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Abstract

Children with CHD or born very preterm are at risk for brain dysmaturation and poor
neurodevelopmental outcomes. Yet, studies have primarily investigated neurodevelopmental
outcomes of these groups separately.Objective:To compare neurodevelopmental outcomes and
parent behaviour ratings of children born term with CHD to children born very preterm.
Methods: A clinical research sample of 181 children (CHD [n = 81]; very preterm [≤32 weeks;
n= 100]) was assessed at 18months.Results:Childrenwith CHD and born very preterm did not
differ on Bayley-III cognitive, language, or motor composite scores, or on expressive or
receptive language, or on fine motor scaled scores. Children with CHD had lower ross motor
scaled scores compared to children born very preterm (p = 0.047). More children with CHD
had impaired scores (<70 SS) on language composite (17%), expressive language (16%), and
gross motor (14%) indices compared to children born very preterm (6%; 7%; 3%; ps< 0.05). No
group differences were found on behaviours rated by parents on the Child Behaviour Checklist
(1.5–5 years) or the proportion of children with scores above the clinical cutoff. English as a
first language was associated with higher cognitive (p = 0.004) and language composite scores
(p< 0.001). Lower median household income and English as a second language were associated
with higher total behaviour problems (ps < 0.05). Conclusions: Children with CHD were more
likely to display language and motor impairment compared to children born very preterm at
18 months. Outcomes were associated with language spoken in the home and household
income.

Children diagnosed with CHD and children born very preterm are at risk for poorer
neurodevelopmental outcomes including cognitive, language, motor, behaviour, social, and
academic delays.1,2 Research has highlighted similar patterns of brain dysmaturation in term
neonates with CHD and very preterm neonates without CHD.3 Despite these similarities in
brain development, studies to date have primarily investigated neurodevelopmental outcomes
of these children independently, leaving commonalities in neurodevelopmental profiles unclear.
Having a better understanding of shared and unique neurodevelopmental outcomes among
these populations will provide directions for developmental surveillance and potential
transdiagnostic intervention services.

CHD is one of the most common congenital defects, encompassing diverse conditions that
impact the structural and/or functional integrity of the heart.4,5 In Canada, approximately 1 in
80–100 children are born with CHD.5,6 Significant improvements in surgical techniques and
perioperative care have made survival the expectation for the majority of children diagnosed
with CHD, with 90% of children surviving to adulthood.7 Multiple factors have been identified
that contribute to the neurocognitive risk profile of children with CHD, including reduction in
blood oxygen delivered to the brain, a predisposition for brain injury due to prenatal abnormal
white matter maturation,8 and perioperative and medical factors (i.e., genetics, physical and
social environment, severity of cardiac lesion, and gestational age at birth).9,10 Changes to brain
volume, dysmaturation, and microstructure of the brain are directly related to poorer
neuropsychological outcomes, with documented impacts on language, executive dysfunction,
and motor deficits.11–14

Very preterm birth, defined as a gestational age of < 32 weeks,2,15 impacts approximately 8%
of children in Canada.16 Despite steady improvements in obstetric and neonatal care that have
reduced mortality,17 there is considerable diversity in neurodevelopmental outcomes among
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very preterm children. Children born very preterm are more likely
to develop significant impairments such as cerebral palsy and
exhibit deficits in cognition, academics, and behaviour compared
to term-born children.2,15,18,19

The commonality in neuropsychological risk among children
born very preterm and children diagnosed with CHD can be
attributed to similar antenatal and postnatal neurobiological
vulnerability.20,21 Infants born full term with CHD have brain
structures similar to infants born preterm and have a remarkably
high rate of white matter injury.10,22–24 Common mechanisms
proposed include, among others, oxygen disruption to the brain
resulting from premature birth or from structural and functional
changes to the heart that alter blood flow to the brain. One of the
only studies to conduct a topology and comparison analysis of
infants born with CHD and infants born very preterm found
similar brain anomalies with concordance of total punctate white
matter injury volumes for both groups.25

Decades of research findings pertaining to neuropsychological
outcomes of these populations independently also highlight several
overlapping outcomes. Specifically, children with CHD and
children born very preterm exhibit deficits in attention, executive
function, visual-spatial memory, motor skills, working memory,
visual perception, and an increased risk of psychological disorders
such as anxiety and depression.2,26,35–37,27–34 Both populations
exhibit speech and language difficulties; children with CHD exhibit
problems with speech production, phonological awareness, and
letter fluency,14,38 and children born very preterm display receptive
language deficits.18,35 Furthermore, children born with CHD and
children born very preterm have a higher incidence of being
diagnosed with attention deficit-hyperactivity disorder compared
to term-born healthy controls.36,39

Despite similar patterns of brain dysmaturation and over-
lapping neurodevelopmental concerns, research to date has
primarily investigated outcomes of these populations separately
leaving similarities and differences in outcomes unknown. Further,
there is a dearth of research directly comparing impacts of
common biopsychosocial risk factors in very preterm children and
term children with CHD in relation to their neurodevelopmental
profiles, leaving correlates of progress unclear. Both groups
continue to represent a substantial number of children in need
of neurodevelopmental follow-up care. Examining common
outcomes and associated risks from medical and neuroanatomical
perspectives, but importantly, considering potential common
social determinants of health would direct future care with greater
precision. The objectives of the current study were to compare the
early neurodevelopmental and behavioural outcomes of term
children diagnosed with CHD to very preterm children at 18
months of age and to examine their association with socio-
demographic and white matter injury characteristics.

