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Highlights general introduction
Congenital heart disease (CHD) is the most common congenital anomaly. Around 25% has 

Survival has increased enormously for young infants with critical CHD, but this success 
exposes more individuals to subsequent neurodevelopmental problems.

this time, the brain of fetuses and neonates with critical CHD is at risk. 
MRI is the most adequate tool to study the fetal and neonatal brain in vivo.
This thesis focuses on brain immaturity and the onset of acquired brain injury in fetuses 
and neonates with critical CHD, and the association with subsequent neurodevelopmental 
impairments. 

Critical congenital heart disease in the fetal and neonatal period
Congenital heart disease (CHD) is the most common congenital anomaly, with an incidence of 
71 per 10,000 live births in The Netherlands.1 This thesis focuses on critical CHD, accounting 
for around 25% of the cardiac defects and requiring open-heart surgery shortly after birth. The 
most common forms of critical CHD are described in .

multiple processes occurring at this time result in CHD.2 With the introduction of routine 20 
week ultrasound, the prenatal  detection rate has increased to over 60% for critical CHD.3 This 
allows tertiary level antenatal care of the fetus and immediate intensive care admission of the 
newborn. In most cases, prostaglandin E1 treatment is started directly after birth to maintain 

 

Survival and quality of life in children with critical congenital heart 
disease
Improvements in surgical techniques and perioperative care over recent decades have led to an 
increase in survival of young infants with even the most critical forms of CHD. Nowadays, over 
70% of those born with isolated critical CHD are expected to survive into adulthood.4, 5 This 
success has exposed more children with critical CHD to brain injury and neurodevelopmental 

adolescence in motor, cognition, executive performance and social behavior.7

In general, reported health-related quality of life is lower in adolescents and adults with 
CHD than in healthy controls.8 Quality of life scores in patients and their families decrease 
with greater number of cardiac surgeries and hospital admissions.9, 10 But also neurological 
problems as executive dysfunction are associated with worse psychosocial health status and 
quality of life.11
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The most common forms of critical congenital heart disease include: 

Transposition of the great arties (4.5 per 10,000, TGA)
Hypoplastic left heart syndrome (3.9 per 10,000, HLHS) 
Aortic arch anomaly (4.8 per 10,000), such as aortic coarctation (CoA), interruption aortic arch 

biventricular repair.
Tricuspid atresia resulting in hypoplastic right heart syndrome (2.5 per 10,000, HRHS).

Other critical cardiac defects include: critical pulmonary stenosis (2.5 per 10,000), partial/total 

anomalous pulmonary venous connection (0.7 per 10,000, TAPVC), truncus arteriosus (0.6 per 
10,000), ebsteins anomaly (0.5 per 10,000). Around 71% of the children has an isolated cardiac defect, 
10% has multiple congenital anomalies and 19% has a syndrome (chromosomal 11%, microdeletion 2% 
and genetic 6%). Numbers are obtained from RIVM and EUROCAT. 1, 15  
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The brain is at risk in fetuses and neonates with critical congenital 
heart disease
The brain undergoes major development during fetal life and in the neonatal period. All 

). 
During this vulnerable period of rapid brain development, the brain of fetuses and neonates 
with critical CHD is at risk.
In utero, brain development is dependent on oxygen delivery, which depends on cerebral blood 

12 In the normal situation, the brain is responsible for 50% 
of total fetal oxygen consumption.13 However, in fetuses with critical CHD, cerebral oxygen 
delivery and oxygen consumption are reduced.14 It is understandable that brain development 

After birth, the transition from in-utero to ex-utero life, perioperative problems (such as 
apneas, hypotension, heart rhythm disorders) and major cardiac surgery are associated with 

brain in critical CHD to a high risk of acquiring ischemic brain injury.

Imaging and monitoring the young brain
MRI is the most adequate tool to study the fetal and neonatal brain in vivo. Brain anatomy, 
developmental anomalies, ischemic and hemorrhagic injury, venous system and arterial 

). In addition, with 
advanced post-imaging processing techniques, measures of brain volumes, cortical folding 
and microstructural white matter development can be obtained.
As MRI is not continuous, other techniques are available to monitor the brain bedside at 
the intensive care and during open-heart surgery. Near infrared spectroscopy (NIRS), for 
the registration of cerebral oxygenation, and amplitude-integrated electroencephalography 
(aEEG), for the registration of brain activity, are the most commonly used brain monitoring 
devices.
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Conventional, coronal, neonatal  images at term show a normal brain with 
myelinated corticospinal tract (A), left-sided periventricular single white matter lesion (B) and right-sided 
stroke involving caudate nucleus and white matter (C). imaging is often used to 

weighted images show multiple periventricular white matter lesions (D), left-sided main artery stroke 
in the territory of the middle cerebral artery (E) and left-sided frontal single white matter lesion with 
corpus callosum involvement (F). Conventional  images show a normal fetal brain at 30 
weeks in sagittal direction (G), a fetal brain with unilateral ventriculomegaly in axial direction (H) and 
an immature neonatal brain at 41 weeks with enlarged extracerebral spaces in coronal direction (J).  

imaging can reveal hemorrhages, as shown in the left cerebellar hemisphere 
MR venography allows assessment of the cerebral veins and can reveal 

sinovenous thrombosis, as presented in the left transverse sinus and internal jugular vein (L). Axial 
imaging allows examination of the white matter tracts with blue indicating superior-

inferior tracts (corticospinal tracts), red indicating left-right tracts (corpus callosum) and green indicating 
posterior-anterior tracts (visual tracts). 
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Aim of this thesis
This thesis focuses on brain development and the onset of brain injury in fetuses and neonates 
with critical CHD, and the attribution of long-term neurodevelopmental impairments to 
fetal and neonatal brain abnormalities. To answer this research question we implemented a 
prospective, longitudinal brain imaging program in standard clinical practice for individuals 

). 

Brain imaging program for individuals with critical congenital heart disease facing neonatal 
open-heart surgery at the Wilhelmina Children’s Hospital in Utrecht. aEEG indicates amplitude-
integrated electroencephalography; CHD, congenital heart disease; MRI, magnetic resonance imaging; 
NIRS, near infrared spectroscopy. 

In introductive , neuroimaging, cardiovascular physiology and neurodevelopmental 
outcomes in fetuses and neonates with critical CHD are further explicated. Part I of this 
thesis focuses on fetal and neonatal (micro)structural brain development under the changed 
cardiovascular physiology of critical CHD. Part II describes incidence, nature, timing and 
risk factors of acquired brain injury in the neonatal period, and the association with long-term 
neurodevelopment. Part III details bedside measured brain activity and cerebral oxygenation 

at risk of acquired brain injury.
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THESIS OUTLINE
 continues on the general introduction by integrating previous literature on fetal and 

neonatal brain immaturity and acquired brain injury in critical CHD, and the contribution of 
changed cardiovascular physiology. In addition, the range of subsequent neurodevelopmental 
impairments in children and adolescents with critical CHD are explicated.

Part I Fetal and neonatal brain development in congenital heart disease

In this chapter, brain volumes are examined from the third trimester of 
pregnancy through neonatal life in critical CHD.

 This chapter describes cortical grey matter volumetric growth and maturation 
using brain tissue segmentation in neonates with critical CHD.

Chapter 5 In this chapter, neonatal brain microstructural development is studied using 

Part II Acquired neonatal brain injury in congenital heart disease

Chapter 6 This chapter presents incidence, timing and risk factors of acquired brain 

approaches.
Chapter 7 In this chapter, clinical and neuroimaging characteristics of cerebral  sinovenous 

thrombosis in neonates with critical CHD are shown. 
Chapter 8 This chapter investigates neonatal brain injury and neonatal brain volumes 

in relation to motor, cognitive and behavioral outcome up until school-age in 
children with critical CHD. 

Part III Bedside neonatal brain monitoring in congenital heart disease

Chapter 9 This chapter describes postnatal and perioperative bedside monitored brain 
activity in neonates with critical CHD, in relation to acquired brain injury. 

 This chapter presents changes in perioperative indices of cerebral  oxygenation 
and autoregulation in neonates with critical CHD, and the association with 
acquired brain injury.

Finally, in , 
possible implications for clinical care and future directions are discussed. 
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Neuroimaging, Cardiovascular 
Physiology and Neurodevelopment 

Adapted from:
Neuroimaging, cardiovascular physiology, and functional 
outcomes in congenital heart disease
Nat halie H.P. Claessens, Christopher J. Kelly, Serena J. Counsell, Manon J.N.L. 
Benders.

Dev Med Child Neurol. 2017 Sep;59(9):894-902.
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Abstract
This review integrates data on brain immaturity and acquired brain injury using fetal and 
neonatal magnetic resonance imaging (MRI), including the contribution of cardiovascular 

abnormalities and subsequent neurological impairments in infants with congenital heart 
disease.
The antenatal and neonatal period are critical for optimal brain development; the developing 
brain is particularly vulnerable to hemodynamic disturbances during this time. Altered 

cause additional injury. In critical congenital heart disease, brain immaturity and acquired 
brain injury result from a combination of underlying cardiovascular pathology and surgery 

be used to evaluate potential clinical risk factors for brain abnormalities, and aid prediction of 
functional outcomes at an early stage. In addition, information on timing of brain immaturity 
and acquired brain injury in congenital heart disease has the potential to be used when 
developing strategies to optimize neurodevelopment.
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Introduction
Improvements in surgical techniques and perioperative care over recent decades have led 
to an increase in survival of young infants with even the most critical forms of congenital 
heart disease (CHD).1

childhood and adolescence.2–5 Most studies report adverse short- and long-term outcomes in 
patients with CHD when compared with healthy controls, with more severe delays in single 
ventricle pathology (SVP) compared with biventricular cardiac defects.6 Motor and cognitive 
development indices are lower than normative means in 1 and 2 year olds who underwent 
neonatal cardiac surgery.7–10 At school age, motor developmental delays persist in children 
with all types of CHD11 and intelligence quotients are lower than in the average population.12–14 
Additionally, reductions in executive performance are already seen at this age.15 Childhood 
cognitive functioning decreases with increasing severity of CHD,4 but also seems to be 
dependent on the length of neonatal perioperative course.16 In adolescence, young people with 
CHD continue to show lower intelligence quotients, and reduced executive functioning can 
be recognized by the poorer perceptual reasoning and working memory scores in adolescents 
with CHD than their peers with typical development.17–19 In addition, behavioral problems 
are increasingly reported20–22 and the incidence of autism spectrum disorders and attention-

23–25

Neuroimaging in the fetal and early neonatal period may help elucidate the timing of onset of 
altered brain development and, combined with neurodevelopmental assessments in childhood 
and beyond, will enable the impact of brain immaturity to be assessed on subsequent motor, 
cognitive, and behavioral performance. This review integrates data on brain immaturity and 
acquired brain injury using fetal and neonatal magnetic resonance imaging (MRI), including 

relationship between brain abnormalities and subsequent neurological impairments in infants 
with congenital heart disease.

Fetal and neonatal cardiovascular physiology and brain blood supply

The fetal circulatory system is designed to deliver highly oxygenated and nutrient enriched 
blood from the placenta to the brain. In the normal fetal circulation, around 25% of the 

oxygen consumption.26 Changes in the fetal circulation will have consequences for the brain’s 
blood oxygen content and perfusion. In utero, a right-to-left shunt is normally present, 

aortic valve to the brain and other organs ( ). Two shunts are known: the 
foramen ovale between the two atria and the ductus arteriosus (i.e. ductus Botalli) between 
pulmonary artery and aorta.
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In many critical cardiac defects, the anatomical change leads to disturbances in this right-
to-left shunt, causing mixed or reduced blood content delivery to the brain. In conditions 

( ).
In transposition of the great arteries (TGA), the aorta is connected to the right ventricle, 
disrupting the normal preferential streaming of oxygenated blood across the foramen ovale 
( ), resulting in lower oxygen and nutrient delivery to the brain.27 Brain blood 

Fallot and pulmonary atresia, coarctation of the aorta, and truncus arteriosus) the anatomical 
change does not disturb the fetal right-to-left shunt. A mixture of oxygen-rich and oxygen-low 
blood may be present via septal defects ( ), and perfusion of the brain can still 
be suboptimal.
In late gestation, 10% reduction in oxygen saturation of blood supplied to the brain is seen in 

fetuses.28 This reduction of arterial oxygen saturation leads to a 15% reduction in cerebral 
oxygen delivery, and 32% reduction in cerebral oxygen consumption. It is understandable that 
brain development will be suboptimal under conditions of chronic hypoxia, while decreased 
nutrient delivery (e.g. glucose) should also be considered as a contributor to brain immaturity.29

With the transition from fetal to neonatal life, the type and amount of disturbance in 

in the fetal circulation. In a recent postnatal study,30 performed before neonatal surgery 

single ventricle physiology (SVP), TGA, coarctation of the aorta (n=32), and healthy controls 
(n=31). However, both SVP and TGA had reduced oxygen delivery to the brain compared with 

this is mainly explained by the decreased arterial oxygen saturation: 98% in healthy controls, 
98% in coarctation, 84% in SVP, and 86% in TGA.

cardiopulmonary bypass. The transition from in utero to ex utero life, perioperative problems 
(such as apneas, hypotension, heart rhythm disorders), and major neonatal cardiac surgery 

neonates have less auto regulatory capability and anti-oxidant scavenging capacity to cope 
with such changes. Dysmature autoregulation and suboptimal antenatal brain development 
predispose the neonatal brain in CHD to a high risk of postnatally acquired brain injury 
( ).
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Macrostructural brain development in fetuses and infants with altered 
cardiovascular physiology

are decreased in congenital heart disease.31,32

brain structures, MRI studies reveal which brain tissues are responsible for the smaller head 
circumferences ( ).

volume, white matter, and cortical grey matter (CGM) in CHD when compared with controls 
( ).28,30,33,34 With increasing gestational age, greater deviation of total brain volume in 
CHD is seen during the antenatal period.35–37

is associated with smaller total volume of the brain.37 This is most pronounced in HLHS and 
TGA: lower brain volume was associated with lower combined ventricular cardiac output, or 

oxygen consumption to the brain is associated with decreased total brain volume,28 which is 
most severe in HLHS when compared with biventricular pathology ( ).
CGM and white matter show reductions in volume of at least 10% in HLHS from the 30th week 
of gestation onwards 38 but also in tetralogy of fallot.35 To date, there have been no studies 
assessing CHD categories and CGM and white matter volume prenatally. In neonatal studies, 
white matter and CGM are comparably reduced in TGA and SVP.34,39 The cerebral cortex is one 
of the structures with the highest relative volumetric increase in later pregnancy and might 

40

). The fetal brain is still smooth at around 24 weeks, and cortical folding occurs 
rapidly in the later stages of fetal life.41

reduced depth) can already be seen in HLHS fetuses around 30 weeks of gestation,38 and 
cortical folding is diminished in neonates with SVP.38,39,42 Neonates with TGA (n=21) show a 
comparable degree of cortical folding to healthy controls.39

In addition, the basal ganglia and thalami are smaller in SVP and TGA when compared with 
healthy controls, in both the fetal 38 and neonatal 34 period. The cerebellum is an important 
structure undergoing rapid (threefold) increase from the 30th week of gestation onwards,40 
and is at this age of comparable volume between fetuses with and without CHD.35,36 However, 
in the postnatal period (before surgery), a reduction of 20% in cerebellar volume in SVP and 
TGA neonates (n=19) has been observed.34

Smaller postnatal brain volumes in CHD are associated with abnormal neonatal 
neurobehavior.43 Although data on the association between fetal and neonatal brain volumes 
and long-term neurodevelopmental outcome in critical CHD are lacking, the importance 
of optimal brain growth has been shown at other time points during childhood. At 1 year 
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of age, white matter volume at that time is associated with language development in TGA 
infants. In adolescents with cyanotic congenital heart disease, total brain volumes are 

total IQ, verbal comprehension, perceptual reasoning, and working memory.44 Delays in these 
cognitive functions are also associated with lower hippocampal volume in CHD adolescents.45 
Studies in preterm infants have highlighted the importance of optimal structural volumetric 
brain growth,46 with larger white matter and cerebellum being particularly related to better 
cognition and processing speed at (pre-)school age. Impairments in cortical folding at term 
age are associated with subsequent alterations in cognitive, motor, and language outcome 
in ex-preterm infants.47–50 It is reasonable to hypothesize that neonatal brain volumes are 
associated with long-term outcome in CHD (chapter 8).

MRI examples. 
axial levels (A-B, pink=cortical grey matter, blue=unmyelinated white matter, purple=brainstem, 

yellow=myelinated white matter). Three-dimensional reconstruction of the inner cortical grey matter 
surface shows the mean curvature of this surface (C, yellow=zero curvature, blue=negative curvature, 
red=positive curvature).91 

tensor imaging at the axial level shows the posterior limb of the internal capsule (F, blue: superior-inferior 
tracts) and corpus callosum (F, red: left-right tracts).
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Overview of literature to date on brain volumes and cortical folding in fetuses and neonates 
with critical CHD. 

Fetal Cases Controls Results

Inclusion 
critical/
complex CHD

Inclusion 
simple 
CHD

Subgroup 
analyses

Masoller 
201633

58 58 Reduced TBV HLHS, other SVP, 
TGA, aortic arch 
defects

Septal 
defects

N/A

Schellen 
201535

24 24 Reduced TBV, 
CGM, white 
matter

Tetralogy of 
Fallot

N/A N/A

Comparable 
cerebellum

Sun 201528 30 30 Reduced TBV HLHS, other SVP, 
TGA, aortic arch 
defects

N/A No 

SVP and TGA
Andescavage 
201536

41 94 Reduced TBV HLHS, other 
SVP, TGA, aortic 
coarctation

N/A No 

SVP and TGA
Comparable 
cerebellum

Clouchoux 
201338

18 30 Reduced CGM, 
white matter, 
basal ganglia

HLHS N/A N/A

Reduced 

cortical surface
Limperopoulos 
201037

50 55 Reduced TBV HLHS, other SVP, 
TGA

N/A N/A

Postnatal

Lim 201630 32 31 Reduced TBV HLHS, other 
SVP, TGA, aortic 
coarctation

N/A N/A

von Rhein 
201534

19 19 Reduced 
TBV, CGM, 
white matter, 
basal ganglia, 
cerebellum

HLHS, other 
SVP, TGA, aortic 
coarctation

N/A N/A

Ortinau 
201342

15 12 Reduced 

cortical surface

HLHS, other SVP, 
TGA

N/A N/A

Postoperative

Claessens 
201639

23 18 Reduced CGM 
and white 
matter, reduced 

cortical surface

HLHS, other 
SVP, TGA, aortic 
coarctation

N/A
and surface 
more reduced 
in SVP than 
TGA

Included studies examined brain volumes and/or cortical folding using MRI, and enrolled healthy 
comparisons. When multiple studies from one center showed similar results on the same population, only 
one of those studies was included. CGM indicates cortical grey matter; CHD indicates congenital heart 
disease; HLHS, hypoplastic left heart syndrome; N/A, not available; SVP, single ventricle pathology TBV, 

arteries.
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Microstructural white matter maturation in congenital heart disease
51 The 

grey matter, movement of water molecules is restricted in certain directions by the presence 
of cellular architecture (e.g. axonal membranes), and is not equal in all directions (anisotropic 

enables DTI to be highly sensitive to microstructural changes (chapter 5), including those 
changes associated with brain immaturity ( ). 

observed that fractional anisotropy values were lower throughout the brain before neonatal 
surgery in both SVP and TGA when compared with healthy controls.52

replicated over the last decade by several other studies.53–55 Postnatal white matter fractional 
anisotropy is lower in infants with CHD who develop preoperative brain injury,53 supporting 
the coexistence of white matter immaturity and acquired brain injury in early life. Fractional 
anisotropy values in the corpus callosum are decreased in neonates with TGA before and after 
cardiac surgery.54,56 Studies in the preterm population have shown that decreased fractional 
anisotropy values in the corpus callosum are associated with impaired cognitive functioning 
at pre-school age in preterm infants.57 Improved microstructural development of the white 
matter is associated with higher cognitive functioning, visual-spatial skills, and memory in 
adolescents with TGA.24

aortic diameter in the presence of aortic atresia in SVP.58 In contrast, brain microstructure 
is less disrupted in those cases with a prenatal diagnosis, which may result from earlier use 
of prostaglandin E1 (to maintain the ductus arteriosus).59 The functional impact of early 

recently in a study showing that lower fractional anisotropy values are associated with altered 
functional connectivity using electroencephalography before surgery,60 highlighting the 
synchronicity between structural and functional brain development. 

Brain network analysis and functional outcomes in adolescents with cardiac 
defects

tensor imaging based tractography, and arranged in the context of a network (or graph). Most 

to other nodes) or centrality (i.e. the probability that pathways between other nodes pass at 
least once through the node of interest).61 Structural connectivity analyses have demonstrated 
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that well-connected cortical hubs are already evident at 30 weeks of gestation.62 Functional 
networks can be examined using functional resting state MRI. We know from work in the 
developing preterm brain that functional networks are  already present in newborns and 
closely resemble those reported in adults.63,64  Evidence suggests functional development 
proceeds according to a well-established hierarchy. Although the presence of executive 
networks at such a young age also suggests that the foundation of functional networks is 
established in advance of the cognitive functions that they are thought to underlie. This shows 
the importance of optimal fetal and neonatal brain development for functional outcomes.
To date, there have been no reported structural or functional network based studies on the 
fetal or neonatal brain in CHD. However, in adolescents who had undergone repair of TGA 
in infancy, disrupted structural network organization was associated with a higher risk of 

65 and cognitive dysfunction.66 Both adolescents and adults who 
underwent surgery for CHD displayed altered functional activity during working memory 
tests compared with controls.67,68 Importantly, prefrontal functional deactivation correlated 
with improved working-memory performance in adolescents with CHD.

The range of postnatally acquired brain injury before and after neonatal 
cardiac surgery

There is a high incidence of acquired brain injury in neonates with CHD ( ), which 
is, in most cases, clinically silent (especially when sedation is given69), highlighting the 
importance of neuroimaging to detect injury in this group. Brain injury of ischemic origin, 

). 

which is displayed as high intensity on DWI and shows corresponding reduced apparent 

onset of injury before pseudo-normalization of ADC values.70

After neonatal surgery with cardiopulmonary bypass, focal strokes of the basal ganglia-
thalamus and CGM may be observed ( ), and these strokes are thought to have a 
thromboembolic origin (chapter 6 and 7). Branches of the middle cerebral artery seem to be 
most often involved, followed by the posterior- and anterior cerebral arteries.71 Preoperative 
neonatal focal infarction is associated with balloon atrioseptostomy in most studies.72–75

White matter injury (WMI) is described in full-term neonates with CHD with remarkably high 
incidence.52,59,74–77 White matter lesions are characterized as hypo- and hyper-intense on T2- 

78 
In neonates, auto regulatory mechanisms are still vulnerable as they lack the full ability to 

with MRI arterial spin labelling) is associated with higher incidences of preoperative white 
matter abnormalities in CHD neonates with SVP and TGA.79 Accordingly, lower preoperative 
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oxygen saturation and preoperative hypotension are also associated with increased risk of 
preoperative WMI,72,74,77,80 as is postnatal diagnosis of the heart defect.59 Postoperative WMI is 
associated with lower mean blood-pressures.71,74,81

Patients with SVP show longer length of postoperative stay, more post-neonatal operations, 
more often cardiopulmonary resuscitation and extracorporeal membrane oxygenation 
than patients with TGA,82 but incidences of acquired brain injury are similar between the 
two groups.59,83 Longer waiting times between birth and surgery are associated with higher 
rates of both pre- and postoperative brain injury, although the reasons why surgery was 
postponed (postnatal diagnosis, hemodynamic instability) should be taken into account when 

80,84

Overview of existing literature on brain injury in fetuses and neonates with single ventricle 
pathology (SVP) and transposition of the great arteries (TGA). 

N Any injury WMI Infarction

Preoperative SVP SVP SVP SVP

Peyvandi 201659 57 96 35% 39% 28% 29% 12% 25%

Brossard-Racine 201685 20 31 45% 29%

Desai 201576 13 6 31% 17%

Bertholdt 201477 8 22 0% 32%

Mulkey 201383 18 14 50% 50%

Dimitropoulos 201374 22 71 32% 21% 17% 24%

Beca 200975 13 44 23% 27% 8% 5%

N Any injury

Postoperative SVP SVP SVP SVP

Desai 201576 16 14 75% 29%

Bertholdt 201477 8 22 13% 5%

Dimitropoulos 201374 29 65 14% 19% 14% 8%
Included studies examined brain injury using MRI. When multiple studies from one center showed 
similar results on the same population, only one of those studies was included. WMI indicates white 
matter injury.

white matter vulnerability (and immaturity) between infants with CHD and prematurity. 
Preoperative brain injury is accompanied by decreased microstructural white matter 
maturation in several studies,53,55,74 while fetal brain abnormalities are associated with an 
increased risk of acquired brain injury after birth.85 This suggests a link among abnormal 
cerebral hemodynamics, brain immaturity, and acquired injury of the white matter in critical 
CHD.86
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The prognosis of acquired brain injury depends mainly on location and extent of WMI and 
stroke. Involvement of the posterior limb of the internal capsule and cerebral peduncles on 
DWI is predictive of (unilateral) spastic cerebral palsy, which can already be present from 3 
months of age onwards.87 Acquired stroke and WMI show a trend towards lower psychomotor 
outcome at the age of 2 years.88 Lower cognitive scores at the age of 12 months are seen in 
infants who had preoperatively acquired brain injury.89 The development of epilepsy after 
brain injury in the neonatal period is reported in various studies (chapter 9), but normally 
responds well to drug therapy.90 To date, only short-term follow-up studies after acquired 
brain injury around neonatal cardiac surgery were reported (chapter 8).

Conclusions
This review has demonstrated the coexistence of brain immaturity and acquired brain injury 
in CHD and the contribution of aberrant cardiovascular physiology. However, there are 
substantial gaps in our current knowledge regarding the attribution of neurodevelopmental 
outcomes to brain immaturity and acquired neonatal brain injury. 
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Abstract
I. To investigate the association between fetal and neonatal brain volumes and 

neonatal brain injury in a longitudinally scanned cohort with antenatal diagnosis of critical 
congenital heart disease (CHD). II. To relate fetal and neonatal brain volumes to postmenstrual 
age (PMA) and type of CHD. 

Methods: This is a prospective, longitudinal study including sixty-one individuals with 
critical CHD undergoing surgery with cardiopulmonary bypass <30 days after birth and 

postoperatively (7dys postoperatively). Volumes (cm3) were calculated for: total brain 
volume (TBV), unmyelinated white matter (UWM), cortical grey matter (CGM), cerebellum 

reviewed for ischemic brain injury. 

Results: I. Twenty-six had three MRI scans. Fetal TBV, CGM and UWM positively correlated 
with preoperative neonatal TBV, CGM and UWM (r=0.57 to 0.58), fetal VCSF and ECSF 
correlated with neonatal VCSF and ECSF (r=0.64 and 0.82). Fetal CGM, UWM and CB were 
negatively correlated with neonatal ischemic injury (r=-0.46 to -0.41), fetal ECSF and VCSF 
were positively correlated with neonatal ischemic injury (r=0.40 and 0.23). II. Sixty-one had 
at least one MRI. UWM:TBV ratio decreased with increasing PMA, with a parallel increase 
of CGM:TBV and CB:TBV. Fetal VCSF:ICV and ECSF:ICV ratios decreased with increasing 

brain volumes between CHD groups were seen (p>0.007). 

Conclusions: This study reveals that fetal brain volumes relate to neonatal brain volumes in 
critical CHD, with a negative correlation between fetal brain volumes and neonatal ischemic 
injury. Fetal brain imaging has the potential to provide early neurological biomarkers.
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Introduction
Neurological comorbidities are prevalent in children undergoing open-heart surgery with the 

life.1 Ischemic brain injury is common before and after the surgical procedure, and associated 
with neurodevelopmental disabilities throughout school-age.2, 3 In addition, delayed brain 
growth with suggested antenatal onset has been reported in individuals with critical CHD.4, 5  
Antenatal studies have shown fetuses with critical CHD to demonstrate progressively reduced 
brain growth when compared to healthy fetuses.6 Smaller brain volumes in fetuses with critical 
CHD are thought to be the result of reduced antenatal cerebral oxygen delivery and cerebral 
oxygen consumption, a consequence of the anatomical changes by the cardiac defect.5, 7, 8 The 
extent in which delayed fetal brain growth is transient or persists into the neonatal period 
remains undescribed. Revealing the association between fetal and neonatal delayed brain 
growth and acquired neonatal brain injury provides important information for the potential 
use of fetal brain imaging biomarkers for neurological outcome in infants with critical CHD. 
This would also allow for future implementation of interventions improving brain growth 
already before birth.  
Using a prospective, longitudinal design we investigated the correlation between fetal and 

correlation of fetal brain and CSF volumes with neonatal ischemic brain injury. Our secondary 
aim was to examine trajectories of brain and CSF volumes in relation to postmenstrual age 

Methods
This is a prospective, longitudinal observational cohort study.

Study population

Between May 2016 and December 2017, fetuses with antenatal diagnosis of critical CHD 
requiring open-heart surgery with the use of cardiopulmonary bypass <30 days of life and 
referred to the Wilhelmina Children’s hospital Utrecht, a tertiary level hospital, underwent 
longitudinal MRI of the brain at three time points: antenatally (around 33 weeks PMA), 

7 days after surgery, range 5-10 days). For our primary aim, we included individuals who 
completed the brain imaging program. For our secondary aim, we also included individuals 
who completed a part of the longitudinal brain imaging program. For this study, we excluded 
individuals with a genetic syndrome (such as trisomy 21 or 22Q11 deletion) or cerebral 
congenital anomalies (such as corpus callosum agenesis). The local medical ethical board 
approved the study and parental informed consent for the use of clinical data for research 
purposes was obtained. 
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Fetal MRI acquisition

Fetal MRI was performed in the third trimester of gestation, around 33 weeks PMA (range 
29-35 weeks). All fetuses were scanned in a 3.0 Tesla MR system (Philips Medical Systems, 
Best, Netherlands). Mothers were positioned comfortably in the MR scanner in left lateral tilt 
and no sedation was given. The following sequences were used for this study: T2 weighted 
imaging in coronal, axial and sagittal direction (TE/TR=180/55860ms, FOV=360x360, slice 

Neonatal MRI acquisition

The same neonatal MRI protocol was used for preoperative and postoperative neonatal 
MRI. All neonates were scanned in a 3.0 Tesla MR system (Philips Medical Systems, Best, 
Netherlands). Neonates were fed, swaddled in a vacuum cushion and, if necessary, sedated 
with oral chloral hydrate (50-60 mg/kg). Neonates who required mechanical ventilation at 
the time of MRI received continuous sedation. The following sequences were used for this 
study: coronal T2 weighted imaging (TE/TR=150/4851ms, FOV=180x180x132mm, slice 

axial susceptibility weighted imaging.

