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Introduction

Congenital heart disease (CHD) is the most common type of 
birth defect, affecting 7 to 9 per 1,000 newborns (1). Over the 
past several decades, the focus on improving cardiac surgical 
techniques and intensive care has resulted in a significant 
decrease in mortality even for the most severe forms of 
CHD (2). With the increasing number of children achieving 
successful cardiac repairs and reaching adulthood, observations 
on neurodevelopmental deficits have surfaced in these 
survivors. Neurodevelopmental delay is now considered the 
most important comorbidity in patients with CHD and covers 
deficits in cognition, behaviour, and motor skills (3). These 

impairments may be recognized in patients with a wide range 
of cardiac defects, from simple to the most complex CHDs. 
Typically, these neurodevelopmental deficits appear during 
childhood and persist until adulthood, ultimately affecting 
societal contribution and quality of life. This results in a life-
long need for remedial services and is becoming a considerable 
burden in terms of cumulative cost for society (4,5). 

Strategies aimed to improve intraoperative management 
and intensive care have been attempted to minimize 
neurological insult during the neonatal and infant period. 
However, patient-specific factors such as genetic makeup, 
CHD pathophysiology, and perinatal history are now 
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explored with increased interest as key determinants for 
neurodevelopmental outcomes (6). The presence of brain 
immaturity (7-10) and injuries (11) identified by magnetic 
resonance imaging (MRI) even before surgery suggests 
disturbances of brain growth during the fetal period. In 
parallel, the advancements in fetal imaging have provided 
exciting tools capable of (I) measuring specific fetal 
brain properties such as brain volumes, cortical folding, 
biochemistry, water diffusivity, and tissue oxygenation 
and (II) describing the cardiovascular pathophysiology 
and quantifying parameters impacting brain growth and 
maturation such as cerebral oxygen delivery, consumption, 
and extraction. This article will review the up-to-date 
techniques used to assess fetal brain development, the main 
brain issues found in fetuses with CHD from the macro- to 
microscopic structural level, the potential neurobiological 
mechanisms of origin, and the clinical consequences 
transpiring after birth. 

Advancements in fetal brain imaging

Historical clinical observations at birth of infants with 
CHD have highlighted patterns of fetal growth differences 
when compared to their healthy counterparts. For example, 
infants with transposition of the great arteries (TGA) have 
a relatively smaller head to normal birth weight, infants 
with tetralogy of Fallot (TOF) are smaller in all dimensions, 
and infants with hypoplastic left heart syndrome (HLHS) 
are smaller in all dimensions with a relatively smaller  
head (12). Fast forward, current fetal imaging technology 
has the ability to safely observe through the maternal 
abdominal wall to directly assess fetal brain growth during 
pregnancy (13). Clinically, ultrasonography (US) is the 
primary imaging method for routine evaluation of the fetal 
brain during pregnancy as it is praised for its accessibility 
and ease of use (14). However, US image quality may be 
significantly limited by maternal obesity, oligohydramnios, 
and the fetal position (13). 

Fetal MRI has become of increasing importance as an 
adjunct to prenatal US. MRI is the ideal technique to image 
the brain when compared to US because of its superiority to 
contrast soft tissue and fluids and great resolution to detect 
subtle structural alterations and injuries (15). MRI is more 
accurate in measuring total and regional volumes of the fetal 
brain (Figure 1) and has proved to have higher sensitivity 
in detecting intracranial structural abnormalities in fetuses 
with CHD (17). However, fetal MRI has been plagued 
with long scan times, movement artifacts, and accessibility 
issues. Throughout the past two decades, improvements 
in fetal MRI methodology such as fast imaging sequences 
and motion correction techniques have increased image 
quality and accuracy (15), allowing the visualization of the 
properties of fetal brain tissue from the macrostructural to 
microstructural level (18,19). 

