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ABSTRACT 

Objectives: The purpose of this study was to investigate early markers of risk for 

neurobehavioral compromise in congenital heart disease (CHD) survivors. 
Methods: Fetuses < 24 wks gestational age (GA) were enrolled in this prospective pilot 

study for serial Doppler assessment of the middle cerebral and umbilical artery. The 

cerebral-to-placental resistance ratio (CPR) and MCA pulsatility index (PI) z-scores for 

GA were calculated. After birth, subjects underwent high-density (128-lead) 

electroencephalogram (EEG) and beta frequency (12-24Hz) band EEG power, a 

measure of local neural synchrony, was analyzed. Neurodevelopment was assessed at 

18-months with the Bayley Scales of Infant Development III (BSID).  

Results: 13 subjects were enrolled: 4 with hypoplastic left heart syndrome (HLHS), 4 

with transposition of the great arteries (TGA), and 5 with tetralogy of Fallot (TOF).  

Compared with subjects with normal CPR, those with CPR<1(N=7) had lower mean 

BSID cognitive scores (91.4±4.8 vs. 99.2±3.8, p=.008). Fetal MCA PI z-score also 

correlated with BSID cognitive score (r=.589, p=0.044) as did neonatal EEG left frontal 

polar (r=.58, p=.037) and left frontal (r=.77,p=.002) beta power. Furthermore, fetal 

Doppler measures were associated with EEG power: fetuses with CPR<1 had lower left 

frontal polar (t=2.36, p=.038) and left frontal (t=2.85, p=.016) beta power as newborns 

compared with fetuses with normal CPR, and fetal MCA PI z-score correlated with 

neonatal EEG left frontal polar (r=.596, p=.04) and left frontal (r=.598, p=.04) beta 

power.  A
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Conclusions: In CHD fetuses with HLHS, TGA, and TOF, abnormal cerebrovascular 

resistance predicted decreased neonatal EEG left frontal beta power and lower 18-mo 

cognitive development scores.  
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INTRODUCTION 

Children with severe forms of congenital heart disease (CHD) are at high risk for a 

spectrum of neurocognitive difficulties that include learning disabilities, behavioral 

problems and mental retardation.1,2  The etiology of these neurodevelopmental 

problems is poorly understood but is presumed to be multifactorial, arising from a 

combination of genetic factors along with insults that occur in early infancy and 

childhood secondary to both altered physiology and medical interventions.   

Fetuses with severe forms of CHD exhibit abnormal cerebral Doppler 

measurements. Donofrio et al. reported that fetuses with complex CHD evidenced 

brain-sparing, where the cerebral to placental resistance ratio (CPR) was less than 

one.3 Kaltman et al. reported diminished middle cerebral artery pulsatility index (MCA 

PI) in the setting of left-sided obstructive lesions and increased PI in the setting of right-

sided obstructive lesions.4 Both groups hypothesized that cardiac structural alterations 

led to changes in fetal cerebral blood delivery and speculated that these changes 

impact cerebral development in a manner similar to what has been seen in fetuses with 

intra-uterine growth retardation. 5  The purpose of this prospective pilot study was to test 

the hypothesis that abnormal fetal cerebral Doppler measures in CHD fetuses would be 

associated with impaired neurodevelopment.  

 
Introduction word limit 350 (currently 331)
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METHODS 

This was a prospective, observational pilot investigation of fetuses and infants with 

complex CHD. Following parental consent, consecutively encountered fetuses < 24 

weeks gestational age (GA) who presented for fetal echocardiogram with the following 

three cardiac diagnoses were enrolled: hypoplastic left heart syndrome (HLHS), 

transposition of the great arteries (TGA), and tetrology of Fallot (TOF).  