Methods

Patients

A clinical research sample of 181 children diagnosed with CHD
(i.e., ≥ 37 weeks gestational age; n= 81) or born very preterm
(i.e., ≤ 32 weeks gestational age; n= 100) was included from a
larger cohort followed in the neonatal follow-up services at the
Hospital for Sick Children and Mount Sinai Hospital in Toronto,
Canada. Inclusion criteria were a diagnosis of CHD or very
preterm birth, completion of a neurodevelopmental assessment,
and a child behaviour questionnaire completed by parent/guardian

at 18-month corrected age. Exclusion criteria were extensive brain
injury/malformation or presence of conditions that significantly
impact cognitive functioning beyond what is common among
children diagnosed with CHD and those born very preterm (e.g.,
congenital infection, intraventricular haemorrhage level 3 or 4,
periventricular leukomalacia, neonatal stroke [severe ≥ 2/3], and/
or hypoxic-ischaemic encephalopathy). See Figure 1 for patient
inclusion flow chart and Table 1 for groups’ characteristics. As
shown in Figure 1, non-participation was largely due to missing
Bayley-III and Child Behaviour Checklist data given transition to
virtual appointments during the COVID-19 pandemic.

Measures

Demographic information
Parents completed study questionnaires that included demo-
graphic information. Maternal age at birth and primary language
spoken in the home were collected for the purpose of this study. Of
note, a medical interpreter was utilised for families completing the
study measures (i.e., Bayley-III and Child Behaviour Checklist 1.5–
5) when English was not their primary language. To determine
neighbourhood median income level, the first three digits of the
patient'’s postal code were collected. Median income data were
extracted from the most recent Statistics Canada Census (2016)
through the Computing in theHumanities and Social Sciences data
centre at the University of Toronto. Using Statistics Canada postal
code conversion file, the patient postal code data were linked to the
appropriate census dissemination area and aggregated median
neighbourhood household income (i.e., the amount that divides
the income distribution of that group into two halves).

Medical information
Child birth history (i.e., gestational age, biological sex, and birth
weight) was collected from medical charts.

Figure 1. Patient inclusion flow chart.
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White matter injury
Imaging for the CHD group was completed pre- and post-surgery
and at term equivalent for the very preterm group. White matter
injury was characterised as areas of T1 hyperintensity using 3D T1-
weighted image and white matter injury volume was calculated
based on the manual segmentation of all white matter injury
lesions on the brain images. A study team member and study
physician manually delineated scans using Display software
(http://www.bic.mni.mcgill.ca/ServicesSoftwareVisualization) with
high inter-rater reliability. Detailed methods have been previously
described by Guo et al.3,40

Bayley scales of infant and toddler development Third Ed.
(Bayley-III)
Neurodevelopment was assessed using the Bayley-III at 18
months41,42 administered in English. This measure assesses
neurodevelopmental functioning between 1 and 42months of age
across five neurodevelopmental domains: cognition, receptive
and expressive language, fine and gross motor functioning. The
Bayley-III is a gold-standard measure of infant and child
development displaying strong validity and reliability (ranging
from 0.90–.97).41 The Bayley-III yields standard scores with a
mean of 100 and standard deviation of 15 for cognitive, language,
and motor composite scores, and subscale scores for receptive
and expressive language and fine and gross motor ability (mean
10, standard deviation). Mild impairment was defined as a
standard score of< 85 (i.e., 1 standard deviation below the mean),
and moderate/severe impairment was defined as a standard score
< 70 (i.e., 2 standard deviations below the mean). Ages for the

very preterm patients were corrected for prematurity when
scoring the Bayley-III.

Behavioural outcomes
Parent ratings of child behaviours were examined using the Child
Behaviour Checklist for Ages 1.5–5. The Child Behaviour Checklist
is completed by parents/caregivers to assess specific concerns
related to child behaviour problems and has adequate psychometric
properties.43 Six syndrome scales contribute to broad internalising
and externalising domain scores, as well as sleep problems, total
problems, and DSM-5-related domain scores. The Child Behaviour
Checklist yields T-scores with a mean of 50 and standard deviation
of 10. Clinically elevated scores were defined as a T-score of > 70;
borderline elevations were defined as a T-score of > 60.

Statistical analysis

Inferential statistics were used to compare mean differences
between groups on the Bayley-III and behavioural outcomes from
the Child Behaviour Checklist. Chi-squared analyses were used to
compare the proportion of children in each group that
demonstrated moderate/severe impaired neurodevelopmental
scores and borderline to clinically elevated behavioural scores.
Correlations were conducted to explore associations between
sociodemographic variables, white matter injury volume, and
outcomes. Four linear regression models were used to examine
associations between outcomes (i.e., cognition, language, motor,
and Child Behaviour Checklist total problem scores) and
independent variables (i.e., white matter injury volume, maternal
age at birth, English as a first language, estimated median income,

Table 1. Patient medical characteristics and demographic information (N= 181)

Term CHD (n= 81) Very preterm (n= 100) p (d or V)

Gestational age at birth (weeks) M(SD) 39.04 (1.07) 27.42 (2.34) < 0.001 (5.961)

range 37.14–41.57 22.71–31.57

Sex assigned at birth (males) 55 (68%) 55 (55%) 0.09 (.131)

Birth weight (g) M(SD) 3355.85 (430.23) 1014.69 (359.58) < 0.001 (6.178)

Current seizures 3 (4%) 1 (1%) 0.18 (.119)