Macrostructural fetal brain abnormalities 

Total and regional brain size

The first landmark study on in utero brain disturbances 
in CHD demonstrated progressively abnormal brain 
measures starting in the third trimester when compared to 
healthy controls (Figure 2) (20). From this point forward, 
there has been a substantial amount of investigation to 
establish the precise timing and patterns of delay in fetal 
brain growth in fetuses with CHD through US and MRI. 
Fetal brain volumes acquired by MRI have homogeneously 

Figure 1 Fetal brain volume obtained from segmentation of the 
three-dimensional steady-state free precession acquisition by MRI 
[image adapted from reference (16)]. MRI, magnetic resonance 
imaging.
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confirmed fetal brain growth deficits during the third 
trimester both in fetuses with heterogeneous isolated 
CHD (16,17,20-22) and in homogeneous critical CHDs 
such as TGA (23), TOF (24), and left-sided CHD (25,26). 
These observed reductions in volumetric brain growth 
coincides with the critical window of accelerated fetal brain  
growth (27), which has led to the interpretation of 
diminished cerebral substrate delivery (mainly oxygen and 
glucose) secondary to altered fetal cardiovascular physiology 
may be unable to match the increasing cerebral metabolic 
demand during the third trimester. However, the onset 
of reduced volumetric brain growth is not limited to the 
third trimester as many studies have also found reductions 
in fetal head biometry beginning in the second trimester 
in both major and minor CHD (28-32), though more 
prominent in fetuses with single ventricle physiology (SVP), 
HLHS, TOF, and TGA. More compellingly, fetuses with 
CHD, especially cyanotic subtypes, have demonstrated 
abnormal fetal head biometry in the first trimester (33) 
and as early as 11–14 GW in fetuses with left heart  
hypoplasia (34), suggesting a potential genetic contribution 
towards abnormal brain development in CHD. 

To further explore the peculiarities of the fetal brain 
in CHD, the growth of specific regions and structures 
of the brain has been subsequently studied. Using 
MRI, a progressive decline in the volumetric growth of 
cortical gray, subcortical gray, and white matter has been 
demonstrated in fetuses with HLHS during the third 
trimester (35) and TOF (24) during the second trimester. 
When the fetal brain is subdivided into its three main 
structures: the cerebrum, cerebellum, and brainstem, one 
study found fetuses with CHD have reduced cerebral but 
larger brainstem volumes whereas cerebellar volumes were 
not reduced despite an overall reduction in total brain 
volume (21). Since the brainstem is involved in basic body 
functions essential for life such as respiratory and cardiac 
regulation, it might be possible that the fetal brain privileges 
the growth of more indispensable structures at the expense 
of others in the setting of CHD. Fetal lamb studies have 
demonstrated a hierarchical flow redistribution in response 
to hypoxemia that prioritizes the brain stem followed by the 
cerebellum and then the cortex (36,37). The preservation 
of cerebellar volume was also observed in fetuses with  
TGA (23) and TOF (24) compared to their healthy 
counterparts. However, other studies have found reductions 
in cerebellar volume in cyanotic and severe forms of 
CHD (38-40), suggesting that these fetuses may not fully 
compensate for altered hemodynamics as the cerebellum 

is extremely vulnerable to hypoxia (41) or that there 
may be additional mechanisms involved, such as genetic 
predisposition. Other structures possibly affected are the 
frontal lobes and thalamus, which have been found to be 
reduced in volume starting in the third trimester. The 
largest reductions were associated with diagnostic category, 
the worst being HLHS followed by aortic hypoplasia, TGA, 
and TOF (39). 

In fetuses with critical CHD, fetal brain volumes 
are strongly related to preoperative brain volumes (42). 
Furthermore, smaller fetal brain volumes in the third 
trimester are linked to an increased risk for acquired 
neonatal ischemic brain injury (42). This recent finding 
suggests that delayed brain growth and maturation 
may predispose the brain to increased vulnerability to 
disturbances in cerebral blood flow potentially encountered 
during the transition from fetal to neonatal life, preoperative 
management, cardiac surgery, and postoperative intensive 
care. Ischemic brain injuries causing neuronal death and 
Wallerian degeneration result in further brain volume loss, 
with severe cases reaching diffuse cerebral atrophy. 

Cortical folding and other abnormal structural brain 
findings

The advancements in MRI has enabled 3-D reconstruction 
of the fetal cortex with algorithms measuring cortical 
surface area and cortical depth (35,43). In the normal fetal 
brain development, the formation of gyri (“bumps”) and 
sulci (“grooves”) begins at the 8th week of gestation. This 
process is called cortical folding and is believed to allow 
the cerebral cortex to attain a large surface area to fit in a 
relatively small cranial volume (27,44,45). 