Conventional MRI analysis

Fetal and neonatal MR images were reviewed by two independent researchers for 
presence of congenital anomalies, parenchymal hemorrhage, ischemic brain injury and 
ventriculomegaly (atrial diameter >10mm).9 Parenchymal hemorrhage included cerebellar 
hemorrhage and grade 4 intraventricular hemorrhage (according to Papile10). Ischemic 

involving cortical grey matter and/or basal ganglia-thalamus) and hypoxic-ischemic 
watershed injury.

Quantitative 3D volumetric analysis

white matter (UWM), cortical grey matter (CGM), cerebellum (CB), basal ganglia and 
thalamus, brain stem and myelinated white matter ( ), using a further adjusted 
approach for neonatal MR images.11 Volumes were calculated for all eight tissue classes. All 
segmentations were manually checked for quality. As basal ganglia, brainstem and myelinated 
white matter were hard to distinguish reliably at fetal T2 weighted images, these tissues were 
not taken into account for this study. Intracranial volume (ICV) was calculated as the sum of 
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all eight tissues classes, total brain volume (TBV) as the sum of UWM, CGM, CB, basal ganglia 
and thalamus, brain stem and myelinated white matter. 

Statistical analysis

For statistical analysis R ® version 3.5.0 was used. Clinical variables were predominantly 
not normally distributed, therefore non-parametric tests were performed and medians 
(25th/75th centiles) were presented for continuous data. Counts (percentage) were presented 

with and without fetal MRI, Mann-Whitney U test and Fisher exact test were used. Univariable 
linear and non-linear quadratic regression analysis was performed to examine the association 
of fetal brain and CSF volumes with neonatal (preoperative and postoperative) brain and 
CSF volumes and acquired neonatal brain injury, with correction for PMA at time of scan. 

volume as dependent factor and individual subject as random factor. A p-value <0.007 was 

Results

Study population

In the study period, 71 neonates with antenatal diagnosis of critical CHD were born, of which 
eight died without MRI of the brain. Sixty-three individuals with antenatal diagnosis of critical 
CHD had cardiac surgery within 30 days after birth, of which two were excluded because of 
a genetic syndrome, leaving 61 neonates for this study. Thirty-one completed all three MRI 

study aim ( ). Twenty-one with two MRI scans and 14 with one MRI scan were 
examined in addition for the secondary study aim ( ). Baseline characteristics are 
presented in . 

Fetal and Neonatal MRI: Conventional analysis

Two fetuses showed unilateral ventriculomegaly (atrial diameter 10-15mm). None of the 
fetuses showed parenchymal hemorrhage or ischemic brain injury.
At preoperative neonatal MRI, focal infarction was seen in two (8%) and WMI in two (8%). 
Punctate cerebellar hemorrhage was seen in one (4%). Cumulatively (at preoperative and 
postoperative MRI), focal infarction was present seven (28%) and WMI in nine (38%). 
Hypoxic-ischemic watershed injury was not seen in any of the neonates. 
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Baseline and MRI characteristics of the study population. 

Maternal characteristics

30.5 (27.8/35.3)

Maternal body mass index 22.8 (20.8/23.9)

Maternal smoking 3 (10%)

455 (375/510)

Patient characteristics  

Female 18 (30)

CHD groups

SVP 21 (34)

TGA 18 (30)

LVOTO 22 (36)

Antenatal CHD diagnosis 61 (100)

1 (2)

0 (0)

Additional congenital anomaly 3 (5)

39.1 (38.4/40.1)

3320 (2970/3670)

 -0.4 (-0.8/0.3)

Cesarean 18 (31)

Neonatal death 6 (10)

MRI characteristics  

33.4 (32.7/34.1)

5 (3/6)

40.1 (39.1/41.0)

8 (7/9)

42.0 (40.6/43.0)

seen between the primary and secondary study population. CHD indicates congenital heart disease; 

TGA, transposition of the great arteries.

Fetal brain and CSF volumes: clinical factors

Fetal UWM was positively associated with fetal CGM (r=0.87), fetal UWM with fetal CB 
(r=0.60) and fetal CGM with fetal CB (r=0.56). Fetal UWM:TBV (proportion of TBV occupied 
by UWM) was negatively associated with fetal CGM:TBV (r=-0.51). Fetal VCSF and ECSF 
were negatively associated with fetal UWM:TBV (r=-0.39 and -0.53, respectively). 
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Unmyelinated white matter

Cortical grey matter

Cerebellum

Extracerebral cerebrospinal fluid

Ventricular cerebrospinal fluid

Basal ganglia and thalamus 

Fetal and neonatal brain tissue segmentation. Coronal T2 weighted images of a fetus with 
transposition of the great arteries at 30 weeks of gestation (A); result of brain masking (B); result of 
automated brain tissue segmentation (C). Coronal T2 weighted image of the same individual after birth, 

before surgery, at 40 weeks of gestation (D); result of automated brain tissue segmentation (E).

Fetal brain and CSF volumes (corrected for PMA at scan) were not associated with maternal 
body mass index, maternal age, maternal smoking, placental weight or birth weight z-score (all 
p-values >0.007 with Bonferroni correction for multiple comparisons). None of the mothers 
of the primary study population had preeclampsia or gestational diabetes. 
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Brain and CSF volumes: correlation between fetal and neonatal MRI

Fetal volumes of CGM, UWM and TBV correlated with preoperative neonatal volumes of 
CGM, UWM and TBV, respectively ( ) Postoperatively, the association of fetal and 
CGM and TBV with neonatal CGM and TBV, respectively, was still seen. Fetal VCSF, ECSF, 
VCSF: ICV and ECSF:ICV correlated with preoperative neonatal VCSF, ECSF, VCSF:ICV and 
ECSF:ICV, respectively. Postoperatively, the association between fetal and neonatal MRI were 
still seen for ECSF and VCSF: ICV ( ). 

Fetal brain and CSF volumes: correlation with neonatal ischemic brain injury

injury (data not shown). Both fetuses with antenatal ventriculomegaly acquired moderate-
severe WMI before surgery (100%). 

Association between fetal and neonatal MRI.

  Neonatal

  Preoperative volume Postoperative volume Ischemic brain injury

F
e

ta
l 

v
o

lu
m

e
s

TBV*

UWM*

CB*

UWM:TBV†  
†  

CB:TBV†

TBV:ICV†  

VCSF†  

ECSF†

VCSF:ICV†  

ECSF:ICV†  

Moderate correlation (closed square r = 0.3 to 0.5; open square r = -0.5 to -0.3)
Strong correlation (closed circle r = 0.5 to 0.8; open circle r= -0.8 to -0.5)

Strength of correlation of fetal brain and CSF volumes with preoperative neonatal brain and CSF volumes 

column); fetal brain volumes and CSF volumes with neonatal ischemic brain injury (third column). Closed 
and open squares indicate respectively positive and negative moderate correlation. Closed and open 
circles indicate respectively positive and negative strong correlation. *Result of linear regression analysis 
with correction for postmenstrual age at scan. †Result of quadratic regression analysis. Correlation 

TBV, total brain volume; UWM, unmyelinated white matter; VCSF, ventricular CSF.
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Fetal TBV, CGM, UWM and CB were negatively associated with presence of neonatal (either 
preoperatively or postoperatively acquired) ischemic brain injury ( ), where fetal 
ECSF was positively associated with neonatal ischemic brain injury. The rate of preoperative 
ischemic brain injury was low and consequently not examined separately in relation to fetal 
brain and CSF volumes.

Inclusions longitudinal brain imaging program. 

Fetal and Neonatal MRI: brain volumes, PMA and type of CHD

For the secondary study aim, the total study population of 61 individuals was analyzed. 
ICV, TBV, UWM, CGM and CB all showed a linear association with PMA ( ). 
The proportion of TBV occupied by UWM decreased over time, with a parallel increase of 
occupation of TBV by CGM and CB. The proportions of VCSF: ICV and ECSF:ICV decreased 
during the fetal period with increasing PMA, however, increased again in the neonatal period 
( ). 

groups (all F-test p-value >0.007 with correction for multiple comparisons). 
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Fetal and neonatal brain volumes in relation to postmenstrual age. Plotted are brain volumes 
(y-axis) in relation to postmenstrual age at scan (x-axis) for transposition of the great arteries (TGA, pink 

separately (dotted lines), as also one line combining all subjects (solid black line). CB indicates cerebellum; 
CGM, cortical grey matter; ICV, intracranial volume; TBV, total brain volume; UWM, unmyelinated white 
matter. R2

CGM:TBV 0.78, UWM:TBV 0.77, CB:TBV 0.48. 
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are CSF volumes (y-axis) in relation to postmenstrual age at scan (x-axis) for transposition of the great 

each congenital heart defect (dotted lines), as also one line for all subjects (solid black line). CSF indicates 
2 values 

Discussion
Previous studies have reported smaller brain volumes in fetuses and neonates with critical 
CHD when compared to healthy subjects. Linking longitudinal fetal and neonatal brain and 
CSF volumes, this study reveals the strong relation between brain volumes over postmenstrual 

correlation between fetal brain volumes and neonatal ischemic brain injury. Revealing the 
association between fetal brain imaging parameters and neonatal brain abnormalities 
provides important information for the potential use of fetal brain imaging parameters to 

In neonates with critical CHD, volumes of the largest brain structures occupying the majority 
of total brain volume, i.e. UWM, CGM and CB, correlated with the volumes measured in 

hypothesis that neonatal brain volumes are the result of antenatal brain growth, and strengthen 
the possibility to detect delayed brain growth at an early stage, even before birth. In our study, 
association of fetal UWM and CGM was stronger with preoperative neonatal UWM and CGM 

after birth is dependent upon other neonatal factors than antenatal brain growth alone.
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In our study, the association between fetal and neonatal age was less strong for CB than it 
was for UWM and CGM. However, proportion of fetal TBV occupied by CB was strongly 
associated with proportion of preoperative and postoperative neonatal TBV occupied by CB. 
CB is the brain structure with the highest increase in volume between 30 and 40 weeks PMA 
in extremely preterm infants.12 Previous studies have shown that in the third trimester of 
gestation age CB volume was comparable between fetuses with and without CHD,13, 14 where at 
term age a reduction of 20% in CB has been observed in neonates with critical CHD.4

Together with the relative reduction in brain volumes with increasing gestation, a relative 
increase in CSF spaces has been described in fetuses with critical CHD when compared to 
healthy fetuses.6 Larger CSF spaces are seen as an expression of brain immaturity.15 In healthy 
fetuses, CSF volumes plateau late in the third trimester,16 and the proportion of ICV occupied 
by CSF decreases over the third trimester from 0.4 to 0.1.6 In our study, proportion of ICV 
occupied by VCSF and ECSF was higher than 0.1 throughout the antenatal and neonatal 

increased absolute and proportional CSF volumes at fetal age did correlate with neonatal CSF 
volumes. In our study, absolute and proportional CSF volumes did decrease over the third 
trimester of gestation, to increase again in the neonatal period. This increase in CSF spaces 
seems abnormal and might be a sign of further brain immaturity or the result of brain tissue 
loss. Studies in older children with SVP have shown an association between larger CSF spaces 
and poorer neurodevelopment.17

Although it is becoming well established that WM, CGM and CB volumes are smaller in 
fetuses and neonates with various types of critical CHD when compared to healthy controls,4, 

6, 13, 14, 18, 19

largely unknown. Smaller neonatal brain volumes are associated with abnormal neonatal 
neurobehavior 20 and lower six year intelligence.3 In adolescents with critical CHD, decreased 
TBV is strongly correlated with poorer cognitive and executive functioning.21 The extent in 
which delayed fetal and neonatal brain growth persists into childhood and adolescence and 
impacts neurodevelopment requires further attention. 
In our study, ischemic and hemorrhagic brain injury were not seen in any of the fetuses. 
This supports the common thought that acquired brain injury has its onset after birth, in the 
neonatal intensive care and surgical period. In neonates with critical CHD, WMI and focal 
infarction are the most common forms of acquired brain injury, and especially WMI has been 
shown to be associated with poorer motor- and cognitive outcomes on the long term.2, 3 
The results of this study revealed a correlation of smaller fetal TBV, UWM, CGM and CB 
with acquired neonatal ischemic brain injury (i.e. moderate-severe WMI or focal infarction) 
in a population of longitudinally scanned individuals with antenatal diagnosis of critical 
CHD. Absolute fetal volumes of UWM, CGM and CB (corrected for PMA) showed a stronger 
correlation with acquired neonatal brain injury than proportion of TBV occupied by any of 
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these brain structures. Previous studies have also suggested a link between neonatal brain 
immaturity and acquired neonatal brain injury.22-25 However, our study cannot reveal whether 
there is a causal relationship between smaller brain volumes and acquired brain injury. Brain 
immaturity might be accompanied with an increased vulnerability to disturbances in cerebral 

CHD during their intensive care admission and cardiac surgery.26 Future studies should reveal 

in cerebral oxygen delivery and thrombo-embolic events) play a role in the association with 
fetal brain volumes.  

brain abnormalities in 20-40%, with ventriculomegaly and enlarged ECSF space as the 
15, 27 These 2D measurements of fetal brain immaturity showed a 

a wide range of mild to severe ischemic, hemorrhagic and developmental abnormalities).28 
Another study showed no association between fetal brain abnormalities and fetal brain and 
CSF volumes at the same time point.6 In our study, only larger ECSF volumes were moderately 
related to acquired neonatal ischemic brain injury. Both fetuses with conventionally measured 
antenatal ventriculomegaly acquired WMI before surgery, however, fetal VCSF volumes were 
not associated with neonatal ischemic brain injury. The results of our study showed that 
brain immaturity expressed by smaller brain volumes might be more strongly associated with 
neonatal ischemic brain injury than brain immaturity expressed by enlarged CSF spaces.
In our study, we showed a linear increase in TBV, CGM and CB with increasing PMA during 

studies showed that both healthy and critical CHD fetuses had strong linear increase in UWM, 
CGM and TBV over the third trimester of gestation.6, 19

showing that linear growth of CGM, ICV and TBV most likely continues for neonates with 

birth. This corresponds with previous studies in healthy fetuses, showing increase in CGM and 
the combined volume of CB and brainstem to be higher in the third trimester than the second 
trimester of gestation.16, 29 
In fetuses with critical CHD, deviation in UWM and CGM from healthy fetuses is seen from 
30 weeks of gestation onwards.19 All critical CHD groups have reduced oxygen delivery when 
compared to healthy controls, and this reduction in brain oxygen delivery is directly associated 
with smaller fetal and neonatal brain volumes.5, 7 Oxygen delivery is dependent on cerebral 

most severely altered in SVP and LVOTO, whereas cerebral blood oxygen content is lowest in 
TGA.30
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6 
and lower neonatal brain growth rate31 have been described in SVP when compared to other 
cardiac defects, however, most neonatal studies have shown comparable reductions in volumes 
of UWM and CGM among TGA and SVP.4, 32 It should be considered that all individuals with 
critical CHD are at risk of reduced antenatal brain growth, however, that other patient-related 
factors than the cardiac defect itself might determine the degree of brain immaturity. 

volumes using quantitative longitudinal MRI. This study provides important information 
for future research investigating whether there is a causal relationship between brain 
immaturity and brain injury; investigating fetal brain immaturity as an early biomarker for 
neurodevelopmental outcomes; and investigating potential strategies to improve antenatal 
brain growth. This study also knows several limitations. Firstly, postnatal CHD diagnosis 
increases the risk of preoperatively acquired ischemic brain injury, especially when low 
cardiac output syndrome is present. However, this population cannot be included in fetal MRI 
studies and therefore not examined in this study. Secondly, the low rate of preoperative brain 
injury limited the possibility to examine preoperative and postoperatively acquired ischemic 
brain injury in relation to fetal brain volumes separately. Thirdly, absolute brain and CSF 
volumes are dependent on MRI scanning protocol and post-imaging processing method and 
are therefore hard to compare among sites.

Conclusions
Linking longitudinal fetal and neonatal brain and CSF volumes, this study reveals the strong 
relation between brain volumes over postmenstrual age in individuals with critical CHD. 
Additionally, the results show a negative correlation between fetal brain volumes and neonatal 
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Abstract
This study aimed to assess cortical grey matter growth and maturation in neonates 

with critical congenital heart disease (CHD).

Methods: 31 (near) term neonates with critical CHD (8 single ventricle physiology (SVP), 
21 transposition of great arteries (TGA) and 2 aortic coarctation) underwent cerebral MRI 
before (postnatal day 7) and after (postnatal day 24) surgery. Eighteen controls with similar 
gestational age had one MRI (postnatal day 23). Cortical grey matter volume (CGM), inner 
cortical surface (iCS) and median cortical thickness were extracted as measures of volumetric 

Results: Over a median of 18 days CGM increased by 21%, iCS by 17%, thickness and GI 
both by 9%. Decreased post-operative CGM and iCS were seen for CHD compared to controls 
(p<0.01), however with similar thickness and GI. SVP showed lower post-operative iCS, 
thickness (p<0.05) and GI (p<0.01) than TGA and controls. Infants requiring pre-operative 
balloon-atrioseptostomy (BAS, 61%) had reduced post-operative CGM, iCS and GI (p<0.05).

Conclusions: Infants with critical CHD show reduced cortical volumes compared to controls 
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Introduction

1 As they grow older many CHD patients show motor- and cognitive 
delays,2 as well as impairments in the domains of learning and behavior.3 Hypotension and 
hypoxemia before cardiopulmonary bypass surgery (CPB) are substantial problems in CHD, 
leading to reduced oxygen delivery to the brain.1,4 This seems to increase the vulnerability of 
the brain to the subsequent open-heart surgery requiring CPB.1

The importance of brain imaging in CHD infants is becoming more widely accepted and 
magnetic resonance imaging (MRI) has proven to be a useful and accessible tool to detect 
and evaluate brain injury. Alterations in brain development in CHD patients have been 
described pre-operatively,5  and even in utero,6,7 with also new cerebral lesions found after the 
surgical procedure.8

studies,9,10 but white matter abnormalities can disturb growth and neuronal maturation of 
the cortical grey matter as well.11,12

cortex mainly takes place in the third trimester of pregnancy,13 and impacts cognition, motor 
and behavioral functioning in extremely preterm infants.14  Longitudinal, quantitative data on 
cortical grey matter development pre- and post-surgery in neonates with CHD is still sparse, 
and additional knowledge might help in the prediction of long-term neurodevelopment.
The aim of this study was to assess the development of cortical grey matter in neonates 
undergoing cardiopulmonary bypass surgery for critical congenital heart disease, before and 
after surgery, in comparison to healthy term born controls at corresponding post-operative 
age. We hypothesized that cortical growth and maturation - presented as volume expansion 

parameters when compared to healthy neonates assessed at corresponding post-operative 

development in this patient group, including birth characteristics, type and severity of CHD, 
timing and procedure of surgery and post-operative course.

Methods
This cohort is part of an ongoing prospective cohort study (Heart and Brain Research Group 
Zurich) on cerebral injury and neurodevelopmental outcome in infants with CHD treated 
at the University Children’s Hospital in Zurich. Results on brain injury31 and post-operative 
brain volumes15 have been published previously. The study has been approved by the Ethical 
Committee of the Canton Zurich and written parental informed consent was obtained.
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Patients

Infants born between November 2009 and January 2012 with critical CHD requiring surgery 

arteries (TGA), single ventricle physiology (SVP, including hypoplastic left heart syndrome 
(HLHS)) and coarctation of the aorta (CoA). Excluded were those born with a gestation of less 
than 36 weeks or with a genetic syndrome. Detailed information on the surgical procedure 
and management can be found in a previous article.31 In addition, between January 2011 and 
January 2012 healthy term born infants were prospectively recruited from the postnatal ward 
of the University Hospital Zürich for MRI of the brain. These control infants were not admitted 
to the neonatal unit, did not show cerebral injury on MRI and had normal neurodevelopmental 
outcomes at one year of age. 

MR imaging

All infants underwent an MRI of the brain before and after surgery. The healthy control infants 
were scanned once, at corresponding post-operative postmenstrual age. MRI was performed 
on a 3.0T MR scanner (SignaHDxt, GE Healthcare, Milwaukee, WI, USA) using T2-weighted 
fast-spin-echo sequences in three planes (slice thickness = 2.5 mm, TR = 5300 ms, TE = 102 

previous publication.31

Cortical morphologic measurements

For all infants the axial T2 weighted images were manually segmented into unmyelinated 
white matter (UWM) and cortical grey matter (CGM).32 Based on these segmentations UWM 
and CGM volume (in cm3), inner cortical surface (iCS, in cm2), cortical thickness (in mm) and 

paper.32 The iCS is the surface of the border between UWM and CGM. 
was measured as the ratio between iCS and a smooth hull around the white matter (i.e. a 
simulation of a smooth cortex without any folds). The volumetric, surface and thickness 
measurements were used as quantitative considerations of cortical volume and cortical growth. 

All parameters together will be referred to as cortical parameters with cortical development 
considered as the combination of cortical growth and maturation. 

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics ® version 21.0. An independent 

2test for sex), a paired t-test for comparison of pre- and 
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post-operative cortical parameters. All cortical parameters were corrected for postmenstrual 

scan, relative growth as a percentage of increase. Linear regression analysis was performed 
to examine separately the associations between the clinical risk factors (as independent 
variables) and cortical parameters (as dependent variables). This analysis was repeated with 
correction for sex. As the sample size of this study was small and also the aim was to explore 
clinical risk factors, a multivariable regression analysis was not performed. A p-value <0.05 

Results

Patients

 shows the baseline characteristics of the study population. Thirty-one patients 
(68% TGA, 26% SVP, 7% CoA) were included with a mean gestational age of 39.6 weeks and 
74% male.  shows the perioperative details. Good quality brain segmentations were 
obtained pre-operatively in 26 infants at a median postnatal age of 7 days (PMA 40.7 weeks) 
and post-operatively in 23 infants at median postnatal age of 24 days (PMA 43.1 weeks). 
Eighteen healthy controls underwent MRI at a median postnatal age of 23 days (PMA 42.9 
weeks). For 5 infants pre-operatively and 8 infants post-operatively segmentations or MR 

characteristics were seen between infants with and without available cortex assessment.

Cortical growth and maturation

For 18 infants brain segmentations at both time points were available. All cortical parameters 

i
and fourth plot). UWM also increased between both time points (p< 0.05), but with a lower 

and relative growth rates of all measured cortical parameters than the SVP group. 

Postoperative cortical morphology compared to healthy controls

For the infants with critical CHD reductions in post-operative CGM volumes (-14%) compared 
to controls were found. Additionally, decreased iCS (-12%) was seen for CHD. However, 
median cortical thickness and GI were similar (p=0.19 and p=0.53, respectively). This is also 
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shown in 
parameters could be found at any time point.

Baseline characteristics. 

Male/Female n (%) 23/8 (74/26) 9/9 (50/50) 0.106

Median weeks (range) 39.29 (36.71 – 41.86) 39.71 (37.71 – 41.14) 0.567

(n=29)
Median grams (range) 3320 (2560 – 4270) 3500 (2910 – 4470) 0.417

Head 

circumference 

at birth

Median centimeters 
(range) 

34 (32 – 36) 35.5 (33.0 – 37.5) 0.009 

n < 3th percentile (%) 2 (6.5) 0 (0)

Cardiac 

abnormality

TGA 21 (67.7) N/A N/A

- with ventricular 
septal defect

5 (16.5)

- with RVOT 
obstruction

2 (6.5)

SVP malformation 8 (25.8)

- Left ventricle 
dominance

6 (19.5)

- Right ventricle 
dominance

2 (6.5)

Aortic coarctation 2 (6.5)

Apgar score 5 

minutes

Median (range) 9 (2 – 10) N/A N/A

operative MRI 
Median days (range) 7 (1 – 12) N/A N/A

Median gestational 
age (range)

40.71 (37.86 – 42.86)

operative MRI 

Median days (range) 24 (19 – 52) 23 (13 – 33) 0.087

Median gestational 
age (range)

43.14 (40.29 – 47.14) 42.86 (40.86 – 44.86) 0.178

Median post-operative 
days (range)

13 (3 – 32) N/A N/A

MRI’s

Median days (range) 18 (11 – 42) N/A N/A

lesionsA

Total n (%) 7 (23) N/A N/A

White matter injury 6 (20)

Isolated arterial stroke 3 (10)

operative 

lesionsA

n (%) 2 (7) N/A N/A

A These results can also 
be found in a previous publication.15
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Perioperative characteristics of the patient population. 

Alprostadil n (%) 30 (97)

Median (range) 86 (74 – 96)

Balloon atrioseptostomy n (%) 19 (61)

Age at surgery Median days (range) 12 (7 – 62)

Aortic cross clamp time Median minutes (range) 125 (90 – 182)

Extracorporeal circulation time Median minutes (range) 201 (123 – 264)

Intensive care stay Median days (range) 7 (4 – 20)

Median days (range) 3 (1 – 13)

Hospital stay (N=30) Median days (range) 31.5 (13 – 103)

Perinatal risk factors

 shows the correlations between clinical risk factors and cortical parameters with 
iCS at the post-operative 

This can also be found in  (pre-operatively in second and third plot; post-operatively 

and SVP groups were compared with respect to cortical parameters. Lower birth weight was 

Postnatal risk factors

BAS was required in 62% of the TGA, 63% of the SVP and 50% (1 of 2 cases) of the CoA 
group. Smaller CGM volume (-8%), iCS (-5%) and GI (-4%) on the post-operative scan were 
seen for infants undergoing BAS compared to infants who did not require this intervention, 
as also shown in 
operative mean oxygen saturation than those without (84% versus 90%, p=0.002).  Again, all 
correlations persisted after correction for sex. Infants with severe pre-operative brain injury 
(white matter injury and/or ischemic stroke, 12%) showed comparable cortical parameters as 
their peers without brain injury. No associations of peri- and post-operative risk factors with 
cortical parameters were found.
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Cortical parameters. The 4 graphs are representing cortical grey matter volume (A), inner 

preoperative and postoperative total CHD population (n=31), transposition of the great arteries subgroup 
(TGA, n=21) and the single ventricle physiology subgroup (SVP, n=8). In the last boxplot controls (n=18) 

p< 0.05, ** p< 0.01). 
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Clinical parameters.
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Cortical grey Pre - 0.510** 0.539** 0.427* - - - -

Post 0.390* 0.500** 0.639**A - - 0.462* - -
Inner cortical Pre - - 0.445* 0.539** - - - -

Post - -A 0.539**A -A 0.495* 0.509* - -
Thickness Pre - - - - - - - -

Post 0.465* - - - 0.494* - - -

index
Pre - - - - - - - -

Post 0.534** -A 0.416* - 0.581** 0.418* - -
White matter Pre 0.427* - - 0.547** - - - -

Post 0.445*A - -A - - - - -

postmenstrual age at MRI. White matter volume was added for comparison. Pearson correlation 
A

association in the control group. No association between cortical parameters and perioperative risk 
factors were seen.

Discussion
This study describes pre- and post-operative cortical grey matter volumetric growth and 

cortical volume was reduced in infants with critical CHD when compared to healthy term 

maturation. In addition, a lower birth weight, SVP, and pre-operative requirement of balloon-
atrioseptostomy were risk factors of smaller cortical volume and impaired maturation after 
surgery. Lower gestational age was an independent risk factor for lower CGM volume, but not 
for cortical maturation.

brain volumes in this study cohort,15
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from pre- to post-operative MRI. Typical cortical development includes immense volumetric 

of gestation in the central part of the brain and eventually developing into a brain folded 
similar to the adult brain around term.13,16

remarkable increase of cortical volume and maturation in the median 18 days between pre- 
and post-operative MRI in CHD patients. However, compared to healthy controls, the patient 
population showed reduced CGM volumes postoperatively, most likely due to antenatal and 

is in agreement with other studies showing smaller volumes in CHD already pre-operatively.17  
of the white matter, grey matter and cerebellum – and sometimes even antenatally.18,19 CGM 
shows substantial higher increase over the period of surgery than UWM (21% versus 5%), 
underlining the vulnerability of the cortex at this time. 
CGM volume reduction seems to be mainly a result of reduced cortical surface area and not of 
reduced cortical thickness, as the latter was comparable with healthy controls. The developing 
brain is particularly vulnerable to disturbances of oxygen and nutrient delivery.9  and due to 
the cardiac defect, blood supply of the brain can be impaired.20 Fetal studies in patients with 

of pregnancy.18 Additionally, the required CPB surgery with long anesthesia also leads to 
suboptimal delivery of oxygen and other substrates during the procedure.1,4  

are the predominating cells in fetal white matter and known to play an important role in 

hypoxia creates oligodendrocytes that fail to myelinate the developing axons, which might 
lead to abnormal cortical maturation.11

an impact of white matter alterations to cortical maturation, which has been explored before 
in extremely preterm born infants.11,12

21,22

with a SVP compared to TGA and healthy neonates. Previous studies in patients with HLHS 
23,24  and infants before heart 

surgery.25 Apparently, alterations of cortical development are most prominent in patients with 

growth rates after surgery in infants with HLHS despite smaller pre-operative brain volumes.26  
As our control group was only scanned once, no comparison in growth could be made between 
patients and controls.
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We were able to identify several risk factors for altered cortical volume and maturation, 

physiological association, infants with lower weight and/or head circumference at birth had 
smaller UWM and CGM volumes after birth, which is in agreement with other literature.17 It 
is of interest that birth weight was a better predictor for altered CGM volume after surgery 
than head circumference, although intra-uterine growth restriction is known to reduce cortex’ 
development in preterms.27

20  

compared to infants with TGA. As stated above, biventricular heart defects seem to show less 
9 Retrograde aortic perfusion via the ductus 

arteriosus is already present in utero in infants with a hypoplastic left or right heart resulting 
in lower cerebrovascular resistance.20,28  A recent study also showed lower cerebral blood 

29 Finally, the Norwood 
procedure performed in infants with HLHS is accompanied with more risks for the developing 
brain than other procedures.1 

intervention. Infants in need of BAS show lower pre-operative oxygen saturation values, which 
is in line with literature describing higher levels of hypoxemia and hemodynamic instability in 
those infants. Infants requiring BAS usually are in a worse condition than their peers and seem 
to be of higher risk for hypoxia and ischemia associated brain injury.30 However, it remains 

are also found in studies focusing on focal brain injury and white matter microstructure,1,4 
31 In our study, performance of 

BAS was equally prevalent in both TGA and SVP patients, the high incidence of BAS in this 
small SVP population might be by chance. However, other factors indicating severity of illness 
as pre-operative oxygen saturation, Apgar score, days of mechanical ventilation and total 
duration of hospital stay were not found to be related to cortical development in our study. 
Pre-operative saturation has been reported as a risk factor for white matter brain injury,1,31 
but could not be found as a risk factor for growth and maturation of the cortex in this study.

statistical strength. Secondly, only MR images of healthy controls at comparable post-operative 
PMA were obtained (as it was not considered ethical to perform two MRI scans in healthy 
neonates). Therefore, no comparison of cortical volumes and maturation before surgery or 
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the delay in cortex development. Thirdly, the cortical measurements were acquired fully 
automatically following manual segmentation. Limitations of this method, although of minor 
importance, can be found in a previously published article.32

quality of the MR images, which induced loss of data in this population (pre-operatively 5 cases 
and post-operatively 8 cases). However, selection bias does not seem to play a role, as baseline 
characteristics were found to be similar between both groups. Unfortunately, this method did 
not allow regional cortical measurements. Finally, the low incidence of brain injury in this 

mm slice thickness) and other contributors.31

Conclusions

with SVP, but not in TGA. Lower birth weight and pre-operative requirement of balloon 
atrioseptostomy are independent risk factors for impaired post-operative cortical volume 

delay in maturation. The cortex plays an important role in cognitive, motor and behavioral 
functioning and delay in cortical development in infants with critical CHD might lead to 
alterations in these neurodevelopmental domains later in life.
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Abstract
 The aim of this study was to investigate the pattern of brain microstructural 

development in neonates with critical CHD before surgery, in association to the cardiac defect 
and ischemic brain injury. The secondary aim was to evaluate changes in brain microstructure 
from preoperative to postoperative time point.