White matter injury volume 42.35 mm3 (98.74 mm3) 28.26 mm3 (154.96 mm3) 0.48 (.107)

Maternal age at birth* (years) 32y 5 m (5y 6m) 33y 0 m (4y 7m) 0.45 (.128)

range 18–43 21–41

English primary language 64 (79%) 85 (85%) 0.23 (.103)

Estimated median income level 1.00 (.006)

Lower income level (<$41, 873) 58 (73%) 77 (78%)

Higher income level (≥ $41,873) 14 (18%) 18 (18%)

CHD diagnostic categories

Two ventricles with no arch obstruction 45 (56%)

Two ventricles with arch obstruction 3 (4%)

Single ventricle with no arch obstruction 28 (35%)

Single ventricle with arch obstruction 5 (6%)

*There were 25 patients in the CHD group and 1 patient in the preterm groupmissing maternal age at birth. There are 9 patients from the VP groupmissing data for white matter injury volume.
There are 9 missing median income in the CHD group and 5 in the VP group. There are 2 patients missing English language in the VP group.
**CHD diagnoses included a variety of conditions such as transposition of great arteries (TGA), hypoplastic left heart syndrome (HLHS), ventricular septal defect (VSD), coarctation of the aorta
(COA), double outlet right ventricle (DORV), and double inlet left ventricle.
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biological sex, and group). A priori power analysis revealed that the
current sample size was sufficient to conduct four regression
models with six predictors based on a power of at least 80%,
medium effect size, and an adjusted alpha value of 0.0125
(conservatively adjusted to account for four regressionmodels). All
data analyses were conducted using the Statistical Package for the
Social Sciences (SPSS) version 28 (IBM corp. Released, 2021).

Results

Objective 1: compare early neurodevelopmental and
behavioural outcomes of term children diagnosed with CHD
to very preterm children at 18 months of age

See Table 2 for group means on neurodevelopmental and
behavioural outcomes.

Neurodevelopmental outcomes
The CHD and very preterm groups did not differ on cognitive,
language, and motor composite scores, subscales of expressive and
receptive language, or fine motor skills. There was a significant
difference on the gross motor standard score, with the CHD group
having lower scores compared to the very preterm group
(t(169)=−2.19, p = 0.047, d= 0.338). There were no differences
in the proportion of children with scores in the moderate/severe
impaired range on cognitive or motor performance. However,
significantly more children in the CHD group (17%) had a
score≤ 70 on the language composite compared to children in the
very preterm group (6%; χ2(1)= 7.10, p= 0.014, V = .204). There
were no differences in the proportion of children with low scores

(<2SD below the mean) on receptive language and fine motor
subtest scores. Significantly, more children in the CHD group had
expressive language (16%) and gross motor (14%) subtest scores at
least 2 SD below the mean compared to children in the very
preterm group (7 and 3%, respectively; χ2(1)= 4.92, p= 0.032,
V= 0.171 and χ2(1)= 7.74, p= 0.009, V = 0.213, respectively).

Behavioural outcomes
Children in the CHD and very preterm groups did not differ in
parent ratings of their behaviour on Child Behaviour Checklist
scores (i.e., mean scores or proportion of clinically elevated).
Among composite scores, internalising problems had the highest
proportion of elevated scores. Among subscales, attention, sleep,
withdrawal, depression, and somatic complaints had the highest
proportion of elevated scores.

Objective 2: examine associations with sociodemographic
and white matter injury characteristics

The Bayley-III cognitive composite was positively associated with
English as a primary language and household median income, and
the language composite score on the Bayley-III was positively
associated with English as a primary language. The total problem
Child Behaviour Checklist composite score was associated with
median income.

The regression model examining cognitive composite scores
was significant (F(6,136) = 3.30, p= 0.005, R = 0.364) explaining
13.2% of the variance. English as the child’s primary language
(β =0.253, p= 0.004) was associated with higher cognitive
composite scores. Higher median income approached significance

Table 2. Cognitive and behavioural outcomes at 18 months CCA (N= 181)

CHD (n= 81) Very preterm (n= 100) p (d)

Bayley-III outcomes

Cognitive M(SD) 95.99 (13.91) 97.12 (13.98) 0.588 (0.081)

Language M(SD) 88.46 (17.45) 92.93 (17.11) 0.097 (0.259)

Receptive language M(SD) 8.57 (3.25) 9.04 (3.28) 0.354 (0.144)

Expressive language M(SD) 7.68 (2.95) 8.48 (3.18) 0.096 (0.261)

Motor score M(SD) 93.66 (15.29) 95.84 (11.50) 0.291 (0.164)

Fine motor M(SD) 10.12 (2.60) 10.15 (2.46) 0.932 (0.013)

Gross motor M(SD) 7.66 (2.94) 8.60 (2.63) 0.030 (0.338)

CBCL 1.5-5 outcomes

Emotional reactivity 52.40 (4.32) 52.09 (4.31) 0.637 (0.071)

Anxious/depressed 51.44 (3.03) 52.13 (4.88) 0.271 (0.165)

Somatic complaints 52.53 (5.09) 53.44 (6.20) 0.357 (0.138)

Withdrawn 52.96 (5.36) 53.41 (6.31) 0.613 (0.076)

Sleep problems 54.31 (7.17) 53.50 (5.34) 0.386 (0.130)

Attention problems 54.30 (6.18) 54.04 (5.79) 0.774 (0.043)

Aggressive behaviours 51.95 (4.36) 52.11 (4.65) 0.814 (0.035)

Internalising behaviours 43.75 (10.61) 45.32 (10.12) 0.312 (0.152)

Externalising behaviours 46.36 (8.91) 46.48 (9.52) 0.930 (0.013)

Total problems 46.32 (9.86) 46.76 (10.19) 0.770 (0.044)

*Higher scores on the Bayley-III indicate better performance. Higher scores on the CBCL indicate poorer performance. Bolded outcomes indicate significant differences.