Recent imaging studies of fetuses with CHD have shown 
alterations in cortical patterning and folding beginning 
at mid-gestation. Neuroanatomical landmarks for sulci—
known as sulcal basins—have been observed to have a 
different spatial distribution in fetuses with CHD as early 
as 22 GW when compared to healthy controls (46). This 
is followed by a reduction in cortical folding and surface 
area that has been reported as early as 25 weeks but most 
prominent during the third trimester, reflected by shallower 
sulci and fissure depth, more symmetric brains, and delayed 
opercular development (22,35,46,47). Clinically, an open 
operculum is recognized as a sign of brain immaturity 
and found in 17–90% of term infants with complex CHD 
having preoperative MRI (7,48). 

Alongside impaired brain parenchymal development, 
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evidence of impaired cerebrospinal fluid (CSF) development 
and regulation has been observed in isolated CHD during 
the fetal period. Fetuses with more severe forms of CHD 
have demonstrated increased CSF spaces and volumes as 
early as 20 GW and persisting until term assessed by MRI 
(20,23,24,42,49,50). During brain development, CSF serves 
to support fetal brain growth by delivering growth factors, 
signalling molecules, and nutrients and provides hydrostatic 
pressure to the expanding brain (51). Larger CSF volumes 
have been hypothesized as an initial response to sustain 
the growth of the fetal cranium during parenchymal brain 
underdevelopment or a disturbance in CSF dynamics 
secondary to altered fetal cardiovascular physiology, or 
both (24,50). However, despite a compensatory increase 
in CSF spaces, fetuses and newborns with CHD still 
have smaller head circumferences and intracranial cavity 
volumes than normal controls (20,24,42,50). Interestingly, 
enlarged CSF spaces have been associated with poorer 
neurodevelopmental outcomes in neonates with single 
ventricle physiology (52). 

Other CSF related abnormalities occasionally found in 

fetuses with CHD during the second and third trimesters 
include asymmetrical ventricles, ventriculomegaly, and 
ventricular cysts (42,49,50). Ventriculomegaly is the most 
common fetal brain abnormality found in CHD (53), 
and its pathogenesis has been described as the result of 
developmental malformations or cerebral atrophy due to 
insufficient cerebral substrate delivery (49). Moreover, 
animals exposed to a chronic substrate deficiency had a 
reduction in brain size and developed ventriculomegaly (54). 

More severe reduction in brain volumes such as 
microcephaly (head circumference ≤3rd percentile) are 
also associated with isolated CHD and typically results in 
cognitive dysfunction (55,56). In cases of isolated HLHS, 
the prevalence of microcephaly at birth full-term is 12% 
(57,58), whereas cases of HLHS associated with other 
malformations are 45% at autopsy (59). 

Other clinically relevant abnormalities such as vermian 
hypoplasia, enlarged cisterna magna, and agenesis of the 
corpus callosum have been noted using fetal MRI in fetuses 
with CHD without genetic syndromes (17,21,49,50,53). 
Overall, CHD patients with these structural abnormalities 

Figure 2 Progressively abnormal brain measures in fetuses with CHD starting at the beginning of the third trimester by MRI [image 
adapted from reference (20)]. CHD, congenital heart disease; MRI, magnetic resonance imaging; ICV, intracranial cavity volume; TBV, total 
brain volume; CSF, cerebrospinal fluid. 
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present a variable neurodevelopmental phenotype after 
birth ranging from normal to severe neurodevelopmental 
impairment.

Microstructural abnormalities of the fetal brain 
in CHD

Magnetic resonance spectroscopy (MRS)

Fetal brain MRS provides a non-invasive technique to 
measure cerebral metabolites (Figure 3). Changes in fetal 
brain metabolic concentrations in the setting of CHD may 
indicate in utero disturbances of brain development, and 
thus, they could potentially represent useful predictive 
biomarkers of neurodevelopmental impairment (60). 

However, fetal MRS may be prone to sampling errors due 
to movement artifacts. In the event metabolic markers 
normally present in the CSF are sampled as brain tissue, 
this may lead to a pathologic interpretation of brain 
dysmaturation if detected in brain tissue (60). 