 

Fetal Doppler Measurements 

Fetuses were assessed serially every 4 to 6 weeks through pregnancy by fetal 

echocardiography and blood flow velocities in the umbilical (UA) and the middle 

cerebral artery (MCA) were recorded via pulse-wave Doppler.  Using the peak systolic 

(PSV), the end diastolic (EDV), and the time averaged mean (TAMX) velocities, the 

Resistance Index (RI) and the Pulsatility Index (PI) were calculated for each artery [RI= 

(PSV-EDV)/EDV; PI = (PSV-EDV)/TAMX]. Using published normal values, 6 the MCA PI 

z-score for GA was calculated which allowed correction for the expected change in 

cerebral blood flow that occurs across gestation. For example, a MCA PI z-score of -1 

indicates that the value for that subject is 1 SD less than the expected mean value at 

that GA. Low PI values, indicative of diminished pulsatility, can be alternatively 

interpreted as increased blood flow in diastole. In addition, the cerebral-to-placental 

resistance ratio (CPR), a measure of the relative differences in resistance between the 

cerebral and the placental vascular beds, was calculated [CPR=MCA RI/UA RI]. A 

CPR<1 indicates that resistance is lower in the cerebral vascular bed than in the 

placenta and is always considered to be abnormal, regardless of gestational age. We 
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considered both a negative MCA PI z-score and/or a CPR<1 to represent increased 

cerebral blood flow in the fetus, a presumed autoregulatory response to diminished 

oxygen delivery in the setting of disordered blood flow secondary to the structural heart 

defect. 

 

Neonatal EEG 

Electroencephalogram (EEG) is a sensitive measure of cerebral function and injury. EEG 

is also a good measure of brain maturity in preterm infants,7, 8 and in infants exposed to 

prenatal stressors such as maternal alcohol consumption.9 The origins of the 

electricocortical activity recorded by EEG are groups of neurons that depolarize together, 

creating electric dipoles that lead to electric potentials measured at the scalp. Local 

synchronous depolarization of neurons is measured as EEG power. Synchronous 

depolarization of neurons from distant sites is quantified as EEG coherence, a measure 

of functional connectivity. These EEG measures of neurologic function have been shown 

to be associated with cognitive performance in older children and adults.10,11 

 

Neuronal networks measured by EEG oscillate at different frequencies which are thought 

to represent different neuronal sources and functions.12 Thus, total EEG activity (power) 

is typically partitioned into different frequency bands ranging from 1-50 Hz. Coherence 

can also be measured in these frequency ranges. Different methods exist to record 

electroencephalographic output. The high-density, 128-lead method we use offers 

enhanced assessment of neurologic function, compared with traditional EEG (e.g. 19 A
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lead, International 10-20 System). Moreover, these high impedance electrodes (EGI, 

Inc.) which do not require scalp preparation, can be applied in less than 5 minutes. 

 

In this study, infants underwent high-density (128 lead) electroencephalogram (EEG) 

recordings prior to discharge from the neonatal intensive care unit. Two measures of 

electrocortical function were calculated in the frontal brain regions at different frequency 

bands: 1) power, a measure of local neural synchrony and 2) coherence, a measure of 

functional connectivity between regions using the techniques previously described by 

Grieve et al.13 Initial analyses were carried out using data recorded in the beta 

frequency (12-24Hz) band as described by Scher et al.14 Additional data exploration 

was carried out in 5 other spectral bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 

Hz), low gamma (24-40 Hz), and gamma (40-50 Hz). Frontal brain regions were chosen 

due to the known importance of this region on executive function and attention in human 

development, known domains of deficit among survivors with congenital heart disease. 

 

18-month Neurodevelopmental Assessment 

At 18 months of age, subjects returned for a developmental assessment consisting of 

the Bayley Scales of Infant Development, 3rd edition (BSID).15 A trained psychologist 

blinded to cardiac diagnosis, as well as fetal blood flow and neonatal EEG results, 

administered the test and calculated Cognitive, Language and Motor composite scores. 

The BSID-III has been validated in at risk populations and can be used between the 

ages of 1 and 42 months of age. The normalized population mean and SD of each 

composite score is 100±15. 
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Statistical Analysis 

Baseline subject characteristics are reported as means (SD) or medians (IQR) as 

appropriate. Associations were investigated between fetal cerebrovascular Doppler 

measures (MCA PI z-score, and CPR), EEG measures (power, coherence), and 18-

month developmental score (Cognitive, Language, Motor). Fetuses were categorized as 

abnormal if the subject demonstrated a CPR<1. Differences in mean BSID scores 

between fetuses with CPR≥1 and fetuses with CPR<1 were assessed using a Student�s 

t-test. Correlations between MCA PI z-score and BSID score were tested using 

Pearson�s correlation coefficient. Correlations between EEG power and coherence and 

