lateral ventricles; presented are the estimated 

means and 95% reference intervals in mm

APPENDICES
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Gestational Age VIa AHWb TODc

Weeks Days p2.5 Mean p97.5 p2.5 Mean p97.5 p2.5 Mean p97.5

29 0 7,8 9,3 10,9 1,1 1,5 2,8 12,0 15,5 20,0

1 7,9 9,3 11,0 1,1 1,5 2,8 12,0 15,5 20,0

2 7,9 9,3 11,0 1,1 1,5 2,8 12,1 15,6 20,1

3 7,9 9,4 11,0 1,1 1,5 2,8 12,1 15,6 20,1

4 8,0 9,4 11,1 1,1 1,5 2,8 12,1 15,6 20,1

5 8,0 9,4 11,1 1,1 1,5 2,8 12,1 15,6 20,1

6 8,0 9,5 11,2 1,1 1,5 2,8 12,1 15,6 20,2

30 0 8,0 9,5 11,2 1,1 1,5 2,8 12,1 15,6 20,2

1 8,1 9,5 11,2 1,1 1,5 2,8 12,1 15,7 20,2

2 8,1 9,6 11,3 1,1 1,5 2,8 12,2 15,7 20,2

3 8,1 9,6 11,3 1,1 1,5 2,8 12,2 15,7 20,3

4 8,2 9,6 11,4 1,1 1,5 2,8 12,2 15,7 20,3

5 8,2 9,7 11,4 1,1 1,5 2,8 12,2 15,7 20,3

6 8,2 9,7 11,4 1,1 1,5 2,8 12,2 15,7 20,3

31 0 8,2 9,7 11,5 1,1 1,5 2,8 12,2 15,8 20,3

1 8,3 9,8 11,5 1,1 1,5 2,8 12,2 15,8 20,4

2 8,3 9,8 11,6 1,1 1,5 2,8 12,2 15,8 20,4

3 8,3 9,8 11,6 1,1 1,5 2,8 12,2 15,8 20,4

4 8,4 9,9 11,6 1,1 1,5 2,8 12,3 15,8 20,4

5 8,4 9,9 11,7 1,1 1,5 2,8 12,3 15,8 20,4

6 8,4 9,9 11,7 1,1 1,5 2,8 12,3 15,8 20,4

32 0 8,4 10,0 11,8 1,1 1,5 2,8 12,3 15,9 20,5

1 8,5 10,0 11,8 1,1 1,5 2,8 12,3 15,9 20,5

2 8,5 10,0 11,8 1,1 1,5 2,8 12,3 15,9 20,5

3 8,5 10,1 11,9 1,1 1,5 2,8 12,3 15,9 20,5

4 8,5 10,1 11,9 1,1 1,5 2,8 12,3 15,9 20,5

5 8,6 10,1 12,0 1,1 1,5 2,8 12,3 15,9 20,5

6 8,6 10,2 12,0 1,1 1,5 2,8 12,3 15,9 20,5

33 0 8,6 10,2 12,0 1,1 1,5 2,8 12,3 15,9 20,5

1 8,7 10,2 12,1 1,1 1,5 2,8 12,3 15,9 20,6

2 8,7 10,3 12,1 1,1 1,5 2,8 12,4 15,9 20,6

3 8,7 10,3 12,1 1,1 1,5 2,8 12,4 15,9 20,6

4 8,7 10,3 12,2 1,1 1,5 2,8 12,4 16,0 20,6

5 8,8 10,3 12,2 1,1 1,5 2,8 12,4 16,0 20,6

6 8,8 10,4 12,3 1,1 1,5 2,8 12,4 16,0 20,6

34 0 8,8 10,4 12,3 1,1 1,5 2,8 12,4 16,0 20,6

1 8,8 10,4 12,3 1,1 1,5 2,8 12,4 16,0 20,6

2 8,9 10,5 12,4 1,1 1,5 2,8 12,4 16,0 20,6

3 8,9 10,5 12,4 1,1 1,5 2,8 12,4 16,0 20,6

4 8,9 10,5 12,4 1,1 1,5 2,8 12,4 16,0 20,6

5 8,9 10,6 12,5 1,1 1,5 2,8 12,4 16,0 20,6

6 9,0 10,6 12,5 1,1 1,5 2,8 12,4 16,0 20,6

10
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Gestational Age VIa AHWb TODc