4 S. D. Roberts et al.

https://doi.org/10.1017/S1047951123004316 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951123004316


in the model (β =0.171, p= 0.055) as a predictor of higher
cognitive composite scores.

The model examining language composite scores was signifi-
cant (F(6,129) = 4.82, p< 0.001, R= 0.436), explaining 19% of the
variance. English as a primary language (β =0.389, p< 0.001) was
associated with higher language composite scores. Biological sex
approached significance in the model (β =0.149, p= 0.079), with
female sex associated with higher language composite scores.

The model examining motor composite scores was not significant
(F(6,130) = 0.79, p = 0.58, R = 0.192), explaining 3.7% of the
variance. White matter injury volume approached significance
in the model (β = −0.160, p = 0.085).

The model examining the Child Behaviour Checklist total
problem score was significant (F(6,137)= 3.27, p= 0.005, R= 0.361),
explaining 13% of the variance. Median income (β= −0.195, p=
0.029) and English as a primary language (β = −0.198, p= 0.024)
were negatively associated with total problems. Specifically, lower
median income and English as a second language were associated
with higher total problem scores. Maternal age at birth approached
significance (β = −0.165, p= 0.056), with lower maternal age at birth
associated with higher total problems.

Discussion

The current study is one of few investigations comparing
neurodevelopmental and behavioural outcomes in children with
CHDand children born very preterm.Overall, this study documented
many common early cognitive and behavioural outcomes among the
two groups of children at 18 months of age. Two unique outcomes
also emerged, with children in the CHD group having lower motor
and expressive language scores and a greater proportion of children
with impaired scores compared to very preterm children. While it is
important not to minimise neurodevelopmental risk among these
populations exemplified by the proportion of children with impaired
scores, it is also important to acknowledge that group mean scores
were broadly average (low average to average) for both groups at 18
months. This reflects the combined advancements in acute medical
treatments and follow-up early intervention services and their
associated positive impact on neurocognitive outcomes.2,44

Among all children, median household income was associated
with scores achieved on tests of cognition, language, and reported
behavioural outcomes. Not surprisingly, children with English as a
primary language (very preterm > CHD) were more likely to do
better on English-based assessments; this highlights the significant
limitations in monolingual assessment of core developmental
outcomes.45–47 White matter injury volume approached signifi-
cance as the only associated variable for motor scores, suggesting
some influence of condition severity on physical outcomes.
Additional research is needed to understand the interplay between
brain dysmaturation and social determinants in relation to specific
domains of outcome.

It has been well documented in the literature, examining these
populations independently, that factors such as maternal educa-
tion, parent coping and stress, and household income are
associated with neurodevelopmental and social–emotional behav-
ioural outcomes.48–50 Complementary to these findings, our study
identified that median household income was associated with
neurodevelopment in both groups. In future research, it will be
important to promote recruitment methods that reduce barriers to
accessing services to capture more families of diverse socioeco-
nomic backgrounds.

Language and motor deficits are well documented in both
children born very preterm and in children with CHD.2,9 However,
our findings highlighted that children with CHD have greater
impairment compared to those who are born very preterm for
expressive language and gross motor function at 18 months of age.
This may be attributed to the multiple medical procedures and
surgeries beyond the neonatal period, which can limit infant’s
physical activity and social engagement, possibly contributing to
lags in motor and language development. At 18 months, children
with CHD had scores in the low average range, which may place
them at risk for falling further behind same aged peers over time
depending on access and response to intervention.

Consistent with research conducted by Guo et al.,40 in the
current study total white matter injury volume was not
significantly associated with neurodevelopmental outcomes at 18
months. However, total white matter injury volume approached
significance in relation to motor outcome in our samples. This
result is consistent with other studies examining these populations
independently, reporting an association between early brain injury
and motor development in early childhood.10,51 There may also be
a potential interaction with brain injury, socioeconomic status, and
developmental outcomes given that previous literature has found
higher socioeconomic status as a protective factor for early brain
injury52. It is imperative to further explore the relationship between
biochemical brain changes and neurological injury in order to fully
understand how these characteristics contribute to the neuro-
developmental outcomes, and how they serve as potential predictive
factors for need and response to early intervention.

Our study highlights an important limitation in common
developmental follow-up clinical and research surveillance that
largely employs monolingual English-based assessment tools.45–47

There were additional variables that could not be addressed by the
current study due to practical and other limitations. Income data
reflected only neighbourhood average, as informed by census
survey, which historically is only moderately correlated with self-
reported income.53 Data on race and ethnicity were not
consistently available; thus, the representativeness of our sample
is unknown. Outcomes were assessed at 18 months and neuro-
developmental profiles may change as the children continue to
develop. Additionally, the heterogeneity of medical severity within
these populations will also be associated with differential
developmental trajectories of these children. Future research is
warranted to examine outcomes at early school age.