BSID scores were also assessed using Pearson�s correlation coefficient. In order to 

minimize multiple comparisons testing with EEG analysis, we initially focused on EEG 

power and coherence in the beta frequency (12-24Hz) band given previously published 

correlations between these measures and neurodevelopmental outcomes.8 We also 

focused on the frontal brain regions due to the established role of the frontal cortex in 

higher level cognitive functioning.16 For the purposes of the EEG analyses, a per-test (8 

tests were considered a priori) alpha value of 0.006 was used to ensure a family-wise 

Type I error rate of 0.05. We investigated associations between fetal cerebral blood flow 

and EEG power and coherence using similar techniques: Student�s t-tests were used to 

compare mean values of EEG power and coherence between fetuses with CPR≥1 and 

fetuses with CPR<1 and Pearson correlation coefficients were calculated between EEG 

power and coherence values and MCA PI z-scores. Multivariate linear regression was 
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used to investigate the combined association of fetal cerebral Doppler and neonatal 

EEG on 18-month development score. 

 

RESULTS 

From 3/08- 3/09, 16 subjects (2 female, 14 male) were enrolled: 5 with hypoplastic left 

heart syndrome (HLHS), 5 with transposition of the great arteries (d-TGA), and 6 with 

tetralogy of Fallot (TOF).  The mean GA at enrollment was 22±2 weeks (Table 1). Of 

this group, 3 subjects were excluded due to either death (1 HLHS, 1 TOF with extreme 

prematurity) or severe disability (1 TGA with stroke). Therefore, complete data was 

available in 13 subjects.  

 

The mean age at the time of the BSID assessment was 18.7±0.8 months. Cognitive, 

language and motor scores means for the cohort were below average, with language 

and motor scores among the HLHS and TOF subgroups > 1 SD below the population 

mean. [Figure 1] 

 

Fetal Cerebrovascular Doppler Measures 

The mean number of assessments across pregnancy was 3.32 and the mean GA at the 

time of the first fetal assessment was 22.8±2.6 weeks. Mean MCA PI z-score of the 

group was -1.7±1.1 (range -3.37 to -0.3) and 9/16 (56%) subjects had a cerebral to 

placental resistance ratio (CPR)<1 (3/5 (60%) HLHS, 2/6 (30%) TGA, and 4/5 (80%) 

TOF).  The abnormal CPR was more likely to occur early in pregnancy: 7/9 CPR<1 

measures were between 18-24 wks and therefore this data point was used in 
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subsequent analyses. Mean MCA PI z-scores differed between the HLHS and TGA 

groups (p=0.001) and between the TOF and TGA groups (p=0.013). There was no 

difference between the HLHS and the TOF groups in mean MCA PI z-score. [Table 1]  

 

Fetal Cerebrovascular Doppler Measures and Neurodevelopment 

Among the 13 subjects with fetal cerebral Doppler data and 18-month 

neurodevelopmental assessments, fetal MCA PI z-score at the time of the first fetal 

echocardiogram correlated with BSID cognitive score (r=.589, p=0.044). [Figure 2] 

Compared with fetuses with normal CPR, those with CPR<1(N=7) had lower mean 

BSID cognitive scores (91.4±4.8 vs. 99.2±3.8, p=.008)[Figure 3]. These associations 

were seen only with the earliest echocardiogram data (mean GA 23.2±2.8). No 

significant associations were detected between fetal blood flow and Language or Motor 

scores. While mean Language scores were 10 points lower among the group with a 

CPR<1 at the time of the first assessment (78.9±19.6 vs 88.2±5.8), this difference was 

not statistically significant.  