Methods: For this prospective, longitudinal cohort study, 56 term born neonates underwent 

for transposition of the great arteries (TGA), single ventricle physiology with aortic arch 

Brain microstructural integrity was investigated by fractional anisotropy (FA) and by mean 

injury or focal infarction.

Results: Before cardiac surgery, the posterior parts of the corona radiata and internal 

Centrally-located projection-, association- and commissural white matter (WM) structures 
demonstrated higher FA compared to peripherally-located structures. Neonates with TGA 
had higher FA in all WM-, limbic- and deep grey matter regions, when compared to other 
CHD groups. Neonates with LVOTO showed lower MD in these regions, and neonates with 

MD were seen between neonates with and without preoperative ischemic brain injury. From 
preoperative to postoperative time point, FA increase was seen in projection WM, deep grey 
matter, cerebellum and brainstem. 

Conclusions:

to follow the same organized pattern in critical CHD as reported in healthy and preterm 
neonates, from posterior-to-anterior and central-to-peripheral. Neonates with TGA and 
LVOTO showed the most mature WM microstructure and SVP-AO the least mature. Degree of 
brain microstructural immaturity was not associated with ischemic brain injury. 
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Introduction
Neurological problems are common in survivors with critical congenital heart disease (CHD), 
including cerebral palsy, cognitive delay, behavioral problems and psychiatric disorders.1, 2 In 
children and adolescents born with critical CHD, brain white matter (WM) microstructural 
integrity is reduced when compared to healthy controls, and these reductions are associated 
with poorer cognitive and executive functioning.3-5 Several studies have observed that WM 
microstructural immaturity in critical CHD is already present at neonatal age.6-10 
In the last part of gestation, the brain undergoes rapid microstructural changes. In the normal 
situation, the brain is responsible for 50% of total fetal oxygen consumption.11 However, in 
fetuses with critical CHD, cerebral oxygen delivery and oxygen consumption are reduced 
when compared to healthy fetuses.12, 13 In most cases of critical CHD, the anatomical change 
causes a mixture of oxygen-rich and oxygen-low blood delivered to the brain, reducing blood 
oxygen content. In addition, obstruction of the aortic valve or aortic arch can reduce cerebral 

14

level in vivo.15 With development, brain water content decreases and WM microstructure 
becomes more organized with the formation of axonal membranes and myelination. These 
developmental processes limit the movement of water molecules to certain directions 

based measures used to quantify the integrity of WM microstructure by measuring the degree 
15 

With increasing postmenstrual age (PMA), FA increases in the WM and decreases in the 
cortex, while MD decreases in all brain regions.16, 17 
In typical development, brain microstructural maturation follows a well-established organized 
pattern, in a posterior-to-anterior and central-to-peripheral direction.18 In critical CHD, it is 
still unknown if antenatal and postnatal developmental trajectories of brain microstructure 

a basis for further research investigating the prognostic value of brain microstructural 
developmental alterations in clinical practice and the development of interventions to improve 
brain development.
In this study, the aim was to investigate brain microstructural development before cardiac 
surgery in a cohort of term born neonates with critical CHD using atlas-based DTI, and 
to associate this to type of CHD, acquired ischemic brain injury and other clinical factors. 
A secondary aim was to evaluate changes in brain microstructure from preoperative to 
postoperative time point in neonates with critical CHD.
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Methods

Study population

This is a prospective, observational cohort study including neonates with critical CHD who 

between January 2016 and March 2018 at the Wilhelmina Children’s Hospital Utrecht, The 
Netherlands. As part of standard clinical care, all neonates facing open-heart surgery undergo 

The following CHD groups were included for this study: transposition of the great arteries 
(TGA), single ventricle physiology with aortic arch obstruction (SVP-AO), biventricular 

tract obstruction (RVOTO). Neonates born <36 weeks of gestation or with a genetic disorder 
or major additional congenital anomaly were excluded. The institutional medical ethical 
review board approved the study and parental informed consent was obtained for the use of 
clinically obtained data for research purposes.

MRI scanning protocol

All subjects were scanned in a 3.0 T MR system (Philips Medical Systems, Best, Netherlands). 
Neonates were fed, swaddled in a vacuum cushion and, if necessary, sedated with oral 
chloral hydrate (50-60 mg/kg). Neonates who required mechanical ventilation at the time 
of MRI received continuous sedation. Heart rate, oxygen saturation and respiratory rate 
were monitored. Scanning protocol included: volumetric 3D T1 weighted imaging (TE/
TR=4.7/9.7ms, FOV=200x200x132mm, slice thickness=1.2mm without gap), coronal T2 
weighted imaging (TE/TR=150/4851ms, FOV=180x180x132mm, slice thickness=1.2mm 

FOV=160x182x132mm, slice thickness=2mm without gap), axial susceptibility weighted 
imaging (TE/TR=30/53ms, FOV=160x144x90, slice thickness=2mm without gap). All MR 
images were scored for ischemic brain injury: moderate-severe white matter injury (WMI, 

or stroke with grey matter involvement). The DTI protocol consisted of a single-shot spin-
echo echoplanar imaging sequence (TR/TE=6500/80ms, FOV=160x160x90mm, acquisition 
matrix=80x78mm, reconstruction matrix=80x80mm, slice thickness=2mm without gap), 
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DTI analysis

DTI data were analyzed using the DTI toolbox ExploreDTI (http://www.exploredti.com/).19 
Data were corrected for subject motion and eddy current induced distortions.20 Tensor 

21 Automated atlas 
based analysis with registration to the JHU neonatal brain atlas (http://cmrm.med.jhmi.
edu/),22

data were visually inspected in terms of quality of tensor estimation, motion correction and 
template registration. FA and MD were calculated in the 122 brain structures provided by 
the JHU neonatal brain atlas, 61 structures per hemisphere ( ).22 Eight overall 

system, deep grey matter, subcortical and cortical grey matter, cerebellum and brain stem 
( ).

Statistical analysis

Statistical calculations were performed with IBM SPSS ® version 25.0 (SPSS, Chicago, 
IL). Clinical variables were predominantly not normally distributed, therefore medians 
(interquartile range) were presented for continuous data. Counts (percentage) were presented 
for categorical data. Left and right FA and MD values for each structure and region were 

regions using paired t-tests, with Bonferroni correction for multiple comparisons. For further 
analysis, FA and MD values were corrected for PMA at scan. Multivariable analyses were 
performed to test the correlation of FA and MD with clinical factors (selected based on previous 
literature), including birth weight (z-score), gender, Apgar score, postnatal diagnosis, low 
cardiac output syndrome. Very strong correlations were seen between gestational age at birth 
and PMA at postnatal (preoperative) MRI (r=0.886, p=0.03x10-18) and therefore gestational 
age at birth was not taken into account as clinical variable. Percentage of change in FA and MD 
from preoperative to postoperative was calculated for all brain structures in neonates without 
preoperative or postoperative brain injury. 

Results

and were included in this study. Fifty-three also had postoperative DTI available (three died 
after surgery). Demographics and cardiac parameters of 56 included neonates are presented 
in . 
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matter structures: anterior (ACR), superior (SCR), and posterior (PCR) corona radiata, anterior (ALIC) 
and posterior (PLIC) internal capsule, retrolenticular part of the internal capsule (RLIC), posterior 
thalamic radiation (PTR), sagittal striatum (SS), external capsule (EC), cerebral peduncle (CPed), superior 
longitudinal fasciculus (SLF), corpus callosum (CC), tapetum (TAP), inferior (IFOF) and superior fronto-
occipital fasciculus (SFOF), fornix (Fx) and cingulum (Cing); and the four deep grey matter regions: 
putamen (Put), globus pallidus (GP), caudate nucleus (Caud) and thalamus (Thal).22
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Demographics and cardiac parameters. 

 
 

CHD

N=56

Female 18 (32)

39.4 (38.5/40.5)

3400 (2930/3800)

 -0.25 (-1.03/0.46)
Prenatal CHD diagnosis 44 (79%)
CHD subtype

TGA 20 (36)
SVP-LV 15 (27)
LVOTO 13 (23)
RVOTO 8 (14)

Preoperative brain injury 14 (25%)

WMI, moderate-severe 12 (21)

Stroke 5 (9)

Neonatal death 3 (5)

5 (3/7)
40.1 (39.4/41.4)

Median (interquartile range) and number (%) are presented. CHD indicates congenital heart disease; 

Temporal-spatial orientation of postnatal brain microstructural white 
matter development before surgery in neonates with critical congenital 
heart disease

The posterior limb of the internal capsule (PLIC, containing motor tracts) consistently 
demonstrated highest FA and lowest MD values when compared to other WM structures 
(
higher FA, and lower MD compared to the anterior parts ( ). FA progressively 

corresponding to relative spatial orientation of these tracts from central to peripheral (table 

FA and lower MD than the superior longitudinal fasciculus. Also, centrally-located projection 

and peripherally located corona radiata. Higher FA and lower MD were seen in the inferior 
tracts of the fronto-occipital fasciculus compared to the superior tracts ( ). 
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Preoperative white matter parameters. 

FA
Comparison to 

adjacent structure
MD

Comparison to 

adjacent structure

Corona Radiata  
PCR 0.21±0.03 0.02*10-13 1.37 ±0.15 0.03
SCR 0.18±0.03 0.05*10-26 1.39 ±0.15 0.02*10-16
ACR 0.13±0.02  1.49±0.17
Internal Capsule  
PLIC 0.36±0.03 0.06*10-47 1.07±0.08 0.02*10-29
ALIC 0.20±0.02  1.18±0.10

Central to peripheral

FA
Comparison to 

adjacent structure
MD

Comparison to 

adjacent structure

 
PLIC 0.36±0.02 0.03*10-32* 1.07±0.08 0.02*10-31*
RLIC 0.27±0.02 0.03*10-29* 1.20±0.10 0.09*10-36*
PTR 0.22±0.02 0.60 1.45±0.12 0.003
SS 0.21±0.02  1.48±0.13

 
PLIC 0.36±0.02 0.02*10-28* 1.07±0.08 0.01*10-23*
Cped 0.29±0.02  1.34±0.10

EC 0.17±0.02 0.04*10-22* 1.23±0.11 0.03*10-27*
SLF 0.14±0.01  1.47±0.15

 
CC 0.27±0.03 0.02*10-27* 1.47±0.11 0.06*10-22*
TAP 0.20±0.02  1.79±0.17

Inferior to superior

FA
Comparison to 

adjacent structure
MD

Comparison to 

adjacent structure

IFOF 0.21±0.02 0.03*10-20* 1.23±0.13 0.03*10-14*
SFOF 0.14±0.03  1.36±0.10

posterior (PCR) corona radiata, anterior (ALIC) and posterior (PLIC) internal capsule, retrolenticular part 
of the internal capsule (RLIC), posterior thalamic radiation (PTR), sagittal striatum (SS), cerebral peduncle 
(CPed), external capsule (EC), superior longitudinal fasciculus (SLF), corpus callosum (CC), tapetum 
(TAP), inferior (IFOF) and superior fronto-occipital fasciculus (SFOF) are presented as mean±standard 
deviation, and corrected for postmenstrual age at scan. A. shows the comparison of adjacent structures 
from anterior to posterior. B. from central to peripheral and C. from inferior to superior. *p<0.003 with 
Bonferroni correction for multiple comparisons.
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Differences in postnatal brain microstructure before surgery between 
cardiac defects

In all WM regions, limbic region and deep grey matter region, highest FA values were seen 
in neonates with TGA when compared to other CHD groups ( ). FA in subcortical 
and cortical regions was highest in TGA and lowest in LVOTO. Cerebellum FA was lower in 
LVOTO compared to TGA and SVP-AO. 
MD was lowest in LVOTO in all WM regions, limbic region, deep grey matter region, subcortical 

with SVP-AO when compared to other CHD subgroups in all WM regions, deep grey matter, 
subcortical and cortical regions ( ). 

), higher FA in neonates with TGA was seen 
in the following WM structures: anterior and posterior limb of the internal capsule, inferior 
fronto-occipital fasciculus, uncinate fasciculus, corpus callosum, tapetum and stria terminalis. 
Neonates with LVOTO showed lower MD values in the following WM structures: anterior and 
posterior limb of the internal capsule, cerebral peduncle, external capsule, inferior fronto-

between CHD groups were more clear in centrally located WM structures (posterior limb of 
the internal capsule, external capsule and corpus callosum) than peripherally located WM 
structures. 

Association of brain microstructure with acquired ischemic brain injury and 
other clinical factors

Preoperative moderate-severe white matter injury was seen in 12 neonates and focal 

seen between neonates with and without WMI (example; FA PLIC mean 0.355 and 0.357, 

were seen in FA or MD of WM structures or deep grey matter structures (example; FA PLIC 
mean 0.362 and 0.356 respectively, p=0.85).

Apgar score, postnatal diagnosis or low cardiac output syndrome with average postnatal FA 
or MD values before surgery (data not shown). Within the group with preoperative low cardiac 

between the neonates that developed WMI and the neonates that did not develop WMI (data 
not shown). 
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Postnatal, preoperative brain microstructure. Mean fractional anisotropy (top) and mean 

of the great arteries (TGA), single ventricle physiology with aortic arch obstruction (SVP-AO), left 

from other CHD groups, p<0.005 with correction for multiple comparison per brain region.
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Association of brain microstructure with acquired ischemic brain injury and 
other clinical factors

Preoperative moderate-severe white matter injury was seen in 12 neonates and focal 

seen between neonates with and without WMI (example; FA PLIC mean 0.355 and 0.357, 

were seen in FA or MD of WM structures or deep grey matter structures (example; FA PLIC 
mean 0.362 and 0.356 respectively, p=0.85).

score, postnatal diagnosis or low cardiac output syndrome with average postnatal FA or MD 
values before surgery (data not shown). Within the group with preoperative low cardiac output 

the neonates that developed WMI and the neonates that did not develop WMI (data not shown). 

Changes in brain microstructure from postnatal to postoperative MRI in 
neonates with critical congenital heart disease

Fifty-three neonates (three died after surgery) had a second neonatal MRI of the brain after 
cardiac surgery (median PMA 42.1 weeks, median 8 days after surgery), of which 31 (59%) 
had ischemic brain injury (either preoperatively or postoperatively acquired). Median days 
between preoperative and postoperative MRI was 14 days, and therefore percentage of change 
in FA and MD was calculated over 14 days with correction for PMA at scan. 

 Preoperative to postoperative change in fractional anisotropy.

 Comparison

FA change

projection WM 0.56

association WM 0.70

commissural WM -1.0 0.11

limbic structures 0.93

deep grey matter 0.82

subcortical and cortical regions -0.08 0.03

Cerebellum 0.50

Brainstem 0.21

Average percentage of change in fractional anisotropy (FA) from preoperative to postoperative MRI (14 
days), corrected for PMA at scan, in neonates with critical congenital heart disease (CHD) with and without 

time point. Last column shows the comparison In change between neonates with and without ischemic 
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Postnatal, preoperative white matter microstructure. Mean fractional anisotropy (top) and 

structures: Anterior (ACR), superior (SCR), and posterior (PCR) corona radiata, anterior (ALIC) and 
posterior (PLIC) internal capsule, retrolenticular part of the internal capsule (RLIC), posterior thalamic 
radiation (PTR), sagittal striatum (SS), cerebral peduncle (CPed), external capsule (EC), superior 
longitudinal fasciculus (SLF), inferior (IFOF) and superior fronto-occipital fasciculus (SFOF), corpus 
callosum (CC), tapetum (TAP). p<0.005 with correction for multiple comparison per brain region was 
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WM, deep grey matter, cerebellum and brain stem over 14 days ( ). Increase in 
overall FA (including all brain structures) was lower in neonates with ischemic brain injury 

table 

without ischemic brain injury (data not shown). 

Discussion
This study examined brain microstructural development before and after cardiac surgery in a 
longitudinal cohort of neonates with critical CHD, using atlas-based DTI analysis which has 
previously been described as a sensitive method to examine neonatal brain microstructure.17, 

22 In contrast to most DTI studies in neonates with critical CHD, our study uses a whole brain 

changes that could provide early prognostic biomarkers or guide neuroprotective interventions. 
Previous studies have shown neonatal brain immaturity in all critical CHD groups when 
compared to healthy neonates. 6-10 This study describes three primary observations on brain 
microstructural maturity in neonates with critical CHD. Firstly, we observed more mature 
WM microstructure (i.e. higher FA and lower MD) in posterior compared to anterior, in 
central compared to peripheral, and in inferior compared to superior WM structures. These 

critical CHD as reported in preterm and healthy neonates.17, 18, 22, 23

maturity in microstructural integrity were seen between CHD groups, with TGA and LVOTO 

microstructural immaturity before cardiac surgery was not related to preoperative ischemic 
brain injury. Although previous studies have suggested that brain immaturity increases the 
risk to acquire brain injury in neonates with critical CHD,10, 24 our results based on FA and MD 
do not suggest such a relation before surgery. 

relative order of regions from low-high FA and high-low MD was seen between our population 
of critical CHD and previous reports in extremely preterm infants and healthy neonates.17, 18, 22, 

23, 25 This suggests that reduced fetal brain oxygen delivery and oxygen consumption in critical 
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brain structures. The posterior-to-anterior fashion of brain development has also been shown 
in brain perfusion studies.26 Further research might reveal whether there is an association 
between brain perfusion development and brain microstructural development in fetuses and 
neonates with critical CHD.
Over the last years several studies found lower WM FA before surgery in neonates with critical 
CHD in the overall WM,6, 7, 10 8, 9 when compared to 
healthy neonates. In fetal life, pre-myelinating oligodendrocytes (immature oligodendrocytes) 
are the most dominant type of oligodendrocytes in the human white matter.27 Pre-myelinating 
oligodendrocytes are vulnerable to hypoxia and after hypoxic-ischemic injury pre-myelinating 
oligodendrocytes fail to mature to myelin-producing oligodendrocytes, resulting in impaired 
myelination of the white matter axons.28-31 This explains the particular vulnerability of the 

13 
In this study, neonates with TGA showed higher FA values in the majority of WM structures 
than neonates with SVP-AO, LVOTO or RVOTO. This might indicate that alterations in 

to a higher degree than decreased cerebral blood oxygen content alone, as neonates with TGA 
12, 13 This is supported 

by a previous study showing more severe brain microstructural immaturity to be associated 
with smaller aortic diameter.32 In neonates with TGA, aortic size is not impacted, where aortic 
arch obstruction is the main problem in SVP-AO and LVOTO. Interestingly, neonates with 
LVOTO showed the most mature WM microstructure as measured by MD. The majority of 
fetuses with LVOTO has close to normal in utero blood oxygen saturation, especially when 
compared to TGA and SVP-AO, which might play a role in the extent to which microstructural 

CHD groups were more clear in centrally than in peripherally located WM structures, 

microstructural development. 
Several previous studies have suggested that WM immaturity increases the risk of postnatal 
WMI in neonates with critical CHD.10, 24, 33 One study in critical CHD found lower WM FA 
values in a small population of neonates with preoperative brain injury (WMI or focal 
infarction) when compared to neonates without brain injury.10 WMI is suggested to follow 
the pattern of WM microstructural maturation, with the predominant location of white 
matter lesions shifting from posterior to anterior with increasing gestation.34 In neonates with 
critical CHD, WMI is the most common type of acquired brain injury and most likely caused 

14 WMI is associated with poorer 
outcomes at school-age.35

any WM structure were seen between neonates with and without preoperative WMI. Even 
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the PLIC, the most mature WM structure and not involved in WMI in any of the neonates, 

brain immaturity in the onset of ischemic brain injury in neonates with critical CHD remains 
uncertain and this role might be dependent on the exposure to postnatal complications such 
as low cardiac output syndrome.
Changes in DTI are described as linear processes between 37 and 44 weeks PMA.22, 36 The 
percentage of change in FA and MD from preoperative to postoperative time point (14 days 
time) in our population of neonates with critical CHD was lower than previously reported in 
extremely preterm infants until 44 weeks.17, 36 This suggests that the critical intensive care 
period with major cardiac surgery might further delay brain microstructural development 
in neonates with critical CHD. Overall, brain microstructural integrity as measured by FA 
showed higher increase in neonates without ischemic brain injury than in neonates with 

region. The extent to which this brain microstructural developmental delay remains after the 
critical intensive care period warrants further attention. 
Quantifying brain microstructural development in neonates with critical CHD contributes to the 
understanding of brain developmental trajectories in this population with a high risk of brain 
immaturity. Future research including longitudinal MRI in healthy individuals is necessary to 
investigate whether brain microstructural immaturity in neonates with critical CHD extends 
into childhood. There are several limitations to this study. Absolute measurements of brain 

in FA and MD values).22, 37 The used neonatal brain atlas was constructed with data from a 

Conclusions
This study examined brain microstructural development in a longitudinal cohort of neonates 
with critical CHD, using atlas-based DTI analysis. A high degree of agreement in order of 
regions by microstructural maturity was seen between CHD groups and with previous reports 

among CHD groups, with TGA and LVOTO showing the most mature WM microstructure and 
SVP-AO the least mature. Degree of brain microstructural immaturity was not associated with 
an increased risk of acquiring ischemic brain injury. 
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Abstract
 To determine incidence and risk factors of brain injury in infants with critical 

clinically.

Methods: 

bypass at The Hospital for Sick Children Toronto (HSC, N=77) or Wilhelmina Children’s Hospital 

bypass have MRI per clinical protocol; preoperatively (N=100) and postoperatively (N=120). 

Results: 

(P=0.20). Preoperative multifocal injury was associated with low cardiac output syndrome 

had higher rate of balloon-atrioseptostomy (BAS) in transposition of the great arteries (83% 
vs 53%, P=0.01), and preoperative focal injury was more frequent at HSC (27 vs 6%, P=0.06). 
Postoperatively, 30% of new multifocal injury could be attributed to postoperative LCOS, 

was associated with selective cerebral perfusion (SCP) at both sites (OR=2.7). Compared to 

(36 vs 16%, P=0.01). 

Conclusions: Brain injury is common in clinical cohorts of infants with critical CHD and 

published research studies. 
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Introduction

early life cardiac surgery for critical congenital heart disease (CHD).1 Over the last decade, 
MRI studies of young infants with CHD have provided important insights into the nature 
and risk factors of acquired brain injury. Infants undergoing cardiac surgery with the use of 
cardiopulmonary bypass are consistently at the highest risk.2 We recently showed that brain 

associated with worse neurodevelopment through school-age.3,4

Although there is a growing understanding of the spectrum of brain abnormalities in infants 
with critical CHD, the extent of the problem remains uncertain because of inconsistency 

5 In 
particular, it is unclear whether variability in the reported incidence of brain injury simply 

approaches across centers. For example, approaches to transition after birth, postnatal 

acquired brain injury.6

To improve care for young infants with critical CHD and investigate preventive and therapeutic 
options, consistent clinical information on incidence and risk factors of brain injury is highly 
important. Previous studies investigating brain injury in critical CHD included infants by 

aim of our study was to investigate incidence and risk factors of acquired brain injury in a 

approaches to transition after birth, intensive care management and cardiac surgery. At both 
sites, infants were scanned clinically and not for research purposes thereby reducing the risk 
of selection bias, providing a more robust and clinically relevant estimate of the incidence of 
brain injury in this high-risk population. 

Methods

Study population

This is a prospective, observational cohort study including infants with critical CHD who 
underwent open-heart surgery between January 2016 and December 2017 with the use of 

performed per clinical protocol; preoperatively and postoperatively. A total of 124 infants 
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could be enrolled after exclusion of infants with a gestational age <36 weeks (N=1), fetal 

(N=12). Enrolled cardiac defects included: single ventricle physiology with arch obstruction 
(SV-AO, N=33), transposition of the great arteries with intact ventricular septum (TGA-IVS, 
N=45), with ventricular septal defect (TGA-VSD, N=23), with arch obstruction (TGA-AO, 
N=9) and other biventricular physiology with arch obstruction (BV-AO, N=14). Ten infants 

as Ebsteins anomaly, total anomalous pulmonary venous connection and truncus arteriosus. 
At both sites, parental informed consent was obtained for the use of clinically obtained data 
for research purposes.

MRI acquisition

second day of life, 4 postnatal diagnosis with immediate surgery, 8 hemodynamic instability). 

MRI). In HSC, all subjects were scanned in a 1.5T MR system (Siemens, Avanto, Erlangen, 
Germany). The infants were fed and swaddled before imaging and scanned without sedation 
using a 16-channel Siemens Paediatric Head Coil. Infants were not scanned when on 
mechanical ventilation. HSC scanning protocol included: volumetric 3D T1 weighted imaging 

thickness=0.8mm), axial T2 weighted imaging (TE/TR=210/9970ms, FOV=140x140x114mm, 

FOV=213x213x213mm, slice thickness=4mm), axial susceptibility weighted imaging (TE/
TR=40/50ms, FOV=200x200x 119mm, slice thickness=2mm). 3D MR Venography was only 

scanned in a 3.0T MR system (Philips Medical Systems, Best, Netherlands). Infants were 
fed, swaddled in a vacuum cushion and, if necessary, sedated with oral chloral hydrate (50-
60 mg/kg) and scanned using a 32-channel Philips SENSE Head Coil. Infants who required 
mechanical ventilation at the time of MRI also underwent MRI and received continuous 

(TE/TR=4.7/9.7ms, FOV=200x200x132mm, slice thickness=1.2mm), coronal T2 weighted 
imaging (TE/TR=150/4851ms, FOV=180x180x132mm, slice thickness=1.2mm), axial 

thickness=2mm), axial susceptibility weighted imaging (TE/TR=30/53ms, FOV=160x144x90, 
slice thickness = 2mm). 3D MR venography (TE/TR=7.3/20ms, phase contrast velocity = 
5-10cm/s) was performed in all infants. 
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MRI review

All MR images were scored by at least two independent researchers from both sites who were 
blinded for the clinical course (V.C., S.M., N.C., L.V.) for ischemic brain injury, hemorrhagic 
brain injury and cerebral sinovenous thrombosis. Ischemic brain injury included (Figure 

):  Hypoxic-ischemic watershed injury (HI-WS), white matter injury with multiple lesions 

or 2 lesions >2mm), severe (>6 lesions or >2 lesions >2mm or 5% hemisphere involved)), 

stroke. Hemorrhagic brain injury included: cerebellar hemorrhage, subdural hemorrhage, 
intraventricular hemorrhage (grade 1: restricted to germinal matrix or choroid plexus, grade 
2: extension into ventricles, with normal sized ventricles, grade 3: extension into dilated 
ventricles, grade 4: associated intra-parenchymal hemorrhage; based on the intraventricular 
hemorrhage score for preterm infants by Papile et al.7

parenchymal (cerebellar hemorrhage, grade 4 intraventricular hemorrhage) and extra-
parenchymal (subdural hemorrhage, grade 1-3 intraventricular hemorrhage). Susceptibility 
weighted images were used to score hemorrhagic injury. Cerebral sinovenous thrombosis 

8,9

Statistical analysis

Clinical variables were predominantly not normally distributed, therefor non-parametric tests 
were performed and medians (25th/75th centiles) were presented for continuous data. Counts 
(percentage) were presented for categorical data. Missing postoperative MRI data (N=4) 
was not missing at random, and therefor imputed (R, mice package 3.1.0). Incidences for 
preoperative and postoperative brain injury were calculated, and were presented with Poisson 

Mann-Whitney-U test was performed for continuous variables and Fisher-exact test for 
discontinuous variables. Multivariable logistic regression models were built for preoperative 
and new postoperative multifocal and focal brain injury. Model selection was performed 
using a best subset model selection approach (R, leaps package 3.0), with site forced into the 

preoperatively: site, CHD category, prenatal diagnosis, Caesarean section, Apgar score, delivery 
mode, gestational age, birth weight z-score (according to Dutch reference standards10, as the 
Canadian and Dutch population show similar birth weight curves11), balloon atrioseptostomy 

<7.30 and/or requirement of inotropes, at any time between birth and preoperative MRI), 
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preoperative intensive care time (%), brain maturity score; and postoperatively: postmenstrual 
age at surgery, age in days at surgery, duration cardiopulmonary bypass, selective cerebral 
perfusion (SCP, all ante grade, right side), delayed sternal closure, postoperative infection 
(culture proven), postoperative arrhythmias (electrocardiogram proven arrhythmias 

pH <7.30), preoperative brain injury, brain maturity score. Predicted probability with 95% 

age at surgery (cohort divided into 9 categories) and presented as graph (smoothened 4 

1.1.423 was used.

Hypoxic 

between tissues supplied by the anterior, middle and posterior cerebral arteries. 
in both frontal (middle-anterior artery) and occipital (middle-posterior artery) border region of the right 
hemisphere. : bilateral watershed injury in multiple border regions of the middle- and posterior 
artery. Moderate-severe multifocal white matter injury (WMI-multifocal) was characterized by multiple 

, multiple, bilateral white matter 
lesions in the periventricular white matter. : multiple white matter lesions in the periventricular- and 

WMI-multifocal. : single white matter lesion in centrum semiovale. : single lesion in the frontal 

right middle 
cerebral artery stroke involving both cortical grey matter and white matter, at the level of the centrum 
semiovale. : left middle cerebral artery stroke (both anterior and posterior branch) involving cortical 
grey matter, white matter and basal ganglia. : stroke right lentiform nucleus and thalamus. : 
stroke right thalamus. 
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Results
). 

Brain injury 

and 69% at HSC ( ). The clinical pattern of WMI-single was more comparable to 
stroke than to WMI-multifocal ( ). Based on this analysis, moderate-severe WMI-
multifocal and HI-WS were considered multifocal injury, WMI-single and stroke were 
considered focal injury for further analysis. 

10%, P=0.05) with a comparable rate of multifocal ischemic injury. Postoperatively, a higher 

with comparable rate of new multifocal injury ( ).

