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1  | INTRODUC TION

Children with congenital heart disease (CHD) are at risk of a charac‐
teristic pattern of neurodevelopmental (ND) problems that includes 

deficits in language, motor, executive functioning, and social skills.1‒11 
Notably, ND problems in survivors of CHD are more common than 
late mortality, significant arrhythmias, or bacterial endocarditis, 
and thus represent the most common long‐term morbidity in these 
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Abstract
Background and Objectives: Children with congenital heart disease (CHD) are at risk 
for neurodevelopmental (ND) delays. The purpose of this study is to compare the ND 
testing results of children with CHD at 2 and 4 years of age and determine if rates of 
ND delays change over time.
Methods: Children with CHD completed the Bayley Scales of Infant Development‐III 
(BSID‐III) at 2 years of age, and standardized neuropsychological measures at 4 years. 
Scores were compared with test norms and were classified as: average (within one 
SD of test mean); at risk (1‐2 SDs from the test mean); and delayed (>2 SD from test 
mean). Pearson correlations and McNemar’s exact tests were performed to deter‐
mine the relationship between test scores at the two times of assessment.
Results: Sixty‐four patients completed evaluations at 24 ± 3 months of age and 
4 years of age. BSID‐III cognitive and fine motor scores were correlated with pre‐
school IQ and fine motor scores, r = .75 to .87, P < .0001. Agreement in score catego‐
ries was 79% for cognitive and 61% for fine motor. More patients had at risk or 
delayed scores at age 4 vs age 2 (P ≤ .01).
Conclusion(s): Despite significant correlations between 2‐ and 4‐year‐old test scores, 
many patients who scored in the average range at age 2 showed deficits at age 4. 
BSID‐III scores at age 2 may underestimate delays. Therefore, longitudinal ND as‐
sessment is recommended.
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patients.4 Because of the high prevalence of these deficits, and their 
impact on quality of life, the American Heart Association (AHA) and 
the American Academy of Pediatrics (AAP) now recommend sys‐
tematic evaluation of development in children with CHD throughout 
childhood to promote early detection of delays and optimize out‐
comes.1 Cardiac centers have begun to incorporate developmental 
follow‐up programs as part of routine cardiac care.12‒14 However, 
few centers have reported outcomes for patients seen in these pro‐
grams, and little is known about whether early developmental evalu‐
ations performed in these clinics can predict later outcomes.

We have previously reported developmental outcomes of chil‐
dren who were evaluated in our longitudinal developmental follow‐
up program over the first 3 years of life, and found that delays were 
common, but the pattern of delays changed over time.15,16 We have 
also reported ND outcomes for preschool‐aged children seen in our 
program, and found that deficits for preschoolers with CHD without 
genetic conditions were mild, and may not be detected without for‐
mal testing.17 The aim of this study was to investigate the relation‐
ship between ND test scores at 2 and 4 years of age, and determine 
whether rates of ND problems change over time, and whether devel‐
opmental evaluations at age 2 could predict ND outcomes at age 4.

2  | METHODS

2.1 | Patient population

Children with CHD believed to be at high risk of developmental 
delay as defined by the AHA/AAP guideline1 were recruited from the 
Herma Heart Center Developmental Follow‐up Clinic (HHCDC) at 
Children’s Hospital of Wisconsin (CHW, Figure 1). Eligibility criteria 
and operation of the HHCDC have been previously described.12,15‒17 
Children with CHD were seen for serial developmental evaluations, 
approximately every 6 months, between 6 months and 3 years of 
age. Families were then contacted by letter to schedule a subsequent 

developmental evaluation when the child reached 4‐6 years of age. 
Children were seen for ND testing within the cardiology clinic; ap‐
pointments lasted approximately 2‐3 hours, depending on the child’s 
age. To be eligible for this study, children had undergone a preschool 
ND evaluation, as well as a developmental evaluation at 24 ± 3 months 
of age. Parents provided informed consent to have their child’s data 
included in a databank approved by the Institutional Review Board at 
CHW. No subjects were excluded based on race or other coexisting 
medical or genetic condition. Children who did not speak English were 
not included, as tests needed to be administered in English.

