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Background:

Neurodevelopmental impairment is common in children with congenital heart disease (CHD),
but postnatal variables explain only 30% of the variance in outcomes. To explore whether the
antecedents for neurodevelopmental disabilities might begin in utero, we analyzed whether
fetal brain volume predicted subsequent neurodevelopmental outcome in children with CHD.

Methods:

Fetuses with isolated CHD and sociodemographically comparable healthy control fetuses
underwent fetal brain magnetic resonance imaging and 2-year neurodevelopmental evaluation
with the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-111) and the
Adaptive Behavior Assessment System, Third Edition (ABAS-3). Hierarchical regression
evaluated potential predictors of Bayley-I1l and ABAS-3 outcomes in the CHD group,
including fetal total brain volume adjusted for gestational age and sex, sociodemographic
characteristics, birth measures, and medical history.

Results:

The CHD group (n=52) had lower Bayley-Ill cognitive, language, and motor scores thanthe
control group (n=26), but fetal brain volumes were similar. Within the CHD group, larger
fetal total brain volume correlated with higher Bayley-Ill cognitive, language, and motor
scores and ABAS-3 adaptive functioning scores (r=0.32-0.47; all P<0.05), but this was not
noted in the control group. Fetal brain volume predicted 10% to 21% of the variance in
neurodevelopmental outcome measures in univariate analyses. Multivariable models that also
included social class and postnatal factors explained 18% to 45% of the variance in outcome,
depending on developmental domain. Moreover, in final multivariable models, fetal brain
volume was the most consistent predictor of neurodevelopmental outcome across domains.

Conclusions:

Small fetal brain volume is a strong independent predictor of 2-year neurodevelopmental
outcomes and may be an important imaging biomarker of future neurodevelopmental risk in
CHD. Future studies are needed to support this hypothesis. Our findings support inclusion of
fetal brain volume in risk stratification models and as a possible outcome in fetal
neuroprotective intervention studies.



Nonstandard Abbreviations and Acronyms

ABAS-3  Adaptive Behavior Assessment System, Third Edtion
Bayley-lll Bayley Scales of Infant and Toddler Development, Third Edition
CHD  congental heart disease

MRl magnetic resonance imaging

Clinical Perspective

What Is New?

¢ In children with congenital heart disease, smaller total brain volume on fetal magnetic resonance
imaging correlated with worse neurodevelopmental outcome at 2 years of age across all domains of
development and adaptive functioning.

o A predictive model including total brain volume along with sociodemographic and medical data
accounted for up to 45% of the variance in neurodevelopmental outcome within the congenital heart
disease group.

o Fetal brain volume was the most consistent predictor of outcomes across neurodevelopmental
domains compared with other sociodemographic and medical or surgical variables examined.

What Are the Clinical Implications?
o These findings suggest that small fetal brain volume may be an important imaging biomarker of future
neurodevelopmental risk in congenital heart disease.

« Our hypothesis-generating results support testing the effectiveness of fetal interventions to protect the
brain and improve the developmental trajectory for children with congenital heart disease.




Neurodevelopmental impairment is common in children with congenital heart disease (CHD).
Young children with CHD are at greater risk for impaired cognitive, language, or motor
development; school-aged children often present with deficits in executive functioning,
attention, visual-spatial skills, and social cognition.1-5 Given the high prevalence and impact
of developmental disabilities, in 2012 the American Heart Association issued a statement
recommending neurodevelopmental evaluation of all children who have undergone open heart
surgery in infancy.6

Early identification of children with CHD at highest risk of neurodevelopmental impairment
may improve outcome.7-9 However, predictive models from large prospective cohorts with
comprehensive data collection, including the Boston Circulatory Arrest Trial and Single
Ventricle Reconstruction Trial, have shown that sociodemographic, genetic, and medical
factors measured after birth predict only 27% to 30% of the variance in outcome.1,2,10
Moreover, intervention studies concentrating on changing surgical methods have revealed
only modest improvements in clinical outcome.1

Magnetic resonance imaging (MRI) studies of neonates and fetuses with CHD indicate altered
brain development before cardiac surgeryl1,12 and small brain volumes in utero.13-16
Because postnatal neuroimaging abnormalities have been associated with adverse
neurodevelopmental outcome,17,18 it is possible that abnormal prenatal brain MRI findings
reflecting disrupted fetal brain development may also relate to subsequent neurodevelopment.
Establishing an association between fetal brain development and neurodevelopmental
outcome would provide initial evidence for fetal brain disturbances as a mechanism of
neurodevelopmental impairment.

