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Synopsis

Infants with Congenital Heart Disease (CHD) are at high risk of neurodevelopmental disorders. We acquired presurgical neonatal T2-
weighted MRI (N=66), cerebral oxygen delivery (CDO,; N=53), and 22-month cognitive and motor scores (N=44). Atypicality indices,
representing the degree of deviation of a regional brain volume from the normative neonatal mean for a given gestational age, sex and
postnatal age, were calculated. Reduced CDO, was indirectly associated with lower cognitive scores through the mediating effect of
negative bilateral caudate and thalami atypicality indices. The aetiology of cognitive impairments in CHD may encompass poor CDO,
leading to impaired caudate and thalamus growth.

Introduction

Infants with Congenital Heart Disease (CHD) are at risk of neurodevelopmental impairments, the origins of which are currently unclear.” The
aim of this study was to characterise the relationship between neonatal brain development, cerebral oxygen delivery and neurodevelopmental
outcome in infants with CHD.

Methods

Sixty-six infants [39 male, median (range) gestational age at birth = 38.50 (34.86-41.57) weeks; postmenstrual age at scan median (range) =
39.29 (37.43-42.29) weeks] with serious or critical CHD underwent brain MRI prior to surgery on a 3T MRI scanner situated on the neonatal unit
at St Thomas' Hospital, London. T2-weighted images (voxel size=0.8mm?3) were segmented into brain regions using a neonatal-specific
algorithm.23 We generated normative curves of typical volumetric brain development using Gaussian Process Regression, a Bayesian non-
parametric regression technique, implemented in GPy in Python (https://sheffieldml.github.io/GPy/). 219 healthy infants from the Developing
Human Connectome Project (dHCP) imaged with the same protocol were used to model typical brain development from 37-45 postmenstrual
weeks.* Atypicality indices (Z), 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 CHD (Figure 1). Extreme deviations from typical brain
development were taken as Z >+2.6 (corresponding to p<0.005). Neonatal cerebral oxygen delivery (CDO,) was calculated from phase contrast
angiography in 53 infants with CHD.> Cognitive and motor abilities were assessed at 22 months (N=44) using the Bayley-Scales of Infant and
Toddler Development- 3rd Edition. We assessed the relationship between atypicality indices, CDO, and cognitive and motor outcome. We also
examined whether CDO, was associated with neurodevelopmental outcome through the mediating effect of regional brain development.®

Results

Extreme deviations in development were identified in 13.6% of infants (N=9) with CHD. The most common extreme deviation was enlargement
of the extracerebral CSF occurring in 7.6% of babies with CHD. Extreme positive deviations (Z >2.6) were also identified in the ventricles.
Extreme negative deviations (Z <-2.6) were identified in the brainstem, bilateral caudate nuclei, left thalamus, cerebellum and total tissue
volume.

Negative atypicality indices in bilateral caudate nuclei and thalami and left lentiform nucleus were associated with both reduced neonatal CDO,
and poorer cognitive abilities at 22 months across the sample (Table 1). There was a significant indirect relationship between CDO, and
cognition through the mediating effect of lower bilateral caudate and thalami atypicality indices (Figure 2).

Discussion

Previous studies of brain development in this population have assessed differences between infants with CHD and healthy infants at a group
level. Here we have mapped brain development in individual infants with CHD to robust normative neonatal data using normative modelling.
Using this approach, we identified extreme deviations from typical brain development in over 13% of infants, the most common being
increased extracerebral CSF volume, as well as increases in the ventricles and reductions in subcortical structures.

Lower cognitive abilities in toddlers with CHD were associated with smaller caudate nuclei, thalami and left lentiform volumes prior to cardiac
surgery. Reduced CDO, was indirectly associated with poor cognitive outcome in early childhood through the mediating effect of reduced
caudate and thalamus development. Reduced CDO, is associated with smaller total brain volume in fetuses” with CHD and reduced grey matter
volume and gyrification are observed in neonates before cardiac surgery.® Lower basal ganglia and thalamus volumes postoperatively have
been associated with lower 1Q scores at 6 years.® Neonatal thalamus and caudate volumes have also been implicated in cognitive abilities in
children born prematurely.®'? Taken together, these data point to the importance of caudate and thalamic development to early cognitive
outcome and the potential adverse impact of reduced CDO;, in the neonatal period. Infants with CHD and low subcortical volumes may be at
increased risk of impaired cognitive development.

Conclusions

Infants with CHD are at increased risk of extreme deviations in intracranial development, particularly in CSF spaces and subcortical structures,
compared to healthy controls. The aetiology of poor cognition in CHD may encompass poor cerebral oxygen delivery leading to impaired
caudate and thalamus growth. Interventions to improve cerebral oxygen delivery may promote early brain growth and improve cognitive
outcomes in this population.
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Figure 1. Volumetric brain development in neonates with CHD. Shaded areas represent +1,2 and 3 standard deviations from the normative
model mean, separately for female and male infants. Total Tissue Volume, TTV; Grey Matter, GM; White Matter, WM; Right, R; Left, L.
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] Left 042 0.04 0.25 0.31 0.42 0,008
Thalamus
Right 042 0.04 027 027 033 0.034
Thalamus
Left Caudate 040 004 0.32 027 029 0.047
Right 039 0.04 033 030 03 0.041
Cauvdate
Left 037 0.04 0.22 037 041 0.008
Lentiform
R'?hl 027 013 0.27 0.30 043 0.008
Lentiform
Rezults in bold are significast: *indicates a statistical trend

Table 1. Correlations between outcome scores, CDO2 and brain volume atypicality indices. Partial correlations between outcome scores and
atypicality indices include Index of Multiple Deprivation (a measure of socioeconomic status) as a covariate.
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Figure 2. Path diagrams showing the indirect relationship between Cerebral Oxygen Delivery and Cognitive Composite Score mediated by (A)
left thalamus (B) right thalamus (C) left caudate nucleus (D) right caudate nucleus. Standardised regression coefficients are reported; numbers
in brackets show p-value *p<0.05 **p<0.01. ACME, Average Causal Mediation Effect; IMD, Index of Multiple Deprivation (a measure of
socioeconomic status).
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