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Infants with congenital heart disease are at risk of neurodevelopmental impairments, the origins of which are currently unclear.

This study aimed to characterize the relationship between neonatal brain development, cerebral oxygen delivery and neurodevelop-

mental outcome in infants with congenital heart disease. A cohort of infants with serious or critical congenital heart disease

(N¼ 66; N¼62 born �37 weeks) underwent brain MRI before surgery on a 3T scanner situated on the neonatal unit. T2-weighted

images were segmented into brain regions using a neonatal-specific algorithm. We generated normative curves of typical volumetric

brain development using a data-driven technique applied to 219 healthy infants from the Developing Human Connectome Project

(dHCP). Atypicality indices, representing the degree of positive or negative deviation of a regional volume from the normative

mean for a given gestational age, sex and postnatal age, were calculated for each infant with congenital heart disease. Phase con-

trast angiography was acquired in 53 infants with congenital heart disease and cerebral oxygen delivery was calculated. Cognitive

and motor abilities were assessed at 22 months (N¼46) using the Bayley scales of Infant and Toddler Development–Third

Edition. We assessed the relationship between atypicality indices, cerebral oxygen delivery and cognitive and motor outcome.

Additionally, we examined whether cerebral oxygen delivery was associated with neurodevelopmental outcome through the media-

ting effect of brain volume. Negative atypicality indices in deep grey matter were associated with both reduced neonatal cerebral

oxygen delivery and poorer cognitive abilities at 22 months across the whole sample. In infants with congenital heart disease born

�37 weeks, negative cortical grey matter and total tissue volume atypicality indices, in addition to deep grey matter structures,

were associated with poorer cognition. There was a significant indirect relationship between cerebral oxygen delivery and cognition

through the mediating effect of negative deep grey matter atypicality indices across the whole sample. In infants born �37 weeks,

cortical grey matter and total tissue volume atypicality indices were also mediators of this relationship. In summary, lower cogni-

tive abilities in toddlers with congenital heart disease were associated with smaller grey matter volumes before cardiac surgery. The

aetiology of poor cognition may encompass poor cerebral oxygen delivery leading to impaired grey matter growth. Interventions to

improve cerebral oxygen delivery may promote early brain growth and improve cognitive outcomes in infants with congenital heart

disease.

1 Centre for the Developing Brain, School of Biomedical Engineering and Imaging Sciences, King’s College London, London SE1 7EH,
UK

2 Department for Forensic and Neurodevelopmental Sciences, Institute of Psychiatry, Psychology and Neuroscience, King’s College
London, London SE5 8AF, UK

3 Biomedical Image Technologies, ETSI Telecomunicación, Universidad Politécnica de Madrid and CIBER-BBN, 28040 Madrid, Spain
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Introduction
Congenital heart disease (CHD) is the most common con-

genital malformation, occurring in up to 1% of births.1

Increasing numbers of infants survive into adulthood,2

yet up to half of the survivors of CHD will show devel-

opmental impairments across several domains including

executive functioning, speech and language, motor coord-

ination and cognition.3,4 These deficits may persist into

adolescence5 and adulthood6 and have a prolonged im-

pact on the quality of life7 and education.8 As such,

understanding the mechanisms underpinning developmen-

tal disabilities in survivors of CHD is critical.

MRI studies have identified reduced brain volumes in

foetuses and neonates with CHD compared with healthy

controls.9–12 Altered early brain development is associated

with reduced cerebral oxygen delivery (CDO2),13–15 and

impaired CDO2 may contribute to poor neurodevelop-

mental outcome in this population.16 However, to our

knowledge, no study has characterized the relationship

between CDO2, neonatal brain development and subse-

quent neurodevelopmental outcome in infants with CHD.
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The literature linking intracranial volumes to outcome

in children with CHD is limited. Poorer cognitive abilities

in early childhood have been associated with dilated ven-

tricular and extracerebral CSF spaces17,18 and reduced

cortical and cerebellar volumes19 on postsurgical imaging.

At age six, children with CHD and IQ scores below 85

had lower postoperative neonatal basal ganglia, thalamus

and brainstem volumes compared with survivors with

higher IQ scores.20

To better understand the relationship between early

brain development, before surgery and neurodevelopmen-

tal outcome in infants with CHD, an individualized as-

sessment of cerebral development is needed. Mapping

datasets from babies with CHD to robust normative neo-

natal data allows for the assessment of individualized

neonatal brain development. Such normative modelling

approaches characterize typical population variation in a

data-driven fashion and have been applied to neo-

natal21,22 and psychiatric23 neuroimaging cohorts. These

models can be used to quantify the deviation of an indi-

vidual from the expected mean in the typical population,

termed an ‘atypicality index’, in a process akin to the use

of growth charts to track foetal and paediatric develop-

ment. In contrast to case–control studies, this approach

does not assume that the effect of CHD on brain devel-

opment is homogenous across infants.