Studies using MRS have revealed abnormal cerebral 
metabolism in fetuses with CHD. A slower rate of increase 
in N-acetyl aspartate (NAA) to choline (Cho) ratio (20) 
has been demonstrated, indicating a relative reduction in 
dendritic and synaptic development over gestation (20). 
Furthermore, cerebral lactate, which indicates a shift 
from aerobic to anaerobic metabolism possibly due to 
impaired cerebral oxygen delivery, was found in fetuses 
with diminished antegrade aortic flow (20). These results 
were also reproduced in another study whereby NAA: Cho 

Figure 3 MRS acquisition showing (A) voxel placement in the axial, coronal, and sagittal planes and the (B) different chemical peaks of the 
selected fetal brain tissue [image adapted from reference (60)]. MRS, magnetic resonance spectroscopy.
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decreased in the frontal area and basal ganglia whereas 
inositol (Ino): Cho increased (22). Increased Ino is a marker 
of astrocyte activation and reactive gliosis which has been 
suggested to represent a response to neural injury or 
hypoxic conditions aimed to maintain neurogenesis (61). 
Although increased Ino has been associated with increased  
lactate (62), only 3 of 48 fetuses with CHD assessed with 
MRS in this study had identified cerebral lactate (22). 
Currently, the presence of lactate as a biomarker for 
abnormal fetal brain development remains controversial 
since it has also been detected in healthy fetuses, suggesting 
that lactate might be an important source of energy 
for brain growth and maturation and part of its normal 
metabolic spectrum (19,60). 

Diffusion tensor imaging (DTI)

Fetal magnetic resonance DTI is a relatively new technology 
used to image white matter microstructure of the brain and 
assess its maturation. DTI measures the diffusion of water by 
two main patterns: water diffusing in all directions (isotropic 
diffusion) and along one direction (anisotropic diffusion). In 
myelinated white matter, water tends to preferentially diffuse 
along the axonal tract axis (axial diffusivity) rather than 
perpendicular (radial diffusivity) across the axonal membrane 
and sheath towards the extracellular space. Therefore, as the 
brain matures, progressive myelination of axons increases 
the anisotropic environment with a diffusion maximum 
parallel to the orientation of the fibre tracts while restricting 
diffusion perpendicular to the axonal tracts (63). Recently, 
DTI performed on fetuses with CHD have demonstrated 
decreased axial diffusion and increased radial diffusion in the 
corpus callosum when compared to healthy controls from 26 
to 30 GW (64). This evidence supports the hypothesis that 
the white matter immaturity detected by DTI in newborns 
with CHD may originate during the prenatal period (8,11,65). 
Furthermore, brain immaturity appears to play a role in the 
high prevalence of postnatal hypoxic-ischemic white matter 
injury and periventricular leukomalacia seen in CHD (66), 
which have been associated with worse cognitive and motor 
outcomes later in childhood life (67,68). 

Factors affecting fetal brain growth in CHD

Genes affecting the heart and brain

Currently, approximately 20% of CHD cases are associated 
with genetic or chromosomal abnormalities, many of which 

have co-existing neurodevelopmental deficits (69,70). 
Genetic syndromes such as Down, Williams, Alagille, 
Noonan, DiGeorge (22q11.2 microdeletion) syndromes, 
among others have a high prevalence of CHD and 
neurodevelopmental delay occurring together, suggesting 
common underlying genetic pathways that may account for 
this phenotype (71). 

The first indication of genetic contributions on 
neurodevelopmental delay in the setting of nonsyndromic 
CHD started with identifying the APOE gene ε2 allele 
that was associated with worse neurodevelopmental 
outcomes after cardiac surgery (72). This important finding 
demonstrated that certain genetic polymorphisms were 
associated with impaired neuroresiliency and neuronal 
repair capacity after surgery-related insults. One decade 
later, pathogenic copy number variants were found to be 
linked to single ventricle forms of CHD with intellectual 
disabilities (73). In this study, single ventricle patients with 
neurocognitive and growth deficits had a significantly 
higher incidence (13.9%) of pathogenic copy number 
variants than those without (4.4%) (73). 