2.2 | Measures

At the 24 ± 3 months of age assessment, children completed the 
Bayley Scales of Infant and Toddler Development, Third Edition 
(BSID‐III).18 The BSID‐III provides composite scores for cognitive, 
language, and motor skills (mean = 100, SD = 15), as well as sub‐
scale scores for expressive and receptive language, and fine and 
gross motor skills (mean = 10, SD = 3). At the preschool visit, chil‐
dren completed a comprehensive ND battery.17 The Wechsler 
Preschool and Primary Scale of Intelligence, Third or Fourth Edition 
(WPPSI‐III, WPSSI‐IV)19,20 Full Scale Intellectual Quotient (IQ) score 
(mean = 100, SD = 15) was used as a preschool measure of cognitive 
skills. The Pegboard subtest scaled score (mean = 10, SD = 3) of the 
Wide Range Assessment of Visual Motor Abilities (WRAVMA)21 was 
used as a preschool measure of fine motor skills. For purposes of this 
study, the cognitive composite score of the BSID‐III was compared 
with the WPSSI Full Scale IQ score; the fine motor subscale score 
of the BSID‐III was compared with the WRAVMA Pegboard score.

Parents completed a basic demographic form which provided in‐
formation about parental education and occupation, as well as family 
structure and the child’s history of participation (past or present) in 
early intervention services (speech, physical, and/or occupational 
therapy). Information regarding patient and treatment characteris‐
tics was abstracted from the medical record.

2.3 | Statistical analysis

Sample characteristics and clinical variables are presented as me‐
dians with interquartile range (IQR) for continuous data and fre‐
quencies (%) for categorical data. ND test scores were converted to 
standard Z scores based on test norms/standard deviations (SDs). 
Age 2 and age 4 two‐paired scores were compared using Wilcoxon 
signed‐rank tests. Scores were classified as: normal (within 1 SD of 
test mean); at risk (1‐2 SDs from test mean); or delayed (>2 SDs from 
test mean). Pearson correlations were used to examine the linear re‐
lationship between raw test scores at age 2 and age 4. McNemar’s 
exact test was used to examine the change in score classification 
from age 2 to age 4. Sensitivities, specificities, and positive and 
negative predictive values were calculated with 95% exact Clopper 
Pearson intervals. A two‐sided P value of <.05 was considered as 
significant. All statistical analyses were performed using SAS version 
9.4 (SAS Institute, Cary, North Carolina) software.

F I G U R E  1   Herma Heart Center Developmental Follow‐up Clinic 
(HHCDC) patients. Shaded box identifies current study cohort.  
Abbreviations: CHD, congenital heart disease; ND, 
neurodevelopmental
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3  | RESULTS

From March 2011 through August 2016, 141 subjects with pediatric 
heart disease completed preschool ND testing (Figure 1). Of these, 
105 (74.5%) had been seen in the 0‐3 clinic; 64 (45.4%) had a devel‐
opmental evaluation at 24 ± 3 months of age.

Characteristics of the sample are presented in Table 1. Median age 
at preschool assessment was 4.4 years (IQR 4.3‐4.7 years). Anatomy 
was classified according to the child’s fundamental diagnosis at birth. 
Thirty percent of the subjects had anatomy that required surgical 
palliation resulting in a functional single ventricle (1V). Twenty‐three 
percent (n = 15) of the subjects had a known medical comorbidity, in 
addition to their CHD, involving the following systems: airway (n = 7), 
gastrointestinal/genitourinary (n = 2), hearing (n = 1), neurologic 
(n = 1), chronic lung disease (n = 1), multisystem (n = 2), and orthope‐
dic (n = 1). Twenty‐two percent (n = 14) of the subjects had a diag‐
nosed genetic condition: trisomy 21 (n = 6); 22q11 deletion (n = 2); 
Turner’s syndrome (n = 2); chromosomal deletion (n = 1); Williams 
syndrome (n = 1): Barth syndrome (n = 1); Pierre Robin syndrome 
(n = 1). Of these, 12/14 children had two ventricle (2V) anatomy. One 
subject with double inlet left ventricle had Pierre Robin syndrome; 
one subject with tricuspid atresia had Williams syndrome.