In this study, we calculated atypicality indices, repre-

senting the deviation of brain volumes from typical neo-

natal brain development, in a cohort of neonates with

CHD. Normative curves were derived from a large sam-

ple of healthy term born infants using a Gaussian process

regression (GPR) model.24 We aimed to determine both

the average degree of deviation and the prevalence of ex-

treme deviations from typical brain volumetric develop-

ment in infants with CHD before surgery. We also

investigated the relationship between atypicality indices,

neonatal cerebral oxygen delivery and cognitive and

motor scores at 22 months.

Materials and methods

Ethical approval

The National Research Ethics Service West London com-

mittee provided ethical approval (CHD: 07/H0707/105;

dHCP: 14/LO/1169). In accordance with the declaration

of Helsinki, informed written parental consent was

obtained before MRI and follow-up.

Infants with CHD

Recruitment

A prospective cohort of 66 infants with critical or serious

CHD [39 male, median (Interquartile range IQR) gesta-

tional age at birth ¼ 38.5 (38.1–38.9); 62 born

�37 weeks] was recruited (Table 1). Based on a

previously published UK categorization,25 critical CHD

was defined as infants with hypoplastic left heart syn-

drome (HLHS), interrupted aortic arch, pulmonary atre-

sia with an intact ventricular septum, simple transposition

of the great arteries (TGA) and all infants requiring sur-

gery within the first 28 days of life with the following

conditions: Aortic valve stenosis, coarctation of the aorta

(CoA), pulmonary valve stenosis, pulmonary atresia with

ventricular septal defect, tetralogy of Fallot (TOF) and

total anomalous pulmonary venous connection. Serious

CHD was defined as any cardiac lesion not defined as

critical, which requires cardiac catheterization or surgery

between 1 month and 1 year of age.

Infants were recruited from the Neonatal Unit at St

Thomas’ Hospital, London, between 2015 and 2020.

Exclusion criteria included suspected or confirmed chromo-

somal abnormality, previous neonatal surgery (excluding

cardiac catheterization procedures), gestational age

<34 weeks at birth and suspected congenital infection.

Clinical information

Birth weight, head circumference and delivery method

were extracted from clinical notes. Birth weight and head

circumference were converted to z-scores based on

the UK-WHO growth centiles implemented in the

GrowthCharts mobile application version 2.0.1.26 Infants

with CHD were categorized into abnormal streaming of

blood, left-sided heart lesions and right-sided heart lesions

based on haemodynamic impact using the sequential seg-

mental approach.27

Magnetic resonance imaging

MRI was performed on a Philips Achieva 3 Tesla system

situated on the Neonatal Unit at St Thomas’ Hospital,

London. Imaging was performed during natural sleep

without sedation and pulse oximetry; respiration, tem-

perature and electrocardiography were monitored

throughout by a nurse and paediatrician experienced in

neonatal MRI procedures.

Infants were scanned with a 32-channel neonatal head

coil and neonatal positioning system [postmenstrual age at

scan median (IQR) ¼ 39.3(38.6–39.7) weeks].28 Scans

included a 5-s noise ramp-up to avoid a startle response.

T2-weighted multi-slice turbo spin echo scans were

acquired in two stacks in sagittal and axial planes

[repetition time (TR)/echo time (TE) ¼ 12 000/156 ms;

flip angle ¼ 90�; slice thickness ¼ 1.6 mm; slice

overlap ¼ 0.8 mm; in-plane resolution: 0.8�0.8 mm;

SENSE factor ¼ 2.11/2.58 (axial/sagittal)]. T2-weighted

volumes were reconstructed using a dedicated algorithm to

correct motion and integrate data from both acquired

stacks (reconstructed voxel size¼ 0.5 mm3).29,30 T1-weighted

volumetric magnetization prepared rapid acquisition

gradient echo (MPRAGE) images were also acquired

(TR/TE ¼ 11/4.6 ms; inversion time (TI) ¼ 713 ms; flip

angle ¼ 9�; voxel size ¼ 0.76 � 0.76 � 0.8 mm, SENSE

factor ¼ 1.2).
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Infants underwent quantitative flow imaging using

velocity sensitized phase contrast angiography with a

single-slice T1-weighted fast field echo sequence (field of

view ¼ 100� 100 mm2; resolution ¼ 0.6� 0.6� 4.0 mm;

TR/TE ¼ 6.4/4.3 ms; flip angle ¼ 10�, repetitions ¼ 20;

maximal encoding velocity ¼ 140 cm/s). Images were

acquired in a plane perpendicular to both internal caro-

tids and basilar arteries at the level of the sphenoid

bone.31 Phase contrast angiography was available in 53

infants (not acquired due to infant waking N¼ 7; unsuit-

able for analysis N¼ 6).

MR image review

T1- and T2-weighted images were reported by perinatal

neuroradiologists. All images were reviewed by two neu-

roradiologists to ensure consistency and lesions were

recorded as arterial ischemic stroke, white matter injury

(WMI), cerebellar haemorrhage or intraventricular haem-

orrhage as reported previously.32 WMI was classified into

normal (no injury), mild (�3 foci and all �2 mm),

moderate (>3 and �10 foci or any >2 mm) or severe

(>10 foci).32,33

Three infants with CHD had an arterial ischemic

stroke. For these infants, cortical and total tissue volumes

were excluded from further analysis; however, subcortical

and infratentorial volumes were analysed.

