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Introduction

Congenital heart disease (CHD) affects almost 1% of UK 
births, and is the most frequent congenital malformation. 
Improvements in antenatal diagnosis, cardiac surgery, and 
perioperative care mean that most infants born with CHD 
now survive (1). However, children and adults with CHD who 
required cardiopulmonary bypass surgery in infancy are at 
increased risk of adverse neurodevelopmental sequalae (2). The 
burden of the problem is significant, affecting a wide range 
of developmental domains, including deficits in neuromotor 
functions, mild impairments in executive function, attention 
and memory, difficulties with social interactions and 

emotional and behavioural maladjustment (3-9), which 
impact upon future educational achievement, employability 
and quality of life. Supporting optimal brain development 
to improve neurodevelopmental outcomes has become a 
focus of clinical and research efforts in infants born with 
CHD. 

The neurological abnormalities in CHD were initially 
assumed to be the result of hypoxic ischaemic or embolic 
brain damage associated with surgery and cardiopulmonary 
bypass. This was later questioned by the finding that 
approximately half of newborns with CHD had neurological 
abnormalities before surgery (10). It is now clear that 
there is a complex interplay between the circulation and 

Review Article on Pre-natal Diagnosis in Congenital Heart Defects

MRI studies of brain size and growth in individuals with congenital 
heart disease

Alexandra F. Bonthrone, Christopher J. Kelly, Isabel H. X. Ng, Serena J. Counsell

Centre for the Developing Brain, School of Biomedical Engineering and Imaging Sciences, King’s College London, London, UK

Contributions: (I) Conception and design: AF Bonthrone, SJ Counsell; (II) Administrative support: None; (III) Provision of study materials or patients: 

None; (IV) Collection and assembly of data: AF Bonthrone, CJ Kelly, IHX Ng; (V) Data analysis and interpretation: All authors; (VI) Manuscript 

writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Prof. Serena J. Counsell. Centre for the Developing Brain, School of Biomedical Engineering and Imaging Sciences, King’s College 

London, London, SE1 7EH, UK. Email: serena.counsell@kcl.ac.uk.

Abstract: Congenital heart disease (CHD) is the most frequent congenital abnormality. Most infants 
born with CHD now survive. However, survivors of CHD are at increased risk of neurodevelopmental 
impairment, which may be due to impaired brain development in the fetal and neonatal period. Magnetic 
resonance imaging (MRI) provides objective measures of brain volume and growth. Here, we review MRI 
studies assessing brain volume and growth in individuals with CHD from the fetus to adolescence. Smaller 
brain volumes compared to healthy controls are evident from around 30 weeks gestation in fetuses with 
CHD and are accompanied by increased extracerebral cerebrospinal fluid. This impaired brain growth 
persists after birth and throughout childhood to adolescence.  Risk factors for impaired brain growth include 
reduced cerebral oxygen delivery in utero, longer time to surgery and increased hospital stay. There is 
increasing evidence that smaller total and regional brain volumes in this group are associated with adverse 
neurodevelopmental outcome. However, to date, few studies have assessed the association between early 
measures of cerebral volume and neurodevelopmental outcome in later childhood. Large prospective 
multicentre studies are required to better characterise the relationship between brain volume and growth, 
clinical risk factors and subsequent cognitive, motor, and behavioural impairments in this at-risk population.

Keywords: Congenital heart disease (CHD); brain; magnetic resonance imaging (MRI); brain volume

Submitted Sep 04, 2020. Accepted for publication Oct 21, 2020.

doi: 10.21037/tp-20-282

View this article at: http://dx.doi.org/10.21037/tp-20-282

2181

https://crossmark.crossref.org/dialog/?doi=10.21037/tp-20-282


2172 Bonthrone et al. Brain volume in individuals with CHD

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2021;10(8):2171-2181 | http://dx.doi.org/10.21037/tp-20-282

brain, involving both fetal and postnatal development. 
The brain undergoes rapid development during fetal life 
and in the neonatal period and, during this period of rapid 
brain development, the brain of fetuses and neonates with 
critical CHD is at risk due to impaired cerebral oxygen and 
nutrient delivery. Indeed, brain development in fetuses with 
CHD slows during the 3rd trimester of pregnancy (11,12) 
and poor brain growth in fetuses with CHD is associated 
with reduced cerebral oxygen delivery (CDO2) (13). 