Three risk factors related to practice approach of preoperative ischemic 
injury 

LCOS and postnatal CHD diagnosis: First, preoperative multifocal injury was associated with 
preoperative LCOS (
vs 28%, respectively) and more common in infants with postnatal CHD diagnosis (47% had 

within the TGA population (52 vs 26%, P=0.05). Postnatal diagnosis was not independently 
associated with preoperative multifocal ischemic injury at both sites (P=0.74). 
BAS in TGA: 

6%, respectively, P=0.06, ). BAS was the single variable selected as a predictor 
of focal injury in best subset selection analysis (OR=3.2, ). In regard to age at 
surgery, infants with TGA without BAS showed less multifocal brain injury when operated 

multifocal injury, however, in eight without BAS and surgery at 8-14 days of life, four (50%) 
had multifocal injury (P=0.06). 
Mode of delivery: 
induced vaginal delivery ( ). At both sites, mode of delivery was not associated with 
CHD group (P>0.10). Comparing infants with induced vaginal delivery or elective cesarean 
(N=39), preoperative multifocal injury was present in 23% and 12% respectively (P=0.37), 

P=0.35). 
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Clinical characteristics and practice approaches by site and heart lesion.

Postnatal characteristics

61 (79) 31 (66) 0.14
39.1 (38.1/39.9) 39.4 (38.7/40.4) 0.14

Prenatal diagnosis 44 (57) 37 (79) 0.02
Heart defect

TGA-IVS 33 (43) 12 (26) <0.001
TGA-VSD 17 (22) 6 (13)
TGA-AO 8 (10) 1 (2)
BV-AO 2 (3) 12 (26)
SV-AO 17 (22) 16 (34)
Preoperative factors

Balloon atrioseptostomy 50 (65) 14 (30) <0.001
Mode of delivery

Spontaneous vaginal 40 (52) 20 (43) 0.01
Induction vaginal 11 (14) 16 (34)
Elective cesarean 18 (23) 3 (6)
Secondary cesarean 8 (10) 8 (17)

5 (7) 0 (0) 0.09
15 (20) 13 (28) 0.38
4 (2-5) 5 (3-7) <0.01

57 (20/100) 83 (39/100) 0.61
Perioperative factors

Age at surgery

32 (42) 16 (34) 0.02
8-14 days 23 (30) 24 (51)
15-30 days 11 (14) 6 (13)
31-60 days 11 (14) 1 (2)
Selective cerebral perfusion 22 (29) 21 (45) 0.05
Delayed sternal closure 41 (53) 20 (43) 0.17

5 (7) 3 (6) 0.65
29 (38) 13 (28) 0.33

Postoperative arrythmias 34 (44) 15 (32) 0.12
12 (7-18) 7 (7-10) 0.03
7 (3/14) 7 (4/12) 0.88

AO indicates arch obstruction; ECMO, extracorporeal membrane oxygenation; HSC, The Hospital for Sick 
Children; IVS, intact ventricular septum; LCOS, low cardiac output syndrome; SV, single ventricle; TGA, 

Median (25/75th centiles) or N(%) is shown. Presented p-values are a result from the comparison between 
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In addition, SV-AO was an independent risk factor for preoperative multifocal ischemic injury 
in multivariable analysis (OR=3.5, ). Within the SV-AO population (N=33), the 

focal injury 17% and 14% respectively (P=0.64). 

Incidences ischemic injury, hemorrhagic injury and sinovenous thrombosis.

HSC WKZ
Comparison 

sites

Cumulative incidence N=77

Ischemic injury 65% (57-74) 69% 60% 0.20

Multifocal injury 44% (35-52) 43% 45% 0.49

Focal injury 32% (24-41) 30% 36% 0.30

Parenchymal hemorrhagic injury 12% (6-18) 12% 13% 0.47

Sinovenous thrombosis 12% (7-19) 10% 15% 0.21

Preoperative incidence N=58

Ischemic injury 30% (21-39) 35% 24% 0.18

Multifocal injury 16% (9-23) 14% 19% 0.33

Focal injury 18% (10-26) 24% 10% 0.05

Parenchymal hemorrhagic injury 8% (3-13) 5% 11% 0.06

injury
49% (39-59) 41% 60% 0.06

Sinovenous thrombosis 4% (0-8) 7% 0 0.08

N=77

51% (42-60) 48% 55% 0.27

Multifocal injury 37% (28-46) 36% 38% 0.49

Focal injury 23% (16-31) 16% 36% 0.01
Parenchymal hemorrhagic injury 

5% (1-9) 6% 2% 0.05

16% (9-23) 23% 7% 0.02

Sinovenous thrombosis 
12% (7-19) 10% 15% 0.21
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 Graphs represent cumulative incidence of 
preoperative and postoperative multifocal injury (green), focal injury (blue) or both types of injury 
(purple): AO indicates arch obstruction; BV, biventricular pathology; CHD, congenital heart disease; IVS, 
intact ventricular septum; SV, single ventricle; TGA, transposition of the great arteries; VSD, ventricular 
septal defect.

Two risk factors related to practice approach of new postoperative ischemic 
injury

Postoperative LCOS: First, postoperative LCOS was the main risk factor for new multifocal 
injury at both sites, and 30% of new postoperative multifocal brain injury could be attributed to 
postoperative LCOS (
vs 28%, all onset within 12 hours after surgery), however, associated with delayed sternal closure 

Infants with SV-AO had higher occurrence of postoperative LCOS than other CHD groups at 

SCP in AO: Second, SCP was the single risk factor associated with new focal brain injury in 
multivariable analysis (

) 
and higher rate of new postoperative focal injury ( ). SCP was not associated with the 
side of new focal lesion (56% right hemisphere, P=0.60). 
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table 

). The predicted probability of new postoperative ischemic brain injury in relation to age at 
surgery in all infants was non-linear ( ). 
Preoperative injury did not increase the risk of new postoperative injury (data not shown). 

), however, postoperative 
age at MRI was not associated with incidence of ischemic brain injury (P=0.22). 

 Best multivariable logistic regression model for preoperative (A) and new postoperative (B) 
multifocal and focal brain injury. 

Multifocal injury Focal injury

Preoperative 

multivariable model 

Preoperative 

multivariable model 

Site* 0.93 Site* 0.24

3.5 (1.1-12.0) 0.04 BAS 3.2 (1.1-9.7) 0.04
† 4.6 (1.4-15.4) 0.01

Postoperative 

multivariable model 

Postoperative 

multivariable model 

Site* 0.38 Site* 0.03
‡ 2.7 (1.2-6.1) 0.01 SCP 2.7 (1.2-6.6) 0.03

Variables were selected based on previous literature. Additionally, tested variables can be found in the 
methods section. BAS indicates balloon atrioseptostomy;  LCOS, low cardiac output syndrome; SCP, 
selective cerebral perfusion; SV-AO, single ventricle physiology with arch obstruction. *Site was forced 

†Preoperative LCOS was associated with postnatal diagnosis. ‡Postoperative LCOS was 
associated with SV-AO, delayed sternal closure, repeat thoracotomy and postoperative arrhythmias.

Incidence and risk factor of hemorrhagic brain injury

The cumulative incidence of parenchymal hemorrhagic injury was respectively 12% and 13% 

was only present in infants born by vaginal delivery and in none born by caesarean (P=0.08). 
), and rate of preoperative 

). New or 
extended postoperative parenchymal hemorrhage occurred at both sites at very low rate at 
both sites ( ).
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:  A. Calculated 
relationship between the probability of cumulative ischemic brain injury and age at surgery in days 

relationship between the probability of new postoperative brain injury and age at surgery in days. 
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injury. 

Characteristics
No injury Stroke 

Gestational age 39.3 (38.4/40.1) 38.2 (38.0/38.5)* 39.1 (38.0/40.1) 39.3 (36.6/39.4)

Birth weight, z-score 0.0 (-0.6/0.7)  -0.5 (-1.3/0.4) 0.2 (-0.9/0.8) 0.3 (-0.2/1.5)

Prenatal diagnosis 69% 88% 71% 60%

Balloon atrioseptostomy 44% 38% 86%* 60%

Clinical variables were compared between infants with no preoperative ischemic brain injury at all, 
with WMI-multifocal (and absence of other ischemic lesions), infants with WMI-single (and absence of 
other ischemic lesions) and infants with stroke (and absence of other ischemic lesions). Ten infants with 
multiple forms of preoperative ischemic brain injury were excluded from this analysis. Median (25th/75th 
percentile) or % is shown. *
using Fisher-exact test/Mann-Whitney-U test. 

Incidence and risk factor of cerebral sinovenous thrombosis  

Before surgery, sinovenous thrombosis was only seen at HSC (P=0.08, ). Placement 
of preoperative and intraoperative central line in the internal jugular vein was more common 

had a central line in the internal jugular vein. New postoperative sinovenous thrombosis was 
associated with a central line placed in the internal jugular vein at both sites (P<0.01). As 
HSC only performed imaging to detect sinovenous thrombosis in case of parenchymal injury, 
no further comparisons between sites could be performed. Infants with new postoperative 
sinovenous thrombosis showed more often a stroke of the basal ganglia (4 out of 12 vs 12 out 
of 122, P=0.04).

Discussion
In the present study, we examined the incidence and risk factors of acquired brain injury 

approaches. In this multi-site cohort scanned as part of routine clinical care, the cumulative 
incidence of ischemic brain injury was high, 65% across both sites. Multifocal ischemic injury 
was associated with preoperative and postoperative LCOS, with similar incidence across sites 

types of ischemic brain injury before and after open-heart surgery in infants with critical 
CHD who were scanned clinically, and shows that the high rate of brain injury in infants with 

research studies.
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In our study, BAS is associated with preoperative focal brain lesions, either stroke or single 
white matter lesion. Over the last years, BAS has been inconsistently reported as risk factor 
for brain injury in infants with CHD.12-16 In our study, a practice approach with routine 
performance of BAS in (almost) all infants with TGA predicted an increased rate of preoperative 
focal ischemic lesions, when compared to a practice approach with performance of BAS only 
in those with hemodynamic instability. In addition, the rate of multifocal injury was not 
lower in infants with BAS when compared to infants without BAS. A previous study showed 
that preoperative multifocal WMI in infants with TGA was associated with a longer time to 
surgery.16

might diminish the risk of acquiring multifocal WMI, especially in those without BAS. Not 
performing routine BAS does not increase the risk of multifocal WMI if surgery is not delayed. 

Optimal timing of surgery to prevent brain injury warrants further attention. Longer time to 
surgery has previously been reported as a predictor of both preoperative and postoperative 
ischemic brain injury in infants with CHD.16,17 Our results suggest, however, that the 
relationship between timing of surgery and the probability of new postoperative ischemic 

with critical CHD did not increase the incidence of multifocal brain injury. As suggested by 

from acquiring ischemic brain injury and other comorbidities.16,18,19

factors for focal injury (interventions: BAS, SCP) and multifocal injury (LCOS). BAS and SCP 
might be the origin of thrombo-embolic events causing acute ischemia in focal regions, mainly 
in the territory of the middle cerebral artery.20 Multifocal white matter injury and hypoxic 

territory. Our results support the hypothesis that WMI-multifocal and HI-WS are the result 
21,22 Critically ill infants 

with critical CHD are at risk of impaired cerebral autoregulation, making cerebral hypoxia-
ischemia less well tolerated during periods of low cardiac output state.23 In addition, brain 
immaturity might even further decrease auto regulatory capacities in these infants, as WMI 
is associated with brain immaturity in previous studies using advanced imaging.14,24 Brain 
maturity scores in this study were similar at both sites and on average lower than reported in 
infants without CHD of comparable postmenstrual age.8,9 The brain maturity score was not 
found as an independent risk factor for either focal or multifocal injury in our study.

and as WMI by others. In our study, single white matter lesions were not associated with lower 
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gestational age and birth weight but were associated with BAS. In contrast, WMI-multifocal 
was associated with lower gestational age and birth weight. This suggests that single white 
matter lesions, or at least a substantial part of them, have the same underlying etiology as 
stroke. In the prediction of neurodevelopmental outcome, tools to help identify brain ischemic 
lesions based on etiology instead of imaging pattern would be useful. In a recent study, we 
showed that WMI was associated with school-age cognitive and behavioral outcome in 
children with critical CHD,3 where focal infarction was not.3,4 We hypothesize that WMI might 

25, we hypothesize 
that the overall damaged white matter might lead to impaired neurodevelopment, rather than 

New or extended postoperative parenchymal hemorrhage occurred at very low rate at both 
cohorts, despite the use of heparin and blood products. Preoperative hemorrhage was in most 
cases extra-parenchymal and related to mode of delivery at birth, with a higher incidence of 
preoperative hemorrhagic injury at the site with a practice preference for vaginal delivery 
instead of cesarean section. Extra-parenchymal hemorrhage is also present in the healthy 
term born population.26

Presence of sinovenous thrombosis was associated an internal jugular vein central line, and 
sinovenous thrombosis occurred at a higher rate preoperatively in the cohort with routine 

the association of sinovenous thrombosis with focal basal ganglia infarction in infants with 
critical CHD, with an internal jugular vein catheter as the main risk factor.27

contribute to the understanding of timing and etiology of brain injury in infants undergoing 
complex cardiac surgery for critical CHD. This study also has several limitations. Both sites 

lesions. However, all MRI scans were reviewed by one researcher from each site with the 

comparison of all CHD groups separately and rare CHD defects were excluded. In the present 

parameters to modify to prevent brain injury in the infant with CHD. For this study, we 
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included infants born in 2016-2017 in order to examine a contemporary cohort. The timing of 
this study excluded the possibility to examine long-term neurodevelopmental outcome.

Conclusions
Brain injury is a common comorbidity in infants with critical CHD, with an incidence of 65% 

research studies. 
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Abstract
This study describes the clinical and neuroimaging characteristics of cerebral 

sinovenous thrombrosis (CSVT) in neonates undergoing cardiac surgery.

Methods: Forty neonates (78% male) requiring neonatal univentricular- or biventricular 
cardiac repair using cardiopulmonary bypass were included. All underwent preoperative 
(median postnatal day 7) and postoperative (median postoperative day 7) magnetic resonance 
imaging of the brain, including venography, to detect CSVT. Clinical characteristics were 
compared between CSVT positive and CSVT negative neonates. 

Results: Postoperatively, CSVT was diagnosed in 11 neonates (28%), with the transverse 

thrombosis were seen in 3 cases (8%). Focal infarction of the basal ganglia and thalamus was 

positive neonates spent more time at the intensive care unit preoperatively (p=0.001), had 
lower weight (p=0.024) and lower postmenstrual age (p=0.030) at surgery and prolonged 
use of a central venous catheter (p=0.023) and a catheter placed in the internal jugular vein 

postoperative CSVT positive and CSVT negative neonates.

Conclusions: CSVT might be more common than previously understood in neonates 
undergoing cardiac surgery. In our study, CSVT was associated with higher risk of additional 
intra-parenchymal brain injury. 
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Introduction
Major advances in cardiac surgical technique, together with improvements in perioperative 
intensive care management have increased the survival rate of infants with even the most 
critical forms of congenital heart disease (CHD) substantially over the past few decades. 
However, the high rate of altered brain development and structural brain injuries remain 
reason for concern, especially regarding the serious neurodevelopmental impairments in 
survivors with congenital heart disease.1-4

Due to the increased use and sensitivity of neuroimaging in at risk infants, cerebral sinovenous 
thrombosis (CSVT) is more often recognized. The incidence of neonatal CSVT is low 
(estimated at 1-12/100,000 live births), but may have serious consequences for short-term 
and long-term neurodevelopmental outcome.5, 6 Outcome studies after neonatal CSVT have 
shown an increased risk of developmental impairments and epilepsy, especially when CSVT 
is accompanied by intra-parenchymal brain lesions.6-9 Risk factors for CSVT are increasingly 
reported in literature, suggesting a multifactorial origin of maternal (preeclampsia, gestational 
diabetes), perinatal (complicated delivery, asphyxia, prematurity) and neonatal (systemic 
illness, infection) contributors.5, 6 Early CSVT diagnosis provides an opportunity to prevent 
propagation of the thrombus by initiation of anticoagulation therapy.10 
A previous study from our institution showed that CSVT is a common diagnosis in infants 
undergoing complex neonatal cardiac surgery.11 Generally, the presence of a cardiac 
malformation is described as a risk factor for the development of CSVT, 5, 6 but little is known 
about the characteristics and risk factors of this interaction.
The aim of this study is to describe the clinical and neuroimaging characteristics of CSVT in 
a cohort of infants with critical CHD undergoing neonatal cardiac repair. The secondary aim 
is to compare clinical variables and neurodevelopmental outcome parameters between CSVT 
positive and CSVT negative neonates with CHD.

Methods

Study population

All neonates with critical CHD born between 2009 and 2016 requiring neonatal cardiac 
surgery with cardiopulmonary bypass (CPB) at the Wilhelmina Children’s Hospital Utrecht, 
who underwent preoperative and postoperative MRI of the brain (in context of research or 

population includes a research cohort (2009-2012) of neonates included in a randomized 
controlled trial comparing the incidence of new postoperative brain injury between two 
intra-operative perfusion techniques.11 For this study, 21 eligible neonates were not included 

cohort consisted of 37 patients, of which 8 were excluded for this study because of incomplete 
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Since 2016,  preoperative and postoperative MRI of the brain are part of standard clinical care 
in neonates undergoing complex cardiac surgery. 11 neonates born between January 2016 

previously mentioned randomized controlled trial (Clinical Trial Registration Information 
http://clinicaltrials.gov; NCT01032876) and gave permission to use the clinically obtained 
MRI data from January 2016 onwards for research purposes.

Magnetic resonance imaging protocol

Preoperative MRI was performed the day prior to surgery or the day of surgery. MR imaging 
was performed on a 1.5T MR system (2009-2012; Gyroscan ACS-NT, Philips Medical Systems, 
Best, The Netherlands) or a 3.0T MR system (from 2013 onwards; Achieva, Philips Medical 
Systems, Best, The Netherlands). Neonates who required mechanical ventilation at the time 
of MRI received continuous sedation by morphine, midazolam and rocuronium. Neonates 
without mechanical ventilation were fed, swaddled in a vacuum cushion and if necessary 
sedated with chloral hydrate (single dose 50-60 mg/kg). All neonates received two layers of 
hearing protection. During the MRI oxygen saturation, heart rate and respiratory rate were 

and axial susceptibility weighted sequences. Also, phase-contrast 3D MR venography (MRV) 
was performed (1.5T protocol:, repetition time=16ms, echo time=6.6ms, phase contrast 
velocity=15cm/s, 3T protocol: repetition time=20ms, echo time=7.3ms, phase contrast 
velocity=10cm/s). 

Cerebral sinovenous thrombosis and additional brain injury

All MR images were reviewed by a neonatologist and pediatric radiologist with extensive 
experience in neonatal cerebral imaging, who were blinded for clinical characteristics of the 
neonates. T1 weighted- and MRV images were reviewed for presence of CSVT. Phase contrast 

velocities are lower than in adults.12, 13

of the skull and head position.14, 15 In addition, all neonates with suspicion of CSVT underwent 

). Neonates without 
postoperative T1, MRV and ultrasound were excluded from this study. MR images were 
also reviewed for presence and severity of white matter injury (WMI), (focal) gray matter 
infarctions and intra-parenchymal hemorrhages.
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Perioperative protocol

Between birth and surgery all neonates were admitted to the pediatric cardiology ward or 
pediatric intensive care unit (in case of need for respiratory and/or circulatory support). 
Preoperative preparation of the neonate included placement of a central venous catheter 
(CVC), preferably placed in the subclavian vein. For neonates who required a new CVC or had 
an unsuccessful CVC placement in the subclavian vein, CVC was placed in the internal jugular 
vein. X-ray was performed to evaluate location and side of CVC directly after placement in all 
infants. 
By standard protocol all neonates received tranexamic acid 25 mg/kg in 30 minutes at start 
of surgery, with afterwards continuation by 10 mg/kg/hour during the rest of surgery. At the 
moment of median sternotomy, heparin 3-4 mg/kg was administered with administration 
of protamine sulfate 3-4 mg/kg at the end of surgery. Activated clotting time was frequently 
measured during surgery (>440 seconds aimed) and postoperatively at the intensive care 
(100-160 seconds aimed, with extra admission of protamine sulfate if necessary). Neonates 

Neonates undergoing an arterial switch procedure or truncus arteriosus correction were 

was chosen as perfusion technique by standard double venous cannulation. In neonates who 
underwent Norwood surgery or shunt placement, postoperative prophylactic anticoagulation 
therapy (heparin 10 IE/kg/h) was initiated as soon as drain production was below 0.5 mL/
kg/h. 

Clinical variables

weight (BW) z-scores were measured using the Dutch neonatal reference charts.16 Cardiac risk 
categories and risk adjusted congenital heart surgery scores (RACHS) were calculated.17 As 
the number of days between birth and surgery were variable, preoperative time spent at the 
intensive care and on mechanical ventilation was calculated in percentage of total time between 
birth and surgery. Regarding the postoperative period, number of days at the intensive care 

in combination with clinical signs of infection (temperature instability, decreased (<4000/
mm3) or elevated (>12000/mm3) white blood cell count). Only postoperative infections 
diagnosed prior to the postoperative MRI were taken into account. Preoperative requirement 

hours after surgery, dosage of furosemide (mg/kg) was additionally calculated. Postoperative 
transfusions of erythrocytes, platelets and fresh frozen plasma were reviewed (mL/kg). 
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prothrombin complex). All neonates were monitored with continuous amplitude-integrated 

(subclinical) seizures. Neurodevelopmental outcome at the age of 2 years was measured using 
the Dutch Bayley score of infant and toddler development, third edition (Bayley-III-NL, 2006; 
Amsterdam, Pearson Assessment and Information BV). Outcome assessment was available in 

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics ® version 21.0. An independent 

variables between CSVT positive and CSVT negatives neonates depending on type of variable 
and normality of distribution. Patient characteristics, preoperative and perioperative factors 
were compared between all CSVT positive and CSVT negative neonates. Fluid balances, 
surgical and postoperative factors were compared between new postoperative CSVT positive 
and CSVT negative neonates. Comparison analysis was also performed between neonates with 
new postoperative CSVT and CSVT negative neonates. Univariable linear regression analysis 
was used to explore the relation between PMA and weight at surgery. Bivariate logistic 

Because of the small sample size, no multivariable logistic regression analysis was performed. 

Results 
Forty neonates with critical CHD (diagnoses are shown in ) were included, in whom 
both preoperative (median postnatal day 7) and postoperative (median postoperative day 7) 
MRI were performed. Baseline characteristics are presented in .

CSVT characteristics

Eleven infants (28%) were diagnosed with CSVT at postoperative MRI. Preoperatively, signs 
of thrombosis were seen in three neonates (8%) but all without complete obstruction of the 
sinus(es). In all with preoperative signs, the thrombosis had worsened at postoperative MRI 
to complete obstruction. As shown in  the transverse sinus was involved in all 
(100%) with continuation into the sigmoid sinus in seven (64%) and into the jugular vein in 

in one (9%). In ten CSVT positive cases multiple sinuses were involved (91%). Representative 
images are provided in .
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Included cardiac diagnoses by risk adjustment for congenital heart surgery (RACHS) score. 

CHD categories

TGA 4

Coarctation of the aorta 2

Hypoplastic left heart complex 5

1

Interrupted or Hypoplastic aortic arch 2

7

2

5

Truncus arteriosus 1

RACHS category 6

SVP Left sided obstruction 9

SVP Right sided obstruction 2

ASD indicates atrial septal defect; TGA, transposition of the great arteries; SVP, single ventricle physiology; 
VSD, ventricular septal defect.

Comparison of clinical characteristics 

negative neonates ( ). One CSVT positive neonate was very large for gestation (BW 
z-score 2.78) due to maternal gestational diabetes. For BW z-score, larger deviations from 
zero were seen in CSVT positive neonates (median |0.85| versus |0.45|, p=0.020) than in 
CSVT negative neonates, showing that CSVT positive neonates are relatively small and large 
for gestation. CSVT positive cases spent relatively more preoperative time at the intensive care 
unit (mean 5 out of 8 days versus 3 out of 12 days, p=
on mechanical ventilation (mean 3 out of 8 days versus 2 out of 12 days) when compared to 
CSVT negative neonates. 

surgery in CSVT positive neonates (R2=0.485, p=0.02) but not in CSVT negative neonates 
(R2=0.02, p= 0.446, ). However, CSVT positive neonates had lower PMA at surgery 
(median 39.1 versus 41.1 weeks, p=0.03) than CSVT negative neonates, as well as a lower 
weight (median 3000 versus 3600 grams, p=0.024). Also, CSVT positive cases had not yet 

grams, p=0.002). 
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sagittal, (1b) axial and (1c) coronal view are shown. The cerebral venous drainage system consists of the 

sigmoid sinuses and internal jugular veins) and deep sinus system (basal veins draining into internal 
cerebral veins uniting into the inferior sagittal sinus continuing into vein of Galen and straight sinus), 
which congregate at the base of the superior sagittal sinus 10, 24. The second row shows three neonates with 
cerebral sinovenous thrombosis (CSVT), with (2a) occlusion of the superior sagittal sinus and straight 
sinus, (2b) occlusion of the left transverse sinus and sigmoid sinus and (2c) occlusion of the left transverse 
sinus, sigmoid sinus and internal jugular vein. In the third row, the corresponding T1 weighted images can 
be found with high signal intensity of the thrombus.
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Involved sinuses in cerebral sinovenous thrombosis. Eleven neonates (28%) showed CSVT at 

time point are shown by the graph bars.  

Age and weight at time of surgery. Association of postmenstrual age (x-axis, in weeks) and 
weight at surgery (y-axis, in grams) for CSVT positive (red closed dots) and CSVT negative neonates (open 
dots).
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CSVT positive cases had prolonged presence of a CVC (median 8 versus 7 days, mean 10 versus 
6 days, p=0.023), with a CVC placed in the internal jugular vein more often compared to CSVT 
negative neonates (4 out of 11 versus 2 out of 29, p=0.039). In 9 out of 11 patients (82%) side 

Comparison of surgical and postoperative factors between new postoperative CSVT positive 
neonates (so excluding 3 neonates with signs of thrombosis preoperatively) and CSVT negative 

).  
Bivariate logistic regression analysis (
CSVT development and preoperative time at the intensive care unit (OR=1.043) and duration 
of CVC (OR=1.206), and inverse relationships between CSVT and PMA at surgery (OR=0.485), 
as well as weight at surgery (OR=0.844). 

Bivariate logistic regression analysis. 

Clinical risk factor P

0.004 1.043 1.014-1.073

0.013 0.485 0.274-0.857

0.032 0.844 0.723-0.985

0.035 1.206 1.013-1.434

Odds Ratio.

Neurological injury and neurodevelopment

Nine (82%) CSVT positive neonates showed severe new postoperative brain lesions, compared 
to 21 (72%) of the CSVT negative neonates (p=0.696, ). Focal infarction of the basal 

in incidence of moderate-severe WMI between CSVT positive and CSVT negative neonates (6 
out of 11 versus 20 out of 29). Postoperatively, electrographic seizures were seen in four CSVT 
positive neonates (36%) versus seven CSVT negative neonates (24%, p=0.345). All neonates 
with electrographic seizures showed new postoperative brain lesions. Anticoagulation therapy 

performed in 10 out of 11 CSVT positive cases, and none of these infants had developed new 

score between CSVT positive and CSVT negative neonates ( ). Neonates with a basal 
ganglia and/or thalamus infarction showed lower motor scores than infants without (mean 
93 versus 103, p=0.08). Three neonates (7.5%) were diagnosed with cerebral palsy (gross 

diagnosed with CSVT. 
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Neurological injury and neurodevelopment

Postoperative brain injury
CSVT negative CSVT positive 

P

Postnatal age at preoperative MRI (days)* 7 (6-12) 6 (4-8) 0.135

Postoperative age at postoperative MRI (days)* 6 (5-8) 7 (6-9) 0.511

New postoperative moderate-severe brain injury† 21 (72) 9 (82) 0.696

Moderate-severe white matter injury 20 (69) 6 (55) 0.469

Focal infarction Basal Ganglia 3 (10) 5 (46) 0.025

Subclinical postoperative seizures 7 (24) 4 (36) 0.345

Neurodevelopment N=26

Age at BSITD-III (years) 2.0 (2.0-2.1) 2.0 (2.0-2.1) 0.965

BSITD-III cognitive composite score 100 (90-113) 98 (91-104) 0.354

BSITD-III motor composite score 103 (88-113) 100 (100-103) 0.534

Cerebral palsy 2 (7) 1 (9) 0.652

Comparison of MRI brain injury and neurodevelopmental outcome at the age of 2 years between CSVT 
negative and CSVT positive neonates. Bold indicates a p-value < 0.05. Median (IQR) or N(%) is shown. 
BSITD-III indicates Bayley score of infant and toddler development, third edition; CSVT,  Cerebral 
sinovenous thrombosis. 

Discussion
This study showed that CSVT might be more common than previously understood in neonates 
undergoing cardiac surgery for critical CHD, and examined the clinical and neuroimaging 

management likely contribute to variability in CSVT incidence and characteristics between 
centers. 
Focal infarctions of the basal ganglia and thalamus were more frequent in neonates with 
postoperative CSVT than without, and children with this type of infarction showed lower motor 
scores at the age of two years. In previous work on CSVT, involvement of multiple sinuses 
was described to be associated with both venous and arterial (hemorrhagic) infarctions of the 
basal ganglia and thalamus.6, 9, 18-20 In case of CSVT, venous pressure increases in the occluded 
vessels causing brain tissue venous congestion, vasogenic edema and increased capillary 
pressure leading to secondary (hemorrhagic) infarction.21 Future research might focus on 
the coexistence of CSVT with intra-parenchymal infarctions, and whether these injuries are 
caused by the same (pro-thrombotic) determinants. 
In our population, electrographic seizures were as frequent in CSVT positive as in CSVT 
negative neonates, likely due to the similar overall incidences of brain injury.22 Neonatal 

5, 6, 9, 21 Most of these signs (lethargy, poor 
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feeding, changes in muscle tone) are hard to assess in postoperatively sedated neonates, 
which underlines the importance of early appropriate neuroimaging and neuro-monitoring 
after neonatal cardiac surgery. 
All neonates with critical CHD are exposed to the CPB circuit in early life and this in itself 
might be a risk factor for the development of CSVT. CPB takes over cardiac and pulmonary 
function during cardiac surgery using external membrane oxygenation to exchange oxygen 
and carbon dioxide, with both arterial and venous cannulas placed in the patient. Due to the 
large size of the cannulas, changes in intravenous pressure and embolisms, the endothelial wall 
of the venous system can be damaged during CPB, activating the local coagulation system.23, 

24

but similar to CPB, was predictive of CSVT in several previous studies in both neonates and 
children.6, 18

CSVT positive and CSVT negative neonates. Future studies with inclusion of neonates 

Previous research has shown that hypercoagulable and pro-thrombotic state increases the risk 
of CSVT development in infancy and childhood.5, 25 Subjects in our study all underwent the 
same perioperative coagulation protocol with standard use of heparin and protamine sulfate. 
Postoperatively, protamine sulfate was only administered when activated clotting time 
remained above reference value (>160). Remarkably, none of the neonates who required extra 
postoperative protamine sulfate developed CSVT. A recent study underlined the challenges 
of anticoagulation therapy in neonates, as there is a wide range of baseline antithrombin 
levels in neonates.26

important role in the development of CSVT after neonatal cardiac surgery. 
Longer use of a CVC was seen in neonates who developed postoperative CSVT, and in the 

endothelial damage of the vessel wall, which is associated with (locally) elevated coagulation 
factors.23 Also, CVC entails a risk of line-associated thrombosis. In this study we showed 
that a CVC placed in the internal jugular vein (instead of the subclavian- or femoral vein) 

part of the cerebral venous circulation. However, it should be considered that placement of 

reserved for children who required a second CVC or had an unsuccessful CVC placement in 
the subclavian vein. We recommend to avoid placement of the CVC in the internal jugular 
vein in neonates undergoing cardiac surgery, and if placement in the internal jugular vein is 
necessary, prophylactic initiation of anticoagulation therapy should be considered, as well as 
in the case of prolonged CVC requirement.
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positive and negative children. In literature, Prognosis of CSVT seems highly dependent on 
the extent of additional brain lesions.5, 9, 27 In our study, all CSVT positive neonates received 
anticoagulation therapy (low molecular weight heparin) for 3 months (with follow-up MRI at 
that age). Lack of anticoagulation therapy is predictive of clot propagation in neonatal CSVT,27, 

28 which is accompanied with higher rates of additional brain injury. In our population, none 
of the neonates with CSVT developed (new) intra-parenchymal hemorrhages after initiation 
of anticoagulation therapy.

neonates with critical CHD are prone to develop CSVT. However, it should be mentioned 

Limitations of the study include the relatively small sample size, as only subjects with pre- and 
postoperative MRI of the brain were included. 3T MR imaging was only used in CHD neonates 

in presence of CSVT or additional brain lesions were seen between neonates scanned with 
the 1.5T or 3T MRI protocol. Our study design did not allow analysis of the timing of onset of 
CSVT, as no imaging of the brain was performed between surgery and postoperative MRI of 
the brain. By the retrospective design of this study, it was not possible to investigate the role 
of coagulation system maturity in the development of CSVT. 