We performed the first longitudinal study investigating the relationship between fetal brain
MRI and postnatal neurodevelopment in CHD. In this hypothesis-generating study, we
prospectively enrolled fetuses with and without CHD to evaluate the association between fetal
brain volumes and 2-year neurodevelopment. We hypothesized that fetal brain volumes would
explain a significant portion of the variance in neurodevelopmental outcome in the CHD

group.
Methods

Study Design and Participants

We analyzed data from a prospective, longitudinal fetal brain MRI and neurodevelopment
study. Eligibility criteria and methods for the fetal MRI portion were published previously.15
Briefly, fetuses with isolated CHD and healthy control fetuses with a family history of CHD
participated. Inclusion criteria for enroliment were maternal age during pregnancy of 18 to 45
years and fetal gestational age of 18 to 30 weeks. Exclusion criteria encompassed both
maternal and fetal factors. Maternal exclusion criteria were multiple gestation pregnancy,
maternal CHD, MRI contraindication, or clinician deemed inappropriate (eg, considering
termination). Fetal exclusion criteria were trivial/mild CHD as defined by Hoffman and
Kaplan,19 extracardiac anomaly, brain malformation, known genetic abnormality, or
clinically detected congenital infection. To be eligible for the neurodevelopment study, a
participant also had to have available data from at least 1 fetal brain MRI (ie, a fetus with only
motion-corrupted scans was not eligible), and the child must have undergone either in-person
or questionnaire-based neurodevelopmental assessment. Participants were excluded from the
analysis if they were diagnosed with a genetic abnormality after birth before their



neurodevelopmental evaluation. Enrollment in the study ended in March 2020 owing to safety
concerns and the unknown effects of personal protective equipment on test interpretation in
the setting of COVID-19. The Boston Children’s Hospital Institutional Review Board
approved the study and parents provided written informed consent. The data, analytic
methods, and study materials will be made available to other researchers for purposes of
reproducing the results or replicating the procedure from the corresponding author on
request.

MRI Acquisition and Processing

Whereas the longitudinal study included multiple fetal brain MRIs, for the current study, we
analyzed the first fetal brain MRI from which usable data were obtained. We acquired
multiplanar repeated T2-weighted single-shot fast spin echo sequences on a 3-Tesla Siemens
MRI scanner and processed images with our in-house built software for super-resolution
volume reconstruction and semiautomated atlas-based segmentation to calculate regional and
total brain volumes; details have been described previously (Figure 1).15,20,21 Total brain
volume included all parenchymal brain tissue and excluded cerebrospinal fluid.15 MRIs were
reviewed for incidental findings.

Figure 1. Reconstructed fetal brain magnetic resonance imaging at 28 weeks. Reconstructed fetal brain
magnetic resonance imaging at 28 weeks in axial (left), coronal (middle), and sagittal (right) planes with brain
structures segmented in the bottom row (red, fetal cortex; indigo, white matter; yellow, subcortical gray matter;
green, diencephalon; purple, brainstem; turqoise, cerebellum).



Two-Year Neurodevelopmental Evaluation

Children underwent neurodevelopmental assessment at 18 to 24 months of age. An intake
questionnaire ascertained patient and family demographic characteristics. The Bayley Scales
of Infant and Toddler Development, Third Edition (Bayley-111),22 a standardized measure of
development, was administered by a licensed clinical psychologist (A.S.). When possible, the
psychologist was blind to the child’s health status. However, in some cases, the parents
disclosed their child’s heart condition or it was revealed as part of clinical care (33% of the
CHD group). Composite scores (mean+SD, 100£15) and subscale scores (10£3) for the
cognitive, language, and motor domains were calculated. Parents completed the Adaptive
Behavior Assessment System, Third Edition (ABAS-3),23 a standardized questionnaire
assessing observed adaptive functioning at home, from which we calculated the composite
score for overall adaptive functioning (General Adaptive Composite). To evaluate clinical
factors that may be associated with neurodevelopmental outcome, birth measures (eg, birth
weight), cardiac anatomy, and neurologic data (eg, stroke/seizure) were extracted through
chart review.