More recently, exome sequencing of CHD parent-
offspring trios revealed an excess of de novo mutations. 
These mutations accounted for 20% of patients with CHD, 
neurodevelopmental delay, and extracardiac abnormality, 
but only 2% with isolated CHD. Since the mutations 
occurred in genes highly expressed both in developing heart 
and brain, it is possible that not only the CHD but also the 
neurodevelopmental delay and/or the other extracardiac 
congenital anomalies could be caused by the same de novo 
mutations, and part of the phenotype (74). Interestingly, 
many of these mutated genes were associated with 
chromatin-modifying pathways, suggesting an impairment 
in epigenetic regulation (74,75). Based on the current 
understanding, polygenic inheritance and/or multifactorial 
etiology are likely to play a crucial role in the association 
between neurodevelopmental delay and CHD. 

Impaired cerebral substrate delivery and brain sparing 
response in CHD

Fetal circulations in normal fetuses and those with 
complex CHD have been described by using cardiac MRI  
(Figure 4). In the normal fetal circulation, well-oxygenated 
blood returning from the placenta bypasses the liver 
through the ductus venosus and streams up the inferior vena 
cava, separately from the desaturated systemic venous blood 
returning from the lower limbs and visceral organs. At the 
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junction of the inferior vena cava and the right atrium, the 
Eustachian valve redirects the well-oxygenated placental 
blood across the foramen ovale into the left atrium. This 
mechanism, known as fetal cardiac streaming, results in 
higher oxygen saturations in the ascending aorta (AAo) 
than the main pulmonary artery (MPA). This preferential 
streaming provides the brain—the most metabolically active 
fetal organ—most of the oxygenated blood to support fetal 
brain development (76). In addition, other substrates such 
as glucose freshly transferred from the placenta are also 
preferentially streamed towards the brain (77). By contrast, 
fetuses with CHD have altered cardiac streaming such 
that substrate delivery to the brain is disrupted, leading to 
a cerebral metabolic supply-demand mismatch. Cerebral 
arterial vessels are equipped with an effective autoregulatory 
mechanism in which under a substrate deficient setting will 
vasodilate to increase cerebral blood flow to match cerebral 
metabolic demand (76,78). This mechanism is known as 
brain sparing physiology; however, may not be adequate for 
severe or chronic circulatory perturbations in certain forms 
of CHD. 

Many investigations have attempted to describe the 
timing and the protective effect of brain sparing and the 
inadequate responses during fetal brain development 
in different forms of CHD. The pulsatility index (PI) 
measured by Doppler US is the key parameter for assessing 
vascular resistance and is calculated as: 

PI = (PSV − EDV)/TAV [1]

Where PSV is the peak systolic velocity, EDV is the end-
diastolic velocity, and TAV is the time-averaged (mean) 
velocity. For this purpose, the middle cerebral artery (MCA) 
has been consistently used as the vessel of choice for its 
accessibility and sensitivity to hypoxemia (79).

In healthy fetuses, the MCA-PI decreases (i .e. , 
vasodilates) at around 30 GW until term presumably to 
permit increased blood flow towards the brain to facilitate 
the increased metabolic demand of the fetal brain required 
during a period of accelerated brain development (80). 
However, fetuses with CHD have a more pronounced 
decrease in MCA-PI when assessed after the late-second 
trimester (22,47,81-84). This has been hypothesized as a 
mechanism that serves to increase cerebral blood flow to 
match cerebral metabolic supply to demand.

In HLHS, the left-sided heart structures are severely 
malformed, resulting in the mixing of systemic and 
pulmonary venous return in the right side of the heart. In 
the case of aortic and/or mitral atresia, the right ventricle 
conducts the entire combined ventricular output through 
the MPA and sustains the systemic circulation through the 
ductus arteriosus (76). Therefore, the upper extremities, 
including the brain, are supplied via retrograde flow across 
the aortic isthmus. In the case of retrograde coarctation or 
transverse arch hypoplasia, restriction of the blood flow to 