Head circumference represents a simple and widely 
available proxy of prenatal brain growth. The American 
Heart Association acknowledged microcephaly as one of the 
recognised risk factors for impaired neurodevelopment in 
children with CHD (2), and has been associated with poorer 
longer-term outcomes through infancy and school age  
(14-16). A large nationwide cohort study of Danish 
singleton infants reported smaller head circumference 
in many types of CHD including hypoplastic left heart 
syndrome (HLHS), truncus arteriosus, major ventricular 
septal defect (VSD), transposition of the great arteries 
(TGA), Tetralogy of Fallot (TOF) and anomalous 
pulmonary venous return (17). Only TGA was associated 
with a smaller head circumference relative to birthweight.

In this review we discuss MRI studies assessing brain 
volume in individuals with CHD from the fetus to 
adolescence and describe the relationship between brain 
volume and subsequent neurodevelopmental outcome. 
We present the following article in accordance with the 
Translational Pediatrics reporting checklist.

Fetal brain volume

Fetal ultrasound provides valuable information regarding 
brain growth in fetuses with CHD and has demonstrated an 
impaired trajectory of brain growth from around 28 weeks 
in a mixed cohort of CHD fetuses (18). However, MRI 
has a number of advantages over ultrasound including the 
opportunity to assess the volume of brain tissue types (e.g., 
white matter, grey matter and cerebrospinal fluid, CSF) and 
regional volumes in addition to overall brain size. 

The first MRI study to identify reduced brain volume in 
fetuses with CHD was by Limperopoulos and colleagues (11) 
and this finding has subsequently been replicated in other 
studies. Over the third trimester, total brain volume and 
intracranial cavity (ICV) volumes became increasingly 
smaller in a heterogenous sample of CHD cases, compared 
to controls, with the highest CSF to ICV ration observed 
in fetuses with HLHS (11). In a subgroup of this cohort, 

comprising 18 HLHS fetuses and 30 controls, progressive 
differences in cortical grey and white matter volumes 
and subcortical grey matter volumes were observed in 
the 3rd trimester of pregnancy. There were no differences 
in lateral ventricle volumes between groups. Of note, in 
this study, cortical grey and white matter volumes were 
not significantly reduced in the CHD group prior to 
30 weeks gestation. However, impaired cortical folding 
appeared to precede impairments in regional brain growth 
and was evident as early as 25 weeks gestation (12). Low 
cerebroplacental resistance in fetuses with HLHS was 
significantly associated with decreased cortical grey matter, 
white matter, subcortical grey matter, and decreased cortical 
surface area, and the absence of antegrade blood flow in the 
transverse aortic arch was associated with decreased white 
matter and subcortical grey matter volumes and a reduced 
cortical surface area in the right hemisphere (12).

In a cohort of 24 fetuses with TOF, while total brain 
volume, grey matter volume and subcortical brain volume 
was reduced, and ventricular volume and external CSF 
volume was increased, there was no difference in cerebellar 
volume between fetuses with TOF and controls (19). 
However, in another study comprising a cohort of 46 fetuses 
with mixed CHD diagnoses, with the exception of those 
with septation defects (VSD/ASD), cerebellar volume was 
significantly decreased, whereas supratentorial volumes were 
not reduced (20). It is worth noting that this retrospective 
study compared volumes in CHD cases to normal curves 
which were derived from fetuses undergoing MRI for 
suspected fetal abnormalities who were subsequently found 
to be healthy. Further studies examining fetal cerebellar 
development across a wide range of CHD diagnoses are 
required.

The effect of haemodynamic abnormalities on fetal brain 
development

Circulatory abnormalities as a result of structural defects in 
CHD can result in altered cerebral blood flow haemodynamics. 
The earliest quantitative measurements of the distribution 
of the fetal circulation was performed by Dawes, who used 
intravascular flow probes in exteriorised fetal lambs to obtain 
blood saturation measurements from various chambers and 
vessels, estimated cardiac output, and blood volumes ejected 
by both left and right ventricles (21). Subsequent work 
by Rudolph and Heymann used radionuclide-labelled 
microspheres to measure organ blood flows, cardiac output, 
the distribution of blood ejected by the left and right 
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ventricles, also in fetal lambs but under more physiological 
conditions (22). This led to pioneering work describing 
alterations in the fetal blood circulation in CHD (23), and 
these animal experiments remain the basis for our current 
understanding of fetal circulation in CHD today. 