Statistical Analyses

To account for dramatic growth in the fetal brain that occurs over gestation15 and varying
gestational age at MRI, as well as sex differences in brain structure that emerge in utero,24
total brain volumes were adjusted for sex and linear and quadratic gestational age at MRI. The
residual total brain volume reflects the difference between the individual’s total brain volume
and the expected value on the basis of the linear regression equation. A patient whose brain
size was smaller than predicted by linear regression for a given gestational age and sex would
have a negative residual total brain volume, whereas a fetus whose brain size was larger than
expected on the basis of the regression equation would have a positive residual. These
residual total brain volumes were used throughout all analyses and are subsequently referred
to as total brain volume for simplicity.15 Correlations and interaction models assessed
potential effect modification of total brain volume on neurodevelopmental outcomes by group
(CHD vs control).

For our regression models, we considered several potential clinical predictors of
neurodevelopmental outcome on the basis of previous research: primary caregiver education,
White race, male sex, single ventricle anatomy, diagnosis of hypoplastic left heart syndrome
or transposition of the great arteries, cardiac class on the basis of cardiac anatomy (2-ventricle
vs single ventricle physiology, with or without arch obstruction),25 birth weight, gestational
age at birth, length of stay at first hospitalization, stroke, seizure, total support duration during
cardiopulmonary bypass, extracorporeal membrane oxygenation, and age at first surgery >30
days (vs <30 days). When predictors demonstrated a high degree of collinearity, 1 factor was
chosen to consider in regression modeling. For example, birth weight was chosen for
inclusion rather than gestational age because of limited variability in gestational age in this
cohort, the likelihood that birth weight provided additional information reflective of maternal
environment, and data from the Single Ventricle Reconstruction Trial suggesting that birth
weight may have a greater association with neurodevelopmental outcome.26 Cardiac class
was chosen as a single variable to classify cardiac anatomy because of its capture of both
ventricular status and systemic outflow tract obstruction and known association with
neurodevelopmental outcomes.1



For the primary hierarchical regression models for the CHD group, we started with fetal total
brain volume, as this was the variable of major interest, then considered additional candidate
variables separated into stages to reflect the order in which data become available. Stage 1
included fetal total brain volume, stage 2 included demographic characteristics (primary
caregiver education, race, and fetal sex), stage 3 included cardiac class, stage 4 included birth
weight, and stage 5 included postnatal medical variables (age at first surgery, total support
time, stroke or seizure, extracorporeal membrane oxygenation, and length of stay). To enter
the model, candidate variables at each stage were required to improve the Akaike information
criterion and have a positive partial R2. Variables that entered the model for a given stage
were retained in later stages. To display the hierarchical regression results graphically, we
calculated the relative contribution of each variable to the total adjusted R2 by dividing the
adjusted partial R? by the sum of the positive adjusted partial R, then scaling by the total adjusted R2
of the model.

We also used 2 alternative regression analysis approaches to address the possibility that the primary
analysis approach could amplify the predictive value of fetal brain MRI because of its early
introduction to the model and retention by design in subsequent stages. For the first alternative
approach, alternative hierarchical regression, we based the introduction of all variables on the order in
which data would become clinically available: stage 1: demographic characteristics; stage 2: cardiac
class; stage 3: fetal total brain volume; stage 4: birth weight; and stage 5: postnatal medical variables.
For the second alternative approach, stepwise forward selection, we applied stepwise forward selection
regression models on the basis of significant improvement in the Akaike information criterion with no
restriction on the ordering of which variables to include.

Results

Demographic and Medical Characteristics

Of 90 participants eligible for neurodevelopmental follow-up, 78 (52 CHD, 26 control)
completed the assessment (retention rate, 87%; Figure 2). In the CHD group, patients who
returned for follow-up had higher gestational age at birth compared with those who did not
(38.6£1.6 vs 37.1+2.4 weeks; P=0.04). In the control group, participants who returned had
older mothers (32.5+4.1 vs 26.5+£3.0 years; P=0.01) who were more likely to be college
educated (69% vs 0%; P=0.01) than those who did not. Other fetal and maternal
characteristics and brain volumes were comparable between those who did and did not return.