Figure 4 Representations of fetal circulations in normal, TGA, HLHS, and TOF by MRI [image adapted from reference (16)]. TGA, the 
great arteries; HLHS, hypoplastic left heart syndrome; TOF, tetralogy of Fallot; MRI, magnetic resonance imaging.
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the brain may occur (81). By the time the blood reaches the 
brain, the blood flow and substrate content are reduced, 
such that there is a profound decrease in cerebrovascular 
resistance in an attempt to attract blood flow to match the 
metabolic demands of the brain. Fetuses with HLHS have 
been described to have earlier and larger reductions in 
MCA-PI compared to other forms of CHD (85-88), and 
retrograde flow at the distal arch has been demonstrated 
to elicit the brain sparing response (87). The absence 
of antegrade flow in the AAo has been associated with 
decreased white matter, subcortical gray matter volumes, 
and surface area of the right hemisphere in fetuses with 
HLHS compared to normal controls (35). However, normal 
head growth in HLHS fetuses with aortic atresia may 
suggest that in the absence of retrograde coarctation or 
transverse arch hypoplasia, the brain sparring response may 
be adequate for brain growth (31). On the contrary, HLHS 
fetuses with normal late-gestational MCA-PI dopplers but 
head growth abnormalities may suggest that normalization 
of cerebral blood flow occurs as a consequence of cerebral 
metabolic suppression in the setting of deficient substrate 
supply, as explained later. In less severe forms of left-sided 
CHD such as mild to moderate left ventricular outflow 
tract obstruction, because of the antegrade flow in the AAo, 
autoregulatory compensation mechanisms are less marked 
than in HLHS, but still present to satisfy the metabolic 
demand of the brain (81,85). To note, in contrast to the 
previous studies, an inverse correlation was found between 
AAo diameter and MCA-PI in fetuses with HLHS and small 
brain volume (89). In this study, cerebrovascular resistances 
were higher in those fetuses with smaller AAo. This finding 
was hypothesized to be due to the underdevelopment of the 
cerebral vascular bed as revealed by large brain capillaries, 
low capillary density, and abnormal molecular markers in 
the germinal matrix in specimens of terminated fetuses, 
explaining the elevated cerebrovascular resistance and the 
lack of brain sparing effect (89). 

In TOF, cases with pulmonary valve stenosis have a 
variable proportion of blood shunted from right-to-left 
across the ventricular septal defect into the AAo (76). 
The intra-cardiac mixed blood resulting in relatively 
substrate deficient blood delivered to the brain would 
be expected to cause cerebral vasodilatation. However, 
the increased aortic output, on the contrary, may trigger 
a protective brain-sparring mechanism by cerebral  
vasoconstriction (24). In more severe cases such as TOF 
with pulmonary atresia, there is complete intracardiac 
mixing and the AAo conducts  the ent ire  cardiac  

output (76). In this scenario, the profound increase in aortic 
flow may cause a considerable cerebral vasoconstrictive 
response that outweighs the expected vasodilatory response 
aimed to increase cerebral substrate delivery. The balance 
between the autoregulatory response to substrate content 
and cerebral perfusion in this heterogeneous group of 
right outflow tract obstruction could explain why in most 
of the studies, MCA-PI is found increased in fetuses 
with pulmonary atresia but often normal in fetuses with 
pulmonary stenosis (85-87,90,91).

In TGA, the MPA arises from the left ventricle and the 
AAo arises from the right ventricle. As a result, substrate 
rich blood from the placenta travels to the pulmonary 
vasculature and lower extremities via the ductus arteriosus. 
On the contrary, the brain is perfused by the substrate 
depleted blood returning from the caval veins and is 
expected to elicit a brain sparing response (76). Reductions 
in MCA-PI have been demonstrated in fetuses with  
TGA (92); however, other studies have found no difference 
when compared to their healthy counterparts (86,87). One 
potential explanation is that half of the fetuses with TGA 
had a ventricular septal defect, which is thought to cause 
bidirectional shunting in utero. During systole, there is 
right-to-left shunting, whereas at diastole, there is left-to-
right shunting and thus, improving the substrate content of 
the blood flow supplying the brain (76). 

The relationship between brain sparing and cerebral 
growth is not fully understood. Fetuses with CHD have 
demonstrated to have an inadequate increase in both fetal 
head circumference and brain volume despite low MCA-
PI, suggesting that brain sparing response might not be 
sufficient to guarantee normal cerebral growth (30). 

The inconsistent findings of the association between 
MCA-PI and fetal brain growth may be related to the 
metabolic demand and timing of the investigation. 
Four patterns of relationship between substrate delivery 
and consumption to fetal brain development may be 
hypothesized in the setting of CHD:

(I) Cerebral substrate delivery satisfies cerebral 
metabolic demand to facilitate normal brain 
growth;

(II) A decrease in MCA-PI may provide enough flow 
compensation to satisfy cerebral metabolic demand 
to facilitate normal brain growth;

(III) A decrease in MCA-PI may not provide enough 
flow compensation to satisfy cerebral metabolic 
demand resulting in abnormal brain growth;

(IV) No apparent change in MCA-PI because of chronic 
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exposure to substrate deficiency may be the result 
of the brain downregulating its metabolic demand 
to avoid anoxia-induced cell injury, resulting in 
abnormal brain growth.