Weeks Days p2.5 Mean p97.5 p2.5 Mean p97.5 p2.5 Mean p97.5

35 0 9,0 10,6 12,5 1,1 1,5 2,8 12,4 16,0 20,6

1 9,0 10,7 12,6 1,1 1,5 2,8 12,4 16,0 20,6

2 9,1 10,7 12,6 1,1 1,5 2,8 12,4 16,0 20,6

3 9,1 10,7 12,7 1,1 1,5 2,8 12,4 16,0 20,6

4 9,1 10,8 12,7 1,1 1,5 2,8 12,4 16,0 20,6

5 9,1 10,8 12,7 1,1 1,5 2,8 12,4 16,0 20,6

6 9,2 10,8 12,8 1,1 1,5 2,8 12,4 16,0 20,6

36 0 9,2 10,8 12,8 1,1 1,5 2,8 12,4 16,0 20,6

1 9,2 10,9 12,8 1,1 1,5 2,8 12,4 16,0 20,6

2 9,2 10,9 12,9 1,1 1,5 2,8 12,4 16,0 20,6

3 9,3 10,9 12,9 1,1 1,5 2,8 12,4 16,0 20,6

4 9,3 11,0 12,9 1,1 1,5 2,8 12,4 16,0 20,6

5 9,3 11,0 13,0 1,1 1,5 2,8 12,4 16,0 20,6

6 9,3 11,0 13,0 1,1 1,5 2,8 12,4 16,0 20,6

37 0 9,4 11,1 13,1 1,1 1,5 2,8 12,4 16,0 20,6

1 9,4 11,1 13,1 1,1 1,5 2,8 12,4 16,0 20,6

2 9,4 11,1 13,1 1,1 1,5 2,8 12,4 16,0 20,6

3 9,4 11,1 13,2 1,1 1,5 2,8 12,4 16,0 20,6

4 9,5 11,2 13,2 1,1 1,5 2,8 12,4 16,0 20,6

5 9,5 11,2 13,2 1,1 1,5 2,8 12,4 15,9 20,6

6 9,5 11,2 13,3 1,1 1,5 2,8 12,4 15,9 20,6

38 0 9,5 11,3 13,3 1,1 1,5 2,8 12,3 15,9 20,6

1 9,6 11,3 13,3 1,1 1,5 2,8 12,3 15,9 20,5

2 9,6 11,3 13,4 1,1 1,5 2,8 12,3 15,9 20,5

3 9,6 11,3 13,4 1,1 1,5 2,8 12,3 15,9 20,5

4 9,6 11,4 13,4 1,1 1,5 2,8 12,3 15,9 20,5

5 9,7 11,4 13,5 1,1 1,5 2,8 12,3 15,9 20,5

6 9,7 11,4 13,5 1,1 1,5 2,8 12,3 15,9 20,5

39 0 9,7 11,5 13,5 1,1 1,5 2,8 12,3 15,9 20,5

1 9,7 11,5 13,6 1,1 1,5 2,8 12,3 15,9 20,5

2 9,8 11,5 13,6 1,1 1,5 2,8 12,3 15,8 20,4

3 9,8 11,5 13,6 1,1 1,5 2,8 12,3 15,8 20,4

4 9,8 11,6 13,7 1,1 1,5 2,8 12,3 15,8 20,4

5 9,8 11,6 13,7 1,1 1,5 2,8 12,3 15,8 20,4

6 9,9 11,6 13,7 1,1 1,5 2,8 12,2 15,8 20,4

40 0 9,9 11,7 13,8 1,1 1,5 2,8 12,2 15,8 20,4

1 9,9 11,7 13,8 1,1 1,5 2,8 12,2 15,8 20,3

2 9,9 11,7 13,8 1,1 1,5 2,8 12,2 15,8 20,3

3 9,9 11,7 13,9 1,1 1,5 2,8 12,2 15,7 20,3

4 10,0 11,8 13,9 1,1 1,5 2,8 12,2 15,7 20,3

5 10,0 11,8 13,9 1,1 1,5 2,8 12,2 15,7 20,3

6 10,0 11,8 14,0 1,1 1,5 2,8 12,2 15,7 20,2
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Gestational Age VIa AHWb TODc