Neurodevelopmental Assessment

Neurodevelopmental assessment occurred between June 2016 and March 2020 and all
questionnaires were returned by May 2020. Mean age at assessment was comparable between
groups (CHD, 22.9+4.3 months; control, 24.1+4.2; P=0.24). On the Bayley-lll, the CHD
group had lower cognitive, language, and motor composite scores compared with the control
group (d=—6.8, —12.9, —9.7 points; all P<0.05; Table 2). A greater proportion of the CHD
group scored >1 SD below the normative mean than the control group in both the language
and motor composites (CHD, 17%, 21%; control, 4%, 0%). Across all subscales (ie,
expressive language, receptive language, gross motor, fine motor), the CHD group had
significantly lower scores than the control group. The CHD group trended toward worse
adaptive functioning (measured by the General Adaptive Composite) than the control group,
although this difference did not reach statistical significance (P=0.06).
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Figure 2. Recruitment and retention by group. Recruitment, exclusions, and neurodevelopmental
assessment by group. CHD indicates congenital heart disease; and MRI, magnetic resonance imaging.

Relationship Between Fetal Brain MRI and Neurodevelopmental Outcome

We examined relationships between total brain volume and neurodevelopmental outcomes separately
in the CHD and control groups and evaluated group interactions. Within the CHD group, larger total
brain volume correlated with higher Bayley-Il1l and ABAS-3 General Adaptive Composite scores
(r=0.32-0.47; P<0.05; Figure 3 and Table 3). In contrast, for the control group, total brain volume did
not correlate with any outcome measure. Stronger associations of total brain volume with
neurodevelopmental outcomes in the CHD group compared with the control group were especially

evident for the Bayley-11l gross motor and ABAS-3 General Adaptive Composite scores.




Table 1. Demographic and Medical Characteristics (Table view)

Characteristics CHD (n=52) Control (n=26)
Maternal characteristics
Maternal age, y 31.9+4.7 32.5¢4.1
Race/ethnicity
White 42 (81) 22 (85)
Black/African American 3 (6) 2(8)
Other/unknown* 7(13) 2(8)
Hispanic ethnicity 7(13) 4 (15)
Education, college or greater 35 (67) 18 (69)
Fetal characteristics
Male sex 33 (63) 15 (58)
Gestational age at MRI, wk 28.1£3.8 29.0x4 4
Total brain volume per mLt -0.9£12.6 1.7£10.8
Postnatal characteristics
Gestational age at birth, wk 38.6+1.6 39.2+14
Head circumference, cm 33.8¢1.9 34.5¢14
Cardiac class —
I 22 (42)
I 13 (25)
Il 8 (15)
IV 9 (17)
Birth weight, kg 3.210.6 3.520.6
Age at first surgery, d 9 (3, 44) —
Total support time, min 133 (75, 203) —
Stroke or seizure 6(12) 0
ECMO 2(4) —

Values are mean+SD, n (%), or median (interquartile range). CHD indicates congenital heart disease; ECMO,

extracorporeal membrane oxygenation; and MRI, magnetic resonance imaging.

*Other/Unknown includes Asian, multiracial, and patients who either did not self-identify with any of the listed options or

preferred not to state.

1 Total brain volume refers to residual after adjustment of fetal total brain volume for sex and gestational age (linear and
quadratic terms).

Table 1 shows demographic and medical characteristics. Maternal hyperoxygenation was not
administered to any participant. Within the CHD group, 32% had single ventricle heart disease, 8%
had fetal cardiac intervention, and 63% underwent neonatal surgery. Table S1 reports the
diagnosis and cardiac intervention for each participant. Median length of first hospital stay was 21
days. The CHD group had slightly lower birth weight than the control group, but otherwise the 2
groups had comparable maternal, fetal, and postnatal characteristics. The gestational age range at
fetal brain MRI was 20 to 37 weeks. There were no group differences in total brain volume and no
fetus had parenchymal brain injury on MRI.