Conclusions
From this study we conclude that CSVT might be more common than previously understood 
in neonates undergoing cardiac surgery for critical CHD. Proposed risk factors include lower 
postmenstrual age and weight at time of surgery, as well as, the use of internal jugular vein 

and surgical strategies. In our study, CSVT was associated with higher risk of additional intra-
parenchymal brain injury. Early diagnosis of CSVT allows early initiation of anticoagulation 
therapy, helping to prevent additional brain injury. 
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Abstract
 To assess the impact of perioperative neonatal brain injury and brain volumes on 

neurodevelopment throughout school-age in children with critical congenital heart disease 
(CHD). 

Method: Thirty-four survivors of neonatal cardiac surgery (27 males) were included. Neonatal 
preoperative and postoperative cerebral MRI had been performed, and neurodevelopment 
was assessed at 24 months (SD 0.7, N=32, using Bayley Score of Infant and Toddler 
Development, Child Behavior Checklist) and six years (5 years and 11 months (SD 0.3), N=30, 
using Movement Assessment Battery for Children, Wechsler Preschool and Primary Scale of 
Intelligence, Child Behavior Checklist, Teacher Report Form). Brain injury, brain volumes and 
cortical measures were related to outcome with adjustment for maternal educational level.

Results: Two year cognitive score and six year full-scale IQ were poorer in children with 
neonatal white matter injury (WMI, N=21, all p<0.05), with higher teacher-reported attention 
problems (p=0.03). Five out of six children with involvement of the posterior limb of the 
internal capsule (PLIC) showed motor problems (p=0.03). Children with a below-average 
full-scale IQ (<85, N=9) showed smaller volumes of basal ganglia and thalamus (-8%, p=0.03) 
and brain stem (-7%, p=0.03). 

Conclusions:

with critical CHD who acquire perioperative neonatal brain injury. 
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Introduction
The survival of children with the most critical forms of congenital heart disease (CHD) 
requiring neonatal open-heart surgery has increased enormously over the last decades.1 Still, 

2 This 

quality of life.3

Numerous studies in neonates requiring cardiac surgery have reported a high prevalence of 
neonatal white matter injury, grey matter focal infarctions and other types of brain injury, 
before and after the surgical procedure.4-7

problems, major cardiac surgery with use of cardiopulmonary bypass and postoperative 
(circulatory) complications all contribute to the onset of acquired brain injury in the vulnerable 
newborn period.5-7 Additionally, reductions in brain volumetric growth, cortical folding and 
microstructural white matter maturation are well recognized in this high-risk population, 
compared to healthy controls.7, 8 In fetuses and neonates with critical CHD, chronically 
decreased oxygen and nutrient delivery disturbs optimal cerebral development, resulting in 
slower brain growth with delayed maturation when compared to healthy controls.9, 10 Little 

development in survivors of neonatal cardiac surgery. This knowledge however is of important 
prognostic value in the clinical management of children with CHD. 
Here, we investigated preoperative and postoperative neonatal brain injury using MRI in 
terms of white matter injury and (cortical- or deep) grey matter focal infarctions, in relation 
to motor, cognitive and behavioral outcome up until school-age in children with critical 
CHD. As a secondary objective, we examined the association of neonatal brain volumes and 
cortical measures with neurodevelopment. We hypothesized that children with neonatal brain 
injury would show poorer neurodevelopmental outcome than children without brain injury. 
Secondly, we postulated that increased neonatal brain volumes and cortical measures would 
be associated with improved neurodevelopment. 

Methods

Participants

The study population consists of a cohort of 34 children with an aortic arch obstruction 
requiring neonatal single ventricle or biventricular repair with cardiopulmonary bypass 
that were part of a randomized controlled trial performed between 2009 and 2011 in the 
Wilhelmina Children’s Hospital, Utrecht, The Netherlands. Details of inclusion and exclusion 
criteria can be found in the paper by Algra et al.4 The original study population consisted of 37 
patients, of which three died in or shortly after the neonatal period. Ethical approval was given 
and parental informed consent was obtained.
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MRI protocol and brain injury review

All children underwent MRI of the brain before (preoperative MRI, day or morning prior to 
surgery) and after neonatal cardiac surgery (postoperative MRI, within 10 days after surgery) 
on a 1.5-Tesla MRI (Philips Medical Systems, Best, The Netherlands). Details of the scanning 
protocol and MR setting are listed in the report by Algra et al.4 All MR images were analyzed 
qualitatively for the presence of white matter injury (WMI) and grey matter focal infarction(s). 

).6 Two WMI subgroups were 

as an infarction of the cortical grey matter and/or deep grey matter (basal ganglia and/or 
thalamus). Involvement of the posterior limb of the internal capsule (PLIC) was reviewed. 

White matter injury. Axial inversion-recovery images display: A: Mild WMI was scored as 
1-3 white matter foci <2mm. This neonate had one periventricular focus < 2mm. B: Moderate WMI was 
scored as 3-6 white matter foci < 2mm or 1-2 white matter lesions of 2-4 mm. This neonate had three 
periventricular foci <2mm and two periventricular lesions of 2-4mm. C: Severe WMI was scored >6 white 
matter foci < 2mm, > 2 white matter lesions of 2-4 mm or any white matter lesion >4mm. This neonate 
had 5 foci < 2mm, 3 lesions of 2-4mm and 1 lesion >4mm. 

Brain volumes and cortical measures

Axial T2 weighted images were automatically segmented ( ), using a convolutional 
neural networks method.11 The results of automatic segmentation were visually inspected 

neonate (which was excluded from this analysis). For this study, postoperative volumes 
(mL) were obtained of the following tissues: cerebellum (CB), basal ganglia and thalamus 
(BGT), unmyelinated white matter (UWM), cortical grey matter (CGM) and brain stem (BS) 
(measured until the caudal part of the cerebellum). This segmentation method accurately 
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structure into account in this study. Total brain volume (TBV) was considered the combined 
volume of all six brain tissues (CB, BGT, UWM, CGM, BS and myelinated white matter). In 
addition, two cortical measures were calculated: inner cortical surface (iCS, cm2, total surface 

iCS and a 
smooth hull around the brain (i.e. simulation of a cortex without any folds). For this study, we 
only examined the postoperative brain volumes in relation to neurodevelopmental outcome, 
which were available in 33 neonates.

segmentation of T2 weighted images. Axial images are shown at the level of the centrum semiovale (upper 
left), level of the basal ganglia (upper right) and level of the brainstem and cerebellum (lower left).  

Outcome assessment

Two year follow-up was completed by 32 children; two parents refused two year follow-up (but 
did attend six year follow-up). Children were assessed using the Dutch Bayley Scales of Infant 
and Toddler Development, Third Edition (Bayley-III-NL),12
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scaled score (mean: 10 ±3), motor composite score and cognitive composite score (mean: 
100 ±15). Two year outcome of this cohort has partly been published in a previous study.13 Six 
year follow-up was completed in 30 children; one child died and three children did not attend 
the second follow-up (but did attend two-year follow-up). Motor development was assessed 
with the Dutch Movement Assessment Battery for Children, Second Edition (MABC-II-NL).14 
Total motor score with corresponding percentile was calculated (mean: 10, 50th percentile). 

th percentile. Intelligence quotients (mean: 100 
±15) were examined using the Dutch Wechsler Preschool and Primary Scale of Intelligence, 
Third Edition (WPPSI-III-NL).15

Standardized parent-reported (at two and six years) and teacher-reported questionnaires (at 
six years) were used in the assessment of child emotional and behavioral problems (Child 
Behavior Checklist and Teacher Report Form). Six syndrome scales were calculated with three 

Hague, The Netherlands: https://www.cbs.nl/).

Statistical analysis

Statistical analyses were performed using IBM SPSS ® version 21.0. The independent t-test 
or Wilcoxon rank sum test (depending on normality of distribution and homogeneity of 

parameters between children with and without moderate-severe WMI. A general linear 
model including maternal education level (covariate) was used to calculate the corrected 

analyze whether there was a relationship between PLIC involvement and motor problems. It 
was not possible to calculate adjusted ORs, because of the low event rate.16 Brain volumes and 
cortical measures were normally distributed and corrected for postmenstrual age (PMA) at 

was performed. Again, it was not possible to calculate adjusted ORs, because of the low event 
rate.16  Linear regression analysis was performed to analyze the association between neonatal 
brain volumes and cortical measures (independent variable) and neurodevelopmental 
outcome scores (dependent variable). Number of hospital admissions and cardiac surgeries 
(until the age of six) did not show a relationship with neonatal brain injury, brain volumes 
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or neurodevelopmental parameters, and these variables were therefor not included in the 

Results
Demographic and medical characteristics of the 34 included children are provided in table 

was 5 years and 11 months (SD 0.3). Preoperative neonatal MRI was performed at mean 10 
days (SD 6) after birth with a mean PMA of 40 weeks and 4 days (SD 1.6). Postoperative MRI 
was performed at mean 8 days (SD 4) after surgery with a mean PMA of 41 weeks and 6 days 
(SD 1.7). 
Mean composite cognitive score at two years was 102 ±17 and mean composite motor score 
was 101 ±11. At six years, mean full-scale IQ was 94 ±17, mean verbal IQ was 98 ±17, mean 
performance IQ was 97 ±18 and mean processing speed was 85 ±13. On average, the children 
scored on the 20th ±21 percentile for total motor score at six years. Regarding behavioral 
outcome, mean parent-reported total problem score was 49 ±12 and mean teacher-reported 
problem score was 50 ±9 at six years. A below-average full-scale IQ  (<85) at the age of six 
years was seen in nine children, average full-scale IQ (85-115) in 18 and above-average full-
scale IQ (>115) in three. Two children received special education at the age of six years and both 

between neonates with single ventricle or biventricular physiology (data not shown). Similarly, 
no associations were seen between motor, cognitive or behavioral parameters and number of 
intensive care admissions or cardiac surgeries after the neonatal period (data not shown).

Neonatal brain injury in relation to cognitive and behavioral outcome

At preoperative MRI, moderate-severe WMI was seen in 12 children. At postoperative MRI, 
moderate-severe WMI was seen in 21 children. All children with preoperative moderate-severe 
WMI showed new moderate-severe WMI at postoperative MRI. Lower cognitive composite 
score (-11 points) at two years and lower full-scale IQ (-14 points, all p <0.05) at six years were 
seen for children with neonatal moderate-severe WMI ( ). Moderate-severe WMI was 

preoperative or postoperative neonatal (cortical- or deep) grey matter focal infarction(s) 
(N=9, data not shown). 

Neonatal brain injury and motor outcome

Motor problems at the age of six were seen in 12 children. Three children had cerebral palsy 
(two level I and one level II-III): one had postoperative middle cerebral artery stroke, one 
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preoperative and new postoperative severe bilateral WMI, and one postoperative severe 
bilateral WMI and a focal infarction in the right thalamus. All children with cerebral palsy 
received physical therapy from early infancy onwards. Nine children scored at or below the 
5th

neonatal cardiac surgeries or hospital admission were seen between children with and without 

the 5th percentile).

Baseline characteristics of the study population. 

27

39.1 (38.7/40.0)

3380 (3104/3581)

21

10 (8/14)

11

Left sided 7

Right sided 4

23

Hypoplastic left heart complex 5

Taussig-Bing anomaly 4

Interruption/Coarctation with hypoplasia of aortic arch 14

Mild 4

Moderate 8

Severe 4

Mild 6

Moderate 9

Severe 12

13

Low 5

Middle 18

High 11

WMI indicates white matter injury. This study population has been described previously in Algra et al.4
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Neonatal white matter injury (WMI) and neurodevelopmental outcome at two and six years. 

 

 
median 

th/75th 

median 
th/75th 

Uncorrected Corrected 

Motor functioning

Motor composite score 104 (101-108) 101 (89-109) -3 (-11 to 4) -4 (-12 to 4)

Fine motor scaled score  12 (10-15) 12 (11-14) 0 (-2 to 2) 0 (-2 to 2)

Gross motor scaled score 9 (8-10) 8 (6-9) -1 (-3 to 1) -1 (-3 to 1)

Cognitive functioning 

Cognitive composite score 105 (89-129) 96 (91-105) -9 (-23 to 5) -11 (-22 to -1)

Total problem scale -4 (-12 to 5) -3 (-11 to 5)

Internalizing problem scale -4 (-12 to 5) -3 (-11 to 5)

Externalizing problem scale -4 (-13 to 4) -4 (-13 to 5)

6 years N=9

Motor functioning 

Total motor score 7 ±3 6 ±3 -1 (-3 to 2) -1 (-3 to 2)

Total motor score percentile 25 ±26 15 ±18 -8 (-27 to 10) -8 (-27 to 11)

Cognitive functioning

Full scale IQ 101 (91-113) 85 (78-103) -14 (-29 to 2) -14 (-29 to 0)

Verbal IQ 106 (93-115) 91 (84-113) -9 (-24 to 6) -10 (-24 to 5)

Performance IQ 100 (91-119) 89 (82-103) -13 (-28 to 2) -13 (-28 to 2)

Processing Speed 91 (86-93) 79 (73-94) -10 (-22 to 2) -10 (-22 to 2)

Total problem scale 52 (43-54) 47 (38-57) 0 (-12 to 12) 0 (-12 to 12)

Internalizing problem scale 47 (45-49) 47 (42-61) 2 (-7 to 10) 2 (-10 to 13)

Externalizing problem scale 48 (40-60) 48 (39-54) -3 (-13 to 7) -3 (-13 to 7)

Emotionally reactive 55 (51-59) 51 (50-61) 0 (-8 to 8) 0 (-8 to 8)

Anxious/Depressed 50 (50-51) 51 (50-53) 2 (-1 to 4) 2 (-1 to 5)

Somatic complaints 50 (50-53) 51 (50-54) 3 (-3 to 8) 3 (-3 to 9)

Withdrawn/Depressed 51 (50-51) 51 (50-61) 4 (-1 to 8) 4 (-3 to 10)

Sleep problems 50 (50-53) 50 (50-52) 0 (-4 to 4) 0 (-4 to 4)

Attention problems 50 (50-53) 53 (50-60) 4 (-3 to 10) 4 (-3 to 10)

Aggressive problems 51 (50-62) 50 (50-54) -2 (-7 to 3) -2 (-7 to 3)
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Neonatal white matter injury (WMI) and neurodevelopmental outcome at two and six years.
(Continued) 

 

 
median 

th/75th 

median 
th/75th 

Uncorrected Corrected 

6 years N=9

Total problem scale 49 (38-53) 50 (44-60) 7 (-2 to 15) 6 (-2 to 15)
Internalizing problem scale 46 (40-54) 48 (42-57) 3 (-5 to 11) 3 (-5 to 11)
Externalizing problem scale 44 (41-51) 53 (47-58) 7 (0 to 14) 7 (0 to 13)
Emotionally reactive 50 (50-55) 51 (50-58) 4 (-4 to 11) 3 (-3 to 10)
Anxious/Depressed 50 (50-53) 51 (50-55) 2 (-2 to 6) 2 (-2 to 6)
Somatic complaints 50 (50-50) 50 (50-57) 2 (-3 to 7) 2 (-3 to 7)
Withdrawn/Depressed 52 (50-59) 52 (51-56) -1 (-5 to 3) -1 (-5 to 3)
Attention problems 50 (50-55) 57 (52-64) 6 (1 to 13) 6 (0 to 12)
Aggression problems 50 (50-50) 50 (50-55) 1 (-3 to 5) 1 (-2 to 5)

Comparison of neurodevelopmental outcome parameters (dependent variables) between children with 
and without moderate-severe neonatal WMI (independent variable). Median with 25th/75th centiles is 

shown. Two year outcome of this cohort has partly been published in Algra et al.13

Moderate-severe WMI was as frequent in children with motor problems (nine out of 12 had 
WMI) as in children without motor problems (10 out of 18 had WMI) at the age of six. Motor 
problems were not more frequent in children with neonatal (cortical- or deep) grey matter 
focal infarction (three out of eight had motor problems) than in children without grey matter 

motor scores at two or six years were seen between children with and without neonatal 
moderate-severe WMI ( ).
Six children had neonatal brain injury (moderate-severe WMI or deep grey matter focal 
infarction) with involvement of the PLIC, of which 5 showed motor problems (versus seven out 
of 24 children without PLIC involvement, OR= 12.1, 95%CI=1.2 – 123.6).Children with PLIC 
injury showed lower motor scores at both two and six years ( ). All three children 
with cerebral palsy showed PLIC involvement on their neonatal MRI scan. 

Neonatal brain volumes, cortical measures and neurodevelopmental 
outcome

without moderate-severe WMI were seen, nor between children with and without (cortical or 
deep) grey matter focal infarction(s) (data not shown).
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Children with a below-average IQ (<85) showed smaller neonatal brain volumes and decreased 
cortical measures at postoperative time point in comparison to children with (above-)average 

between IQ groups) are presented in . 

Neonatal PLIC injury and motor outcome at two and six years. 

median 
th/75th 

median 
th/75th 

Uncorrected 

N=5

Motor composite score 104 (101-109) 84 (80-89) -21 (-28 to -13)

Fine motor scaled score 13 (11-15) 10 (8-12) -3 -5 to -1)

9 (8-10) 4 (3-7) -4 (-6 to -2)

6 years N=6

Total motor score 7 (5-9) 5 (n/a) -3 (-6 to 0)

Total motor score percentile 16 (5-37) 5 (n/a) -17 (-44 to 10)

7 (29%) 5 (83%)

Comparison of motor outcome parameters between children with and without neonatal PLIC injury. 
Median and 25th/75th

year motor scores were only available in 3 children with PLIC injury, because motor tests could not be 
performed in children with cerebral palsy (N=3). PLIC indicates posterior limb of the internal capsule. 
Two year motor outcome of this cohort has partly been published.13

Neonatal brain volumes, cortical measures and full-scale intelligence quotient (IQ) at 6 years. 

IQ < 85

N=9

Uncorrected 

Postoperative mean ±SD mean ±SD

22 ±4 25 ±4 -9% (-20 to 3)

21 ±2 23 ±2  -8% (-15 to -1)

120 ±11 129 ±13 -7% (-15 to 1)

6.9 ±0.4 7.4 ±0.5  -7% (-12 to -1)

146 ±10 155 ±21 -6% (-15 to 3)

319 ±18 341 ±33 -7% (-14 to 1)

i 910 ±45 961 ±100 -5% (-13 to 2)

3.0 ±0.2 3.1 ±0.1 -3% (-30 to 13)

Comparison of postoperative neonatal brain volumes and cortical measures between children with below-

cerebellum; BGT, basal ganglia and thalamus; UWM, unmyelinated white matter; BS, brain stem; CGM, 
cortical grey matter; TBV, total brain volume; i



146 | Chapter 8

Using linear regression analysis, no association was seen between cognitive composite score 
at 2 years and postoperative neonatal brain volumes or cortical measures (data not shown). 
At the age of six years, no associations were seen of brain volumes and cortical measures with 
IQ scores or behavior total and subscale scores (data not shown). Also, total and scaled motor 
scores at 2 and 6 years were not associated with neonatal brain volumes or cortical measures. 

without motor problems (data not shown).

Discussion
This study highlights the impact of neonatal brain injury and reduced brain growth on long-
term motor, cognitive and behavioral functioning. Lower cognition and higher teacher-
reported attention problems were seen in children who acquired moderate-severe WMI 
before or after neonatal open-heart surgery for CHD, as compared to those without WMI. 
Involvement of the posterior limb of the internal capsule was associated with motor problems 
at two and six years of age. Also, children with a below-average full-scale IQ showed almost 
10% smaller neonatal brain volumes, especially of BGT and BS, as compared to children with 
(above-)average IQ. 
Over the last decades high incidences of WMI in neonates with critical CHD have been 
reported.5, 6 WMI is associated with poor neurodevelopmental outcome in preterm born 
neonates,17 however, the impact of WMI on childhood outcomes in children with CHD was as 

hypothesis that presence of neonatal WMI also in this population, is related to a lower IQ at 
the age of 6 years.
As we described in a recent review,18 incidences of neonatal WMI in CHD populations vary 
between centers. The percentage of children showing neonatal WMI in the present study 
(35% preoperatively and 62% postoperatively) is in the upper part of the range of previously 

imaging strategies between paediatric cardiac hospitals decrease the generalizability of 
neuroimaging and follow-up studies. In the present study, all children were scanned with 
small slice thickness (identifying even small white matter lesions) and under sedation (limiting 
movement artifacts and improving WMI detection rate). As our center has the possibility 
to perform MRI in ventilated neonates we are able to scan the sickest children with more 
respiratory and circulatory instability, which might increase the report of WMI. Furthermore, 

18, 19 To interpret incidences of neonatal brain injury 
and neurodevelopmental impairments, it is important to compare intensive care, surgical, 
imaging and follow-up protocols between centers. 
The average IQ score in our cohort of children with CHD was lower than normative means, 
which is known from other follow-up studies as well.3, 20 But children with CHD and neonatal 
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WMI show an additional decline in IQ of more than ten points when compared to their peers 
without neonatal WMI. In our study, lower cognitive scores were already present at two years, 

cognitive outcomes at the age of 12 months in neonates with acquired brain injury around 
neonatal cardiac surgery.21

Other outcome studies have shown high rates of attention problems and hyperactivity in 
children with critical CHD.22, 23

WMI might be an important underlying factor of attention problems in survivors of neonatal 
cardiac surgery. It should be noted that attention problems could become clearer at an older 
age when societal demands on children increase and more elaborate testing methods can be 
performed. Therefore, close monitoring of children with CHD throughout adolescence and 
into adulthood is warranted.
WMI is associated with periods of acute brain hypo perfusion, as neonatal auto regulatory 

24 

might not be seen as a static lesion. Neonates with more immature and vulnerable white 
matter state might be at higher risk to develop ischemic white matter lesions in case of 
brain hypo perfusion. This could suggest that overall white matter damage leads to impaired 
neurodevelopment rather than the visible white matter lesions itself. This may also explain 
why grey focal infarctions did not show a relationship with neurodevelopmental outcome, as 
it is less likely that thrombo-embolic incidents are related to overall brain immaturity. 
Motor performance at the age of six was generally below normative mean in this population of 
children with CHD, which is in line with previous follow-up studies in children with congenital 
heart disease.20 In this study, almost all children with brain injury (WMI or grey matter 
infarction) involving the PLIC developed motor sequelae. Involvement of the corticospinal 
tracts (at the level of the internal capsule and/or cerebral peduncles) in acute ischemic brain 
injury predicts motor impairment in other neonatal populations.25 Involvement of the PLIC 

account in follow-up after neonatal cardiac surgery. 

in neonates born with critical CHD compared to healthy newborns.18, 26 In our study, children 
with below-average full-scale IQ at the age of 6 years had smaller brain volumes as a neonate, 
especially of BGT and BS. This study cannot conclude whether smaller brain volumes were 
based on delayed (fetal) brain development or postnatal brain volume loss.
MRI studies in adolescents with CHD have shown an association between decreased brain 
volumes and lower full-scale IQ and executive functioning.27, 28 Repeating an MRI of the brain 

persist and impact neuropsychological functioning at that age, including development of 
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psychiatric problems, which is known to have a higher prevalence in CHD populations.22, 29 

between perioperative neonatal brain abnormalities on MRI and neurodevelopment at school 
age in children with critical CHD. The impact of neonatal brain injury and reduced brain 
growth on long-term outcome is important for parent-counselling and clinical management 
of children undergoing high-risk neonatal cardiac surgery. However, this study also has some 
limitations. First, the small sample size limits the statistical power of this study, and also, 

versus biventricular repair). Due to the small sample size, our study carries the risk of type 2 
errors, potentially missing several associations between neonatal brain MRI, clinical variables 
and long-term neurodevelopment. Second, no control subjects were included in this study. 
In the Netherlands, to date, it is not allowed to perform MR imaging in healthy neonates and 
infants. As mentioned earlier, incidences of neonatal WMI in CHD populations vary between 
centers. Our study population showed a relatively high incidence of WMI when compared to 

(for example performing MRI in ventilated neonates), timing of MRI (pseudo normalization 

strategies and follow-up between pediatric cardiac centers decrease the generalizability 
of neuroimaging and follow-up studies. Therefore, (international) collaborations between 
pediatric cardiac centers are important.

Conclusions
In conclusion, we showed lower cognitive scores and higher teacher-reported attention 
problems in school-aged children with critical CHD, who had WMI on their neonatal MRI 
scan. Involvement of the posterior limb of the internal capsule was associated with motor 
problems. In addition, children with a below-average full-scale IQ showed smaller neonatal 
brain volumes, especially of BGT and BS. 
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Abstract
 To study perioperative amplitude-integrated electroencephalography (aEEG) as 

an early marker for new brain injury in neonates requiring cardiac surgery for congenital 
heart disease (CHD).

Methods: This prospective observational cohort study investigated seventy-six neonates 
with critical CHD who underwent neonatal surgery. Perioperative aEEG recordings were 
evaluated for background pattern (BGP), sleep-wake-cycling (SWC) and ictal discharges. 
Spontaneous activity transient (SAT) rate, inter-SAT-interval (ISI) and percentage of time 
with an amplitude <5 μV were calculated. Routinely obtained preoperative and postoperative 
MRI of the brain were reviewed for brain injury (moderate-severe white matter injury, stroke, 
intra-parenchymal hemorrhage, sinovenous thrombosis).

Results: Preoperatively, none of the neonates showed an abnormal BGP or ictal discharges. 
Postoperatively, abnormal BGP was seen in 18 neonates (24%, 95%CI=14-33%) and ictal 
discharges in 13 (17%, 95%CI=8-26%). Abnormal BGP and ictal discharges were more 
frequent in neonates with new postoperative brain injury (p=0.08 and p=0.01, respectively). 
Abnormal brain activity (i.e. abnormal BGP or ictal discharges) was the single risk factor 
associated with new postoperative brain injury in multivariable logistic regression analysis 
(OR=4.0, 95%CI=1.3-12.3, p=0.02)). Postoperative SAT rate, ISI or time <5 μV were not 
associated with new brain injury.

Conclusion: Abnormal brain activity is an early, bedside marker of (new) brain injury in 
neonates undergoing cardiac surgery. Not only ictal discharges, but also abnormal BGP should 
be considered a clear sign of underlying brain pathology. 
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Introduction
Neonates undergoing open-heart surgery early in life for critical congenital heart disease 
(CHD) are at increased risk for brain injury and subsequent impaired neurodevelopment.1-3 
Although time of diagnosis, type of CHD and blood pressure-related problems have been 

4, 5

highest risk for developing brain injury at an early stage.
Magnetic resonance imaging (MRI) is the most accurate tool to diagnose brain injury in neonates 
with CHD.6 However, MRI is discontinuous and not always feasible in critically ill neonates. 
Therefore, continuous bedside neuro-monitoring techniques such as amplitude-integrated 
electroencephalography (aEEG) are increasingly used to closely monitor brain activity around 
neonatal cardiac surgery. aEEG is derived from (standard) electroencephalography (EEG) 
and has multiple characteristics that are eligible for the assessment of brain activity.
Over the last years, several studies have shown the relationship between abnormal neonatal 
aEEG characteristics and subsequent impaired neurodevelopment in CHD survivors.7,8 
However, studies reviewing the association between brain activity and brain injury are lacking. 

opportunities for interventions and optimization of care in neonates requiring cardiac surgery.
This study aims to describe perioperative aEEG-measured brain activity in neonates 
undergoing neonatal open-heart surgery for critical CHD, as evaluated by both qualitative 
and quantitative (event- and amplitude-based) measures, in relation to preoperative and 
postoperative MRI-measured moderate-severe brain injury. The secondary aim was to 
evaluate early postnatal aEEG characteristics in relation to preoperative brain injury in a 
subgroup of neonates with critical CHD. 

Methods
This is an observational cohort study including two cohorts of neonates with critical CHD 

the use of cardiopulmonary bypass (CPB), born between 2009 and 2017 at the Wilhelmina 
Children’s Hospital, University Medical Center Utrecht, Utrecht, The Netherlands. The 

between 2009 and 2012 (BVP-AO and SVP) and perioperative aEEG monitoring and MRI 
were performed for research purposes. This cohort consisted of 37 neonates, however, two 
did not have perioperative aEEG recordings and were therefore excluded. The local medical 
ethical committee approved this study and parental informed consent was obtained. The 
second cohort was born between February 2016 and June 2017 (BVP, BVP-AO, and SVP) and 
aEEG monitoring and MRI scan were performed clinically in both postnatal and perioperative 
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period. The medical ethical committee gave permission to use the routinely obtained aEEG 

genetic disorders or multiple congenital anomalies were excluded from this study.