Image segmentation

T2-weighted images were processed using the dHCP

structural pipeline.34 Images underwent bias correction

and brain extraction before being segmented into eight

tissue classes (cortical grey matter, white matter, total

deep grey matter, cerebellum, brainstem, hippocampus

and amygdala, ventricles and extracerebral CSF) with an

automatic neonatal-specific segmentation algorithm that

uses expectation maximization.34,35 Deep grey matter was

further segmented into left/right: lentiform, caudate nu-

cleus and thalamus. Segmentations were visually

inspected, and minor inaccuracies were manually cor-

rected. Regional tissue volumes were extracted. Total

Table 1 Summary of cohort demographic information

Primary cardiac defect, N (%) All infants (N 5 66) Infants born �37 weeks

(N 5 62)

Abnormal streaming of blood

Dextro-transposition of the great arteries 31 (47) 30 (48)

Truncus arteriosus 1 (1) 1 (2)

Left-sided cardiac lesions

Coarctation of the aorta 13 (20) 13 (21)

Hypoplastic left heart syndrome 4 (6) 4 (6)

Aortic stenosis with coarctation of the aorta 1 (1) 1 (2)

Right-sided cardiac lesions

Tetralogy of fallot 7 (11) 7 (11)

Pulmonary stenosis 4 (6) 4 (6)

Pulmonary atresia 3 (5) 1 (2)

Tricuspid atresia 2 (3) 1 (2)

Delivery method, N (%) All infants (N¼ 66) Infants born �37 weeks (N¼ 62)

Spontaneous/induced vaginal delivery 25 (38) 25 (40)

Instrumental delivery 11 (17) 11 (18)

Elective caesarean section 7 (10) 6 (10)

Emergency caesarean section 23 (35) 20 (32)

Brain Injury findings, N (%) All infants (N¼ 66) Infants born �37 weeks (N¼ 62)

None 39 (59) 38 (61)

Mild WMI 13 (20) 11 (18)

Moderate WMI 5 (8) 5 (8)

Severe WMI 2 (3) 1 (2)

Arterial ischemic stroke 1 (1) 1 (2)

Arterial ischemic stroke with mild WMI 2 (3) 2 (3)

Cerebellar haemorrhage 3 (5) 3 (5)

Cerebellar haemorrhage with moderate WMI 1 (1) 1 (2)

Other demographic information All infants (N¼ 66) Infants born �37 weeks (N¼ 62)

Gestational age at birth, median (IQR) 38.5 (38.1–38.9) 38.6 (38.2–38.9)

Postmenstrual age at scan, median (IQR) 39.2 (38.6–39.7) 39.3 (38.7–39.7)

Antenatal diagnosis, N (%) 62 (94) 58 (94)

Inborn, N (%) 63 (96) 59 (95)

Birth weight (g), mean (SD) 3044 (503) 3104 (455)

Birth weight z-score, mean (SD) �0.61(1.8) �0.58 (1.10)

Head circumference (cm), mean (SD) 33.6 (1.8) 33.8 (1.7)

Head circumference z-score, mean (SD) �0.72 (1.46) �0.67 (1.59)

CDO2 (mLO2/min), mean (SD) 1795(495) 1818 (495)
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tissue volume (TTV) was calculated by summing cortical

grey matter, white matter, cerebellum, brainstem, total

deep grey matter and hippocampus and amygdala.

Cerebral oxygen delivery

Cerebral blood flow was quantified in infants with CHD

from phase-contrast angiography using previously pub-

lished methods.14,15 Briefly, regions of interest were

drawn manually around the left/right internal carotid and

basilar arteries using Segment v2.0 R4800.36 Flow was

extracted and summed across the vessels to estimate total

cerebral blood flow. Haemoglobin measurements were

extracted from clinical notes at a median (IQR) of 2(1–4)

days before the date of scan. Pre-ductal oxygen satur-

ation was measured at the time of scan with a Masimo

Radical-7 monitor (Masimo Corp, Irvine, CA) applied to

the right hand.

Cerebral oxygen delivery (CDO2) was calculated as

follows37:

CDO2ðmLO2=minÞ ¼ oxygen saturation
� haemoglobinðg=dLÞ � 1:36
� cerebral blood flow ðmL=minÞ;

where 1.36 is the amount of oxygen bound per gram of

haemoglobin at one atmosphere pressure (Hüfner’s con-

stant). CDO2 measures were also divided into quintile

ranks (Supplementary Table 1).

Neurodevelopmental assessment

Forty-six infants with CHD [42 born �37 weeks;

Excluded participants: Died before 22 months¼ 4;

declined¼ 8 (2 due to living overseas); postponed due to

Covid-19¼ 4; age <22 months¼ 4] attended a follow-up

assessment at a median (IQR) of 22.2 (22.0–22.6)

months (Table 1). Infants completed the Bayley Scales

of Infant and Toddler Development–Third Edition

(Bayley-III)38 administered by a developmental paediatri-

cian (AC) to obtain cognitive and motor composite scores

[test mean (SD) ¼ 100(15)].