Table 2. Neurodevelopmental Outcomes of Study Participants (Table view)

Qutcome CHD Control Difference (95% Cl)
Bayley-ll n=48 n=25
Coghnitive composite 99.4£9.9 106.2¢14.6 -6.8 (-12.6,-1.1)
<85 3(6) 0
Language composite 96.1£13.2 109.0£18.2 =128 (=20.3,~5.3)
<85 8 (17) 1(4)
Receptive communication 9.812.6 12.243.5 -24(-3.8,-0.9)
Expressive communication 8.8+2.4 10.843.1 =20 {-33,=0.7)
Motor composite 93.6¢11.3 103.2£10.5 =9.7 (+15.1,-4.3)
<85 10 (21) 0
Fine motor 9.8£2.1 11.0£2.1 =12(-23,502)
Gross motor 8.1+2.2 10.0£2.1 =2.0/(=3.0,-0.9)
ABAS-3 n=45 n=25
General adaptive composite 103.1£13.0 108.8410.1 =5.7 (-11.5,0.2)
<85 6 (13) 0

ABAS-3 indicates Adaptive Behavior Assessment System, Third Edition; Bayley-Ill, Bayley Scales of Infant Development,
Third Edition; and CHD, congenital heart disease.




Table 3. Correlations Between Regional Brain Volume Residuals and Neurodevelopmental Outcomes in the

CHD Group (Table view)
Bayley-lI ABAS-3
General
Cognitive | Receptive Expressive Fine | Gross | Adaptive
Brainvolume  [composite | communication | communication | motor |motor | Composite
Bayley-lll ABAS-3
General
Cognitive Receptive Expressive Fine | Gross |Adaptive
Brain volume composite | communication | communication motor | motor | Composite
Total brain 0.40% 0.321 0.40% 041f (042f |047§
volume (per mL)’
Fetal cortex 0.36% 0.29t 0.23 0431 0.34f |043%
All white matter | 0.331 0.26 0411 031 [0.36t |0.39%
Proliferative 0.30f 0.21 -0.02 044t 027 |0.31%1
compartments
Subcortical 0.30f 0.24 0421 0.13 |0.30f |[0.16
gray matter
Diencephalon | 0.11 0.17 0.331 011 (047 0.13
Brainstem 0.16 0.16 0.17 0.18 |0.28 0.311
Cerebellum 0.22 0.25 0411 022 031t [0.25

ABAS-3 indicates Adaptive Behavior Assessment System, Third Edition; Bayley-Ill, Bayley Scales of Infant Development,

Third Edition; and CHD, congenital heart disease.

* Total brain volume refers to residual after adjustment of fetal total brain volume for sex and gestational age (linear and

quadratic terms).
T P<0.05.
T P<0.01.
§ P<0.001.
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Figure 3. Associations between fetal total brain volume residuals and neurodevelopmental outcomes

Congenital heart disease (CHD) group is shown in red; control group, in blue. Total brain
volume refers to residual after adjustment of fetal total brain volume for sex and gestational
age (linear and quadratic terms).

Within-group correlations are shown. Interaction term significance is shown in the bottom
right corner of each pane. *P<0.05; **P<0.01; ***P<0.001.



Table 4. Final Hierarchical Regression Models to Predict Neurodevelopmental Outcomes in the CHD Group

(Table view)

Outcome I B coefficient (95% CI) I Partial adjusted R2 | Total adjusted R2
Bayley-Ill
Cognitive composite
Total brain volume (per mL)” 0.28 (0.08, 0.48) 0.14 0.32
White race 1.85 (-5.80, 9.50) -0.02
Stroke or seizure 7.20 (-3.05, 17 45) 0.02
Length of stay (per day) -0.10 (-0.19, -0.02) 0.17
Language composite
Total brain volume (per mL)” 0.32 (0.03, 0.60) 0.08 0.22
Education, college or greaterf 8.95(1.48, 16.42) 0.09
Motor composite
Total brain volume (per mL)" 0.32 (0.09, 0.55) 0.16 0.39
Male sex -3.79 (-9.93, 2.35) 0.01
Cardiac class |l 0.34 (-7.02, 7.69) 0.03
Cardiac class |l -7.88 (-16.37,0.61) —
Cardiac class IV -4.45(-13.15, 4 .24) —
Length of stay (per day) -0.10 (-0.19, -0.01) 0.10
ECMO -9.92 (-23.82, 3.98) 0.03
Receptive communication
Total brain volume (per mL)" 0.05(-0.002, 0.11) 0.06 0.18
Education, college or greaterf 1.75 (0.25, 3.25) 0.09