Neurodevelopmental follow-up programmes are well estab-
lished as part of the standard of care for children with CHD or born
very preterm, with increasingly innovative models considering
ways to monitor and promote both mental health and long-term
neurodevelopmental outcomes in these populations.50,54 The
current findings suggest that both groups are at a similar risk of
developing cognitive and behavioural problems. This study
identified common parent concerns regarding child attention,
sleep, social development, and health. Promising research has
found that transdiagnostic telehealth intervention programmes
increase parent competence and improve behaviour in children
with neurological conditions broadly55,56. Given that both groups
had similar cognitive and behavioural outcomes, a similar
transdiagnostic approach to care may be warranted to help reduce
waitlists and maximise access to patient care.

Overall, in our samples, common sociodemographic risk and
testing factors were most influential in understanding early
outcomes across CHD and very preterm populations and extended
beyond the medical/neurobiological impacts measured in this
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study. This is an essential reminder to consider social determinants
of health and the limits of traditional measures of neurocognitive
and behavioural outcomes via English-based assessments. It is also
important to consider how neurodevelopmental follow-up assess-
ment and intervention can promotemore sensitivemonitoring and
scaffolding in early development among such high-risk medical
populations. This will promote not only more equitable service
delivery but also an improved scientific knowledge base regarding
outcomes and needed interventions among these at-risk children
and their families.

Acknowledgements. The authors would like to acknowledge the research
teammembers at SickKids, Cardiac and Neonatal Neurodevelopmental Follow-
Up Clinics, and the Neurology, Psychology, and MRI teams for their
contribution and support.

Financial support. This work was funded in part by the Canadian Institute of
Health Research Frederick Banting and Charles Best Canada Graduate
Scholarship Doctoral Award (awarded to Samantha D. Roberts); the
Canadian Institute of Health Research for both studies at the Hospital for
Sick Children, as well as Brain Canada and Research Foundation of Cerebral
Palsy Alliance at the Hospital for Sick Children.

Competing interests. None.

Ethical standards. The authors assert that all procedures contributing to this
work comply with the ethical standards of the relevant national guidelines on
human experimentation Research Ethics Board at the Hospital for Sick
Children (REB#1000047854 and REB#1000051521) and York University
(STU2022038).

References

1. Brosig CL, Bear L, Allen S, et al. Neurodevelopmental outcomes at 2 and 4
years in children with congenital heart disease. Congenit Heart Dis 2018;
13: 700–705. DOI: 10.1111/chd.12632.

2. Anderson PJ. Neuropsychological outcomes of children born very preterm.
Semin Fetal Neonatal Med 2014; 19: 90–96. DOI: 10.1016/j.siny.2013.
11.012.

3. Bunney PE, Zink AN, Holm AA, Billington CJ, Kotz CM. White matter
injury in term neonates with congential heart diseases: topology &
comparison with preterm newborns. Neuroimage 2020; 185: 742–749.
DOI: 10.1016/j.physbeh.2017.03.040.

4. Cassidy AR, White MT, DeMaso DR, Newburger JW, Bellinger DC.
Executive function in children and adolescents with critical cyanotic
congenital heart disease. J Int Neuropsychol Soc 2015; 20: 34–49. DOI: 10.
1017/s1355617714001027.

5. Van Der Linde D, Konings EEM, Slager MA, et al. Birth prevalence of
congenital heart disease worldwide: a systematic review and meta-analysis.
J Am Coll Cardiol 2011; 58: 2241–2247. DOI: 10.1016/j.jacc.2011.08.025.

6. Canadian Congenital Heart Alliance. CHD Facts and Issues, Canadian
Congenital Heart Alliance, Toronto, ON, 2017. https://www.cchaforlife.o
rg/facts-issues.

7. Marelli A, Miller SP, Marino BS, Jefferson AL, Newburger JW. Brain in
congenital heart disease across the lifespan: the cumulative burden of injury.
Circulation 2016; 133: 1951–1962. DOI: 10.1161/CIRCULATIONAHA.115.
019881.

8. Miller SP, McQuillen PS, Hamrick S, et al. Abnormal brain development
in newborns with congenital heart disease. N Engl J Med 2007; 357:
1928–1938. DOI: 10.1056/NEJMoa067393.

9. Claessens NHP, Algra SO, Ouwehand TL, et al. Perioperative neonatal
brain injury is associated with worse school-age neurodevelopment in
children with critical congenital heart disease. DevMed Child Neurol 2018;
60: 1052–1058. DOI: 10.1111/dmcn.13747.

10. Claessens NHP, Kelly CJ, Counsell SJ, Benders MJNL. Neuroimaging,
cardiovascular physiology, and functional outcomes in infants with

congenital heart disease. Dev Med Child Neurol 2017; 59: 894–902.
DOI: 10.1111/dmcn.13461.

11. Sun L, Macgowan CK, Sled JG, et al. Reduced fetal cerebral oxygen
consumption is associated with smaller brain size in fetuses with congenital
heart disease. Circulation 2015; 131: 1313–1323. DOI: 10.1161/
CIRCULATIONAHA.114.013051.

12. von Rhein M, Buchman A, Hagmann C, et al. Severe congenital heart
defects are associated with global reduction of neonatal brain volumes.
J Pediatr 2015; 167: 1259–1263.e1. DOI: 10.1016/j.jpeds.2015.07.006.

13. Panigrahy A, Schmithorst VJ, Wisnowski JL, et al. Relationship of white
matter network topology and cognitive outcome in adolescents with
d-transposition of the great arteries. NeuroImage Clin 2015; 7: 438–448.
DOI: 10.1016/j.nicl.2015.01.013.