Weeks Days p2.5 Mean p97.5 p2.5 Mean p97.5 p2.5 Mean p97.5

41 0 10,0 11,9 14,0 1,1 1,5 2,8 12,1 15,7 20,2

1 10,1 11,9 14,0 1,1 1,5 2,8 12,1 15,7 20,2

2 10,1 11,9 14,1 1,1 1,5 2,8 12,1 15,6 20,2

3 10,1 11,9 14,1 1,1 1,5 2,8 12,1 15,6 20,1

4 10,1 12,0 14,1 1,1 1,5 2,8 12,1 15,6 20,1

5 10,2 12,0 14,2 1,1 1,5 2,8 12,1 15,6 20,1

6 10,2 12,0 14,2 1,1 1,5 2,8 12,1 15,6 20,1

42 0 10,2 12,0 14,2 1,1 1,5 2,8 12,0 15,5 20,0

1 10,2 12,1 14,3 1,1 1,5 2,8 12,0 15,5 20,0

2 10,2 12,1 14,3 1,1 1,5 2,8 12,0 15,5 20,0

3 10,3 12,1 14,3 1,1 1,5 2,8 12,0 15,5 20,0

4 10,3 12,2 14,3 1,1 1,5 2,8 12,0 15,5 19,9

5 10,3 12,2 14,4 1,1 1,5 2,8 12,0 15,4 19,9

6 10,3 12,2 14,4 1,1 1,5 2,8 11,9 15,4 19,9

Cross-sectional reference values (mm) can be calculated according to the following equations (R2>.999):
a  VI:   p2.5 = 0.471415 + (0.303797 * GA) + (-0.001716 * GA2)   
   estimated mean = 0.550280 + (0.359138 * GA) + (-0.002034 * GA2)   
   p97.5 = 0,642056 + (0.424486 * GA) + (-0.002409 * GA2)  
b AHW:  p2.5 = 1.07    
   estimated mean = 1.50    
   p97.5 = 2.84    
c  TOD:  p2.5 = 1.366987 + (0.620135 * GA) + (-0.008714 * GA2)  
   estimated mean = 1.777975 + (0.799280 * GA) + (-0.011231 * GA2)
   p97.5 = 2.295790 + (1.030916 * GA) + (-0.014483 * GA2)    

10



174

Figure 1. Cross-sectional 

reference curves for the VI, 

AHW, and TOD on cUS in 

neonates born between 24–

42 weeks gestation (n=625); 

presented are the estimated 

means and 95% reference 

intervals.
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Figure 2. Longitudinal 

reference curves for the VI, 

AHW, and TOD on cUS in 

preterm born neonates (GA 

<30 weeks) from birth up till 

TEA (n=79); presented are 

the estimated means and 

95% reference intervals.
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gezelligheid; je persoonlijke betrokkenheid heb ik erg gewaardeerd. Dank je wel voor 

de kansen en voor de vrijheid die je me afgelopen jaren hebt gegeven. Mijn ‘korte’ 

promotietraject is wat langer geworden dan we vooraf hadden bedacht, maar nu is het 

boekje toch echt klaar! Van copromotor werd je recent promotor. Ik wens je heel veel 

inspiratie en voldoening in je nieuwe functie!  

 

Prof.dr. L.S. de Vries, beste Linda, de combinatie van je passie voor wetenschap, je 

fenomenale kennis, en vooral je hart voor kwetsbare neonaten en hun ouders is een 

inspiratiebron voor velen. Ook voor het wel en wee van ons als onderzoekers heb je oog, 

en met veel plezier en waardering kijk ik terug op alle gezellige momenten afgelopen 

jaren. Je kennis deel je graag met anderen. En niet alleen je kennis… ik ben je nog steeds 

dankbaar voor je extra paar sokken toen we tijdens een uitstapje in Denver in de sneeuw 

belandden, wat vrij koud bleek met ballerina’s...