Qutcome | 8 coefficient (95% CI) _| Partial adiusted R2_| Total adjusted R2
Expressive communication
Total brain volume (per mL)" 0.06 (0.014.0.12) 0.11 0.21
Education, college or greaterf 1.19 (=0.17.2.54) 0.05
ECMO -2.61(=5.71,0.49) 0.04
Fine motor
Total brain volume (per mL)* 0.05 (0.003.0.10) 0.08 0.26
Male sex 0.49 (-0.53, 1.51) -0.001
Length of stay (per day) -0.02 (-0.04_-0.003) 0.10
Gross motor
Total brain volume (per mL)" 0.06 (0.02. 0.10) 0.15 0.45
White race 1.39 (0.09, 2.70) 0.08
Cardiac class |l -0.44 (-1.62_0.75) 0.25
Cardiac class lll -2.53 (-3.99, -1.06) —
Cardiac class 1V -1.98 (-3.32.-0.64) —
ECMO -3.12(-5.54, -0.71) 0.12
ABAS-3 General Adaptive Composite
Total brain volume (per mL)* | 0.49 (0.22, 0.76) | 0.21 0.21

ABAS-3 indicates Adaptive Behavior Assessment System, Third Edition; Bayley-lll, Bayley Scales of Infant Development,

Third Edition; CHD, congenital heart disease; and ECMO, extracorporeal membrane oxygenation.

* Total brain volume refers to residual after adjustment of fetal total brain volume for sex and gestational age (linear and
quadratic terms).

T Education refers to primary caregiver education.
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Figure 4. Bar plots depicting the contribution to the variance explained by each set of predictors in
hierarchical regression models for each developmental domain.

Stage 1 included fetal total brain volume residual; stage 2 could add demographic information (primary
caregiver education, race, or fetal sex); stage 3 could add cardiac class; stage 4 could add birth weight; and
stage 5 could add postnatal medical variables (eg, total support time, stroke or seizure, extracorporeal
membrane oxygenation [ECMOQ], or length of stay). MRI indicates magnetic resonance imaging.

Hierarchical Regression of Fetal Brain Volume and Neurodevelopment

Hierarchical regression models identified risk factors associated with lower Bayley-I1l and
ABAS-3 scores in the CHD group. Total brain volume at the first (univariable) stage
explained 10% to 21% of the variance across developmental domains, dropping slightly to 6%
to 21% after including all other risk factors (Table 4 and Figure 4). Final hierarchical models
including total brain volume and other significant risk factors explained 18% to 45% of the
variance in neurodevelopmental scores. The highest percentage of explained variance was in
the gross motor domain (45%), with total brain volume accounting for 15% of the variance.



For adaptive functioning, total brain volume was the only significant predictor, accounting for
21% of the variance. Different clinical factors contributed to the models for each
developmental domain. For example, primary caregiver education accounted for 5% and 9%
of the variance in expressive and receptive language scores, respectively, and cardiac class
accounted for 25% of the variance in gross motor scores. The percent variance contributed by
the fetal brain did not appreciably change with either the clinically based alternative
hierarchical regression approach or the stepwise forward selection approach on the basis of
the Akaike information criterion. Total brain volume predicted 6% to 21% of the variance in
neurodevelopmental scores for both of these final models (Tables S2 and S3).

Discussion

Recent reports have shown brain dysmaturity in fetuses with CHD, yet the extent to which
fetal brain development impacts later neurodevelopment has not been studied. This hypothesis
generating study sought to evaluate whether fetal brain volume predicts 2-year
neurodevelopment using a cohort of fetuses with isolated CHD and a sociodemographically
comparable control group. Fetal total brain volume correlated with scores in all
neurodevelopmental domains assessed in the CHD group, but not the control group. A
predictive model including total brain volume along with sociodemographic and medical data
accounted for up to 45% of the variance in neurodevelopmental outcome within the CHD
group. These findings suggest that small fetal brain volume in CHD may be an important
imaging biomarker of future neurodevelopmental risk. The findings highlight the need for
studies to assess the role of fetal brain volume as an imaging biomarker, its mechanisms, and
its validity as an outcome marker for fetal neuroprotective intervention trials.