14. Bellinger DC, Newburger JW. Neuropsychological, psychosocial, and
quality-of-life outcomes in children and adolescents with congenital heart
disease. Prog Pediatr Cardiol 2010; 29: 87–92. DOI: 10.1016/j.ppedcard.
2010.06.007.

15. Williams T, Roberts S, Chau V. Neuropsychological assessment of
extremely preterm children. In: Physician’s F Guid Neuropsychology.
Springer Nature, New York, NY, 2019, 169–187.

16. Shah PS,McDonald SD, Barrett J, et al. TheCanadian preterm birth network: a
study protocol for improving outcomes for preterm infants and their families.
CMAJ Open 2018; 6: E44–E49. DOI: 10.9778/cmajo.20170128.

17. Saigal S, Doyle LW. An overview of mortality and sequelae of preterm birth
from infancy to adulthood. Lancet 2008; 371: 261–269. DOI: 10.1016/
S0140-6736(08)60136-1.

18. Aylward GP. Neurodevelopmental outcomes of infants born prematurely.
J Dev Behav Pediatr 2014; 35: 394–407. DOI: 10.1097/01.DBP.0000452240.
39511.d4.

19. Hack M, Taylor HG, Drotar D, et al. Poor predictive validity of the bayley
scales of infant development for cognitive function of extremely low birth
weight children at school age. Pediatrics 2005; 116: 333–341. DOI: 10.1542/
peds.2005-0173.

20. DonofrioMT,MassaroAN. The impact of congenital heart disease on brain
development and neurodevelopmental outcome. Hear Dis Child 2010;
2010: 43–74. DOI: 10.1155/2010/359390.

21. Anderson PE, Treyvaud K, Neil J, et al. Associations of newborn
brain MRI with long-term neurodevelopmental impairments in very
preterm children. J Pediatr 2017; 187: 58–65. DOI: 10.1016/j.physbeh.
2017.03.040.

22. Miller SP, McQuillen P, Hamrick SEG, et al. Abnormal brain development
in newborns with congenital heart disease. N Engl J Med 2007; 357:
1928–1938. DOI: 10.1097/01.sa.0000307878.52543.ba.

23. Birca A, Vakorin VA, Porayette P, et al. Interplay of brain structure and
function in neonatal congenital heart disease. AnnClin Transl Neurol 2016;
3: 708–722. DOI: 10.1002/acn3.336.

24. Peyvandi S, KimH, Lau J, et al. The association between cardiac physiology,
acquired brain injury, and postnatal brain growth in critical congenital
heart disease. J Thorac Cardiovasc Surg 2018; 155: 291–300.e3. DOI: 10.
1016/j.jtcvs.2017.08.019.

25. Guo T, Chau V, Peyvandi S, et al. White matter injury in term neonates
with congenital heart disease: topology & comparison with preterm
newborns. Neuroimage 2019; 185: 742–749. DOI: 10.1016/j.physbeh.
2017.03.040.

26. Cassidy AR, Newburger JW, Bellinger DC. Learning and memory in
adolescents with critical biventricular congenital heart disease. J Int
Neuropsychol Soc 2017; 23: 627–639. DOI: 10.1017/S1355617717000443.

27. Bellinger DC, Wypij D, Rivkin MJ, et al. Adolescents with d-transposition
of the great arteries corrected with the arterial switch procedure. Pediatr
Cardiol 2011; 124: 1361–1369. DOI: 10.1161/circulationaha.111.026963.

28. Shillingford AJ, Glanzman MM, Ittenbach RF, Clancy RR, Gaynor JW,
Wernovsky G. Hyperactivity, and school performance in a population of
school-age children with complex congenital heart disease. Pediatrics 2008;
121: e759–e767. DOI: 10.1542/peds.2007-1066.

29. Bunney PE, Zink AN, Holm AA, Billington CJ, Kotz CM.
Neurodevelopmental outcomes in children with congenital heart
disease - what can we impact? Pediatr Crit Care Med 2016; 17: 232–242.
DOI: 10.1016/j.physbeh.2017.03.040.

6 S. D. Roberts et al.

https://doi.org/10.1017/S1047951123004316 Published online by Cambridge University Press

https://doi.org/10.1111/chd.12632
https://doi.org/10.1016/j.siny.2013.11.012
https://doi.org/10.1016/j.siny.2013.11.012
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1017/s1355617714001027
https://doi.org/10.1017/s1355617714001027
https://doi.org/10.1016/j.jacc.2011.08.025
https://www.cchaforlife.org/facts-issues
https://www.cchaforlife.org/facts-issues
https://doi.org/10.1161/CIRCULATIONAHA.115.019881
https://doi.org/10.1161/CIRCULATIONAHA.115.019881
https://doi.org/10.1056/NEJMoa067393
https://doi.org/10.1111/dmcn.13747
https://doi.org/10.1111/dmcn.13461
https://doi.org/10.1161/CIRCULATIONAHA.114.013051
https://doi.org/10.1161/CIRCULATIONAHA.114.013051
https://doi.org/10.1016/j.jpeds.2015.07.006
https://doi.org/10.1016/j.nicl.2015.01.013
https://doi.org/10.1016/j.ppedcard.2010.06.007
https://doi.org/10.1016/j.ppedcard.2010.06.007
https://doi.org/10.9778/cmajo.20170128
https://doi.org/10.1016/S0140-6736(08)60136-1
https://doi.org/10.1016/S0140-6736(08)60136-1
https://doi.org/10.1097/01.DBP.0000452240.39511.d4
https://doi.org/10.1097/01.DBP.0000452240.39511.d4
https://doi.org/10.1542/peds.2005-0173
https://doi.org/10.1542/peds.2005-0173
https://doi.org/10.1155/2010/359390
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1097/01.sa.0000307878.52543.ba
https://doi.org/10.1002/acn3.336
https://doi.org/10.1016/j.jtcvs.2017.08.019
https://doi.org/10.1016/j.jtcvs.2017.08.019
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1017/S1355617717000443
https://doi.org/10.1161/circulationaha.111.026963
https://doi.org/10.1542/peds.2007-1066
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1017/S1047951123004316