Qualitative aEEG assessment

In both cohorts, aEEG monitoring was started six hours before surgery and continued during 
surgery until at least 48 hours after surgery. In the second cohort, aEEG monitoring was also 
started as soon as possible after birth and continued for at least 36 hours. For all neonates, 
aEEG monitors (BrainZ®, Natus, Seattle, USA) with a sampling rate of 256 Hz were used. 
Four subcutaneous needle electrodes (F4-P4 and F3-P3) were applied with a central reference 
electrode (Fz) measuring the impedance. aEEG recordings were qualitatively evaluated for 
background pattern (BGP), sleep-wake-cycling (SWC), and (electroencephalographic) ictal 
discharges by two independent investigators who were blinded to the neonatal clinical course 

9 CNV and also DNV were considered normal 

sleep,10 and second, aEEG brain activity might be suppressed by drugs such as morphine 
and midazolam.11, 12 Administration of these drugs is standard clinical care during and after 

single, repetitive or status epilepticus. Examples of BGP, SWC and ictal discharges can be 
found in Stolwijk et al.13

Quantitative aEEG and EEG analysis

In-house developed software (SignalBase® v8.5.6, University Medical Center Utrecht, 
Utrecht, The Netherlands) was used to analyze the raw EEG and aEEG data. One epoch of one 
hour was selected the night before surgery. During CPB, an epoch of 30 minutes was selected 
at the moment of lowest rectal temperature. After surgery, nine epochs of one hour were 
selected: 1-2h, 4-6h, 10-12h, 16-18h, 22-24h, 34-36h, 46-48h, 58-60h (if available), 70-72h 

time points: 10-12h, 16-18h, 22-24h, 34-36h and 46-48h (if available). Epoch selection was 
done manually to avoid artefacts, caretaking events and periods with high impedance. For all 
epochs, SAT rate (i.e. number of spontaneous activity transients per minute) and inter-SAT-
interval (ISI, i.e. time between SATs in seconds per minute) were derived from the raw EEG 
data. Left and right hemisphere were analyzed separately. In addition, percentage of time with 
an amplitude <5 μV was calculated. Examples of event-based (SAT and ISI) and amplitude-
based (time <5 μV) measures can be found in Benders et al.14
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MRI assessment

after seven days) on a 1.5T MR system (2009-2012; Gyroscan ACS-NT, Philips Medical 
Systems, Best, The Netherlands) or a 3.0T MR system (2016-2017; Achieva, Philips Medical 
Systems). Neonates who required mechanical ventilation at time of MRI received continuous 
sedation. Neonates without mechanical ventilation were fed, swaddled in a vacuum cushion 
and, if necessary, sedated with oral chloral hydrate (single dose of 50-60 mg/kg). Both the 

sequences, and also 3D venography. All MRI scans were reviewed by two independent 
researchers, blinded to clinical patient information. White matter injury (WMI) was graded 
as absent, mild, moderate or severe, based on the number and size of the lesions.5 Moderate-

hemorrhage (involving >5% of a hemisphere) or cerebral sinovenous thrombosis. When the 
term brain injury is used in the results or discussion section, this refers to moderate-severe 
brain injury.  

Statistical analysis

For statistical analysis, IBM SPSS Statistics® v21 was used. All variables were checked for 
normality of distribution (using q-q plot) and homogeneity of variance (using Levene’s test). 

intervals were calculated for incidences. Logistic regression analysis and Fisher’s exact test 
were used to analyze the association of clinical factors with qualitative aEEG parameters. 
Linear regression analysis and Mann-Whitney test were used to analyze the association of 
clinical factors with quantitative aEEG parameters. As all neonates received morphine and 
midazolam after surgery, cumulative dosages of morphine (mg/kg) and midazolam (mg/
kg) were calculated for each of the postoperative time points. Postoperatively, the model 
always included gestational age, cohort, and tested independently: duration of CPB, lowest 
rectal temperature, open sternum, re-thoracotomy, arrhythmias, culture-proven infection, 
morphine dosage and midazolam dosage. Preoperatively, the model always included 
gestational age, and tested independently: gender, postnatal diagnosis, SVP, morphine 
administration and midazolam administration. For the comparison between neonates with 

CNV as 5). To examine the association between aEEG parameters and new brain injury 
multivariable logistic regression analysis was performed, and always included CHD category, 
gestational age and total dosage midazolam. Tested aEEG variables were: duration of FT, lack 
of reaching CNV <24h, postoperative abnormal BGP <48h, ictal discharges, SAT rate, ISI and 

abnormal brain activity (i.e. abnormal BGP or ictal discharges) at both the postoperative and 
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postnatal period in the prediction of brain injury. P-values <0.05 were considered statistically 

Results
Seventy-six (near-)term neonates with critical CHD had perioperative aEEG recordings. 
Twenty-nine neonates also had postnatal aEEG recordings (of which 2 died before surgery 
and did not have perioperative registration). Baseline characteristics are presented in table 

(except for CHD subgroup, as explained in the methods section). 

Perioperative aEEG/EEG characteristics

Perioperative BGPs are shown in . Preoperatively (night before surgery), mean SAT 
rate was 8±1 per minute, mean ISI 5±8 seconds/min and mean time <5 μV 3±12%. During 
CPB, SAT rate was decreased (mean 0±1, p<0.001) with increased ISI (p=0.01) and increased 
time <5 μV (mean 81±28%, p<0.001) when compared to the preoperative period; no left-right 

to preoperative (mean 7±3, p<0.001), with increased ISI (mean 10±13, p=0.03). Time <5 μV 
at 48 hours after surgery was comparable to preoperative (mean 6±16%, p=0.30).
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Preoperative, intraoperative and postoperative background patterns. Main reason for 
discontinuation of aEEG registration after 48 hours was presentation of continuous normal voltage. BS 

Abnormal postoperative BGP was seen in eighteen neonates (24%, 95%CI=14-33%, table 

). Postoperative ictal discharges were seen in 13 neonates (17%, 95%CI=8-26%); four had 

seizure at mean 29 hours, range=5-59). None of the neonates with ictal discharges showed 
clinical convulsions. Deterioration to abnormal BGP was more common in neonates with ictal 
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Dosage of morphine and midazolam were not associated with BGP at any postoperative time 
point, neither with abnormal BGP or with ictal discharges. In multivariable logistic regression 
analysis, abnormal postoperative BGP within 48 hours after surgery was independently 
associated with longer duration of CPB (per 10 minutes, OR=1.2, 95%CI=1.0-1.3, p=0.04). 
Postoperative ictal discharges were associated with re-thoracotomy (OR=11.0, 95%CI=1.9-
63.2, p=0.01). Factors independently associated with lack of reaching CNV <24h were re-
thoracotomy (OR=7.2, 95%CI=1.1-47.4, P=0.04) and culture-proven infection (OR=12.2, 
95%CI=1.2-128.6, p=0.04). 

Baseline characteristics of study population. 

 N=78

Male 59 76%
Postnatal diagnosis 24 31%

39.1 ±1.2
3314 ±506
-0.25 ±0.95

CHD category

   Biventricular, without arch obstruction 18 23%
   Biventricular, with arch obstruction 32 41%
   Single ventricle physiology 28 36%
5 minute Apgar score 9 ±1

2 3%
3 4%

Preoperative MRI N=66

8 ±6
Brain injury 26 40%

21 32%
Stroke 8 12%
Intraparenchymal hemorrhage 1 2%
Cerebral sinovenous thrombosis 2 3%
Postoperative MRI

8 ±4
43 59%
32 44%
14 19%
2 3%
15 21%

Absolute number with % and mean ±SD are presented. CHD indicates congenital heart disease; WMI, 
white matter injury. 
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Postoperative aEEG characteristics. 

Preoperative

Total  brain injury injury 
P

DNV 6 10% 1 4% 5 14% 0.18

Normal SWC 30 48% 14 54% 16 46% 0.48

Intraoperative P

58 83% 22 76% 33 87% 0.20

Duration FT 102 ±58 87 ±66 110 ±53 0.16

Postoperative P

67 88% 26 87% 39 91% 0.43

69 91% 26 87% 39 91% 0.52

22 29% 9 30% 13 30% 0.57

18 24% 4 13% 13 30% 0.08

12 16% 1 3% 10 23%

12 16% 2 7% 9 21% 0.08

Ictal discharges 13 17% 1 3% 11 26%

MRI was available in 73 out of 76 neonates. Postoperative brain activity characteristics as measure by 
amplitude-integrated electroencephalography (aEEG) are shown for A. total population, B. neonates 
without new postoperative brain injury and C. neonates with new postoperative brain injury. P-values 
for the comparison of aEEG parameters between neonates with and without brain injury are presented 

SWC, sleep wake cycling. 

Perioperative aEEG and postoperative brain injury

Postoperative MRI was available in 73 out of 76 neonates with postoperative aEEG recordings. 
Three neonates died in the postoperative period (all more than 72 hours after surgery), of 

the postoperative MRI, 43 neonates showed new brain injury (59%, 95%CI=47-71%). Figure 

 displays postoperative BGPs by presence of new brain injury. As shown in , 
abnormal BGP was more common in neonates with new postoperative brain injury than in 

hours after surgery (23% versus 3%, p=0.02). Out of 11 neonates with an abnormal BGP after 

72.9, p=0.04). Twelve neonates with postoperative ictal discharges had postoperative MRI, 
of which 11 showed new brain injury (OR=9.9, 95%CI=1.2-82.1, p=0.03). Abnormal brain 
activity (i.e. abnormal BGP or ictal discharges, N=25) was the single risk factor associated with 
new postoperative brain injury (N=43) in multivariable logistic regression analysis (OR=4.0, 
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95%CI=1.3-12.3, p=0.02). This results in a positive predictive value of 79% (95%CI=61-90%) 
and a negative predictive value of 51% (95%CI=43-59%), as 25 out of 51 neonates without 
abnormal postoperative brain activity did not have new postoperative brain injury. No 

without new brain injury (data not shown).

 

Background pattern and brain injury. Preoperative, intraoperative and postoperative 
background patterns for neonates with (red) and without (black) new postoperative brain injury. Boxplots 

Postnatal aEEG/EEG characteristics and preoperative brain injury in a 
subgroup

( ), only 34% reached normal SWC within 24 hours. Seven neonates (24%, 

discharges. Six out of seven neonates with an abnormal BGP required morphine (6 out of 11 
with morphine had an abnormal BGP, p=0.01). Midazolam administration was not associated 
with abnormal BGP (p=0.24). Balloon atrioseptostomy was performed in 14 neonates (18%), 
and was the main reason for requiring postnatal morphine and/or midazolam. Preoperative 
MRI was available in 21. All neonates with abnormal brain activity (i.e. abnormal BGP or ictal 
discharges, N=7) had preoperative brain injury (N=3) or neonatal death (N=4). None of the 
neonates without brain injury had abnormal BGP. This results in a positive predictive value 
of 100% (95%CI=n/a) and a negative predictive value of 74% (95%CI=59-85%) for abnormal 
postnatal brain activity.
Gestational age was negatively associated with time <5 μV (p=0.01). Both morphine and 
midazolam administration were negatively associated with SAT rate (p<0.03), positively with 
ISI (p<0.02) and negatively with time <5 μV (p<0.02). Neonates with preoperative brain 
injury had decreased postnatal SAT rate (mean 7.6 versus 8.8/min, p=0.03) and increased 
time <5 μV (6 versus 2%, p=0.04) when compared to neonates without preoperative brain 
injury.
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Discussion
Our study showed that abnormal brain activity (i.e. abnormal BGP or ictal discharges) in 
the postoperative period is predictive of new brain injury in neonates with critical CHD 
undergoing cardiac surgery with the use of CPB. In a subgroup, we showed that abnormal 
brain activity in the early postnatal period is also associated with preoperative brain injury. 

with the highest risk for developing brain injury. Quantitative EEG measures (i.e. SAT 
rate, ISI and time <5 μV) were not predictive of brain injury in neither the perioperative or 
postnatal period.
Our study shows that not only ictal discharges, but also abnormal BGP should be considered 
as a clear sign of underlying brain pathology. There are two possible explanations for the 
relationship between abnormal BGP and brain injury. Firstly, as with ictal discharges, an 
abnormal BGP might show the acute response of brain activity to brain injury. Secondly, an 
abnormal BGP might also be a sign of underlying (overall) brain immaturity and vulnerability 
(i.e. brain activity is more easily depressed in response to drugs and events, and the brain 
requires more time to recover to normal brain activity), with the more immature brain also 
being at increased risk for developing brain injury.4 This hypothesis is supported by the study 
of Mulkey et al. 15, showing early postnatal abnormal BGP (DNV and worse) to be related to 

postnatal abnormal BGP and brain injury, however, we did not classify DNV as abnormal BGP.
Postoperative ictal discharges were seen in 17% of the neonates, which is in agreement with 
previous studies reporting incidences between 11-30%.8, 16, 17 Ictal discharges were associated 
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16, 18 
It is possible that 2-channel aEEG underestimates the incidence of ictal discharges, as ictal 
discharges might arise from other brain regions than the central region. However, it is likely 
that neonates with ictal discharges in other brain regions will still show an abnormal BGP. 
This supports our message that both ictal discharges and abnormal BGP should be considered 
as a clear sign of underlying brain pathology when reviewing aEEG in neonates with CHD.

19 The more immature the 
brain, the more easily it is depressed by administration of sedatives.20 In our study, requiring 
morphine in the postnatal period was related to abnormal BGP. This was the only factor 
associated with postnatal aEEG variance, which is also reported in another recent study.21 
However, administration of postnatal sedatives was related to the need for mechanical 
ventilation and/or balloon-atrioseptostomy. It should be considered that both sedatives and 
hemodynamic instability could be the cause of depressed brain activity. 
After surgery, all neonates received morphine and midazolam, but higher dosages of 
morphine and midazolam were not related to abnormal brain activity. Even with morphine 
and midazolam, 88% of the neonates was still able to reach CNV within 24 hours after surgery. 
The results of our study suggest that even under the circumstance of sedation, the term brain 
should be able to maintain a normal BGP, and that abnormal BGP, regardless of sedation, is 
suggestive of underlying brain pathology. 
The results of our study contribute to the ongoing search for the most critical time point of 
brain alterations in neonates undergoing cardiac surgery. Two previous studies have found a 
predictive value of abnormal BGP for long-term neurological outcome when observed around 
48 hours after surgery,7, 8 and both studies suggest that 48 hours seems to be a critical time 
point. The results of our study are in agreement with this hypothesis, showing that abnormal 
BGP more than 12 hours after surgery is more predictive of new brain injury than when 
observed before this time point. At 72 hours after surgery, none of the neonates with new brain 
injury that were still monitored with aEEG showed an abnormal BGP. Our study supports the 
hypothesis that the second and third day after surgery might be critical for optimal brain 
development.

with CHD. SATs are normal endogenous brain activity and important for normal brain 
development, which has been shown in the preterm population by several studies.14, 22 SAT 
rate is decreasing when approaching term age, but SATs remain detectable until at least 44 
weeks PMA.13, 23 SATs should be distinguished from bursts in burst suppression, as the latter 
is a sign of abnormal brain development. Current detection methods used for SAT and ISI 
analysis are validated in the preterm population (with discontinuous BGP),24 and might be 
less accurate in term neonates, who show continuous aEEG activity during wake. Although all 
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neonates in our study still showed SATs in the postnatal and perioperative period, SAT rate 

study investigated SATs and ISI in neonates undergoing surgery for non-cardiac congenital 

postoperative brain injury.13 In our study, qualitative aEEG characteristics such as BGP and 

highest risk for developing brain injury, especially in the postoperative period, and are easier 
to examine bedside.
Our study could not identify lack of recovery to CNV or SWC as a marker of new postoperative 
brain injury. Several studies reported lack of recovery to CNV or SWC within 48 hours after 
surgery to be associated with worse motor outcome in children with CHD.7, 8 However, in 
our study the majority reached CNV within 24 hours after surgery and only two of the 76 
neonates did not reach CNV within 48 hours after surgery. Although reported as a risk factor 
for impaired neurodevelopment in a previous study,25 duration of FT during CPB was not 
associated with new brain injury in our population of neonates with CHD.
Our study highlights the importance of continuous bedside neuro-monitoring before and after 
cardiac surgery in neonates with CHD. The results of this study are generalizable, although 

activity and MRI brain injury incidences. An important upcoming perspective is the use of 
neuroprotective agents for prevention and regeneration of brain injury in this population. 
aEEG might be useful in implementation and application of such interventional strategies, 
as it seems to be able to identify neonates at the highest risk for brain injury at an early stage.
Our study knows several limitations. Firstly, we used 2-channel aEEG, which might 
underestimate the incidence of ictal discharges. However, as described previously, it is likely 
that neonates with ictal discharges in other brain regions than monitored with aEEG still 
show an abnormal BGP. Secondly, current detection methods for SAT and ISI are validated in 
the preterm population and thus most reliable when discontinuous aEEG activity is present. 
Term neonates show discontinuous activity during quiet sleep, however, quiet sleep could not 
be taken as a criterion for epoch selection in our population, as most neonates did not show 
SWC during the aEEG-recorded periods. Thirdly, the study population was scanned using two 

between the two MR systems. Finally, only a small number of neonates had postnatal aEEG 
recordings. Also, neonates with postnatal diagnosis were often admitted after 48 hours of life, 
which limits the possibility to investigate this important risk factor. 
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Conclusions
This study shows that postoperative abnormal aEEG-measured brain activity is an early, 
bedside marker of brain injury in neonates undergoing cardiac surgery for critical CHD, 
with abnormal BGP and ictal discharges being a clear sign of underlying brain pathology. 
Qualitative aEEG characteristics seem to be more predictive of brain injury than quantitative 
aEEG and EEG measures.
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Abstract
 The aim of this study was to evaluate postoperative indices of cerebral oxygenation 

and autoregulation (CA) in infants with critical congenital heart disease (CHD), in relation to 
new postoperative ischemic brain injury. 

Methods: This prospective, clinical cohort included 77 infants with transposition of the 

infrared spectroscopy and physiological monitoring were applied to extract: mean arterial 
blood pressure (MABP), regional cerebral oxygen saturation (rSO2), fractional tissue oxygen 
extraction (FTOE) and rSO2

focal infarction on MRI. Low cardiac output syndrome (LCOS) was measured as lactate 
>4mmol/L with pH <7.30.

Results: After surgery, rSO2 was decreased in all CHD groups with a notable increase in 
rSO2 between 6 and 12 hours after surgery, on average with a factor 1.4 (range:1.1-2.4). Both 
SVP and postoperative LCOS were associated with lower rSO2 and increased time with COR 

CHD groups. Postoperative rSO2, FTOE and COR were not independently associated with new 
postoperative white matter injury or focal infarction (mixed model analysis, all F>0.12). 

Conclusions: Postoperative indices of cerebral oxygenation and CA are not independent 
predictors of new ischemic brain injury in infants with critical CHD. Further exploration 
of the complex interplay between low rSOs2, LCOS and heart defect is required to identify 
potential biomarkers enabling early intervention for ischemic brain injury.



10

Cerebral oxygenation | 173

Introduction
Acquired brain injury is a common comorbidity in infants undergoing cardiac surgery for 
critical congenital heart disease (CHD).1 Neurodevelopmental sequelae occur in strikingly 
high incidences in survivors of early life open-heart surgery for CHD,2 with neonatal brain 
injury as one of the contributors.3 Over the last years, MRI studies have provided important 
insights into the nature and timing of brain injury in young infants with CHD.1 However, it 

The importance of optimal cerebral oxygenation and perfusion during intensive care stay 
and open-heart surgery has been increasingly recognized in infants with CHD.4-7 Near-
infrared spectroscopy monitoring (NIRS) is a non-invasive method to continuously monitor 
the regional cerebral oxygenation (rSO2) bedside. Combining rSO2 with mean arterial blood 
pressure (MABP) is one of the methods estimating cerebral autoregulation (CA), the ability 

8 
CA has not yet reached its maximum capacity in newborns, and has been described to be 
even more impaired in the fetuses with CHD,9 preoperative newborns with CHD,10 and during 
neonatal cardiopulmonary bypass.7, 11 In infants with critical CHD, the transition from prenatal 
to postnatal life, the cardiac surgery with use of cardiopulmonary bypass and the intensive 
care period are accompanied with hemodynamic disturbances, which will be forwarded to 
the brain in case of immature CA. The association of bedside measured indices of cerebral 
oxygenation and CA in this critical period with newly acquired ischemic brain injury has yet to 

The aim of this study was to assess intraoperative and postoperative indices of cerebral 
oxygenation and autoregulation using NIRS in infants undergoing cardiac surgery with the 
use of cardiopulmonary bypass (CPB) for critical CHD, in relation to new postoperative 
ischemic brain injury. 

Methods
This is a prospective observational cohort study in infants with critical CHD who required 

the period of 2009-2012 (neuromonitoring and -imaging for research purposes) or 2016-2017 
(neuromonitoring and -imaging as part of standard clinical care) at the Wilhelmina Children’s 
Hospital in Utrecht, the Netherlands. Included cardiac defects were transposition of the great 

genetic disorder or major congenital anomaly were excluded. The local medical ethical 
committee approved the study and parental informed consent was obtained. 
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Monitoring: NIRS and aEEG

NIRS monitoring was applied continuously from 6 hours before surgery until 48 hours after 
surgery in all infants. Preoperative and intraoperative NIRS was only analyzed in infants with 
deep hypothermia, i.e. SVP and LVOTO. The INVOS 4100-5100 monitor (Medtronic, Boulder, 
CO USA) was used, with bilateral (left and right fronto-parietal) small pediatric sensors 
(SomaSensor SPFB; Somanetics). In parallel, amplitude-integrated electroencephalography 
registration was applied, which was scored for background pattern and ictal discharges. 

and lower) or ictal discharges. 

Monitoring: Vital parameters

Standard continuous physiological parameters were measured using a patient monitor and 

developed software (Signalbase; University Medical Center Utrecht, Utrecht, The Netherlands): 
systemic arterial oxygen saturation (SaO2), MABP using an indwelling arterial catheter (in the 
radial artery), end tidal carbon dioxide (etCO2). Preoperative and intraoperative parameters 
were only stored and analyzed for infants with deep hypothermia, i.e. LVOTO or SVP. 

Indices of cerebral oxygenation and autoregulation

rSO2 is a representation of the oxygenated hemoglobin / total hemoglobin ratio. As the arterial-
venous ratio of cerebral blood volume is 25:75, rSO2

of the brain.12 Fractional tissue oxygen extraction (FTOE) is an estimator of oxygen extraction, 
calculated using the following equation: (SaO2 – rSO2) / SaO2. The correlation between rSO2 

CA.13 Examples of normal and impaired CA are shown in . Epochs of 30-minutes 
(with 10-minute sub periods with 90% overlap) were selected preoperatively (night before 
surgery), intraoperatively (during CPB, at moment of normothermia and at closure) and 
postoperatively (1h, 6h, 12h, 18h, 24h, 36h and 48h after surgery) to calculate: rSO2 (%), FTOE 

were averaged. Intraoperative measures were only obtained in infants with deep hypothermia, 
i.e. LVOTO or SVP. 

MRI scanning protocol and brain injury review

Preoperative (between birth and surgery) and postoperative (5-10 days after surgery) MRI 
of the brain were performed on a 1.5T magnetic resonance system (2009-2012; Gyroscan 
ACS-NT, Philips Medical Systems, Best, Netherlands) or a 3.0T magnetic resonance system 
(2016-2017; Achieva, Philips Medical Systems, Best, The Netherlands). Infants who required 
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mechanical ventilation at the time of MRI received continuous sedation. Infants without 
mechanical ventilation were fed, swaddled in a vacuum cushion, and if necessary sedated with 
chloral hydrate (single dose 50-60 mg/kg). All infants received 2 layers of hearing protection. 
During the MRI, oxygen saturation, heart rate and respiratory rate were monitored. Both 1.5T 

weighted sequences. All MRI scans were reviewed by two independent researchers for 
presence of new postoperative brain injury: moderate-severe white matter injury (WMI, >3 

with involvement grey matter) or parenchymal hemorrhage. Brain maturity was scored using 
the total maturation scoring system.14, 15

SpO2

rSO2

MABP

Systolic

BP

Diastolic

BP

A. 0% of time COR 0.5 B. 61% of time COR 0.5

etCO2

Monitoring of cerebral oxygenation and vital parameters  Four-minute epochs of cerebral 
and vital parameter registration are shown. The blue line indicates arterial oxygen saturation (SaO2), red 
mean arterial blood pressure (MABP, with systolic and diastolic blood pressure indicated), pink regional 
cerebral oxygen saturation (rSO2) and green end-tidal carbon dioxide (etCO2). All parameters are plotted 
on the same y-axis scale with blue reference lines. A shows the registration of an infant 48 hours after 
surgery with zero percent of time with MABP-rSO2

infant the night after surgery with 61% of time MABP-rSO2

Perioperative course

All infants underwent cardiac surgery with the use of CPB. Infants with LVOTO and SVP 
were cooled to a nasopharyngeal temperature ~18 degrees Celsius, and ante grade selective 
cerebral perfusion (SCP) or deep hypothermic circulatory arrest was chosen as the perfusion 
technique by standard double venous cannulation. Infants with TGA underwent arterial switch 
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operation with moderate hypothermia (~28 degrees Celsius). All infants received midazolam 

obtained from patient records for all postoperative time points. Low cardiac output syndrome 

Statistics

For statistical analysis, R ® v. 3.5.0 (R Foundation for Statistical Computing, Vienna, Austria) 
was used. As most neonatal and pediatric intensive care units use pediatric (or neonatal) 
sensors, we decided to present the rSO2 values as obtained by our pediatric sensors.16 
Descriptive statistics included means (standard deviation) for continuous parametric data, 
median (25th/75th centile) for non-parametric data and counts (percentage) for categorical 

used to compare parameters between CHD groups. Paired t-test was performed to compare 

(R, nlme package v. 3.1-137) to test the association between cerebral parameters and new 
postoperative brain injury. A total of six models were built with either new WMI or new 
focal infarction as dependent variable and rSO2

individual subject as a random slope factor. This approach can handle missing data correcting 

factors for respectively new WMI and new stroke, and therefor included in mixed model 
analysis. To explore predictive ability of rSO2, FTOE and COR for new brain injury in 

postoperative period (1-48h) was calculated for each individual subject. Best subset selection 
analysis (R, leaps package, v. 3.0) was used to identify the most optimal logistic regression 
model with clinical factors, rSO2, FTOE and COR as independent variables, and new WMI or 
new stroke as dependent variable. P-values were corrected for multiple comparisons using 
Bonferroni correction.

Results
In total 77 infants were included (75% male and 29% postnatal diagnosis), 19 had TGA, 30 
LVOTO and 28 SVP. Infants with LVOTO and SVP underwent deep hypothermia with longer 
surgery and cardiopulmonary bypass time ( ). In addition, postoperative time on 
mechanical ventilation and midazolam dose were higher in LVOTO and SVP. Infants with 
SVP more often had postoperative LCOS with associated delayed sternal closure and repeat 
thoracotomy. Three patients died before postoperative MRI (1 TGA, 2 SVP). 
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Perioperative and MRI characteristics for congenital heart disease (CHD) subgroups. 

characteristics

SVP 

7 (6/9) 12 (10/16) 8 (6/9) <0.001

40.6 (39.5/41.2) 41.4 (40.3/42.0) 40.3 (39.1/41.1) 0.02

3565 (3300/3645) 3450 (2975/3800) 3500 (3000/3700) 0.55

204 (181/259) 286 (244/350) 274 (242/328) <0.001

degrees celsius
28 (26/30) 21 (20/22) 20 (19/22) <0.001

Duration 

min

131 (116/148) 162 (123/220) 167 (142/185) 0.03

Selective cerebral 

perfusion
- 18 (60) 19 (68) <0.001

syndrome*
2 (10) 9 (30) 20 (71) <0.001

Delayed sternal closure 3 (16) 16 (53) 24 (86) <0.001

Repeat thoracotomy* 0 (0) 1 (3) 6 (21) 0.02

Cardiac arrest* 0 (0) 0 (0) 2 (7) 0.17

Arrythmias* 6 (32) 7 (23) 6 (21) 0.71

Convulsions* 0 (0) 2 (7) 4 (14) 0.19

5.9 (4.7/8.8) 8.5 (6.4/10.7) 8.7 (6.4/10.5) 0.10

0.6 (0.4/0.7) 0.6 (0.5/0.7) 0.6 (0.5/0.8) 0.42

hrs
81 (52/89) 180 (120/360) 315 (208/435) 0.01

4 (4/6) 7 (5/11) 12 (8/15) 0.01

Postoperative death 1 (5) 0 (0) 2 (7) 0.35

6 (33) 13 (43) 11 (42) 0.74

4 (22) 7 (23) 6 (23) 0.99

hemorrhage
0 (0) 0 (0) 1 (4) n/a

Brain maturity score 13 (11/13) 13 (12/14) 13 (12/13) 0.46

For discontinuous parameters N(%) is shown, for continuous parameters median with 25th/75th centiles. 
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Intraoperative indices of cerebral oxygenation and autoregulation: Deep 
hypothermic circulatory arrest versus selective cerebral perfusion

Fifty-eight infants had aortic arch obstruction (LVOTO or SVP) of which 21 had deep 
hypothermic circulatory arrest and 37 had SCP. Repair of TGA did not require deep 
hypothermia and was therefore not included in intraoperative analysis. 

2 during 
CPB than infants with deep hypothermic circulatory arrest (64 vs 47%, p<0.001) and less time 

). Mean SaO2

between infants with SCP and deep hypothermic circulatory arrest (79% versus 78%, p=0.90). 
Intraoperative rSO2

rSO2

Postoperative indices of cerebral oxygenation and cerebral autoregulation: 
comparison between CHD groups

rSO2

decreased over the postoperative period, mirroring the course of rSO2 ( ). Absolute 
rSO2 was lowest in SVP at all postoperative time points. A notable increase in rSO2 was seen 
between 6 and 12 hours after surgery in all CHD groups, on average with a factor 1.4 (range 1.1 
to 2.4) and highest in SVP (TGA:1.3, LVOTO:1.4, SVP:1.5, p=0.008).

also compared to LVOTO (

associated with rSO2 (r=-0.30, p=0.01), but not associated with FTOE (r=0.01, p=0.99) in 
linear regression analysis.

Low cardiac output syndrome and indices of cerebral oxygenation and 
autoregulation

Postoperative LCOS was associated with lower average rSO2 and increased average time with 
). In all infants, the onset of LCOS was within 12 hours after surgery. 

Increase in rSO2 between 6 and 12 hours was comparable between infants with and without 
postoperative LCOS (factor 1.45 vs 1.35 respectively in TGA and LVOTO, p=0.14; factor 1.56 
vs 1.47 respectively in SVP, p=0.50). Other clinical variables as postmenstrual age at time of 
surgery, sedatives, brain maturity score and abnormal brain activity were not associated with 
average postoperative rSO2 ).
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Trends in intraoperative indices of cerebral oxygenation and autoregulation. Regional cerebral 
oxygen saturation (rSO2), fractional tissue oxygen extraction (FTOE) and percentage of time with MABP-
rSO2

arrest (left, black) or selective cerebral perfusion (right, orange). CPB indicates cardiopulmonary bypass. 
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 Trends in postoperative indices of cerebral oxygenation and autoregulation. Regional 
cerebral oxygen saturation (rSO2), fractional tissue oxygen extraction (FTOE) and percentage of time 
with MABP-rSO2

surgery for three CHD groups separately.  
a 

analysis. 
b

c 

congenital heart disease. 
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Association of postoperative indices of cerebral oxygenation and autoregulation with clinical 
variables.  