Failure to adapt to inadequate substrate delivery 
resulting in brain dysmaturation and reduced growth is 
hypothesized to occur in the third trimester, a critical 
window of accelerated brain development normally 
characterized by extensive axonal outgrowth, dendritic 
expansion, synaptogenesis,  and glial  proliferation 
leading the cortical volume to increase by 4-fold (27).  
In an animal hypoxia model, it has been demonstrated that 
oligodendrocyte precursor cells prioritize angiogenesis to 
alleviate the hypoxic conditions rather than differentiating into 
myelinating oligodendrocytes (93). Fetal sheep and guinea 
pig in a chronic substrate deficient setting have shown that 
reduced brain growth is mediated by reduced myelination 
and synaptogenesis (54). This potential mechanism may 
account for white matter dysmaturation observed in fetuses 
with CHD. In one study, neuropathological findings on 
eleven electively aborted HLHS fetuses all demonstrated 
varying degrees of white matter injury and increased GFAP 
and CD68 expression in brain tissue, markers of chronic 
white matter injury (31). 

Recent advancements in fetal cardiac magnetic resonance 
imaging have provided a novel non-invasive approach to 

measuring oxygen delivery and consumption of both the 
fetal body and the brain by using a combination of cine 
phase-contrast MRI with metric optimized gating and 
T1 and T2 mapping (94). When coupled with fetal MRI 
brain volumetry, this has revealed fetuses with CHD have 
a reduction in fetal cerebral oxygen consumption, which 
was associated with smaller fetal brain size (16). This 
evidence supports the hypothesis that the fetal brain may 
downregulate cellular metabolism in the setting of a chronic 
reduction in cerebral oxygen delivery with a consequence 
of delayed growth. Biochemical studies have demonstrated 
under chronic hypoxic conditions, cells shift into a state of 
metabolic suppression by inhibiting non-essential metabolic 
activities and preserve the limited energy production 
for fundamental functions necessary for cell survival  
(Figure 5) (95). Similarly, metabolic suppression is observed 
during myocardial hypoxia resulting in decreased contractile 
activity, known as myocardial hibernation (95). Therefore, 
chronic hypoxia secondary to altered hemodynamics due 
to cardiac malformations could possibly further depress 
fetal cardiac output and compound the decrease in cerebral 
substrate delivery with further potential implications for 
fetal brain development. More recently, fetal brain MRI 
using transversal relaxation time (T2*), which depends on 
the tissue concentration of deoxyhemoglobin, has led to 
a demonstration of reduced cerebral tissue oxygenation 
in fetuses with major CHD compared to fetuses without  
CHD (96,97).

Although the role of oxygen has been the most 
extensively investigated, the existence and contributions of 
other important substrates should not be underestimated. 
Abraham Rudolph has raised the hypothesis that cerebral 
developmental impairment may be more related to 
inadequate glucose rather than oxygen supply, based on 
the observation of robust cerebrovascular responses in 
animal hypoxia models and the lack of elevated lactate in 
the majority of fetuses with CHD (77). The development 
of technology capable to non-invasively quantify fetal blood 
glucose levels will potentially allow the investigation of this 
hypothesis in the future. 

The placenta and the brain

As the only communicating organ between the mother 
and fetus, the placenta fundamentally dictates fetal growth 
such that proper placental development throughout 
gestation is critical for the normal course of fetal 
development (98). In fact, the placenta and fetal heart 

Figure 5 A diagram of the negative feedback cycle between 
hypoxia and the rate of mitochondrial respiration. Hypoxia 
increases reactive oxygen species (ROS) production from 
mitochondrial complex III. Multiple molecular pathways 
respond and decrease ATP utilization, resulting in a decrease 
in the mitochondrial respiration rate. In tandem with the 
hypoxia-inducible factor pathway, ROS production decreases, 
thereby preventing cell damage and death [image adapted from  
reference (95)].
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develop in parallel in a synergistic pattern such that it 
has been referred to as the heart-placental axis (99). 
Both organs share several developmental pathways that 
point to a potential common vulnerability to genetic  
defects (98). Moreover, abnormal fetal cardiovascular 
circulation may result in acquired placental lesions. Placentas 
of newborns with CHD have been found to be smaller than 
expected and manifest a number of vascular abnormalities 
such as chorangiosis, hypomature villi, thrombosis, and  
infarct ion (100) .  Furthermore,  fe ta l  thrombot ic 
vasculopathy was recently associated with a 6-fold increase 
in cardiac abnormalities (101), potentially leading to a 
further acquired impairment in placental function. 