30. Howard K, Anderson PJ, Taylor HG. Executive functioning and
attention in children born preterm. In: Executive Functions and the
Frontal Lobe: A Lifespan Perspective. Taylor & Francis Inc, New York,
NY, 2008,219–241.

31. Böhm B, Lundequist A, Smedler AC. Visual-motor and executive functions
in children born preterm: the bender visual motor gestalt test revisited.
Scand J Psychol 2010; 51: 376–384. DOI: 10.1111/j.1467-9450.2010.
00818.x.

32. Grunau RE, Whitfield M, Petrie-Thomas J, et al. Neonatal pain, parenting
stress and interaction, in relation to cognitive and motor development at 8
and 18months in preterm infants. Pain 2009; 143: 138–146. DOI: 10.1016/j.
pain.2009.02.014.Neonatal.

33. Heineman KR, La Bastide-Van Gemert S, Fidler V, Middelburg KJ,
Bos AF, Hadders-Algra M. Construct validity of the infant motor
profile: relation with prenatal, perinatal, and neonatal risk factors. Dev
Med Child Neurol 2010; 52: 209–215. DOI: 10.1111/j.1469-8749.2010.
03667.x.

34. Omizzolo C, Thompson D, Scratch SE, et al. Hippocampal volume
and memory and learning outcomes at 7 years in children born very
preterm. J Int Neuropsychol Soc 2013; 19: 1065–1075. DOI: 10.1017/
S1355617713000891.Hippocampal.

35. Briscoe J, Gathercole SE,MarlowN. Everydaymemory and cognitive ability
in children born very prematurely. J Child Psychol Psychiatry Allied Discip
2001; 42: 749–754. DOI: 10.1111/1469-7610.00771.

36. Treyvaud K, Doyle LW, Lee KJ, et al. Parenting behavior at 2 years predicts
school-age performance at 7 years in very preterm children. J Child Psychol
Psychiatry Allied Discip 2016; 57: 814–821. DOI: 10.1111/jcpp.12489.

37. Williams TS, McDonald KP, Roberts SD, Westmacott R, Dlamini N, Tam
EWY. Understanding early childhood resilience following neonatal brain
injury from parents’ perspectives using a mixed-method design. J Int
Neuropsychol Soc 2019; 25: 390–402. DOI: 10.1017/S1355617719000079.

38. Mussatto KA, Hoffmann RG, Hoffman GM, et al. Risk and prevalence of
developmental delay in young children with congenital heart disease.
Pediatrics 2014; 133: e570–e577. DOI: 10.1542/peds.2013-2309.

39. Hansen E, Poole TA, Nguyen V, et al. Prevalence of ADHD symptoms
in patients with congenital heart disease. Pediatr Int 2012; 54: 838–843.
DOI: 10.1111/j.1442-200X.2012.03711.x.

40. Guo T, Duerden EG, Adams E, et al. Quantitative assessment of
white matter injury in preterm neonates. Neurology 2017; 88: 614–622.
DOI: 10.1212/WNL.0000000000003606.

41. Albers CA, Grieve AJ, Bayley N, Test Review. Bayley scales of infant
and toddler development– third edition. San Antonio, TX: harcourt
assessment. J Psychoeduc Assess 2007; 25: 180–190. DOI: 10.1177/
0734282906297199.

42. Bayley N. Bayley Scales of Infant and Toddler Development-Third Edition.
Harcourt Assessment, San Antonio, TX, 2006.

43. Achenbach T, Rescorla L. Manual for the ASEBA Preschool Forms &
Profiles, University of Vermont, Burlington, VT, 2000.

44. Feldmann M, Ullrich C, Bataillard C, et al. Neurocognitive outcome of
school-aged children with congenital heart disease who underwent

cardiopulmonary bypass surgery: a systematic review protocol. Syst Rev
2019; 8: 4–9. DOI: 10.1186/s13643-019-1153-y.

45. Geva E, Genesee F. Second-Language Oral Proficiency and Second-
Language Literacy. In: Developing Literacy in Second-Language Learners:
Report of the National Literacy Panel on Language Minority Children and
Youth, Routledge, Taylor & Francis Group, Florence, KY, 2017, pp. 185–
195. DOI: 10.4324/9781315094922-17.

46. Rivera Mindt R, Byrd D, Saez P, Manly J. Increasing culturally competent
neuropsychological services for ethnic minority populations: a call to action.
Clin Neuropsychol 2010; 24: 429–453. DOI: 10.1080/13854040903058960.
INCREASING.

47. Rivera Mindt R, Arentoft A, Germano K, et al. Neuropsychological,
cognitive, and theoretical considerations for evaluation of bilingual
individuals. Pathology 2009; 18: 255–268. DOI: 10.1007/s11065-008-
9069-7.Neuropsychological.