 

Clinical variables correlation P value correlation P value correlation P value

Postmenstrual age at surgery* -0.03 0.80 0.15 0.34 -0.13 0.42

Selective cerebral perfusion† -0.18 0.16 -0.05 0.76 0.25 0.12

-0.01 0.94 0.13 0.46 0.23 0.19
† -0.55 <0.001 0.20 0.20 0.46 0.003

Brain maturity score* 0.02 0.91 0.11 0.54 0.15 0.39

Abnormal brain activity† -0.02 0.89 0.16 0.37 0.11 0.53

Postoperative indices of cerebral oxygenation and autoregulation were averaged and associated with 

percentage of time with MABP-rSO2

regional cerebral oxygen saturation.

Indices of cerebral oxygenation and autoregulation in relation to new 
postoperative brain injury

New postoperative WMI was seen in 30 (41%) and new focal infarction in 17 (23%), with equal 
distribution across CHD groups ( ). New parenchymal hemorrhage was present in 
one infant and therefore not taken into account in further analysis. 
A total of 513 postoperative measurements were included in mixed model analysis, with 
LCOS and SCP included in the model for new WMI and new focal infarction respectively. No 
relationship was seen of rSO2, FTOE or COR with new WMI or new focal infarction ( ). 

 Results of mixed model analysis. 

Analysis Dependent variable Mixed model terms

1 New white matter injury CHD subgroup, LCOS, rSO2, time point x rSO2 0.12

2 New white matter injury CHD subgroup, LCOS, FTOE, time point x FTOE 0.39

3 New white matter injury CHD subgroup, LCOS, COR, time point x COR 0.21

4 New focal infarction CHD subgroup, SCP, rSO2, time point x rSO2 0.35

5 New focal infarction CHD subgroup, SCP, FTOE, time point x FTOE 0.97

6 New focal infarction CHD subgroup, SCP, COR, time point x COR 0.17

A total of six models were built with either new WMI or new focal infarction as dependent variable and 
rSO2

indicates congenital heart disease; COR, percentage of time with MABP-rSO2

fractional tissue oxygen extraction; LCOS, low cardiac output syndrome; rSO2, regional cerebral oxygen 
saturation; SCP, selective cerebral perfusion.
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Trends in postoperative vital parameters  Arterial oxygen saturation (SaO2), mean arterial 
blood pressure (MABP) and end-tidal carbon dioxide (etCO2) are presented at seven time points during 
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Postoperative indices of cerebral oxygenation and autoregulation in relation to vital 
parameters. Regional cerebral oxygen saturation (rSO2), fractional tissue oxygen extraction (FTOE) and 
percentage of time with MABP-rSO2

2) 
including all postoperative measurements. LVOTO indicates biventricular physiology with left ventricle 
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Best subset selection analysis (using averaged postoperative rSO2, FTOE and COR values 

2, FTOE and COR 
with new postoperative WMI or focal infarction. The most optimal model included LCOS 
as independent risk factor for new WMI, and SCP as independent risk factor for new focal 
infarction (data not shown). 

Postoperative vital parameters and indices of cerebral oxygenation and 
autoregulation

Postoperative SaO2 2 were comparable 
between CHD groups ( ). MABP, SaO2 and etCO2

, postoperative 
associations of vital parameters with rSO2

all CHD groups. 

Discussion
This study investigated intraoperative and postoperative indices of cerebral oxygenation 
and autoregulation in infants undergoing open-heart surgery with CPB for critical CHD. 
Intraoperative and postoperative indices of cerebral oxygenation and CA as measured in 
our study were not independently related to new postoperative ischemic brain injury. In our 
study, we estimated CA by correlating rSO2 and MABP which has been presented as a robust 
index of CA in previous studies,8, 13 however, is only one of the available methods to estimate 

rSO2 is regulated by several mechanisms that include CA and cerebrovascular carbon dioxide 
and oxygen reactivity, but rSO2 is also dependent on systemic oxygen saturation, cardiac 
output and brain metabolism.17-20 rSO2

only if SaO2, cerebral oxygen consumption and cerebrovascular carbon dioxide and oxygen 
reactivity remain constant.8, 19 Decrease in rSO2 immediately after CPB has previously been 
reported in neonates after Norwood procedure for SVP,18, 21 and after arterial switch operation 
for TGA.7, 22 In our study, decreased rSO2 in the early postoperative period was demonstrated 
in all CHD groups, with a steady increase in rSO2

supports the hypothesis that early postoperative cerebral desaturation is a consequence of 

cardiac procedure or anatomical changes.23 
The results of our study revealed a notable increase in rSO2 between 6 and 12 hours after 

hours following separation from CPB for cardiac repair.24 Low cardiac output decreases the 
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by higher lactate levels.25 Previous studies have shown an inverse relationship between lactate 
and rSO2.26, 27 In our study, postoperative LCOS (i.e. high lactate with low pH) was associated 
with lower rSO2. 
CA is a compensatory mechanism with the ability to maintain cerebral perfusion and 
oxygenation relatively constant during changes in brain perfusion pressure.8 CA is the property 
of arteries to constrict or dilate in response to respectively increase or decrease in pressure.28 

This mechanism is described as a plateau region in the static relationship between MABP 

unknown.8, 20 In our study, we could not describe a clear trend between MABP and CA, which 
supports the hypothesis that MABP thresholds are individually determined in young infants.28

In this study, infants with SVP (and lowest rSO2 values) experienced more time with signs 
of impaired CA than infants with TGA or LVOTO. However, this population with the most 

2-MABP 
correlation independently from CA.18 Also, infants with SVP experience more often LCOS after 
surgery, which was associated with increased time with impaired CA in our study as well. 
In our study, infants with LVOTO and SVP showed a trend towards higher rSO2 with 
increasing etCO2

with increasing etCO2

autoregulatory capacity in ventilated infants when compared to non-ventilated infants with 
CHD, because of higher CO2 levels.10, 29 Increased CO2 causes arterial cerebral vasodilatation, 
increasing cerebral blood supply and subsequently cerebral oxygen delivery. The results of our 
study suggest that this phenomena is present in infants with arch obstruction (LVOTO and 
SVP) but not in infants with TGA, which was also seen in a previous study.7 

CA with new postoperative WMI or focal infarction. A previous study including a part of our 

2 and postoperative brain 
injury.30 WMI is the most common type of brain injury after neonatal open-heart surgery, 

1 LCOS 
31 In our study, LCOS 

was associated with lower rSO2, however, no direct association of rSO2 with WMI could be 
seen. Focal infarction is most likely the result of thrombo-embolic events and in the general 

2 

and FTOE.32 In our cohort of infants with critical CHD, the majority of focal infarctions after 
CPB is limited to the basal ganglia and thalamus. 
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after CPB. Especially in SVP, the brain might be conditioned to a continuous state of cerebral 

immaturity,33, 34 not directly visible as brain injury at postoperative MRI. Several studies 
showed an association between prolonged intraoperative and postoperative low cerebral 
oxygenation and poorer neurodevelopmental outcomes.4, 5, 35, 36 This study also knows several 
limitations. Firstly, rSO2 measured by NIRS represents a mixed saturation, for 75% determined 
by the venous saturation. However, in response to hypoxia, the arterial contribution might 
increase, as a consequence of cerebral arterial vasodilatation. Secondly, NIRS monitor was 

2 values. In 
other neonatal populations, it has been shown that rSO2 values are more stable and time with 

37 Thirdly, 

surgical procedures such as coagulation which limited the possibility to examine the TGA 
population during CPB. It is also important to note that type of NIRS device and sensors must 
be taken into account when interpreting absolute values of cerebral oxygenation. Pediatric 
sensors measure rSO2 values around 10% higher compared to adult sensors.16, 38

Conclusions
Postoperative indices of cerebral oxygenation and autoregulation measured by near-infrared 
spectroscopy do not independently predict new ischemic white matter injury or focal 

Lower cerebral oxygenation and increased time with signs of impaired CA are associated with 
presence of LCOS and dependent on CHD type. The results of this study suggest a complex 
causal chain and interplay of low rSO2, LCOS, heart defect and ischemic brain injury after CPB 
for critical CHD in infancy. Further exploration of postoperative hemodynamics is required to 
identify cerebral oxygenation related biomarkers enabling early intervention and prevention 
of ischemic brain injury.
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Highlights summary
 The anatomical change in fetuses with critical CHD leads to reduced 

injury. 
Fetal brain volumes correlate with neonatal brain volumes and acquired 

neonatal ischemic brain injury in individuals with critical CHD.

critical CHD when compared to healthy neonates. 
 Brain microstructural development follows the same pattern in neonates 

of microstructural integrity among CHD groups. Degree of brain microstructural 
immaturity is not associated with acquired neonatal brain injury.  

 Cumulative incidence of pre- and postoperative ischemic brain injury is 
high, 65% in this study. Low cardiac output syndrome is an important risk factor for 
multifocal injury; balloon-atrioseptostomy and selective cerebral perfusion for focal 
injury. 

 Cerebral sinovenous thrombosis is more common than previously reported 
in neonates with critical CHD. Risk factors are lower postmenstrual age, lower weight 
and internal jugular vein catheter.

 Children with neonatal white matter injury show lower intelligence 
quotients, with higher report of attention problems at six years. Neonatal brain injury 
with involvement of the internal capsule is associated with motor impairments.

bedside amplitude-integrated electroencephalography is an early marker of new brain 
injury. 

 Neonatal cerebral oxygenation is reduced after cardiopulmonary bypass 
for critical CHD, with a notable increase between 6 and 12 hours after surgery. Indices of 
cerebral oxygenation and autoregulation are not predictive of new brain injury.



194 | Chapter 11

Neurological sequelae are a major complication in survivors of early life open-heart surgery 
for critical congenital heart disease (CHD), and the need for neuroimaging and interventions 
to improve neurodevelopment in these children is increasingly being recognized. The aim 

brain immaturity and acquired brain injury in fetuses and neonates with critical CHD, and 
the attribution of neurodevelopmental sequelae to aberrant brain growth in early life. 

In  we reviewed the current state of knowledge on the contribution of changed 
cardiovascular physiology to changes in fetal and neonatal brain development. The 
anatomical change in fetuses with critical CHD leads to disturbances in cerebral blood 

obstruction), and blood oxygen content (most severely reduced in transposition of the great 
arteries). As a consequence of chronically reduced cerebral oxygen delivery and oxygen 

the transition from in- to ex utero life, perioperative complications and major neonatal 

circumstances, the immature brain of neonates with critical CHD is at risk of acquiring 
brain injury. 

Part I: Fetal and neonatal brain development in congenital heart 
disease
Previous studies have shown that brain volumes are smaller in fetuses with critical CHD 
when compared to healthy fetuses. In , we studied fetal and neonatal brain and 

critical CHD. We found that fetal brain and CSF volumes relate to neonatal brain and CSF 
volumes, before and after cardiac surgery. No acquired brain injury was seen in fetuses 
with critical CHD, but smaller fetal brain volumes correlated with neonatally acquired 
ischemic brain injury. TGA, SVP and LVOTO showed similar growth trajectories of brain 

the neonatal period, a relative increase of CSF volumes was seen. Fetal brain imaging has 
the potential to provide early neurological biomarkers. 

The cortex plays an important role in cognition, motor and behavior, and the majority of 

birth. As we showed in chapter 3, the portion of the cortex taking up total brain volume 
increases with gestation. In , we found that volume of the cortex was decreased 
in all neonates with critical CHD when compared to healthy controls, and that cortical 
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preoperative balloon atrioseptostomy were independent predictors of impaired cortical 

With development, brain microstructure becomes more organized by the formation of axonal 

chapter 5, we showed a high degree 
of agreement in order of regions by microstructural maturity between CHD infants and 
previous reports in healthy subjects; anterior-to-posterior and central-to-peripheral. We 
found white matter microstructural integrity to be most mature in TGA, and least mature 

microstructural integrity. Degree of microstructural immaturity was not associated with an 
increased risk to acquire neonatal ischemic brain injury.   

Part II: Acquired neonatal brain injury in congenital heart disease
In chapter 2, we described a high variety in reported brain injury incidence in neonates with 

in clinical care across centers. In chapter 6, we investigated brain injury in neonates with 

Cumulative incidence of preoperative and postoperative ischemic brain injury was 65%. The 
rate of new or extended parenchymal hemorrhage after cardiopulmonary bypass was low, 

postoperative low cardiac output syndrome was an important risk factor for multifocal injury 
(i.e. white matter injury or hypoxic-ischemic watershed injury), and occurred at similar rate 
across both sites. A practice approach towards routine use of balloon-atrioseptostomy or 
selective cerebral perfusion was associated with a higher rate of respectively preoperative 

that the high rate of brain injury in this population is a clinical concern and does not simply 

Neonatal cerebral sinovenous thrombosis, occlusion of one of the cerebral veins by a 
thrombus, is associated with neurodevelopmental impairments and epilepsy. When 
diagnosed early, propagation of the clot and additional parenchymal injury can be 
prevented. In chapter 7

underwent open-heart surgery <30 days of life for critical CHD, which is more common than 
previously reported in this population. Proposed risk factors included lower postmenstrual 
age and weight at time of surgery, as well as use of internal jugular vein catheters. In this 
study we found that sinovenous thrombosis was associated with basal ganglia stroke. All 



196 | Chapter 11

in neurodevelopmental outcome at 2 years was seen between children with and without 
neonatal sinovenous thrombosis. 

In chapter 8, we investigated school-age outcomes in a cohort of children who had 
neonatal open-heart surgery for either LVOTO or SVP. In this population, children who 
acquired neonatal moderate-severe white matter injury showed lower cognitive scores at 
the age of two years and lower intelligence quotients at the age of six years. In addition, 
more attention problems were reported in children who acquired neonatal white matter 
injury. Neonatal brain injury with involvement of the posterior limb of the internal capsule 
(containing motor tracts) was associated with motor problems at six years. Children with 
below-average six year intelligence quotient (<85) had smaller brain volumes, especially of 
basal ganglia-thalamus and brainstem, at neonatal age. 

Part III: Bedside neonatal brain monitoring in congenital heart 
disease
Amplitude-integrated electroencephalography (aEEG) is a continuous bedside neuro-
monitoring technique eligible for the assessment of brain activity in neonates with critical 
CHD. In chapter 9, we showed that abnormal brain activity (i.e. abnormal background 
pattern or ictal discharges) measured by aEEG is associated with acquired brain injury. 

hours after cardiac surgery and new postoperative brain injury.

Near infrared spectroscopy is another continuous bedside neuro-monitoring technique, 
providing indices of cerebral oxygenation and cerebral autoregulation. In , we 
showed that cerebral oxygenation is decreased after cardiopulmonary bypass for surgical 
repair in all critical CHD groups. A notable increase in cerebral oxygenation was seen 
between 6 and 12 hours after surgery, consistent with a reported increase in cardiac output 
around that time. Decreased cerebral oxygenation and increased time with impaired cerebral 
autoregulation were associated with low cardiac output syndrome and SVP. Intraoperative 
and postoperative indices of cerebral oxygenation and cerebral autoregulation as measured 
in our study were not independent predictors of new postoperative ischemic brain injury.

In , the results of this study are discussed including possible implications for 
clinical care and future research directions.
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Chapter 12
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GENERAL DISCUSSION
The aim of this thesis was to investigate timing and risk factors of brain immaturity and 
acquired brain injury in fetuses and neonates with critical congenital heart disease (CHD), 
and the attribution of neurodevelopmental outcomes to brain abnormalities in early life. 
This thesis contributes to the ongoing work on improving the prospects of individuals facing 

Enrolled individuals with critical CHD in this thesis
To answer the research questions of this thesis, we included individuals who were part of the 
in 2016 initiated prospective longitudinal brain imaging program implemented as part of 
standard clinical care for individuals with critical CHD at the Wilhelmina Children’s Hospital 
( ). In addition, a research cohort of 36 individuals born between 2009 
and 2012 with critical CHD who underwent neonatal MRI and neurodevelopmental follow-
up was included for some studies ( ). Previous results from this research cohort 
were reason to start brain imaging and neurodevelopmental follow-up as part of standard 
clinical care in our hospital.1-5 Collaborations with other institutions allowed inclusion of 

and 6). 
In our hospital, brain imaging, neuro-monitoring and neurodevelopmental follow-up are 
clinically available as part of standard care to all individuals requiring open-heart surgery 

consistent information, it is important that studies include cohorts that are representative 
of the critical CHD population. The results of studies including clinical cohorts will provide 
more generalizable information for individuals with critical CHD compared to studies 
examining research cohorts (chapter 6).

Brain immaturity
There is increasing evidence of brain immaturity in fetuses and neonates with critical CHD.6-

12

). Volumetric brain growth follows the same trend 
in fetuses with critical CHD as reported in healthy individuals,13, 14 with linear expansion 
of total brain volume with increasing postmenstrual age ( ). Relatively rapid 
increase of cerebellum and cortex from the third trimester onwards was seen ( ). 
Microstructural brain maturation of the white matter followed the same organized pattern 
in individuals with critical CHD as reported in neonates without CHD,15, 16 with central and 
posterior white matter structures being the most mature (chapter 5
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cortex increases in the last trimester of gestation following a similar pattern as white matter 
maturation,17, 18

period in neonates with critical CHD ( ). 

plateaus in the late third trimester of gestation.7, 14 In our cohort of fetuses and neonates 
with critical CHD, proportion of CSF spaces occupying the intracranial space was larger 
than reported in healthy individuals,7 and even increased in the neonatal period (chapter 

). This increase in CSF spaces is concerning and can be the result of either brain immaturity 
or brain tissue loss due to acquired brain injury.

Etiology of antenatal brain immaturity

In neonates with critical CHD, advancement in brain development is the result of antenatal 
brain growth ( ). Delay in brain growth during fetal life is a consequence of the 

and nutrient delivery ( ). Using ultrasound Doppler imaging, aberrant cerebral 
19-24 In response to 

cerebral hypoxia, fetuses redistribute their cardiac output towards essential organs such 
25, 26 In this response, the fetal brain decreases the 

25, 27 As a consequence of decreased 
cerebral oxygen delivery with reduced brain oxygen consumption, brain volumetric growth 
and maturation are reduced.28, 29

explicated in the section interplay of brain immaturity and acquired brain injury. 

Long-term consequences of brain immaturity

Smaller brain volumes at neonatal age were seen in children with critical CHD who had 
below average intelligence quotient (IQ below 85) at the age of six (chapter 8). This implies 
that delayed brain growth in early life might play a role in poorer cognitive development 

and behavior in preterm born infants,30, 31

with these functions at school-age was seen in critical CHD (chapter 8). In adolescents 
with critical CHD, brain immaturity is frequently described and correlates with poorer 
intelligence and executive functioning.32-37 However, it remains uncertain to which extent 
delayed brain maturation in early life persists into adulthood.

Type of critical CHD and brain immaturity

It is essential to bear in mind the type of CHD when assessing brain immaturity in relation 
to cerebral oxygen delivery. Antenatal to neonatal brain immaturity has been noted in all 
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individuals with critical CHD.6-12 However, the results of this thesis suggest that the brain 
of an individual with SVP is even less mature than the brain of individuals with other types 
of critical CHD.38 Although similar growth trajectories of brain volumes were seen among 
individuals with SVP, LVOTO and TGA (
SVP and not in TGA when compared to healthy neonates ( ). Neonates with TGA 
showed the most mature white matter microstructure, and SVP the least mature, when 
compared to neonates with LVOTO or RVOTO (chapter 5).
All critical CHD groups have reduced cerebral oxygen delivery when compared to the normal 
fetal circulation.28

altered in SVP and LVOTO, whereas cerebral blood oxygen content is lowest in TGA.25, 28, 29, 39   
Smaller aortic diameter is associated with less advanced brain maturity,40 which might play 
a role in the more immature white matter microstructure of neonates with SVP and LVOTO 
when compared to TGA. In addition, for fetuses with SVP, retrograde aortic perfusion via the 
ductus arteriosus is already present in utero, resulting in lower cerebrovascular resistance 
than seen in other CHD groups.25, 27, 41, 42

Risk factors of brain immaturity

In our longitudinal cohort of individuals with critical CHD, mother-related factors were 
not associated with fetal brain volumes (
between placental weight and fetal brain volume ( ), however, placental 
vascularization has been suggested to play a role in the extent of brain immaturity in fetuses 
with critical CHD.19, 20, 43, 44

brain maturity is dependent on postmenstrual age ( ). The optimal timing of 
delivery in regard to postmenstrual age is an ongoing debate. It is suggested that the brain 
of newborns with critical CHD is around four weeks behind in maturity,45 with the brain 
being less mature with every earlier week of delivery. In neonates with SVP and TGA, lower 
birth weight and gestational age were independent risk factors of smaller cortical volumes 

), but not of brain microstructural 
development (chapter 5). Although some advocate that longer in utero stay under 
cerebral hypoxia might be disadvantageous for brain development, younger postmenstrual 
age at time of birth seems an important risk factor for altered brain growth and poorer 
neurodevelopment.46-48

Postnatal factors such as low Apgar score, postnatal CHD diagnosis, balloon-atrioseptostomy 
and low cardiac output syndrome were not directly associated with neonatal brain 
immaturity ( ). It can be considered that such factors do not impact brain 
development, however, more likely the consequences of such factors require time to become 
visible and should be examined at an older age.
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Acquired brain injury 

Timing of acquired brain injury

The results of this thesis contribute to the ongoing search for the most critical time point 
of brain injury in neonates undergoing cardiac surgery. Ischemic and hemorrhagic brain 
injury were not seen in any of the fetuses with critical CHD ( ), which shows that 
these injuries are acquired in the critical period after birth. In the neonatal period, new 
ischemic brain injury was more common after surgery (~50%) than before surgery (~30%, 
chapter 6 and 8). The incidence of parenchymal hemorrhage was low, preoperatively 
~8% and new or extended postoperatively in ~5%. Not in any neonatal population is the 

with critical CHD.49

Before cardiac surgery, two independent predictors of respectively multifocal and 

atrioseptostomy (chapter 6). Timing of balloon-atrioseptostomy can vary, but is most 

Timing of postoperative ischemic brain injury can be related to the open-heart surgery. Focal 
ischemic brain injury is associated with the use of selective cerebral perfusion (chapter 6), 
suggesting timing of new postoperative focal lesions to be during the surgical procedure. 
Postoperative low cardiac output syndrome is an important predictor of multifocal ischemic 
injury (chapter 6) and has in most cases its onset within 12 hours after cardiac surgery.50-52 
Cerebral oxygenation is decreased after cardiopulmonary bypass for critical CHD,53-56 and 
rapidly increases again between 6 and 12 hour after surgery ( ), consistent 
with the reported increase in cardiac output around that time.57

surgery with low cardiac output and high lactate levels seem critical in the timing of new 
postoperative multifocal ischemic brain injury. 

Etiology of ischemic brain injury

White matter injury is the most common type of brain injury in neonates with critical 
4, 12, 58-61 In this thesis, two types of ischemic 

chapter 6): multifocal 
injury (including hypoxic-ischemic injury and multifocal white matter injury) and focal 
injury (including single white matter lesion and stroke). The distinct etiologies of these 

(interventions as balloon-atrioseptostomy and selective cerebral perfusion) and multifocal 
injury (low cardiac output syndrome). Thrombo-embolic events are related to cardiac 
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regions, mainly in the territory of the middle cerebral artery.62 Multifocal white matter 

(chapter 6), not related to artery territory.63, 64 Low cardiac output decreases the ability to 
transport oxygenation blood to the brain and other organs, and the low perfusion pressure 
results in suboptimal oxygen delivery to the brain.50, 57

matter is further explicated in the next section (interplay of brain immaturity and 

acquired brain injury).

Etiology of cerebral sinovenous thrombosis
Cerebral sinovenous thrombosis is more common (~10-25%) in neonates undergoing 
cardiac surgery for critical CHD than previously understood (chapter 6 and 7). Sinovenous 
thrombosis is important to recognize in order to prevent additional focal infarctions of the 
basal ganglia and thalamus (chapter 7). The use of cardiopulmonary bypass cannulas and 
central venous catheters in relatively small vessels might be an important underlying cause 
of sinovenous thrombosis in neonates with critical CHD. Cannulas and catheters can induce 
endothelial damage of the vessel wall, which is associated with (locally) elevated coagulation 
factors.65 In addition, maturity of the neonatal coagulation system (hypercoagulable or pro-
thrombotic state, and response to anticoagulants and coagulants) likely plays an important 
role in the development of sinovenous thrombosis after neonatal cardiac surgery.66-68 ‡ 

Long-term consequences of acquired brain injury
Average intelligence quotient (IQ), with correction for maternal educational level, is lower 
than normative means in our cohort of children with critical CHD.49, 69, 70 Children with critical 
CHD and neonatal white matter injury showed an additional decline in IQ of more than ten 
points when compared to their peers without neonatal white matter injury (chapter 8). 
Outcome studies have shown high rates of attention problems and hyperactivity in children 
with critical CHD.71, 72 In this thesis, we showed a higher rate of attention problems at the 
age of six years in children with acquired neonatal multifocal white matter injury (chapter 

8). Attention problems as a consequence of neonatal white matter injury could even become 
clearer at an older age when societal demands on children increase and more elaborate 
testing methods can be performed. Motor problems were not related to type of injury, but 
to location of ischemic brain injury. Almost all children with ischemic brain injury involving 
the posterior limb of the internal capsule (PLIC, containing white matter motor tracts) 
developed motor problems (chapter 8). 
Multifocal white matter injury seems to be of greater importance to neurodevelopment 
than focal injury.73, 74

matter, and might not be seen as a static lesion. This could suggest that overall white matter 
damage leads to impaired neurodevelopment rather than the visible white matter lesions 
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itself. Focal injury caused by a thrombo-embolic incident most likely spares the rest of 
the brain and therefore does not always impact neurodevelopment. Prognosis of cerebral 
sinovenous thrombosis seems highly dependent on the extent of additional brain lesions 
(chapter 7), as thalamic hemorrhage and stroke.67, 75-78 In our hospital, all neonates with 
sinovenous thrombosis received anticoagulation therapy by standard protocol to prevent 
clot propagation and additional brain injury.76, 79 

Type of CHD and acquired brain injury
Neonates with SVP have an increased risk of low cardiac output syndrome and associated 
multifocal ischemic brain injury compared to TGA and LVOTO (chapter 6). In SVP, 

80 In addition, the frequently chosen Norwood procedure 
in SVP might be accompanied with more risks for the developing brain than other surgical 
procedures.2, 81, 82 Also, neonates with SVP are still cyanotic after surgery ( ). 

CHD populations, such as balloon-atrioseptostomy for TGA and selective cerebral perfusion 
for aortic arch obstruction (SVP, LVOTO, chapter 6). 

Risk factors of acquired brain injury: before surgery
Antenatal detection of critical CHD enables a prepared perinatal course in a tertiary level 
hospital with available pediatric cardiac intensive care. Neonates with postnatal diagnosis 
of critical CHD often show low cardiac output syndrome (LCOS) at time of admission,59 
whereas LCOS is the main risk factor for multifocal white matter injury (chapter 6).
No recommendations are currently available regarding timing and mode of delivery of 
fetuses with antenatal diagnosis of critical CHD. Gestational age and birth weight were not 

chapter 6). However, prematurity is 
associated with other clinical problems and brain immaturity, which might increase the 
risk of brain injury.47, 48 Neonates with lower postmenstrual age and weight at time of 
surgery had an increased risk of cerebral sinovenous thrombosis (chapter 7). Mode of 
delivery is currently dependent on hospital policies (chapter 6). Vaginal delivery induces 
the risk of subdural and cerebellar hemorrhages, also in the healthy population,83 however 
these hemorrhages are in most cases extra-parenchymal and not clinically relevant. No 

in a previous study,3 however, in this thesis a trend towards less preoperative multifocal 
ischemic brain injury could be noticed in those born by cesarean section (chapter 6). 

lesions, either stroke or single white matter lesion (chapter 6). A practice approach 
towards routine use of balloon-atrioseptostomy seems to be associated with an increased 



12

General discussion | 207

rate of focal lesions. Nowadays, more institutions are performing fetal cardiac interventions, 
such as prenatal aortic valve dilatation or balloon-atrioseptostomy,84-86 and future research 
should reveal whether these interventions are accompanied with an increased risk of focal 
ischemic brain injury as well.

Risk factors of acquired brain injury: during and after surgery

The main risk factor for new postoperative multifocal ischemic brain injury was 
postoperative low cardiac output syndrome (chapter 6). Low cardiac output syndrome is 
common after cardiac surgery for critical CHD, and was associated with re-thoracotomy, 
delayed sternal closure and arrhythmias in our study. Around 30% of new postoperative 
multifocal ischemic injury could be attributed to low cardiac output syndrome, which is 
a large number considering that most interventions aim to reduce the burden of ischemic 
injury by 10-20%.87

Selective cerebral perfusion was an independent risk factor of new postoperative focal 
lesions (chapter 6), and especially strokes in the basal ganglia have been exclusively 
described after selective cerebral perfusion.4, 81 The debate on which perfusion technique 
to use during neonatal open-heart surgery is ongoing. Deep hypothermic circulatory arrest 
has been reported to be associated with increased rates of brain injury88, 89 and ante grade 
selective cerebral perfusion has been introduced to improve brain perfusion during cardiac 

never been shown in randomized controlled trials.4, 90 Monitoring of (micro-)emboli during 
cardiopulmonary bypass might be a helpful tool to identify the etiology of strokes during 
selective cerebral perfusion and optimize the use of this technique.
Optimal timing of surgery to prevent brain injury warrants further attention. The results of 
chapter 6 revealed that the relationship between timing of surgery and the probability of 
new postoperative ischemic brain injury is non-linear. The results of this thesis support the 

acquiring ischemic brain injury and other comorbidities.91-93

Interplay between white matter immaturity and acquired brain 
injury

in chapter 5 can primarily be attributed to a delay in white matter axon myelination. In 
fetal life, pre-myelinating oligodendrocytes (pre-OLs, immature oligodendrocytes) are the 
most dominant type of oligodendrocytes in the human white matter (~90%).94 After birth, 
the mature, myelin-producing oligodendrocytes start to gain prominence. However, pre-
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OLs are particularly vulnerable to hypoxia-ischemia and are injured by a cascade involving 
excitotoxicity, microglial activation and generation of free radicals (which provides 
opportunities for neuroprotective strategies).64, 95 Injury to pre-OLs results in cell death, and 
although this is followed by the initiation of oligodendrocyte progenitor cell proliferation, 
oligodendrocyte maturation is arrested and pre-OLs fail to mature to myelin-producing 
oligodendrocytes, which results in impaired myelination. 96, 97 Pre-OLs are also thought to 
play an important role in driving cortical development.99 This process of hypoxia-ischemia-

98 
The described process explains the coexistence of white matter immaturity and white matter 
injury in neonates with critical CHD, as also the potential pathway of brain immaturity 
increasing the risk to acquire brain injury.11, 58, 100, 101

thesis that smaller brain volumes in the third trimester of gestation are associated with 
acquired neonatal ischemic brain injury ( ). On the contrary, we did not see an 
association between acquired brain injury and neonatal microstructural maturation of 122 
brain regions (chapter 5). Also, qualitatively measured lower brain maturity score was not 
associated with a higher risk of focal- or multifocal injury (chapter 6). Although there is 
a coexistence of brain immaturity and acquired brain injury in neonates with critical CHD, 
to which extent the degree of brain immaturity plays a role in the onset of brain injury 

On the contrary, acquired brain injury, especially white matter injury, might also be an 
underlying cause of further brain immaturity. Preoperative neonatal white matter injury 
decreased the rate of cortical maturation over the neonatal period ( ) and such a 
pathway has been revealed in preterm infants.99 However, to study this association in more 
detail longitudinal studies including MRI later in infancy or childhood are necessary.