 

Neonatal EEG and Neurodevelopment 

The mean gestational age at birth of the cohort was 38.8 weeks and mean post-

conceptional age at the time of EEG assessment was 40.4 weeks. Neonatal EEG left 

frontal polar (r=.583, p=.037) and left frontal (r=.769,p=.002) beta power correlated with 

BSID cognitive scores. [Figure 4] Beta interhemispheric (left frontal polar to right frontal 

polar, r=0.5), and intrahemispheric (left frontal polar to left occipital, r=0.45) coherence 

correlated highly with BSID cognition scores, however, in this small sample these 
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coherence-related correlations were not statistically significant following Bonferroni 

correction. [Table 2] 

 

In secondary analyses, EEG power in the delta, alpha, low gamma, and gamma 

frequency bands also were correlated with BSID cognitive scores and associations with 

other brain regions were explored. Both low gamma and gamma showed significant 

correlations between left frontal power and BSID cognition score, similar to that 

demonstrated in the beta frequency band. In the delta frequency band, significant 

correlations between EEG power and BSID cognition score were not limited to the 

frontal polar region but were also demonstrated in the left parietal and right occipital 

regions. In addition, we found significant correlations between delta frequency band 

power and BSID Language scores in the left frontal, left temporal, left parietal, left 

occipital, right parietal, and right occipital regions. There were no significant correlations 

seen in the alpha or theta frequency bands. Other than the associations between delta 

global power and BSID Language scores, all the significant correlations were limited to 

the Cognitive scores. No correlations were seen between neonatal EEG measures and 

BSID motor scores. 

 

Fetal Cerebral Doppler Measures and Neonatal EEG 

Fetal MCA PI z-score correlated with neonatal EEG left frontal polar (r=.596, p=.04) and 

left frontal (r=.598, p=.04) beta power. Similarly, compared with fetuses with normal 

CPR, those with CPR<1(N=7) had lower left frontal polar (t=2.36, p=.038) and left 

frontal (t=2.85, p=.016) beta power.  
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A multivariable linear regression model including both fetal MCA PI z-score and EEG 

left frontal beta power was significant (p=0.017) and accounted for 59% of the variance 

in 18-month Bayley Cognitive Score, however only EEG remained a significant predictor 

(β=7.1, p=0.044).  

 

DISCUSSION  

Infants with congenital heart disease are at high risk for neurobehavioral difficulties later 

in life. In this pilot study, we have isolated two markers, one fetal and one neonatal, of 

early childhood neurodevelopmental outcome. Early identification of the high-risk patient 

would be beneficial for multiple reasons. Knowledge of risk status would enable more 

informative prenatal and neonatal counseling of families. Medical and surgical care 

strategies may be tailored according to predicted outcome, including implementation of 

early intervention strategies in those at highest risk prior to the overt display of 

developmental delays.  

This is the first prospective investigation to link altered fetal cerebral Doppler 

measures to neurologic functional outcomes in the CHD population. We found that, 

similar to cases with IUGR, evidence of decreased cerebrovascular resistance is 

associated with poorer cognitive performance at 18 months of age. While results of our 

study are correlative, we hypothesize a mechanism for this association: the 

autoregulatory decrease in cerebrovascular resistance tied to diminished oxygen 

delivery is not sufficient to meet cerebral metabolic demands and is easily overwhelmed A
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in the setting of CHD.  Therefore, discovery of regulatory changes that promote brain-

sparing, is an ominous finding. 

In our study, we found that only those cerebral Doppler measures obtained early 

in pregnancy, less than 26 weeks GA, were informative. Underlying mechanisms for this 

association are speculative. Evidence of brain-sparing early in pregnancy may 

demonstrate a supply-demand mismatch that is detrimental to fetal cerebral 

development in a manner that deficiency later in gestation is not.  

Neonatal EEG can assess cortical development in at-risk populations such as 

preterm infants,17, 18 and infants exposed to maternal alcohol consumption,19 and can 

provide a marker of developmental outcomes.20,21 Grieve et al. reported differences in 

regional coherence between preterm and term infants that may explain variation in 

neurodevelopmental outcomes.7 In this study, we demonstrated that neonatal EEG beta 

power in the left frontal and left frontal polar regions correlated highly with 18-month 

cognitive developmental score among children with CHD. None of the coherence 

related measures assessed in this study achieved statistical significance, though this 

may be due to limited sample size.  

Neonatal EEG reveals alterations in brain function associated with structural 

abnormalities detected on MRI, such as periventricular leukomalacia.22 Studies have 

shown white matter lesions including periventricular leukomalacia exist pre-operatively 

in infants with CHD.23 Evidence of relationships between these MRI findings and 

ultimate neurodevelopmental outcome is lacking however.  Compared with MRI, high-

density bedside electroencephalograms are relatively inexpensive, obviate the need for 

time-consuming individual electrode placement, do not require sedation, and provide a 
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real-time assessment of brain activity and functional connectivity. Whether EEG will 

become the neonatal tool of choice to evaluate brain function in high risk populations 

remains to be seen. Longitudinal investigations investigating the associations of both 

neonatal EEG and MRI on neurodevelopmental outcome may be illuminating in this 

regard. 