 

Prof.dr.ir. M.A. Viergever, beste Max, de samenwerking tussen het Image Sciences 

Institute en de neonatologie heeft al veel mooie projecten en proefschriften opgeleverd, 

en ongetwijfeld is dat nog maar een voorbode voor wat er nog in de pijplijn zit. Dank 

je wel dat je betrokken wilde zijn bij mijn onderzoek, en voor je vlotte en kritische 

commentaar op mijn manuscripten! 

 

Dr. F. Groenendaal, beste Floris, jouw vermogen om grote lijnen te zien in combinatie 

met je expertise als klinisch epidemioloog maakt het leven van een onderzoeker op de 

neonatologie een stuk zonniger. Na honderd-en-één statistische analyses wist jij met 

je nuchtere blik en je witte blaadje papier door de bomen het bos weer tevoorschijn 

te toveren. Ik heb veel geleerd van je heldere en kritische feedback. Op jou kan je altijd 
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terugvallen, iets wat ik naast je droge humor erg in je waardeer. Bedankt voor de fijne 

samenwerking! 
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dr. J. Hendrikse,  prof.dr. P.A.J.T. Robe and prof. A. Whitelaw, hartelijk dank voor uw 

bereidheid en tijd om mijn proefschrift te beoordelen. Dear prof. A.  Whitelaw, thank 

you for taking part in the defence committee. I am honoured that you will come to 

Utrecht for my thesis defence.  

 

De ouders van alle kleine neonaten. Heel bijzonder dat jullie zonder eigenbelang hebben 

willen meewerken aan onderzoek om de zorg voor toekomstige neonaten verder te 
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Beste neonatologen van het WKZ, zonder alle mooie schedelecho’s die jullie maken was 

mijn proefschrift er nooit geweest! Ook veel dank voor de leuke contacten afgelopen 

jaren; met veel plezier heb ik op jullie afdeling gewerkt. 

 

Prof.dr. F. van Bel, beste Frank. Ik heb je leren kennen als een toegewijd en betrokken 

afdelingshoofd. De mooie congressen waar we dankzij jouw ‘krantenwijk’ naar toe 

konden, waren de kers-op-de-taart van het onderzoekersbestaan! 

 

Beste Mieke, Brouwer-2, jouw scherpe humor maakt het ontzettend leuk om met je 

samen te werken! Met je daadkracht houdt je de vaart er wel in. Ik hoop dat onze ‘ban 

the tap-tour’ binnen nu en een paar jaar niet meer nodig is, maar anders moeten we 

toch maar eens uit gaan kijken naar oud VW-tje. (liefs, Brouwer-9)

 

Beste Edu Mulder, wat zijn dankzij jouw gedegen analyses en eindeloze geduld de 

referentiecurves mooi geworden! De printjes van al je analyses hebben aardig wat 

papier gekost, maar er zijn mindere dingen om een boom in het tropisch regenwoud 

aan op te offeren… Heel erg bedankt, ook voor je belangstelling voor het onderzoek na 

het afronden van het manuscript!

 

Dear dr. H. Kidokoro, dr. T.E. Inder and professor J. Neil, thank you for your generosity 

to share your St. Louis data with us and the nice collaboration while working on our 

manuscript on the prognostic value of your TEA-MRI score. 

 

Een speciaal woord van dank ook aan de andere mede-auteurs voor hun bijdrage aan 

de manuscripten in dit proefschrift! En aan mijn voorgangers van de ‘ventrikel index 

studie’, Ellen, Elske W., Helen, Madelon, Marlijne en Ratna: dankzij de data die jullie 

al hadden verzameld, hebben we zo’n mooi cohort kunnen samenstellen. Elske van 

Mierlo, met veel enthousiasme en voortvarendheid heb je gegevens verzameld voor de 
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PHVD studie. Kopenhagen was leuk! (en gelukkig bleken we allebei geen claustrofobie 

te hebben…) Veel succes met het afronden van je opleiding tot SEH-arts! Silvia, many 
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Collega’s van het eerste uur, gelukkig blijven we elkaar geregeld – gepland en ongepland 