Abnormal neonatal brain activity as a biomarker for new brain 
injury
Amplitude-integrated electroencephalography (aEEG) after birth and in the perioperative 
period is included in our brain imaging program for neonates with critical CHD. Abnormal 

chapter 9), which has been reported previously in 
varying incidences.102-104

after surgery was seen in ~33%, with around half of this population having ictal discharges 
(~17%, which is in agreement with the previously reported 11-30%102, 105, 106). In chapter 

9, we showed that aEEG measured abnormal brain activity is an early biomarker of newly 
acquired brain injury, in both the period after birth as the period after cardiac surgery. 
Not only ictal discharges, but also an abnormal background pattern (burst suppression, 
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pathology. In addition, abnormal aEEG brain activity has previously been reported as a 
predictor of impaired neurodevelopmental outcome.102, 106-108

Near infrared spectroscopy as a biomarker for new brain injury
Near infrared spectroscopy (NIRS) measures cerebral oxygen saturation, and is the result 

saturation, cardiac output, blood pressure and pCO2) and brain oxygen demand (dependent 
on brain metabolism).109

setting, use of NIRS itself has already been suggested to improve neurological outcomes.110 
NIRS can also reveal low cardiac output syndrome and other complications at an early stage.51, 

111, 112 Several studies have proposed that NIRS values below a certain threshold increase the 
risk of brain injury.101, 113, 114

as an independent predictor of neurodevelopment in some,114-117 but not in others.118-120 In 
this thesis, we showed that indices of cerebral oxygenation and cerebral autoregulation as 
measured in our study using NIRS were not robust predictors of new postoperative ischemic 
brain injury in infants after cardiac surgery for critical CHD ( ). However, low 

matter, which might require a longer period of time before becoming visible in children with 
critical CHD.

Magnetic resonance imaging in fetuses and neonates
Magnetic resonance imaging (MRI) of the brain was the primary tool to investigate the young 
brain longitudinally in this thesis, and is the most adequate and reliable tool to visualize the 
brain in vivo ( ). A major challenge in MRI research is outcomes being dependent 
on: MRI facilities (type of scanner, type of coil, possibility to scan ventilated neonates, 

sequences), MRI review (experienced reviewers, brain maturation scoring systems, brain 

has an optimal window between 3-7 days after the incident).121 In the presented thesis, all 
individuals were scanned with thin slice thickness (identifying even small white matter 
lesions) and if necessary, under mild sedation with oral chloral hydrate (limiting movement 
artifacts). At our institution, MRI could even be performed in ventilated neonates and thus 
in the most critically ill CHD patients, which might increase the report of brain injury in 
regard to other studies. Uniform, international guidelines for brain imaging in fetuses and 
neonates with critical CHD will improve the generalizability among sites.*
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IMPLICATIONS CLINICAL MANAGEMENT 
This thesis shows that neonates with critical CHD undergoing open-heart surgery have a 
high risk of aberrant brain development and acquiring brain injury, with consequences for 
subsequent long-term neurodevelopment. The survival of children with critical CHD has 
increased, and in the near future, these children will be adults. Reducing the cumulative 
burden of brain injury and improving functional outcomes should be a priority for both 
research and clinical care in the growing CHD population.
Over the last decades, awareness of the high rate of neurological injuries in neonates with 
critical CHD has increased, as witnessed by the increasing number of research groups 
studying neurology in individuals with critical CHD. However, this awareness should not 
be limited to research sites. This section provides several implications for current clinical 
practice of individuals with critical CHD. 

1. Implementation of brain monitoring and imaging in standard clinical 
practice

Implementation of brain monitoring and -imaging as part of standard clinical care allows 
early recognition of brain problems, and this recognition will most likely already improve 
outcomes for children with critical CHD at an individual level. Monitoring of the brain in 
the intensive care setting should be as routine as monitoring of the kidneys and intestines.
Brain imaging will identify brain abnormalities with therapeutic consequences or with 
prognostic consequences for long-term neurodevelopment at an early stage (chapter 8). If 
not feasible in all infants with critical CHD, MRI of the brain should at least be considered 
in the following situations: abnormal brain activity (chapter 9), low cardiac output 
syndrome, balloon-atrioseptostomy or selective cerebral perfusion (chapter 6). Cerebral 
ultrasound might be used to detect stroke or cerebral sinovenous thrombosis, however has 
a low sensitivity for white matter injury, and is not recommended for routine screening in 
neonates with critical CHD.122  
Monitoring of cerebral oxygenation using near infrared spectroscopy at the intensive 
care and during open-heart surgery allows for bedside interventions to increase cerebral 

2 or decreasing brain metabolism by 
sedation or hypothermia).109

brain activity, which is an early biomarker of underlying brain injury (chapter 9). Many 
devices nowadays integrate cerebral oxygenation and brain function monitoring, and can 
even be combined with the monitoring of vital parameters. 
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2. Neurodevelopmental follow-up across the lifespan

Neurodevelopmental follow-up from early life into adulthood should be available to all 

interventions such as physical therapy, early executive function training, speech therapy and 
support at school can reduce the severity and burden of neurodevelopmental alterations. 
Cognitive, behavioral and psychiatric problems could become clearer at an older age 
when societal demands on children increase and more elaborate testing methods can be 
performed. Therefore, close monitoring of children with CHD throughout adolescence and 
into adulthood is warranted.

3. Development of uniform, international guidelines

Uniform and international guidelines including enrollment criteria, MRI protocols, 

programs will improve management of children with critical CHD. 
Protocols for MRI review in fetuses and neonates with critical CHD are particularly important 

matter lesions (location, size, number, chapter 6 chapter 

), involvement of the PLIC (chapter 8) and presence of cerebral sinovenous thrombosis 
(chapter 7) is required.
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FUTURE RESEARCH DIRECTIONS
This thesis also highlights substantial knowledge gaps. To develop risk- and prognostic 

critical CHD ( ),  will be extremely 
important in order to obtain consistent and robust information. 

1. Cerebral hemodynamics

range of hemodynamic disturbances across the lifespan need to be considered. Increased 

development should provide opportunities to improve brain growth from the earliest days 
of gestation. In addition, the role of (acute) hemodynamic changes after transition from 
pre- to postnatal life and after cardiac surgery should be further explored in relation to 
ischemic brain injury and (long-term) brain growth. MRI arterial spin labeling seems a very 
promising tool to answer cerebral hemodynamics related research questions.

2. Risk factors of brain immaturity and acquired brain injury 

In individuals with critical CHD, the nature versus nurture question is extremely relevant. 

with critical CHD.  for brain immaturity and brain injury are 
highly important ( ), in order to perform more tailored brain imaging, follow-up 
and interventions in individuals with critical CHD. To reach this goal, large cohort studies 
are necessary, highlighting the need for international registries of children with critical 
CHD including data on neurological outcomes. 

3. Contribution of brain immaturity and brain injury to neuro-development

Although we have proposed a link of brain immaturity and brain injury in early life with 
subsequent neurodevelopmental disabilities in children with critical CHD, the pathways 
need to be further characterized for meaningful future therapeutic and preventive strategies. 

 for neurodevelopmental outcome including brain 
immaturity and brain injury will provide important information on individual prognosis for 
health-care providers and parents ( ). 
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important to improve clinical care of individuals with critical congenital heart disease. Prognostic 

immaturity are needed to improve patient- and parent-counseling. 

4. Comparison with preterm born infants

As brain maturity is around four weeks behind at birth in individuals with CHD, many have 
made the comparison with the immature preterm brain. Neurodevelopmental sequelae 
are comparable between the two populations,49 and neonatal white matter injury seems 
to be only seen in these two groups. However, white matter lesions in neonates with 
CHD are in almost all of ischemic origin, where in preterm infants many white matter 
lesions have a hemorrhagic origin.123

among the two populations.124 Nevertheless, research on brain immaturity, brain injury 
and neurodevelopmental sequelae in preterm infants is ahead of research in the CHD 
population, and important information and strategies for neonates with critical CHD might 
be taken from the preterm population.   
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5.  Neuroprotective and therapeutic interventions

Brain immaturity originates antenatally and this provides opportunities for interventions 

delivery seems most relevant to reach this goal. Some studies have investigated maternal 

injury are not clear yet.125   
In other high-risk neonatal populations with hypoxic-ischemic injury or stroke, clinical 

highest potential for neuroprotection in neonates with critical CHD seem allopurinol126-129 
(also antenatal130 and during cardiopulmonary bypass124) and erythropoietin131-136, although 
several other drugs are being explored as well.87 Most of these drugs play a role in the 
pathways set in motion after fetal or neonatal hypoxia, and may reduce damage induced by 
re-oxygenation and reperfusion of the brain.87, 137, 138 
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Main conclusions

• Brain immaturity and acquired brain injury coexist in neonates with critical congenital 
heart disease (CHD). 

• Brain immaturity in individuals with critical CHD is the result of reduced antenatal brain 
growth under the changed cardiovascular physiology of critical CHD. Brain immaturity 

matter microstructural integrity. 

(hypoxic-)ischemic brain injury. Ischemic brain injury has an incidence of ~65% across 

multifocal and focal brain injury. 
• Neonates with single ventricle physiology are at higher risk of brain immaturity and 

ischemic brain injury than neonates with biventricular critical cardiac defects.
• Brain immaturity and ischemic brain injury acquired at neonatal age contribute to the 

range of subsequent neurodevelopmental impairments in children with critical CHD. 
• Abnormal brain activity after birth or after open-heart surgery measured by bedside 

continuous brain function monitoring is an early marker of new brain injury. Bedside 
indices of cerebral oxygenation and autoregulation do not independently predict new 
brain injury. 

Main recommendations

• Brain imaging protocols and neurodevelopmental follow-up programs implemented in 
standard clinical care for individuals with critical CHD under uniform guidelines are 
necessary to improve functional outcomes. 

functional outcomes in individuals with critical CHD, collaborations between institutions 

obtain consistent and robust information.
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NEDERLANDSE SAMENVATTING
Dit proefschrift beschrijft onderzoek naar hersenontwikkeling en hersenschade bij foetussen 
en neonaten (pasgeborenen) met een ernstige aangeboren hartafwijking (AHA). Met een 
ernstige AHA wordt in dit proefschrift bedoeld: een hartafwijking waarvoor een open-hart 
operatie met behulp van hartlongmachine in de eerste levensweken noodzakelijk is. De meest 
voorkomende ernstige hartafwijkingen worden beschreven in . 
Om de hersenen te onderzoeken is in dit proefschrift gebruik gemaakt van MRI, waarmee de 
hersenen gedetailleerd bekeken kunnen worden ( en ). 
Bij foetussen met een ernstige AHA kan de anatomische verandering van het hart en de grote 
bloedvaten leiden tot een lager zuurstofgehalte in het bloed en verminderde bloedtoevoer 
naar de hersenen ( ). Hierdoor krijgen de hersenen van een foetus 
met een ernstige AHA chronisch minder zuurstof aangeboden, waardoor de hersenen van 
de foetus zich tijdens de zwangerschap minder goed kunnen ontwikkelen. Hierdoor zijn de 
hersenen van foetussen met een ernstige AHA kleiner en immatuur (minder rijp). Na de 
geboorte kunnen de transitie rond de geboorte, complicaties op de intensive care en de open-
hart operatie zorgen voor acute onderbrekingen in de bloedtoevoer naar de hersenen. Deze 
acute vermindering van zuurstofaanbod kan leiden tot ischemische hersenschade (witte stof 
schade of herseninfarcten) bij neonaten met een ernstige AHA. 

Deel 1: Hersenontwikkeling

Eerdere studies hebben uitgewezen dat foetussen met een ernstige AHA kleinere hersenvolumes 
hebben van de verschillende hersenstructuren, zoals cortex (hersenschors), witte stof, basale 
hersenkernen en kleine hersenen, dan gezonde foetussen. In  hebben we de 
hersenvolumes van kinderen met een ernstige AHA over de tijd bekeken, door middel van 
een MRI scan tijdens de zwangerschap, een MRI scan na de geboorte en een MRI scan na de 
open-hart operatie. In dit onderzoek lieten kinderen met een transpositie van de grote vaten, 
hypoplastisch linker- of rechterhart of een aortaboog afwijking vergelijkbare groeicurves 
zien van de hersenvolumes tijdens de zwangerschap en na de geboorte. In dit onderzoek 
hebben we ook gezien dat de hersenvolumes gemeten tijdens de zwangerschap correleren 
met de hersenvolumes na de geboorte. Dit geeft aan dat immaturiteit van de hersenen bij 
kinderen met een ernstige AHA al tijdens de zwangerschap ontstaat. Foetussen met kleinere 
hersenvolumes hadden tevens meer kans om na de geboorte ischemische hersenschade te 
ontwikkelen. De resultaten van deze studie suggereren dat beeldvorming van de hersenen 
tijdens de zwangerschap kan helpen om te voorspellen welke kinderen hersenimmaturiteit of 
hersenschade krijgen. 
De cortex (hersenschors) speelt een belangrijk rol bij de ontwikkeling van intelligentie, 
motoriek en gedrag. De cortex maakt een enorme ontwikkeling door in de laatste maanden van 
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de zwangerschap en de eerste weken na de geboorte. In  hebben we aangetoond 
dat de cortex van neonaten met een ernstige AHA kleiner is met minder hersenwindingen 
dan de cortex van gezonde neonaten. Een lager geboortegewicht, de Rashkind procedure en 
het hypoplastisch linker hart syndroom werden gevonden als voorspellers van een kleinere 
cortex. 
In de laatste fase van de zwangerschap vindt organisatie van de zenuwbanen in de witte 
stof van de foetale hersenen plaats. Onder andere door het aanbrengen van een myeline 

integriteit van de hersenen toe. Eerdere studies hebben aangetoond dat de integriteit van de 
hersenen van neonaten met een ernstige AHA enkele weken achterloopt in ontwikkeling ten 
opzichte van gezonde neonaten. In hoofdstuk 5

AHA onderzocht, voor- en na de open-hart operatie. We hebben gezien dat bij neonaten met 
een ernstige AHA de ontwikkeling van de integriteit van de hersenen volgens hetzelfde patroon 
verloopt als bij gezonde neonaten. De mate van integriteit van de hersenen voor de open-hart 
operatie was verschillend tussen verschillende typen hartafwijkingen, waarbij de hersenen 
van neonaten met een tweekamerhart (zoals transpositie van de grote vaten of een aortaboog 
afwijking) verder ontwikkeld waren dan de hersenen van neonaten met een hypoplastisch 
linker- of rechter hart. De mate van integriteit van de hersenen was niet geassocieerd met het 
ontstaan van ischemische hersenschade. 
In hoofdstuk 8 hebben we de relatie tussen hersenvolumes en de neurologische ontwikkeling 
op de leeftijd van 6 jaar bij kinderen met een ernstige AHA onderzocht. Hierbij zagen we dat 
kinderen met een laag IQ (een IQ <85 op 6-jarige leeftijd) kleinere hersenvolumes van de 
cortex, basale hersenkernen en de hersenstam hadden op de neonatale leeftijd dan kinderen 
met een normaal of hoog IQ op 6-jarige leeftijd. 

Deel 2: Hersenschade

Tijdens de zwangerschap werd in geen van de foetussen ischemische hersenschade of 
hersenbloedingen gezien ( ). Dit geeft aan dat deze vormen van hersenschade 
pas na de geboorte ontstaan bij kinderen met een ernstige AHA. 
In hoofdstuk 6 hebben we de incidentie van hersenschade onderzocht in een grote groep 
neonaten met een ernstige AHA uit Utrecht en Toronto (Canada). Omdat beide centra een 
verschillend intensive care beleid en operatiebeleid hebben voor neonaten met een ernstige 
AHA hebben we ervoor gekozen deze twee centra met elkaar te vergelijken. Onder ischemische 
hersenschade verstaan we hersenschade die is ontstaan door een tekort aan zuurstofaanbod, 
waarbij witte stof schade, waterscheidingsinfarcten en focale herseninfarcten het meest 
voorkomend zijn. De cumulatieve incidentie van ischemische hersenschade bij neonaten 
die een grote open-hart operatie ondergingen vanwege AHA was 65%; 30% had ischemische 
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hersenschade voor de operatie, 51% had nieuwe ischemische hersenschade na de operatie 
(16% had zowel voor als na de operatie nieuwe ischemische hersenschade). De incidentie van 
matig-ernstige hersenbloedingen was laag (12%). Low cardiac output syndroom kwam in 
beide centra even vaak voor, en was een onafhankelijke risicofactor voor ischemische witte stof 
schade en waterscheidingsinfarcten. De Rashkind procedure en selectieve cerebrale perfusie 
tijdens de operatie werden beiden gevonden als risicofactoren voor focale herseninfarcten. 
Deze studie laat zien dat ischemische hersenschade in neonaten met een ernstige AHA een 
klinisch probleem is. 
Neonatale sinustrombose (occlusie van een van de hersenvaten door een trombus (bloedprop)) 
kan leiden tot ontwikkelingsproblemen en epilepsie. Wanneer een sinustrombose op tijd 
wordt gediagnosticeerd kan verergering van de trombus en bijkomende hersenschade worden 
voorkomen. In hoofdstuk 7 hebben wij geconstateerd dat een sinustrombose in neonaten 
met een ernstige AHA vaker voorkomt dan voorheen werd gedacht (in onze studies bij 15-25%). 

zijn: jongere leeftijd ten tijde van de geboorte, lager gewicht en een centrale lijn in een 
van de halsvaten. Neonaten met een sinustrombose hadden vaker een infarct in de basale 
hersenkernen dan neonaten zonder sinustrombose. In ons ziekenhuis krijgen alle neonaten 
met een gediagnosticeerde sinustrombose antistolling medicatie. Dit heeft waarschijnlijk 
bijgedragen aan onze bevinding dat er geen verschil werd gezien in de ontwikkeling op 
de leeftijd van 2 jaar (motoriek en intelligentie) tussen kinderen met en zonder neonatale 
sinustrombose. De belangrijkste boodschap van deze studie is dat in kinderen met een 

vroegtijdige behandeling bijkomende problemen kunnen worden voorkomen. 
In hoofdstuk 8 hebben we de neurologische ontwikkeling van kinderen met een ernstige 
aangeboren AHA onderzocht op de leeftijd van 6 jaar. In deze groep hebben we aangetoond 
dat kinderen die op de neonatale leeftijd ischemische witte stof schade hebben opgelopen 
slechter scoorden op intelligentie en aandacht dan kinderen zonder neonatale witte stof 
schade. Het merendeel van de kinderen die op de neonatale leeftijd schade aan de motorische 
banen had opgelopen (door witte stof schade of een herseninfarct) liet op de leeftijd van 6 jaar 
problemen in de motoriek zien, zoals een cerebrale parese. Deze studie laat zien dat neonatale 
hersenschade bij kinderen met een ernstige AHA waarschijnlijk bijdraagt aan een slechtere 
neurologische ontwikkeling. 

Deel 3: Hersenbewaking

Een MRI scan is de beste techniek om hersenontwikkeling en hersenschade te beoordelen. 
Echter kan een MRI scan niet continue gemaakt worden in een intensive care omgeving. 
Daarom is het belangrijk ook andere technieken in te zetten om de hersenen van zieke 
kinderen met een ernstige AHA te kunnen bewaken op de intensive care. 
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hersenactiviteit van neonaten op de intensive care continue bewaakt kan worden. In 
hoofdstuk 9 hebben we neonaten met een ernstige AHA onderzocht die standaard werden 
gemonitord met aEEG op de eerste levensdag en opnieuw tijdens de open-hart operatie tot 
minstens 48 uur na de operatie. In dit onderzoek zagen we dat 24% van de neonaten met 
een ernstige AHA abnormale hersenactiviteit, zoals een abnormaal achtergrondpatroon 
of convulsies (epilepsie), liet zien op de eerste levensdag. Alle neonaten met abnormale 
hersenactiviteit op de eerste levensdag hadden hersenschade (ischemische hersenschade of 
hersenbloedingen) op de preoperatieve MRI. De eerste 48 uur na de operatie werd in 33% 
van de neonaten abnormale hersenactiviteit gezien. Ook in deze periode was abnormale 
hersenactiviteit geassocieerd met nieuwe hersenschade op de postoperatieve MRI. Deze 
studie geeft aan dat het bewaken van de hersenen door middel van aEEG op de intensive 
care zinvol is in neonaten met een ernstige AHA, om vroegtijdig problemen in de hersenen te 
herkennen en eventueel te behandelen. 
Near infrared spectroscopy (NIRS) is een techniek om de regionale zuurstof saturatie van de 
hersenen op de intensive care continue te bewaken. In  hebben we door middel 
van NIRS registratie de regionale zuurstofsaturatie van de hersenen tijdens en na de open-hart 
operatie bekeken in neonaten met een ernstige AHA. In dit onderzoek hebben we laten zien 
dat de regionale zuurstofsaturatie verlaagd is na de grote open-hart operatie voor de ernstige 
AHA. Zes tot 12 uur na de operatie nam deze zuurstof saturatie snel toe, meest waarschijnlijk 
omdat er een toename is van cardiac output op dat moment. Neonaten met low cardiac output 
syndroom in de periode na de operatie hadden lagere zuurstofsaturatie van de hersenen. 
Neonaten met een hypoplastisch linker- of rechter hart lieten lagere zuurstofsaturatie waarden 
van de hersenen zien dan neonaten met een tweekamerhart. De cerebrale zuurstof saturatie 
na de operatie was niet voorspellend voor nieuwe ischemische hersenschade. Lange termijn 

na de operatie op de ontwikkeling van de hersenen. 
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CONCLUSIES

Immaturiteit van de hersenen en hersenschade komen beide voor bij neonaten met een 
ernstige aangeboren hartafwijking (AHA). 
Door de veranderde circulatie bij een ernstige AHA verloopt de hersenontwikkeling van 
foetussen met een ernstige AHA niet optimaal. Hersenimmaturiteit uit zich als kleinere 
hersenvolumes, minder hersenwindingen en verminderde integriteit van de witte stof. 
Na de geboorte kunnen acute onderbrekingen in bloedtoevoer en zuurstofaanbod van de 
hersenen leiden tot (hypoxisch-)ischemische hersenschade. Low cardiac output syndroom 
en cardiale interventies (zoals de Rashkind en de open-hart operatie) zijn de voornaamste 
risicofactoren voor ischemische hersenschade. 
Neonaten met een hypoplastisch linker- of rechter hart hebben een groter risico op 
immaturiteit van de hersenen en hersenschade dan neonaten met een tweekamer hart 
(transpositie van de grote vaten, aortaboog afwijking). 
Hersenimmaturiteit en ischemische hersenschade dragen bij aan verminderde 
neurologische ontwikkeling op latere leeftijd, zoals lagere cognitie, aandachtsproblemen 
en motorische problemen. 
Abnormale hersenactiviteit na de geboorte of na de operatie gemeten middels aEEG is een 
vroege marker van hersenschade. Regionale zuurstofsaturatie gemeten middels NIRS is 
geen onafhankelijke voorspeller van hersenschade. 
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IMPLICATIES VOOR DE KLINISCHE PRAKTIJK

Het verbeteren van de neurologische ontwikkeling en de kwaliteit van leven van kinderen met 
een ernstige AHA verdient prioriteit in de zorg van deze groeiende populatie ( ). 

1. Hersenbewaking en beeldvorming van de hersenen als standaard zorg

In dit proefschrift hebben we laten zien dat hersenimmaturiteit en hersenschade veel 
voorkomen bij kinderen met een ernstige AHA. Door standaard hersenbewaking bij 
kinderen met een ernstige AHA op de intensive care en tijdens de open-hart operatie kunnen 
problemen in de hersenen in een vroeg stadium worden ontdekt en eventueel behandeld. 

gediagnosticeerd worden en aanzet geven tot vroege behandeling van de hersenschade of 
vroege interventies om de neurologische ontwikkeling te optimaliseren. 

2. Poliklinische follow-up van de ontwikkeling

De ontwikkeling van kinderen met een ernstige AHA zou standaard vervolgd moeten worden 
op de polikliniek. Als ontwikkelingsproblemen in een vroeg stadium worden ontdekt kan in 

functie training of ondersteuning op school, om de ernst van de ontwikkelingsproblemen te 
verminderen. Omdat sommige problemen, zoals gedragsproblemen of leerproblemen, pas op 
een latere leeftijd aan het licht komen is het belangrijk dat de follow-up van kinderen met een 
ernstige AHA tot op de volwassenleeftijd door gaat. 

3. Richtlijnen

Om de zorg rondom kinderen met een ernstige AHA ten aanzien van hersenbewaking en 
neurologische ontwikkeling te verbeteren is het belangrijk dat er eenduidige richtlijnen 

worden toegespitst op de problemen die voorkomen bij kinderen met een ernstige AHA. 
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VERDER ONDERZOEK

Er zijn verschillende onderzoek pijlers waarop ingezet kan worden om hersenontwikkeling 
te verbeteren en hersenschade te verminderen bij kinderen met ernstige AHA. Hiervoor zal 
intensievere samenwerking tussen ziekenhuizen binnen Nederland als ook met ziekenhuizen 
buiten Nederland nodig zijn. 

1. Hemodynamiek van de hersenen

Meer kennis over de impact van een veranderde foetale circulatie voor de hersenen is 
nodig. Dit zal de mogelijkheid bieden al voor de geboorte interventies te starten om de 
hersenontwikkeling te verbeteren. Daarnaast is het ook belangrijk verder onderzoek te 
doen naar de hemodynamische veranderingen tijdens en na de geboorte in de hersenen van 
kinderen met ernstige AHA. 

2. Risicofactoren

In kinderen met een ernstige AHA speelt de vraag ‘nature versus nurture’ een grote rol. Meer 
onderzoek is nodig naar patiëntfactoren (nature) en omgevingsfactoren (nurture) die een rol 
spelen in het ontstaan van hersenschade en ontwikkelingsproblemen. Hierbij is belangrijk 

hoog het risico op hersenschade of hersenimmaturiteit is ( ). Dit biedt mogelijkheid 
om op maat gemaakte hersenbewaking, neurologische follow-up en behandelingen aan te 
bieden. 

3. Prognose neurologische ontwikkeling

ontwikkeling worden meegenomen is nodig om in een vroeg stadium de neurologische 
ontwikkeling van een kind te voorspellen ( ). Dit is belangrijke informatie voor 
zorgverleners als ook voor de ouders van kinderen met een ernstige AHA. 

4. Vergelijking met te vroeg geboren kinderen

In dit proefschrift hebben we laten zien dat de hersenen van kinderen met ernstige AHA 
immatuur zijn bij de geboorte. Ditzelfde geldt voor prematuren (te vroeg geboren kinderen). 
Daarnaast komt witte stof schade ook voor bij prematuren, hoewel het patroon van witte stof 
schade anders is bij kinderen met een ernstige AHA. Onderzoek naar hersenontwikkeling, 
hersenschade en neurologische ontwikkeling bij prematuren is verder dan onderzoek op dit 
gebied bij kinderen met een ernstige AHA. Belangrijke informatie omtrent prognose en therapie 
voor kinderen met een ernstige AHA zou uit onderzoek bij prematuren gehaald kunnen worden. 
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5. Neuroprotectieve en therapeutische interventies

met een ernstigeAHA tijdens de zwangerschap kunnen verhogen zouden er voor kunnen 
zorgen dat de hersenen van foetussen met een ernstige AHA zich beter ontwikkelen. Op dit 
moment wordt onderzocht of het mogelijk is om de hersenontwikkeling te stimuleren door 
extra zuurstof aan de moeder te geven. 
In andere groepen neonaten met hersenschade, zoals neonaten met zuurstoftekort rond 

voorkomen of verminderen zoals allopurinol en EPO. Dergelijke middelen hebben de potentie 
om ook bij kinderen met ernstige AHA hersenschade te voorkomen of te verminderen. 
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ABBREVIATIONS
  amplitude-integrated electroencephalography

ADC  

  aortic arch obstruction
ASD  atrial septal defect
BAS  balloon-atrioseptostomy

  background pattern
  basal ganglia and thalamus

  sparse burst suppression
BS+  dense burst suppression
BS  brain stem

 Bayley score of infant and toddler development, third edition
BVP  biventricular physiology
BW  birth weight
CA  cerebral autoregulation
CB  cerebellum
CBH  cerebellar hemorrhage

 cortical grey matter
CHD  congenital heart disease

 continuous low voltage
CNV  continuous normal voltage
CoA  coarctation of the aorta
CPB  cardiopulmonary bypass
CSF

CSVT  cerebral sinovenous thrombosis
CVC  central venous catheter
DKS  

DNV  discontinuous normal voltage
DTI 

DWI 

 extracorporeal membrane oxygenation
ECSF  extracerebral CSF

  electroencephalography
 end-tidal carbon dioxide

FA  fractional anisotropy
FT 

  fractional tissue oxygen extraction
 gestational age

  hypoplastic left heart syndrome
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hypoxic-ischemic watershed injury
HSC  The hospital for sick children Toronto
iCS  inner cortical surface
ICU  intensive care unit
ICV  intracranial volume
IQ  intelligence quotient
ISI  inter-SAT-interval
IVH  intraventricular hemorrhage
IVS  intact ventricular septum

 low cardiac output syndrome
 obstruction

 movement assessment battery for children, second edition
MABP  mean arterial blood pressure
MD

MRI  magnetic resonance imaging
MRV  magnetic resonance venography
NIRS  near infrared spectroscopy

  posterior limb of the internal capsule
PMA  postmenstrual age

  regional cerebral oxygen saturation
  systemic arterial oxygen saturation

RACHS  risk adjustment for congenital heart surgery

SAT  spontaneous activity transient
SCP  selective cerebral perfusion
SDH  subdural hemorrhage
SVP  single ventricle physiology
SWC  sleep-wake-cycling
SWI  susceptibility weighted imaging
TBV  total brain volume

  transposition of the great arteries
TMS  total maturation score

  tetralogy of Fallot
UWM  unmyelinated white matter
VSD  ventricular septal defect
VCSF  ventricular CSF
WKZ  Wilhelmina Children’s Hospital Utrecht
WM  white matter
WMI  white matter injury

 Wechsler preschool and primary scale of intelligence, third edition
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