The effect of hypoxia on the developing cortex has also 
been recently investigated using a piglet model (24). Brains 
from piglets exposed to perinatal chronic hypoxia had a 
smaller total brain volume, with a significant reduction 
in cortical grey matter volume and impaired cortical 
gyrification (24). 

Recent advances in fetal MRI allow haemodynamic 
abnormalities to be assessed in human fetuses in utero. Such 
approaches have shown that reduced CDO2 and reduced 
cerebral oxygen consumption in utero are associated with 
reduced fetal brain size in third trimester fetuses with  
CHD (13). An increasing number of studies in human 
infants with CHD have now shown that reduced cerebral 
oxygen delivery is associated with impaired brain 
development in the newborn period prior to surgery (25-27). 
These studies are discussed in more detail below.

Neonatal and infant brain volume

In line with the smaller brain volumes observed in utero, 
reduced regional and total brain volumes and biometry 
measures have been identified in neonates with CHD. 
However, there is considerable variability in CHD 
physiologies studied and, in many cases, the sample sizes 
were relatively small.

MRI based cerebral biometry in 67 infants with 
CHD prior to surgery showed that infants with CHD 
had smaller 2D measures of the frontal and parietal 
lobes, cerebellum and brainstem, and smaller measures 
of left extra-axial fluid space, but larger CSF spaces in 
the cranio-caudal interopercular distance compared to 
controls (n=36). Brainstem area was smaller in infants 
with single ventricle physiology compared to those with 
biventricular physiology, but this difference did not remain 
significant after correction for birthweight, postmenstrual 
age at scan and sex. Smaller measures in the frontal and 
parietal lobes was associated with delayed white matter 
microstructural development on diffusion MRI (n=19) but 
white matter injury on MRI was not significantly associated 
with biometry measures (28). The same group reported 
significantly smaller measures in frontal and parietal lobes, 
and brainstem on MRI at 3 months in the CHD sample 
(n=57). Significant predictors of biometry measures at this 

age included weight at 3 months, head circumference at 
birth, duration of mechanical ventilation, and age at MRI. 
There was no difference in the rate of brain growth from 
the neonatal period to 3 months of age between controls 
and infants with CHD (29).

Using 3D MRI, significantly reduced total and regional 
brain volumes were observed in a heterogenous sample 
of 19 infants with CHD [TGA n=13, single ventricle 
physiology n=4, interrupted aortic arch n=1, cortication of 
the aorta (CoA) n=1] pre-operatively compared to the same 
number of controls, after correcting for age at scan and sex. 
However, in this sample, there was no significant association 
between total brain volume and type of heart defect, or 
preoperative clinical factors (30).

While most studies have used image segmentation to 
delineate specific brain regions, a recent study undertook 
tensor based morphometry to assess differences in brain 
volume at a voxel-wise level between a heterogenous 
sample of 64 infants with CHD (TGA n=29, CoA n=15, 
HLHS n=3, pulmonary atresia n=2, tricuspid atresia n=2, 
TOF n=7, pulmonary stenosis=4, truncus arteriosus n=1 
and large VSD n=1) prior to surgery and 192 age- and sex-
matched healthy controls. In contrast to segmentation-
based studies which extract a volume for a preselected 
region (e.g., extracerebral CSF, white matter, hippocampus), 
tensor-based morphometry analyses examine differences 
in shape and volume in each voxel across the whole brain 
independent of global volumetric differences between 
groups. After accounting for global scaling differences, 
widespread reductions in tissue volume were observed 
within the basal ganglia, thalami, corpus callosum, occipital, 
temporal, parietal and frontal lobes, and right hippocampus 
and clusters of significant volume expansion in cerebrospinal 
fluid spaces in infants with CHD, in line with previous 
segmentation-based approaches (31) (Figure 1).