Socioeconomic status

Index of multiple deprivation (IMD) was calculated from

postcode at birth for all infants who attended the follow-

up assessment. IMD is a composite measure of socioeco-

nomic status in England encompassing factors such as in-

come, employment, education, health and crime (http://

imd-by-postcode.opendatacommunities.org/; Accessed 02

June 2020). IMD was calculated from the 2015 data re-

lease and reported as scores and quintiles (most to least

deprived). It was not possible to calculate IMD for one

infant with CHD.

Modelling typical development

Normative sample

A total of 219 healthy infants born �37 weeks

[median(IQR) age at birth ¼ 40.1 (39.1–41) gestational

weeks; 109 male] recruited from prenatal or postnatal

wards at St Thomas’ Hospital as part of the Developing

Human Connectome Project were used to generate the

normative model24 (dHCP; http://www.developingconnec

tome.org/; Accessed 03 February 2021). Exclusion criteria

included admission to neonatal intensive care unit, major

lesions identified on MRI such as perinatal arterial ische-

mic stroke or parenchymal haemorrhage and Bayley-III

Cognitive or Motor Composite Scores below 70 (<2 SD

from the test mean) at 18 months.

Magnetic resonance imaging

All infants between 37 and 45 weeks postmenstrual age

underwent MRI with the T1- and T2-weighted protocol

as described previously [postmenstrual age at scan me-

dian (IQR) ¼ 40.7 (39.4–41.4) weeks]. The normative

sample was recruited and processed according to previ-

ously published methods24 and was used to model typical

volumetric brain development (Fig. 1).

Gaussian process regression

Gaussian process regression (GPR), a Bayesian non-para-

metric regression method, implemented in GPy in Python

(https://sheffieldml.github.io/GPy/; Accessed 16 December

2020) was used to model volumetric brain development

from 37 to 45 weeks postmenstrual age.24 Briefly, GPR

predicts individual data points and measures predictive

confidence for each estimate. This confidence represents

the distance between individual observations and the nor-

mative group mean at a point on the developmental tra-

jectory.21–23 The difference between predicted and

observed values normalized by the predictive confidence

represents the deviation of a datapoint from the expected

mean given the child’s postmenstrual age at scan, days of

life and sex. This provides a z-score quantifying the de-

gree of atypicality in each volume from each baby with

CHD. GPR was estimated separately for total tissue vol-

ume, cortical grey matter, white matter, cerebellum,

brainstem, extracerebral CSF, ventricles, left/right caudate,

left/right lentiform and left/right thalamus.

Statistical analysis

Analyses were undertaken for the whole sample (N¼ 66)

and separately for those infants born �37 weeks GA

(N¼ 62). Extreme deviations from normative volumetric

development were taken as an atypicality index of >62.6

(corresponding to P< 0.005), representing the top and

bottom 0.5% of the typical population.22 Fisher’s exact

test was used to compare the proportion of deviations

across the type of CHD (abnormal streaming of blood,

left-sided heart lesions and right-sided heart lesions).

Infants with extreme deviations were examined for car-

diac diagnosis, gestational age at birth, birth weight and

head circumference z-score, sex, cerebral oxygen delivery

and brain injury.

Shapiro-Wilk was used to test normality. Kruskal-

Wallis one-way test of variance was used to compare
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atypicality indices between the types of CHD. Partial

Spearman’s Rank correlations were used to characterize

the relationship between atypicality indices and Bayley-III

scores including IMD as a covariate. The relationship be-

tween birth weight z-score and outcome scores was also

tested to determine whether any relationship with atypi-

cality indices reflected a multi-system impairment in de-

velopment. Pearson correlations were used to test for

associations between cerebral oxygen delivery and atypi-

cality indices. Spearman’s Rank correlations were used to

Figure 1 Volumetric brain development in neonates with CHD. Shaded areas represent 61, 2 and 3 standard deviations from

the normative model mean, separately for female and male infants. TTV ¼ total tissue volume; GM ¼ grey matter; WM ¼ white matter;

R ¼ right; L ¼ left.
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test the associations between IMD and outcome scores

and atypicality indices. Multiple linear regression was

used to predict outcome scores. Benjamini & Hochberg

False Discovery Rate was applied to correct for multiple

comparisons (reported as pFDR). All analyses were per-

formed in R v3.6.2.