This study is the first to show a direct relationship between fetal brain MRI measures and
neurodevelopmental outcome in CHD. Fetal brain volume alone predicted 10% to 21% of the
variance in neurodevelopment scores in the hierarchical regression models and remained a
significant predictor in all domains after accounting for other known prenatal and postnatal
risk factors. Although these associations were observed across all domains of development,
age 2 years is early in the developmental trajectory; thus, definitive conclusions cannot be
made about associations between fetal brain volume and long-term functioning. Further study
of this cohort is underway to determine whether these associations persist at school age. Fetal
brain volume was the only variable that predicted adaptive functioning, for which it explained
21% of the variance. This finding is of particular interest given that deficits in functional
outcomes (eg, self care, communication, and social skills) often persist throughout life.27

Our results build on existing literature suggesting a relationship between fetal brain health and
subsequent outcomes. Williams and colleagues28,29 found that in utero cerebrovascular
resistance was associated with Bayley-111 neurodevelopment scores in CHD, although the
relationship varied depending on cardiac class. An exploratory study of at-risk fetuses,
including 12 with CHD, found an association between ultrasound-based fetal brain measures
and questionnaire-based neurodevelopment.30 In other populations, such as preterm
populations and older children with CHD, brain MRI measures have been associated with
long-term brain structure and neurodevelopment.18,31-34



We used a hierarchical regression approach for primary analysis in this study, first assessing
the predictive value of fetal brain volume (the variable of interest) and then sequentially
adding other prenatal, birth, and postnatal data. We adopted this approach because we sought
to identify biomarkers of neurodevelopmental risk that could be deployed for prenatal
counseling or antenatal medical care, when birth and postnatal medical data would not be
available. The results appear robust to analysis approach; 2 alternative approaches, a clinically
based alternative hierarchical regression model and a stepwise forward selection model,
yielded similar results.

This study was not designed to determine the underlying mechanisms contributing to
impaired fetal brain growth and neurodevelopmental impairment, but existing literature
suggests several possibilities. The developing fetal brain is highly dependent on cerebral
oxygen/nutrient delivery and may be particularly vulnerable to physiologic disturbances.35,36
Abnormal cardiac anatomy can directly reduce oxygen/nutrient delivery to fetal brain; lower
oxygen consumption has been associated with smaller brain size in CHD.16 The importance
of fetal cerebral hemodynamics is supported by variation in fetal brain growth among
congenital heart lesions with differing physiologies. A previous analysis of the current cohort
found that fetuses with hypoplastic left heart syndrome and transposition of the great arteries,
diagnoses with the greatest disruption in prenatal brain oxygen/nutrient delivery, displayed
the most significant reductions in regional brain volumes.15 Single ventricle status was also
associated with smaller total brain volume. Although the current study was not powered to
investigate differences by diagnosis, those within class 111 and 1V (single ventricle anatomy)
had the lowest gross motor scores. In the current study, fetal brain volume accounted for a
greater percentage of variance in neurodevelopmental outcome than cardiac class.

Placental abnormalities may also affect the developing brain,37 with maternal factors that are
more common in CHD pregnancies (eg, preeclampsia, diabetes) influencing placental
development and function that may enhance physiologic disturbances.38-40 Socioeconomic
factors may contribute to an adverse maternal-fetal environment through maternal
comorbidities such as smoking or diabetes that alter placental physiology or social
determinants of health (eg, access to care, home environment).41-43 Regardless of
mechanism, our data suggest that fetal brain volume may be a useful biomarker for future
fetal neuroprotection trials addressing these different physiologic pathways.

Beyond the physiologic environment, genetic factors are a potential contributor to fetal brain
dysmaturation in CHD. Shared genetic pathways may alter both heart and brain development;
for example, through single gene disorders (eg, CHARGE syndrome [coloboma, heart defects,
atresia choanae, growth retardation, genital abnormalities, and ear abnormalities]), copy
number variants (eg, DiGeorge syndrome), or gene variants with milder phenotypes.44 The
current study excluded children with known extracardiac or genetic abnormalities, lowering
the likelihood that major genetic abnormalities would account for the associations in our data.
Total brain volumes in fetuses with and without CHD were similar. However, universal
genetic testing was not a part of this study. Damaging de novo or rare variants affecting heart
and brain development may be present in our cohort and contribute to associations between
brain volume and neurodevelopment.