48. GoldsworthyM, Franich-Ray C, Kinney S, Shekerdemian L, Beca J, Gunn J.
Relationship between social-emotional and neurodevelopment of 2-year-
old children with congenital heart disease. Congenit Heart Dis 2016; 11:
378–385. DOI: 10.1111/chd.12320.

49. Benavente-Fernandez I, Synnes A, Grunau RE, et al. Association of
socioeconomic status and brain injury with neurodevelopmental outcomes
of very preterm children. JAMANetw Open 2019; 2: 1–15. DOI: 10.1001/ja
manetworkopen.2019.2914.

50. Roberts SD, Kazazian V, Ford MK, et al. The association between parent
stress, coping and mental health, and neurodevelopmental outcomes of
infants with congenital heart disease. ClinNeuropsychol 2021; 35: 948–972.
DOI: 10.1080/13854046.2021.1896037.

51. Mebius MJ, Kooi EMW, Bilardo CM, Bos AF. Brain injury and
neurodevelopmental outcome in congenital heart disease: a systematic
review. Pediatrics 2017; 140–193. DOI: 10.1542/peds.2016-4055.

52. Benavente-Fernández I, Siddiqi A, Miller SP. Socioeconomic status and
brain injury in children born preterm: modifying neurodevelopmental
outcome. Pediatr Res 2020; 87: 391–398. DOI: 10.1038/s41390-019-0646-7.

53. S. DA, F. PD, K. ML, G. WA. Prognostic relevance of census-derived
individual respondent incomes versus household incomes. Can J Public
Heal 2006; 97: 114–117, http://search.ebscohost.com/login.aspx?direct=
true&db=rzh&AN=106459968&site=ehost-live

54. Wolfe K, Caprarola S, Clark C, et al. Implementation of the cardiac
inpatient neurodevelopmental care optimization (CINCO) programme: an
interdisciplinary, generalisable approach to inpatient neurodevelopmental
care. Cardiol Young 2023; 33: 1–8.

55. Williams TS, Burek B, Deotto A, Ford MK, Green R, Wade SL. Pandemic
perils and promise: implementation of a virtual parenting intervention
during COVID-19 among children with early neurological conditions. Dev
Neurorehabil 2022; 25: 505–517. DOI: 10.1080/17518423.2022.2099996.

56. Burek B, Ford MK, Hooper M, et al. Transdiagnostic feasibility trial of
internet-based parenting intervention to reduce child behavioural
difficulties associated with congenital and neonatal neurodevelopmental
risk: introducing I-InTERACT-North. Clin Neuropsychol 2021; 35:
1030–1052. DOI: 10.1080/13854046.2020.1829071.

Cardiology in the Young 7

https://doi.org/10.1017/S1047951123004316 Published online by Cambridge University Press

https://doi.org/10.1111/j.1467-9450.2010.00818.x
https://doi.org/10.1111/j.1467-9450.2010.00818.x
https://doi.org/10.1016/j.pain.2009.02.014.Neonatal
https://doi.org/10.1016/j.pain.2009.02.014.Neonatal
https://doi.org/10.1111/j.1469-8749.2010.03667.x
https://doi.org/10.1111/j.1469-8749.2010.03667.x
https://doi.org/10.1017/S1355617713000891.Hippocampal
https://doi.org/10.1017/S1355617713000891.Hippocampal
https://doi.org/10.1111/1469-7610.00771
https://doi.org/10.1111/jcpp.12489
https://doi.org/10.1017/S1355617719000079
https://doi.org/10.1542/peds.2013-2309
https://doi.org/10.1111/j.1442-200X.2012.03711.x
https://doi.org/10.1212/WNL.0000000000003606
https://doi.org/10.1177/0734282906297199
https://doi.org/10.1177/0734282906297199
https://doi.org/10.1186/s13643-019-1153-y
https://doi.org/10.4324/9781315094922-17
https://doi.org/10.1080/13854040903058960.INCREASING
https://doi.org/10.1080/13854040903058960.INCREASING
https://doi.org/10.1007/s11065-008-9069-7.Neuropsychological
https://doi.org/10.1007/s11065-008-9069-7.Neuropsychological
https://doi.org/10.1111/chd.12320
https://doi.org/10.1001/jamanetworkopen.2019.2914
https://doi.org/10.1001/jamanetworkopen.2019.2914
https://doi.org/10.1080/13854046.2021.1896037
https://doi.org/10.1542/peds.2016-4055
https://doi.org/10.1038/s41390-019-0646-7
http://search.ebscohost.com/login.aspx?direct=true&db=rzh&AN=106459968&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=rzh&AN=106459968&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=rzh&AN=106459968&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=rzh&AN=106459968&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=rzh&AN=106459968&site=ehost-live
https://doi.org/10.1080/17518423.2022.2099996
https://doi.org/10.1080/13854046.2020.1829071
https://doi.org/10.1017/S1047951123004316

	Neurodevelopmental outcomes at 18 months of children diagnosed with CHD compared to children born very preterm
	Methods
	Patients
	Measures
	Demographic information
	Medical information
	White matter injury
	Bayley scales of infant and toddler development Third Ed. (Bayley-III)
	Behavioural outcomes

	Statistical analysis

	Results
	Objective 1: compare early neurodevelopmental and behavioural outcomes of term children diagnosed with CHD to very preterm children at 18 months of age
	Neurodevelopmental outcomes
	Behavioural outcomes

	Objective 2: examine associations with sociodemographic and white matter injury characteristics

	Discussion
	References