Causal mediation analysis can be used to characterize

aetiological mechanisms underlying relationships be-

tween independent and dependent variables through a

third ‘mediating’ variable.39 In this study, causal medi-

ation analysis was used to test whether lower cerebral

oxygen delivery in the neonatal period was associated

with poor early neurodevelopmental abilities through an

effect on volumetric atypicality indices. Causal mediation

analysis was used to test for a mediation effect when

significant associations between atypicality indices and

both outcome scores and cerebral oxygen delivery were

identified. The analysis was conducted using the

Mediation package in R v3.6.2.40 Linear regression

models were used to predict (a) outcome scores from

cerebral oxygen delivery and atypicality index with IMD

as covariate; (b) outcome scores from atypicality index

with IMD as a covariate and (c) atypicality index from

cerebral oxygen delivery. Given the theoretical founda-

tions for this analysis, our primary aim was to test for a

significant indirect effect of cerebral oxygen delivery on

cognitive outcome through the mediating effect of atypi-

cality indices.41 The indirect effect was computed across

1000 bootstrapped samples to calculate the average

causal mediation effect (ACME) with quasi-Bayesian

95% confidence intervals.

Causal mediation analysis assumes no unmeasured

confounding variables affecting both mediator and out-

come and therefore no shared unexplained variance in

regression models (a) and (c) described above. In obser-

vational studies, sensitivity analysis is used to quantify

the degree to which this assumption must be violated to

alter the direction of the effect and therefore the study

outcome.41 The method used here uses a correlation

parameter (q) to test for omitted confounding variables

which regress onto both the mediator and outcome.39,40

A simulated confounding variable was introduced into

the calculation of the ACME across 1000 simulations.

The influence of this variable on the model was incre-

mentally increased to determine the ‘critical q’ at which

the indirect effect reverses direction, therefore altering

the study conclusions. A large ‘critical q’ suggests a po-

tential unobserved confounding variable must be highly

correlated with both mediator and outcome to alter the

result and therefore that the result is robust to unmeas-

ured variables.39

Data availability

The data that support the findings of this study are avail-

able from the corresponding author upon reasonable

request.

Results
The primary cardiac diagnoses and demographic charac-

teristics of infants with CHD are summarized in Table 1.

Of the infants who underwent a septostomy (N¼ 17),

two were scanned before the procedure. Four infants in

the sample were born at 34–37 weeks gestation (tricuspid

atresia 34þ 6; pulmonary atresia 35þ 2; pulmonary atre-

sia 35þ 5; TGA 36þ 3). Demographic information for

infants with CHD born �37 weeks are also summarized

in Table 1.

Volumetric atypicality Indices in
infants with CHD

Mean atypicality indices for all tissue volumes in infants

with CHD were half a standard deviation below the pre-

dicted group mean except the right lentiform nucleus

(Fig. 1; Table 2). In addition, infants with CHD had

larger extracerebral CSF spaces than the predicted norma-

tive mean. By contrast, the median atypicality index of

ventricle volume was in-line with the normative model.

The results were not different when examining infants

born �37 weeks (Supplementary Table 2). There were no

significant differences in atypicality indices between sub-

groups of CHD across the whole sample (Table 2; pFDR

�0.24 in all analyses) or in infants born �37 weeks

(Supplementary Table 2; pFDR �0.31 in all analyses).

Extreme deviations from the
normative model mean

The frequency of extreme deviations in each regional vol-

ume is summarized in Table 2. The most common ex-

treme deviation was an enlargement of the extracerebral

CSF occurring in 8% of babies with CHD. Extreme posi-

tive deviations (atypicality index >2.6) indicating ex-

tremely high volume for a given postmenstrual age, days

of life and sex, were also identified in the ventricles.

Extreme negative deviations (atypicality index <�2.6),

indicating extremely low volume for a given postmenst-

rual age, days of life and sex, were identified in the

brainstem, cerebellum, bilateral caudate nuclei, left thal-

amus and total tissue volume. There were no extreme

deviations in cortical grey matter, white matter, right

thalamus and lentiform nuclei volumes.

Nine infants (14%) showed an extreme deviation in at

least one regional volume: 3 TGA, 3 CoA, 1 HLHS and

2 tricuspid atresia (See supplementary Table 3 for clinical

information). The largest number of deviations reported

in one infant was 5. This was a male infant with tricus-

pid atresia and additional abnormalities born at

34þ 6 weeks, scanned at a postmenstrual age of

37þ 4 weeks, who had severe WMI. All other infants

with extreme deviations were born after 38 weeks gesta-

tion. All infants with extreme deviations in brain
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development were diagnosed with CHD antenatally and

were inborn.

The largest proportion of infants with extreme devia-

tions was seen in the group with left-sided cardiac lesions

(22%) followed by abnormalities in the right side of the

heart (13%; 8% in infants born �37 weeks) with the

fewest seen in abnormal streaming of blood (9%; 9% in

infants born �37 weeks); however, this was not statistic-

ally significant [abnormal streaming vs left-sided, odds

ratio (OR) (95% CI) ¼ 0.37 (0.05–2.51), pFDR ¼ 0.99;

Abnormal streaming vs right-sided, OR (95% CI) ¼ 0.73

(0.07–101.74) pFDR ¼ 1.00; left-sided vs right-sided, OR

(95% CI) ¼ 1.96 (0.24–25.03) pFDR ¼ 0.70)]. There

were no significant differences in the proportion of ex-

treme deviations between subgroups of CHD when analy-

sing infants born �37 weeks (pFDR �0.69 in all analyses).