The control group provides additional insight into the association between fetal brain volume
and neurodevelopment. This group comprised healthy fetuses with a family history of CHD
(usually a father or sibling15) who shared similar sociodemographic characteristics to the
CHD group and had similar brain volumes. Within the control group, brain volume did not



correlate with neurodevelopment; in the CHD group, it did. Because sociodemographic
variables were comparable, and a family history of CHD may provide some overlap in genetic
background and in utero/maternal factors between the groups, our findings are consistent with
the hypothesis that fetal circulatory derangements directly or indirectly account for the
association between fetal brain volume and neurodevelopmental outcome. This hypothesis is
supported by our previous findings that fetuses expected to have the lowest fetal cerebral
oxygen/nutrient delivery have the most marked disturbances in fetal brain growth, particularly
in regions known to be sensitive to hypoxia.15

The current study underscores the well-known multifactorial etiology of neurodevelopmental
impairment in CHD. Multivariable models explained up to 45% of the variance in
neurodevelopmental outcomes, a substantial advance beyond postnatal studies, which
explained 30% of the variance at most.1,2 In accordance with existing literature, cardiac
anatomy, maternal education, and length of stay all contributed to models predicting
neurodevelopmental outcomes. As expected, cardiac anatomy was associated with worse
motor outcomes and lower maternal education was associated with poorer language
skills.45,46 In this series, overt brain injury, such as seizure or stroke, was not associated with
substantial worsening in neurodevelopmental outcome; however, patients did not undergo
routine postoperative electroencephalography or neuroimaging in the absence of clinical
concern. Given the high rate of occult brain injury in the CHD population,6 our observed rates
likely represent a lower bound, and improved detection might have yielded greater predictive
value. Nonetheless, across all domains in this study, fetal brain volume was the most
consistent predictor of neurodevelopmental outcome.

Limitations

Our study has limitations. The moderately sized sample for this study was from a single
center and was not racially or ethnically diverse. This did not allow for a subgroup analysis of
different CHD diagnoses to establish whether the strength of the association between fetal
brain volume and neurodevelopment differs between cardiac subtypes. Future multisite
studies with a larger, more diverse sample may shed light on this question. We also did not
conduct whole exome or whole genome sequencing on these patients and cannot exclude an
underlying genetic disorder that is not clinically apparent. Although our study was not
designed to determine mechanisms, the lack of correlation between fetal brain volume and
neurodevelopment in the control group of a similar sociodemographic distribution would be
consistent with a cardiac physiologic mechanism. It is possible that another factor, such as
genetics or the maternal environment, may account for this association. Future studies should
integrate fetal brain MRI, sociodemographic measures, cardiac physiologic measures, and
placental functioning with next-generation sequencing of all fetuses. The sample was
evaluated at 2 years of age, but for many children with CHD, higher-order deficits in
executive functioning, attention, and social cognition do not become apparent until school
age. Long-term follow-up is needed to determine the persistence of associations found in the
current cohort.



Conclusions

We present the first data showing an association between fetal brain development and
neurodevelopmental outcome in CHD. Smaller fetal brain volume correlated with worse
outcome at age 2 years across all domains of development and adaptive functioning in the
CHD group. Fetal brain volume was the most consistent predictor of neurodevelopment
compared with other prenatal and postnatal variables examined. In an era where most children
with CHD are diagnosed prenatally in economically developed countries, small fetal brain
volume may be an important biomarker of future neurodevelopmental risk. Trials are
underway examining whether pharmacologic approaches (eg, progesterone, allopurinol) or
behavioral interventions (eg, maternal stress reduction) could improve fetal brain
development in CHD. Although future studies are needed to confirm the validity of fetal brain
volume as a predictor of neurodevelopment in children with CHD, our findings suggest that
this imaging biomarker may inform risk stratification and be used as an outcome in trials of
fetal neuroprotective interventions.
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