Subject and treatment characteristics at the time of assess‐
ment are presented in Table 2. All subjects had undergone a sur‐
gical or catheter‐based cardiac intervention within the first year of 
life, making them eligible for the developmental follow‐up program. 
The majority of subjects, 59/64 (92%) had undergone at least one 
heart surgery requiring cardiopulmonary bypass (CPB), and 24/64 
(38%) had undergone deep hypothermic circulatory arrest (DHCA). 
A majority of subjects, 59/64 (92%), had received early intervention 
services (eg, physical, occupational, or speech therapy) previously, 
but only 29/64 (45%) were currently enrolled in early intervention 
services at the time of their preschool evaluation.

The mean BSID‐III cognitive composite score at age 2 was 94.5 
(SD = 21.2). The mean WPSSI‐III/IV Full Scale IQ score at age 4 
was 93.1 (SD = 21.1). Scores were significantly correlated; Pearson 
r = .80, P < .0001. The mean BSID‐III fine motor scaled score (age 
2) was 9.6 (SD = 3.7). The mean WRAVMA Pegboard standard score 
(age 4) was 86.4 (SD = 18.6). Scores were significantly correlated, 
Pearson r = .75, P < .0001.

The percentages of the subjects that fell within the average (within 
1 SD of test norm), at risk (1‐2 SD from test norm) and delayed (>2 SD 
from test norm) ranges at age 2 vs age 4 are illustrated in Figure 2 
(cognitive scores) and Figure 3 (fine motor scores). There was 78.6% 
agreement in cognitive score categories (average, at risk, delayed); 
more patients were at risk at age 4 vs age 2 (P = .007). There was 
61% agreement in fine motor score categories; more patients were 
at risk or delayed at age 4 vs age 2 (P < .001). At both age 2 and age 4, 
there were more children in the delayed category for cognitive scores 
if they had a genetic condition (P < .0001). For fine motor scores, at 
age 2, there were more children in the average category if they had 
no/other medical conditions compared with those who had a genetic 
condition (P < .0001). At age 4, for fine motor scores, there were more 
children in the delayed category if they had a genetic condition.

Sensitivities, specificities, and positive and negative predictive 
values were calculated and are reported in Table 3. The positive 

TA B L E  1   Sample demographics (N = 64)

Demographics n (%)

Sex: male 40 (63)

Race/ethnicity

 White, non‐Hispanic 41 (64)

 Other 22 (34)

 Missing 1 (2)

Maternal education

 Post‐high school 48 (75)

 High school or less 10 (16)

 Missing 6 (9)

Family constellation

 Married 42 (66)

 Single 12 (19)

 Other 7 (11)

 Missing 3 (5)

Prenatal diagnosis: yes 33 (52)

Premature: GA <37 wk 10 (16)

Anatomy

 Two ventricle 41 (64)

 Single ventricle 19 (30)

 Cardiomyopathy 4 (6)

Comorbidities

 None 35 (55)

 Other medical 15 (23)

 Genetic 14 (22)

Abbreviation: GA, gestational age.

Median
Interquartile range 
(25th‐75th percentile)

Age at first cardiac surgery, 
days

20 8‐90

Length of hospitalization, 
daysa

48 25‐86

CPB time, minutesa,b 217 136‐348

DHCA time, minutesa,c 12 8‐24

Early intervention (past, 
0‐3 years old)

Yes = 92%

Early intervention (current, 
4 years old)

Yes = 45%

Abbreviations: CPB, cardiopulmonary bypass; DHCA, deep hypothermic 
circulatory arrest.
aCumulative to the time of 4‐year ND assessment.
bFive subjects never had open heart surgery.
cTwenty‐four subjects had DHCA.

TA B L E  2   Subject and treatment characteristics
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predictive value of a BSID‐III score that was at risk or delayed (>1 
SD below the mean) to predict a similar score at age 4 was 100% for 
both cognitive and fine motor skills. For children who scored in the at 
risk or delayed range at age 4, the sensitivity of the BSID‐III to detect 
a similar delay at age 2 was 33% with 95% CI (15.6%, 55.3%) for fine 
motor and 50% with 95% CI (28.2%, 71.8%) for cognitive skills.