Neurodevelopmental abilities at
22 months in infants with CHD

Cognitive and motor composite scores and socioeconomic

status in children with CHD who attended the follow-up

assessment (N¼ 46; born �37 weeks N¼ 42) are sum-

marized in Table 3.

Associations between volumetric
atypicality indices and outcome

Cognitive composite scores were positively correlated

with atypicality index in the bilateral thalamus and caud-

ate and left lentiform nucleus after correcting for IMD

across the whole sample (Table 4). In children with CHD

born �37 weeks, the cognitive outcome was significantly

associated with these subcortical structures and also with

cortical grey matter and total tissue atypicality indices.

Motor composite scores were not correlated with any

atypicality indices. Birth weight z-score (whole sample:

cognitive: q¼ 0.20 pFDR ¼ 0.37, motor: q¼ 0.08

pFDR ¼ 0.61; born �37 weeks: cognitive: q¼ 0.29

pFDR ¼ 0.14, motor: q¼ 0.06 pFDR ¼ 0.72) and IMD

(whole sample: cognitive: q¼�0.24, pFDR ¼ 0.21, motor:

q¼ 0, pFDR ¼ 0.10; born �37 weeks: cognitive: q¼�0.26

pFDR ¼ 0.19, Motor: q¼�0.05 pFDR ¼ 0.74) were not

associated with Bayley-III scores. IMD was not signifi-

cantly associated with atypicality indices (Supplementary

Table 4; q� 0.35 pFDR�0.23 in all analyses).

Linear regression revealed atypicality indices in bilateral

thalami and caudate nuclei and left lentiform nucleus, to-

gether with IMD, explained 17–23% of the variance in

cognitive composite scores across the whole sample

(Table 5; Fig. 2). In infants born �37 weeks bilateral tha-

lami and caudate nuclei, left lentiform nuclei, total tissue

volume and cortical grey matter atypicality indices,

together with IMD, explained 19–33% of the variance in

cognitive composite scores (supplementary Table 5;

Supplementary Fig. 1).T
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Table 3 Demographics at follow-up for infants with CHD

All infants (N 5 46) Infants born �37 weeks

(N 5 42)

Age at follow-up corrected for gestational age at birth median (IQR) 22.2 (22.0–22.6) 22.2 (22.0–23.2)

Cognitive composite score mean (SD) 93 (10) 93 (10)

Motor composite score mean (SD) 94 (10) 95 (10)

Index of multiple deprivation score median (IQR) 21.9 (13.4–30.8) 21.9 (13.1–30.8)

Index of multiple deprivation quintiles Number (%)

First (most deprived) 10 (22) 9 (22)

Second 13 (29) 12 (29)

Third 8 (18) 6 (15)

Fourth 9 (20) 9 (22)

Fifth 5 (11) 5 (12)

Table 4 Relationship between Bayley-III scores and brain volume atypicality indices

Region Cognitive composite score Motor composite score

Whole sample

Spearman’s q (pFDR)

Infants born �37 weeks

Spearman’s q (pFDR)

Whole sample

Spearman’s q (pFDR)

Infants born �37 weeks

Spearman’s q (pFDR)

Extracerebral CSF �0.07 (1.00) �0.02 (0.87) 0.004 (0.98) �0.08 (0.67)

Cortical grey matter 0.31 (0.09) 0.40 (0.03) 0.07 (0.72) 0.07 (0.67)

White matter 0.25 (0.16) 0.31 (0.08) 0.12 (0.62) 0.13 (0.62)

Ventricles 0.13 (0.46) 0.14 (0.42) �0.10(0.62) �0.15 (0.62)

Cerebellum 0.24 (0.39) 0.24 (0.17) 0.10 (0.62) 0.09 (0.67)

Brainstem 0.11 (0.72) 0.16 (0.39) 0.12 (0.62) 0.11 (0.67)

Left thalamus 0.39 (0.04) 0.45 (0.02) 0.31 (0.28) 0.24 (0.32)

Right thalamus 0.37 (0.04) 0.44 (0.02) 0.23 (0.37) 0.24 (0.32)

Left caudate 0.38 (0.04) 0.44 (0.02) 0.31 (0.28) 0.28 (0.31)

Right caudate 0.37 (0.04) 0.46 (0.02) 0.31 (0.28) 0.29 (0.31)

Left lentiform 0.36 (0.04) 0.42 (0.02) 0.21 (0.37) 0.27 (0.31)

Right lentiform 0.26(0.15) 0.32 (0.08) 0.25 (0.37) 0.29 (0.31)

Total tissue volume 0.30 (0.10) 0.40 (0.03) 0.13 (0.62) 0.15 (0.62)

Results in bold are significant.