Abnormal placental function has also been implicated 
as an important contributor to the abnormal fetal brain 
development seen in fetuses with CHD. In fetuses with 
HLHS, gross placental evaluation has revealed scarce villus 
expansion during the third trimester and reduced placental 
weights (102). This evidence supports the hypothesis that 
abnormal fetal brain development and reduced somatic 
growth in these fetuses might be mediated, in conjunction 
with other factors, by a mismatch between the reduced 
surface area available for nutrient and oxygen exchange and 
the amount required in a period normally characterized 
by the exponential brain and somatic growth of the fetus. 
As a surrogate to account for placental function during 
the US assessment for the brain sparing response, the 
cerebroplacental ratio (CPR) is normally used and can be 
calculated as: 

CPR = MCA-PI/UA-PI [2]

Where the CPR is the ratio between the pulsatility 
indexes in MCA (MCA-PI) and umbilical artery (UA-PI), 
respectively.

According to this formula, fetuses with severe forms 
of CHD with healthy placental function are expected to 
have low CPR because the MCA-PI decreases as a brain 
sparing response to diminished cerebral substrate delivery. 
However, defects in the heart-placental axis are expected 
to further decrease the CPR as placental dysfunction is 
associated with an increase in UA-PI (i.e., increase in UA 
resistance). In this setting, placental dysfunction creates 
a relatively hypoxic fetal environment, and when coupled 
with altered cardiovascular physiology, this may result in 
an inadequate cerebrovascular response contributing to 
abnormal brain development. Indeed, compared to healthy 
controls, fetuses with CHD have a lower CPR, driven by 

both a decrease in MCA-PI and an increase in UA-PI (103). 
In keeping with this hypothesis, a cohort of fetuses with 

HLHS, a low CPR (<1) was associated with decreased 
gray and white matters and decreased surface area of both 
cerebral hemispheres (35). Furthermore, a nationwide 
Dutch study found that placental weight in CHD was lower 
than healthy newborns, especially in TOF, double outlet 
right ventricular, and major septal defects. Importantly, 
placental weight was associated with measures of both 
overall somatic growth and head circumference in fetuses 
with all subtypes of CHD (104). However, another study 
did not find an association between placental size and both 
brain and head volumes in a cohort of 135 fetuses with 
CHD who underwent fetal MRI in the second and third 
trimester of pregnancy (21). 

Maternal stress 

Prenata l  maternal  s t ress  has  been impl icated in 
adverse pregnancy outcomes and there is a growing 
considerable interest in its effect on fetal brain growth and 
neurodevelopmental outcome. Pregnant mothers of fetuses 
with CHD have been found to experience high incidences 
of stress, depression, and anxiety. This psychological distress 
was associated with reduced cerebellar and hippocampal 
growth during the latter half of gestation when compared to 
healthy pregnancies (105).

Conclusions

There is a substantial amount of evidence demonstrating 
fetuses with CHD, especially severe forms, have structural 
brain abnormalities during the fetal period across all 
gestational periods. Factors affecting fetal brain growth 
in CHD include the genetic background and mismatch 
between metabolic demand and substrates supplied. 
However, there is still a need for further investigations 
aimed to understand the specific contribution of prenatal 
findings to the overall neurodevelopmental outcome in 
children with CHD. Indeed, the etiology of brain injury 
and thus of neurodevelopment impairment in CHD are 
multifactorial and cumulative both in fetal and postnatal 
life. Understanding the different etiopathological patterns 
and their specific contribution to this complex puzzle is a 
multidisciplinary challenge that must be faced to identify 
modifiable risk factors and set up preventive and remedial 
strategies to seek better lifelong neurodevelopmental 
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outcomes in children with CHD. 
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