4  | DISCUSSION

Consistent with previous research on ND outcomes in children with 
CHD,15,16,22,23 results of the current study indicate that rates of delay 
for children with CHD change over time. Although there were sta‐
tistically significant correlations between scores at age 2 and age 4, 
more children in the current study fell in the at risk or delayed cat‐
egory at age 4 compared with age 2 for both cognitive and fine motor 
skills. This is in contrast to findings from other studies that found 
improved cognitive scores over time.24,25 Creighton et al24 studied 

neurocognitive outcomes in children with complex CHD at age 2 and 
age 5 and found that fewer children were delayed at 5 years than at 
2 years. These findings may differ from the current study due to the 
use of different ND measures. In addition, Creighton et al24 excluded 
patients with chromosomal abnormalities, whereas the current study 
included scores from these children. Because children with CHD and 
comorbid genetic conditions do meet the AHA/AAP1 criteria regard‐
ing which children should be referred for repeated ND assessment, 
we felt that it was important to include them in our results.

Bode et al25 studied cognitive outcomes at 2 and 4 years of age in 
children who were born preterm and concluded that the BSID‐III ad‐
ministered at 2 years of age is a good predictor of cognitive function 
at 4 years. Of the children who changed score categories over time, 
most moved into an improved category, in contrast to the current 
study in which most children that changed categories moved into a 
worse category. It is possible that the developmental trajectories for 
children born preterm compared with children with CHD may differ 
because the groups have different medical experiences between 2 
and 4 years of age. Patients from the current study may have been 
exposed to further developmental risk between age 2 and 4 due to 
abnormal cardiac function, additional open heart surgeries, time on 
cardiopulmonary bypass, days in the hospital, etc, which may have 
negatively impacted their ND scores.

Results of the current study suggest that delays detected by the 
BSID‐III at age 2 likely reflect “true” delays that continue to age 4. 
However, the sensitivity of the BSID‐III was only 33% for fine motor 
skills and 50% for cognitive skills, suggesting that the BSID‐III has a 
high rate of false negatives. This is consistent with other studies that 
have shown that the BSID‐III underestimates rates of delay when 
compared with earlier versions of the measure.26,27 Parents and 
practitioners should be cautioned that an average score on the BSID‐
III does not rule out the possibility for later delays. Because some 
problems in children with CHD may not present until later childhood 
or adolescence (eg, deficits in executive functioning, social cogni‐
tion), comprehensive, longitudinal ND assessment is recommended.

There are some important limitations to the current study. 
Results are based on a small sample size from a single center; thus, 
results may not generalize to the CHD population as a whole. In ad‐
dition, we were not able to quantify additional factors that occurred 
between the two ND assessments that may have exposed patients 
to further developmental risk. Finally, a high percentage of patients 
had participated in early intervention services in the past, and al‐
most a half of them were receiving early intervention services at the 
time of the 4‐year‐old assessment; what impact those services had 
on ND outcomes is not known.

F I G U R E  2   Percent of patients in the average, at risk, or delayed 
range for cognitive scores at age 2 years vs age 4 years

F I G U R E  3   Percent of patients in the average, at risk, or delayed 
range for fine motor scores at age 2 years vs age 4 years

TA B L E  3   Prediction of the Bayley scales of infant development‐III at age 2 years on 4‐year neurodevelopmental scores

At risk or delayed
Positive predictive value,  
% and 95% CI

Negative predictive  
value, % and 95% CI Sensitivity, % and 95% CI

Specificity, % and 95% 
CI

Cognitive 100.0 (71.5, 100.0) 75.6 (60.5, 87.1) 50.0 (28.2, 71.8) 100.0 (89.7, 100.0)

Fine motor 100.0 (63.1, 100.0) 68.6 (54.1, 80.9) 33.0 (15.6, 55.3) 100.0 (90.0, 100.0)

Abbreviation: CI, confidence interval.
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5  | CONCLUSIONS

Children with CHD are at risk of ND delays. In this study, rates of 
ND delay changed over time, with more children showing problems 
at age 4 years compared with age 2 years. Providers should counsel 
parents about the importance of comprehensive, longitudinal ND 
follow‐up in this high‐risk population.
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