A number of studies have assessed brain volumes pre- 
and post-operatively enabling assessments of brain growth 
in the peri-operative period. In a sample of 31 infants with 
TGA, single ventricle physiology and CoA, significantly 
lower post-operative cortical grey matter volume was 
observed compared to controls. In addition, gyrification 
and cortical volumes were reduced in cases with single 
ventricle physiology compared to those with TGA. Infants 
requiring balloon arterial septostomy had reduced cortical 
grey matter volume, and lower birth weight and gestational 
age was significantly associated with lower pre- and post-
operative cortical volumetric parameters (32).

Meuwly and colleagues observed significant reductions 
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Figure 1 Map of t-statistic values of areas of significant (A) reductions and (B) expansions in volumes in infants with CHD compared to 
healthy controls (family-wise-error-corrected P<0.025). Images in 3 planes are shown: (i) axial, (ii) sagittal, (iii) coronal. t-statistic range is 
shown on the colour bars. Results are overlaid on the template image with post-menstrual age at scan of 40 weeks. Left-right orientation 
follows radiological convention. Sagittal views are presented from right to left (31) with permission. CHD, congenital heart disease. 
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in pre- and postoperative volumes in CHD infants (67 
infants were studied preoperatively and 62 post-operatively) 
compared to controls (n=42) in total brain, cortical grey 
matter, white matter, frontal, parietal, occipital, and temporal 
lobes, and the cerebellum. There were no differences in 
postoperative whole brain volume between infants with 
TGA and non-TGA CHD, and no difference between single 
or biventricular physiologies were identified (33). While 
preoperative brain volumes were similar, Peyvandi and 
colleagues demonstrated slower ongoing total and regional 
brain growth in the perioperative period in HLHS (n=30) 
compared to TGA (n=49) infants (34).

Ortinau et al. assessed the brain growth trajectory from 
the fetus to 3 months after birth and found an altered 
trajectory of brain growth in the CHD population. Infants 
with CHD (n=16) had significantly smaller total brain, 
cortical grey matter, subcortical grey matter, and cerebellar 
volumes at pre-operative and 3-month MRI compared to 
controls (n=15). Infants with CHD also had significantly 
larger CSF volume at 3-month compared to controls. 
Brain growth including total brain volume, cortical grey 
matter, subcortical grey matter, and cerebellar volume was 
significantly reduced from the fetal period to 3-month in 
patients with CHD compared to controls. These differences 
remained significant when infants with brain injury were 
excluded. Of note, there was no significant difference in 
white matter volume or growth between CHD cases and 
controls (35).

A number of studies report that longer length of hospital 
stay (33,36) and older age at surgery (37) are significantly 
associated with reduced total brain volume and growth in 
this population.

The impact of brain injury on brain volume

To date, there is little consensus on whether brain volumes 
are reduced in infants with brain injury on MRI. Claessens 
et al. investigated 34 infants with aortic arch obstruction 
and compared brain volumes in infants with and without 
white matter injury and infarction. They did not identify 
any differences in postoperative brain volumes or cortical 
measures between infants with and without moderate–
severe white matter injury or focal infarction (38). These 
findings are supported by other work which found that 
brain volumes were not significantly different in infants 
with and without brain injury (39).

Ortinau and colleagues found that the presence of brain 
injury on MRI was significantly associated with reduced 

total brain volume at 3 months (35). In infants with TGA 
(n=49) and HLHS (n=30), mean global, cortical grey 
matter and deep grey matter volumes were significantly 
smaller in infants with brain injury compared to those 
without. However, there was no significant difference in 
white matter volume between infants with and without 
brain injury. Pre- and postoperative brain injury were both 
significantly associated with lower postoperative grey matter 
volume. Of note though, the strongest predictor of brain 
growth trajectory was cardiac lesion (see above) and not the 
presence of brain injury (34). 