In our analysis, while both fetal cerebrovascular resistance and neonatal EEG 

measures correlated with 18-month cognitive score, in a multivariable equation, only 

neonatal EEG beta power in the left frontal region remained an independent predictor. 

One explanation for this finding is that fetal cerebrovascular resistance accounts for the 

same portion of variance in cognitive score as EEG beta power, i.e., these factors are 

highly intercorrelated. As our primary objective was to identify markers of neurologic 

outcome, we can conclude that both neonatal EEG and fetal cerebrovascular resistance 

are useful predictors even though they are not independent of one another. Though 

neonatal high-density EEG is readily obtainable in a cost-effective and non-invasive 

manner, Doppler assessment of the middle cerebral artery is a standard component of 

the fetal echocardiogram, and can relay prognostic information prenatally, which in itself 

offers unique benefit for family and medical caregivers.  

 

Limitations 

This study must be viewed in light of its limitations. As a single center pilot study, the 

sample was small, with a predominance of males, and we did not have statistical power 

to discern differences among anatomic cardiac categories. Due to sample size 

restrictions and since we were interested in identifying early markers of risk and not 
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causal factors, we did not control for other variables known to influence 

neurodevelopmental outcome, such as socio-economic status and measures of illness 

severity after birth. While controls with normal cardiac anatomy were enrolled for fetal 

measurements, the majority of the control group in this study were patients referred 

from affiliated hospitals who were not available for follow-up after birth. Therefore 

postnatal comparisons between groups were limited as was our ability to make 

definitive conclusions regarding our findings. Nonetheless, we present this preliminary 

data for the purposes of hypothesis generation and data replication. Finally, as stated 

before, our data allow us to show association, not causation.  

 

Conclusions 

In conclusion, in this prospective, pilot study of fetuses with hypoplastic left heart 

syndrome, tetralogy of Fallot, and transposition of the great arteries, diminished 

cerebrovascular resistance was associated with poorer cognitive performance at 18-

months of age. Lower cerebrovascular resistance correlated with lower neonatal EEG 

beta power in the left frontal brain regions, which in turn was predictive of 18-month 

cognitive score.  Both fetal cerebral Doppler measures as well as neonatal EEG may 

prove to be valuable very early markers of neurologic outcome. Further prospective 

investigation is on-going.  
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Figure 1: 18-month BSID-III cognition, motor, and language scores by CHD diagnosis 
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Figure 2: MCA PI z-score at the time of the first fetal echocardiogram versus BSID 

cognition scores 
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Figure 3: CPR vs. 18-month cognitive score

A
cc

ep
te

d 
A

rti
cl

e



Copyright © 2012 ISUOG. Published by John Wiley & Sons, Ltd 

 

Figure 4: EEG left frontal beta power versus BSID cognition scores 
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Cardiac Dx N MCA PI z-score 

(mean±SD) 
CPR<1 at any time 

HLHS 5 -2.4±0.72 3/5

TGA 6 -0.75±0.46 2/6

TOF 5 -2.01±0.87 4/5

Table 1: Cardiac Diagnosis and Fetal Cerebral Doppler Measures Across Gestation 
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Table 2: EEG beta coherence and power correlations with BSID-III cognition scores 
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SUPPLEMENTAL TABLES 
 
 
Supplemental Table 1. Additional beta power and coherence correlations with 18-
month cognitive score 
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Alternative Supplemental Table 1. Beta power and coherence correlations with 
18-month cognitive, language, and motor scores 
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Supplemental Table 2: EEG alpha power and coherence correlations with 18 
month scores 
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Supplemental Table 3: EEG Delta power and coherence correlations with 18 
month scores 
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Supplemental Table 4: EEG gamma power and coherence correlations with 18-

month scores 
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Supplemental Table 5: EEG low gamma power and coherence correlations with 
18-month scores 
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Supplemental Table 6: EEG theta power and coherence correlations with 18-
month scores 
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