Table 5 Regression coefficients for models predicting cognitive composite score

Variable B P

Cognitive composite score � left thalamus atypicality index þ index of multiple deprivation

Left thalamus atypicality index 0.41 0.006

Index of multiple deprivation �0.42 0.005

R2 [95% CI] ¼ 0.23 [0.02–0.47]; adjusted R2 ¼ 0.19; F(2,42) ¼ 6.25, pFDR ¼ 0.01

Cognitive composite score � right thalamus atypicality index þ index of multiple deprivation

Right thalamus atypicality index 0.39 0.011

Index of multiple deprivation �0.41 0.007

R2 [95% CI] ¼ 0.21 [0.02–0.43]; adjusted R2 ¼ 0.17; F(2,42) ¼ 5.64, pFDR ¼ 0.01

Cognitive composite score � left caudate nucleus atypicality index þ index of multiple deprivation

Left caudate nucleus atypicality index 0.33 0.017

Index of multiple deprivation �0.35 0.019

R2 [95% CI] ¼ 0.20 [0.01–0.37]; adjusted R2 ¼ 0.16; F(2,42) ¼ 5.12, pFDR ¼ 0.01

Cognitive composite score � right caudate nucleus atypicality index þ index of multiple deprivation

Right caudate nucleus atypicality index 0.35 0.016

Index of multiple deprivation �0.31 0.030

R2 [95% CI] ¼ 0.20 [0.03–0.39]; adjusted R2 ¼ 0.16; F(2,42) ¼ 5.20, pFDR ¼ 0.01

Cognitive composite score � left lentiform nucleus atypicality index þ index of multiple deprivation

Left lentiform nucleus atypicality index 0.30 0.043

Index of multiple deprivation �0.27 0.064

R2 [95% CI] ¼ 0.17 [0.01–0.39]; adjusted R2 ¼ 0.13; F(2,42) ¼ 4.16, pFDR ¼ 0.02

Brain development in congenital heart disease BRAIN COMMUNICATIONS 2021: Page 9 of 14 | 9



Figure 2 Associations between cognitive scores and atypicality indices. Box plots showing the relationship between cognitive

composite score and (A) left thalamus, (B) right thalamus, (C) left caudate, (G) right caudate, (H) and left lentiform atypicality indices across

the whole sample. Scatter plots showing cognitive composite score residuals plotted against (D) left thalamus, (E) right thalamus, (F) left

caudate, (I) right caudate and (J) left lentiform AI residuals across the whole sample. Residuals are corrected for the index of multiple

deprivations.
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Associations between CDO2, brain
volumes and cognitive outcome

Across the whole sample, CDO2 was positively correlated

with all brain tissue volume atypicality indices

(supplementary Table 6; pFDR �0.047 and r� 0.29 in all

analyses) but not with extracerebral CSF (r¼ 0.11

pFDR ¼ 0.48) or ventricle (r¼ 0.08 pFDR ¼ 0.56) atypi-

cality indices. In infants with CHD born �37 weeks,

CDO2 was positively correlated with total tissue volume,

left thalamus, cortical grey matter, brainstem and bilat-

eral lentiform nuclei atypicality indices (Supplementary

Table 6 pFDR �0.049 and r� 0.32 in all analyses). CDO2

did not correlate with cognitive (whole sample: q¼ 0.16

P¼ 0.34; infants born �37 weeks q¼ 0.17 P¼ 0.32) or

motor (whole sample: q¼ 0.14 P¼ 0.42; infants born

�37 weeks q¼ 0.10 P¼ 0.57) composite scores when

co-varying for IMD.

Across the whole sample, reduced CDO2 was indirectly

associated with lower cognitive composite scores through

the mediating effect of atypicality indices in the thalami

and caudate nuclei (Fig. 3). Sensitivity analysis revealed

the q at which the direction of the indirect effect reversed

was 0.41–0.47 for all analyses, suggesting a robust effect.

There was no significant mediation effect of left lentiform

nucleus atypicality index on the relationship between

CDO2 and cognitive outcome [ACME (95% CI) ¼ 0.17

(�0.05–0.44) pFDR ¼ 0.15]. In infants with CHD born

�37 weeks, reduced CDO2 was indirectly associated with

lower cognitive composite scores through the mediating

effect of atypicality indices in the left thalamus, left lenti-

form nucleus, cortical grey matter and total tissue volume

(Supplementary Fig. 2). Sensitivity analysis revealed the

q at which the direction of the indirect effect reversed

was 0.40–0.56 for all analyses, suggesting a robust effect.

Discussion
This study applied normative modelling techniques to

characterize volumetric brain development in neonates

with CHD before surgery and to assess the relationship

between atypical brain development and subsequent neu-

rodevelopmental outcome in early childhood. Lower than

predicted volumes for a given postmenstrual age, days of

life and sex in the deep grey matter were associated with

poorer cognitive abilities at 22 months. In those infants

born �37 weeks, poor cognitive abilities were also associ-

ated with negative cortical grey matter and total tissue

volume atypicality indices. Reduced CDO2 was indirectly

associated with poor cognitive outcome in early child-

hood through the mediating effect of reduced volumetric

brain development in these regions. Extreme deviations

from typical brain development were reported in over

13% of infants with the most common being increased

extracerebral CSF volume as well as increased ventricle

and decreased subcortical grey matter volumes.