The relationship between haemodynamic factors and brain 
development in the neonatal period

As in the fetal brain, postnatal MRI allows the non-
invasive assessment of cerebral oxygenation and most 
studies that have assessed the relationship between CDO2 
and brain volume have observed a significant relationship. 
CDO2 was significantly reduced in SVP and TGA infants 
compared to controls, pre-operative brain volume was 
significantly lower in the CHD sample and there was a 
significant positive association between CDO2 and brain  
volumes (25). Similar to these findings, in a heterogenous 
sample of CHD infants, significant positive correlations 
were observed between CDO2 and whole brain, cortical 
grey matter and deep grey matter volumes (26,27,31) along 
with cortical gyrification (26) and cortical microstructural  
deve lopment  (27) .  However,  us ing tensor-based 
morphometry,  a f ter  account ing for  g lobal  bra in 
size, no significant associations between CDO2 and 
structural brain development at a voxel-wise level were  
identified (31). We suggest this reflects that either reduced 
CDO2 impairs growth across the whole brain with no 
specific regional vulnerability to low CDO2 in the neonatal 
period, or that there was insufficient statistical power in 
our study to determine voxel-wise differences related to 
CDO2 after correcting for the many multiple comparisons 
undertaken in voxel-wise analyses.

Genetic influences on brain development in CHD

The development of the heart and brain are governed 
by overlapping genetic pathways. Patients with genetic 
syndromes such as CHARGE and 22q11.2 deletion show 
cardiac defects, developmental disabilities and reduced 
brain volumes (40,41). Homsy and colleagues reported 
that 20% of patients with CHD and neurodevelopmental 
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disabilities showed de novo mutations in genes expressed 
in the heart and brain (42). In infants with single ventricle 
physiology (n=223), pathogenic copy number variants 
were associated with poor outcome scores and impaired  
growth (43). However, the relationship between genetic 
variation and volumetric brain development in individuals 
with CHD has yet to be investigated.

Brain volumes in children, adolescents, and 
young adults with CHD 

The reduced brain volumes observed in the perinatal period 
appear to persist into childhood and adolescence. At 1-year, 
whole brain and frontal lobe volumes were significantly 
reduced in both TGA (n=10) and single ventricle physiology 
(n=23) groups compared with controls (n=46). Temporal 
lobe volumes were also significantly reduced in the single 
ventricle physiology group compared to controls. At 3 years, 
in the same cohort, brain volumes in the infants with TGA 
were similar to controls but whole brain, frontal lobe and 
temporal lobe volumes remained significantly smaller in the 
single ventricle physiology group (44). In an overlapping 
cohort, total brain volume remained low in children with 
single ventricle physiology (n=18) compared to controls 
at 9 years. Total brain, white matter, basal ganglia, and 
cerebellum volumes were also significantly smaller in the 
single ventricle physiology group compared to children 
with TGA (n=9) at age 9. Children with single ventricle 
physiology showed consistently reduced total brain volume 
from 3 to 9 years compared to TGA indicating a similar 
rate of brain growth between CHD groups through early 
and middle childhood. Total brain volume at 9 years was 
significantly associated with a history of cardiopulmonary 
resuscitation and time to normalisation of oxygenation 
levels in children with CHD (45). These findings are 
supported by a study of 19 patients with HLHS post hybrid 
procedure, where relative white matter volume was reduced 
and relative CSF volume increased compared to controls 
(n=6) at a mean age of 27 months (46).

A large study of 128 children and adolescents (aged 
10–19 years) with single ventricle CHD who underwent 
the Fontan procedure observed reduced total intracranial 
volume as well as widespread regional volume reductions 
in temporal and parietal lobes and subcortical grey matter 
regions including the hippocampus compared to controls 
(n=48). Risk factors for reduced brain volumes included 
increasing numbers of open and catherization procedures 
as well as higher rates of operative complications. Those 

adolescents who underwent the Norwood procedure had 
smaller volumes in several grey matter regions compared to 
those who underwent other types of surgery (47). 

Other studies have examined differences in brain volumes 
between children and adolescents with cyanotic and 
acyanotic CHD. In adolescents with CHD who underwent 
cardiopulmonary bypass surgery (n=39; mean age  
13.8 years) brain volumes were reduced compared to 
controls (n=32) with cyanotic individuals having significantly 
reduced matter, thalami, hippocampi and corpus callosum 
volumes compared to those with acyanotic CHD (48). 
However, in an overlapping cohort of adolescents with 
CHD (n=48, mean age =13.8 years), absolute hippocampal 
volumes were reduced compared to controls (n=32) but 
volumes were not significantly different between cyanotic 
and acyanotic CHD (49).