– zien. Lieve Britt, dankzij de liters thee die we al pixelpoetsend wegdronken, zijn we 

voor komende jaren voldoende geprehydreerd. Wat leuk om te zien hoe je je plek hebt 

gevonden bij de psychiatrie en nu geniet van jullie mooie dochter. Lieve Karina, als geen 

ander heb jij de gave om gezelligheid en hard werken te combineren. Dank ook voor 

al je hulp met het segmenteren van de MRI’s! Lieve Inge-Lot, als zorgzame en attente 

kameroudste is het jouw specialiteit om het arbeidsethos van arts-onderzoekers 
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Mijn eerste stappen op het huisartsenpad heb ik gezet in de meest kleurrijke en muzikale 



183

huisartsenpraktijk in Utrecht: Gezondheidscentrum Lombok. En ik had me geen betere 

plek kunnen wensen. Rishi Yadava en Marijke Breel, dat alle ballen in de lucht bleven, is 
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nog veel toekomstige HAIO’s het voorrecht mogen hebben om te leren van jullie kennis 

en passie voor het huisartsenvak. 

  

Lieve vrienden, voor jullie een speciale plek in dit boekje. Wat kostbaar om de kleine en 

grote momenten van het leven met elkaar te kunnen delen. Friendship isn’t a big thing – 
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koesteren. 

 

Lieve Johanneke, als vriendin, huisgenoot en roomie op de neo, en na onze avonturen 

in Tanzania en Israël, is er niet veel wat we niet gedeeld hebben. Je betrokkenheid en 

interesse voor de mensen om je heen, voor wie je altijd weer tijd weet te maken, zijn 

uniek. Wat fijn dat jij naast me wilt staan de 29e! 

Lieve schoonfamilie: oma Van de Poel, pa en ma, Jolijn en Patrick, Sophia en Joost. Al elf 

jaar voel ik me welkom bij jullie thuis. Heel veel dank voor jullie steun, belangstelling en 

alle gezelligheid afgelopen jaren. Zwagers, wat een geluk dat jullie niet in het ziekenhuis 

werken, anders werd het nooit wat met de familie-uitjes. Lieve oma, met uw warme 

aandacht voor de mensen om u heen bent u niet voor niets het middelpunt van de 

familie. Lieve pa en ma, bij jullie kun je werkelijk op elk moment binnenvallen, met of 

zonder laptop. Wat hebben jullie veel voor ons betekend afgelopen jaren! Ma, zorgzamer 

schoonmoeders maken ze niet. De poelier in Veenendaal zal het spijtig vinden dat ons 

onderzoek is afgerond… 

 

Gert-Jan en Jolinda, Remco en Suzette, Maurits, Stefan, Laurens, Caroline en Henri: wat 

ben ik blij met jullie als broers en zussen! Ik hoop dat we in de toekomst nog heel veel 

mooie momenten met elkaar mogen delen. Gert-Jan, dank je wel dat je als oudste broer 
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Lieve pap en mam, jullie liefde, steun en al het andere onvoorwaardelijke laat zich niet in 

een paar woorden vangen. Heel veel dank voor alle lieve zorgen voor Gitje en voor ons! 
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Lieve oma Carpentier, we delen niet alleen onze naam, maar ook onze medische 
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interesses (zij het met wat nuanceverschil wat betreft de alternatieve geneeskunde). 

Opa en u zijn voor mij een voorbeeld van gastvrijheid, oprechte interesse, en een 

rustig en optimistisch vertrouwen. Dankbaar denk ik terug aan de lange jaren en mooie 

momenten die we met opa en u samen hebben mogen delen. Dit boekje is voor jullie.

 

Lieve kleine Gitte, wat wordt je al groot! Door jouw grote bruine kijkers ontdekken we 

de wereld opnieuw. De boekjes van papa en mama zijn klaar, maar eerlijk is eerlijk: ik 
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