Consistent with previous studies,11,15 including in this

cohort,12 we observed that infants with CHD had

reduced brain tissue volumes and increased extracerebral

CSF before surgery. However, to our knowledge, this is

the first use of a normative modelling approach to as-

sess brain development in individual infants with CHD.

Our results highlight the heterogeneity of intracranial

development in CHD, with atypicality indices ranging

from extremely abnormal to close to the typical mean

for a given postmenstrual age, days of life and sex.

Fetal brain development accelerates in the third trimes-

ter of pregnancy and is accompanied by an increase in

Figure 3 The relationship between CDO2 and cognitive

composite scores mediated by atypicality indices. Path

diagrams showing the indirect relationship between CDO2 and

cognitive composite score mediated by (A) left thalamus, (B) right

thalamus, (C) left caudate nucleus and (D) right caudate nucleus

atypicality indices across the whole sample. Standardized regression

coefficients are reported; numbers in brackets show P-value.

*P< 0.05; **P< 0.01. ACME ¼ average causal mediation effect;

CDO2 ¼ cerebral oxygen delivery.
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cerebral blood flow.42,43 This is characterized by the dila-

tion of cerebral arteries, measured as a decrease in pulsa-

tility index on fetal doppler ultrasound, to meet increased

metabolic demands in the fetal brain.44 Pulsatility index

is further reduced in infants with CHD to increase cere-

bral blood flow to compensate for reduced cardiac out-

put or substrate delivery.45,46 Foetuses with left-sided

lesions have reduced cerebral perfusion and impaired

cerebral substrate delivery whereas foetuses with TGA

show intact cerebral blood flow but reduced cerebral sub-

strate delivery.43,46,47 By contrast, the pulsatility index in

the middle cerebral artery is the same or higher in foetuses

with right-sided lesions compared with controls.48–50

Infants with left-sided cardiac lesions may be at particular

risk of extreme deviations in brain development due to

reduced cerebral blood flow and substrate delivery in

utero. In our analysis, the largest proportion of extreme

deviations in brain volumes were identified in infants with

left-sided cardiac lesions; however, the differences between

groups were not significant.

The thalamus and caudate have been implicated in cog-

nitive abilities in children born prematurely; subcortical

volumetric development is altered and has been related to

later cognitive abilities51; higher thalamocortical connect-

ivity at term equivalent age is associated with improved

cognitive abilities at 2 years52 and improved postnatal

caudate growth has been associated with higher full-scale

IQ at 4 years,53 suggesting that the development of the

thalamus and the caudate nucleus is important for cogni-

tive abilities across childhood. It has previously been

hypothesized that subcortical structures are potential

mediators of poor neurodevelopment in infants with

CHD.54 Lower basal ganglia and thalamus volumes post-

operatively have been associated with lower IQ scores at

6 years.20 CDO2 and cerebral blood flow are lower in

infants with cyanotic compared with acyanotic CHD55

and poor behavioural state regulation in neonates with

cyanotic CHD, but not acyanotic CHD, has also been

linked with lower total subcortical grey matter volume

before surgery.56 We provide evidence that lower CDO2

resulting in impaired deep grey matter development may

lie on the aetiological pathway linking CHD to poor

early cognitive abilities.

In those infants with CHD born �37 weeks, impaired

cortical grey matter and total tissue volumetric develop-

ment were also implicated in this pathway. We have pre-

viously demonstrated that grey matter volume,

gyrification and cortical microstructural development are

impaired in this cohort relative to controls and that the

degree of cortical developmental impairment was associ-

ated with reduced CDO2.14,15 In addition, previous re-

search has identified associations between reduced CDO2

and lower total brain volume in foetuses with CHD.13 A

small study demonstrated a relationship between

increased foetal brain volume and higher average Bayley-

III scores at 6 months.45 Furthermore, higher postsurgical,

but not presurgical total brain volume has been linked

with higher cognitive scores at 1 year19 and larger total

brain volumes at 9 years are associated with higher full-

scale IQ in children with CHD.57

Study limitations

This study included a heterogeneous group of cardiac

diagnoses and our sample size of CHD infants with neu-

rodevelopmental outcome was not large. We focused on

the early outcome and further studies with longitudinal

analysis are required to determine whether neonatal brain

volumes relate to IQ or academic attainment in childhood

and beyond. In addition, CDO2 was measured at a single

timepoint ex utero and this measure may not capture

fully the disruption in cerebral oxygenation experienced

by foetuses and infants with CHD.

Conclusions
Infants with CHD are at increased risk of extreme devia-

tions from typical neonatal brain volumetric development

before surgery, particularly involving reduced subcortical

grey matter volumes and expansion of extracerebral CSF

and ventricle volumes. Negative deviations in deep grey

matter, cortical grey matter and total tissue volume in

the neonatal period were associated with poorer cognitive

abilities at 22 months. We provide the first evidence that

the aetiology of poor early cognitive abilities may encom-

pass reduced CDO2 associated with impaired grey matter

development. Further research to identify interventions

that promote both CDO2 and grey matter growth may

improve early cognitive outcomes in infants with CHD.

Supplementary material
Supplementary material is available at Brain

Communications online.
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