The relationship between brain volume and 
neurodevelopmental outcome

Several studies, spanning the neonatal period to adolescence, 
have identified associations between brain volumes and 
neurodevelopmental outcome measures undertaken at 
around the same time as the neuroimaging examination. For 
example, difficulty maintaining an alert behavioural state in 
neonates with CHD (n=35) was associated with increased 
CSF volume and reduced subcortical grey matter volume on 
preoperative neonatal MRI and increased CSF volume was 
also associated with poor visual orienting. In the same study, 
reduced subcortical grey matter was also associated with 
significantly higher (representing more abnormal) scores 
on the Einstein Neonatal Neurobehavioral Assessment 
Scale in cyanotic infants (n=26), while in acyanotic infants 
(n=9), decreased cerebellar volume was associated with poor 
behavioural state regulation (50).

Multiple studies have examined the relationship 
between brain volumes and neurodevelopmental outcome 
in early childhood assessed with the Bayley Scales of 
Infant Development 2nd Edition (BSID-II) which provides 
a Psychomotor Development index (PDI) and Mental 
Development Index (MDI); and the Bayley Scales of Infant 
and Toddler Development 3rd Edition (Bayley-III) which 
provides Cognitive, Language and Motor Composite 
Scores. Frontal and temporal lobe volumes have been linked 
to early motor and cognitive development in several studies. 
Increased PDI, but not MDI scores correlated with frontal 
grey matter volume on post-operative MRI in 40 infants 
with CHD (mean age 14 months) (51). Another study using 
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the BSID-II in 33 infants identified a relationship between 
larger frontal lobe volumes and higher MDI scores while 
increased whole brain, frontal and temporal lobe volumes 
were significantly associated with PDI scores (n=33). Of 
note, functional oxygen saturation and further surgery in 
the neonatal period were also associated with PDI scores 
in this study (44). Poorer cognitive, language and motor 
composite scores on the Bayley-III have also been linked 
to increased absolute CSF volumes in toddlers with single 
ventricle physiology (n=44; mean age 29 months) (52). 
Additionally, total brain and regional brain volumes in 
infants with biventricular CHD (n=48) at one year were 
significantly associated with language abilities assessed 
with the MacArthur-Bates Communicative Development 
Inventories (CDI) but were not correlated with BSID-
II scores (53). However, in children with HLHS who 
underwent the hybrid procedure (n=19; mean age  
27 months), brain volumes were not associated with Bayley-
III scores (46). 

At 9 years, full-scale IQ was significantly associated 
with total brain, total cerebral cortex, temporal cortex, and 
cerebellar volumes in 27 children with TGA and single 
ventricle physiology. Temporal cortex volume was also 
associated with working memory and processing speed 
indices, while white matter volume was associated with 
perceptual reasoning index (45). 

There is some consensus that impaired hippocampal 
growth in children with CHD is associated with adverse 
neurodevelopment. In adolescents with cyanotic and 
acyanotic CHD at 13.8 years (range, 11–16 years), reduced 
hippocampal volume was associated with lower total IQ 
(48,49), perceptual reasoning (48) verbal comprehension 
and working memory (49). There was no such relationship 
between hippocampal volume and IQ scores in controls 
(n=32) (49), however there may be an association between 
hippocampal volumes and perceptual reasoning in healthy 
adolescents (48). In children with TGA (age range,  
8–16 years), hippocampal volumes, corrected for intracranial 
volume, were positively associated with general memory, 
immediate verbal memory, delayed verbal memory and 
episodic memory scores but, in this study, not full-scale IQ, 
verbal fluency or academic achievement (54). Interestingly, 
in this study, children with TGA were not significantly 
different from controls on measures of IQ, academic 
achievement or verbal fluency but performed significantly 
worse on tests of hippocampal function including general, 
verbal, visual and episodic memory. These findings are 
supported by work in adolescents and young adults aged 

16–24 years (n=50) where the hippocampi were segmented 
into subfields: Cornu Ammonis (CA)1, CA2/CA3, CA4/
dentate gyrus (DG) and stratum. Smaller volumes in the 
left CA1 and left CA2/3 subfields of the hippocampus were 
significantly associated with worse working memory scores 
on the Behaviour Rating Inventory of Executive Function—
Adult scale (BRIEF-A) (55).

Additional associations observed between brain volumes 
and neurodevelopmental outcomes in adolescents with 
CHD include working memory with total brain and 
cerebellar volume; verbal comprehension with total brain 
and white matter volume; perceptual reasoning with total 
brain volume; static balance with total brain and cerebellar 
volume and motor outcome with white matter volume (48). 
These relationships were not present in the control group 
included in this study however corpus callosum volume was 
associated with processing speed, and cerebellar volume 
with fine motor performance (48).

One of the main goals of quantitative neuroimaging in 
CHD is to identify objective and reproducible imaging 
biomarkers that are able to predict neurodevelopmental 
outcome. 

One study assessing the relationship between fetal 
imaging measures and outcome on the Bayley-III at  
4–6 months identified a significant association between 
total brain volume, left and right cingulate fissure depth and 
frontal Inositol/choline and N-acetylaspartate/choline ratios 
in the third trimester and average Bayley-III scores (56). 
However, as the Bayley-III assessment was undertaken in 
only those cases not requiring open-heart surgery during 
the first 6 months of age (n=17), larger studies assessing 
prenatal development and later neurodevelopmental 
outcome are required.

Postsurgical neonatal brain volumes were associated 
with Bayley-III scores at 12 months of age in a sample of 
62 infants with a range of CHD types. Total brain, cortical, 
white matter, frontal lobe, temporal lobe, and cerebellar 
volumes were positively associated with cognitive outcome 
when adjusted for variables such as sex, postmenstrual age 
at time of MRI, and SES. In addition, total brain, cortical, 
frontal lobe, and temporal lobe volumes on postoperative 
MRI were associated with language performance. However, 
there were no significant associations between preoperative 
brain volumes and outcome scores. When results were 
corrected for multiple comparisons, the relationship 
between postsurgical brain volumes and outcome scores 
were no longer significant. Length of ICU stay was 
negatively associated with cognitive but not with language 
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performance. Motor scores were higher in the TGA sample 
compared to non-TGA patients but there was no significant 
difference between these groups in cognitive or language 
scores (33). 

Jakab and colleagues assessed the relationship between 
brain growth, from the pre-operative to post-operative 
period and neurodevelopment at 12 months in 44 infants 
with CHD who were operated within the first month of 
life using deformation-based morphometry. The growth 
rate of the left posterior perisylvian region around Heschl’s 
gyrus and the anterior planum temporalae was significantly 
positively correlated with language composite score on the 
Bayley-III at 12 months. There was no relationship between 
brain growth and cognitive or motor composite scores (36).

In a longitudinal study assessing children with CHD at 2 
and 6 years, lower cognitive composite scores at 2 years and 
lower full-scale IQ at 6 years was observed in infants who 
had moderate-severe white matter injury on perioperative 
MR. While there were no differences in postoperative brain 
volumes or cortical measures in children with and without 
moderate–severe white matter injury or grey matter focal 
infraction, children with full-scale IQ scores below 85 at 
age 6 (n=9) had significantly lower postoperative neonatal 
basal ganglia, thalamus and brainstem volumes compared to 
children with full-scale IQ at or above 85 (n=21) (38). 

Conclusions

In summary, MRI studies have shown that brain volumes 
are reduced in individuals with CHD from the fetal period 
to adolescence and young adulthood. It appears that these 
volume reductions are not specific to particular tissues or 
regions, rather growth of all brain regions is impaired. 
These tissue volume reductions are accompanied by 
increases in extracerebral CSF volume. There is some 
evidence that brain volumes are most reduced in those with 
cyanotic CHD, although this finding is not observed in all 
studies. Reduced cerebral oxygen delivery during fetal life 
and in the early postnatal period is associated with smaller 
brain volumes. Other risk factors for impaired brain growth 
include older age at surgery and perioperative illness 
severity as indicated by longer times on ITU. 

There is increasing evidence that early measures of 
brain volume and growth are associated with outcome, 
although large multicentre studies incorporating known 
clinical risk factors are required to define more precisely the 
relationship between fetal and neonatal brain volume and 
subsequent neurodevelopment.
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