
It
 is

 il
le

ga
l t

o 
po

st
 th

is
 c

op
yr

ig
ht

ed
 P

D
F 

on
 a

ny
 w

eb
si

te
.

For reprints or permissions, contact permissions@psychiatrist.com. ♦ © 2015 Copyright Physicians Postgraduate Press, Inc.

It is illegal to post this copyrighted PDF on any website.

    e1Prim Care Companion CNS Disord 
2015;17(5):doi:10.4088/PCC.15m01842

Original Research

Long-Term Neurodevelopmental Outcomes in Children  
and Adolescents With Congenital Heart Disease
Jeanette M. Jerrell, PhDa,*; C. Osborne Shuler, MDa; Avnish Tripathi, MD, PhD, MPHb;  
George B. Black, MDc; and Yong-Moon Mark Park, MD, PhD, MSd

ABSTRACT
Background: Effective medical and surgical management 
of pediatric congenital heart disease (CHD) to reduce long-
term adverse neurodevelopmental outcomes is an important 
clinical objective in primary and specialty health care. We 
identify clinical predictors associated with an increased risk of 
6 long-term neurodevelopmental outcomes in children with 
CHD compared to the general pediatric Medicaid population.

Method: South Carolina’s retrospective, 15-year Medicaid data 
set (January 1, 1996–December 31, 2010) for 19,947 patients 
aged ≤ 17 years diagnosed with ≥ 1 CHD lesions (on the basis 
of International Classification of Diseases, Ninth Revision, Clinical 
Modification codes) were compared to 19,948 patients without 
CHD matched on age at entry into and duration in Medicaid 
using logistic and Cox proportional hazards regression.

Results: The CHD cohort was significantly less likely to 
have incident neurologic or psychiatric disorders, mental 
retardation, developmental delays, or inattention/
hyperactivity (adjusted odds ratios [ORs] = 0.34, 0.56, 0.03, 
0.01, 0.004, respectively) but was more likely to have incident 
seizures (OR = 2.00) compared to controls. Exposure to both 
cardiac and noncardiac surgical intervention was associated 
with a significantly increased risk of developing neurologic 
or psychiatric disorders, mental retardation, developmental 
delays, or inattention/hyperactivity (cardiac ORs = 1.66, 
2.00, 1.67, 1.43, 1.76, respectively) (noncardiac ORs = 2.25, 
1.59, 1.48, 1.29, 1.36, 2.46, respectively). Any documented 
hypoxemia was associated with a significantly increased 
risk of developing 5 of the neurodevelopmental conditions 
(neurologic OR = 4.52, psychiatric OR = 1.60, mental retardation 
OR = 2.90, developmental delay OR = 2.12, seizures OR = 4.23).

Conclusion: Practitioners should maintain vigilant surveillance 
of all CHD patients, especially those exposed to surgical 
procedures or experiencing hypoxemia, to identify any 
neurodevelopmental issues early and address them promptly.
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Because pediatric patients with congenital heart disease 
(CHD) are surviving longer due to advances in 

pharmacologic, medical, and surgical management, the long-
term noncardiac complications of these lesions have become an 
important topic of investigation.1,2 Patients with CHD who are 
surgery survivors demonstrate modestly increased rates of more 
“subtle” neurodevelopmental impairments by school age.3–16 
However, these sequelae may be associated with myriad causes, 
eg, the specific type of CHD present, its severity due to cyanosis, 
how early the surgery is performed, the number of surgeries 
performed, or whether hypoxemia occurred related to anesthesia 
or any other cause.2–5

Substantial advances in medical and surgical management 
techniques during the past 2 decades have led pediatric 
cardiologists to speculate that modern surgical management of 
CHD may encumber fewer neurodevelopmental sequelae than 
were noted in previous studies.2,3,6 Several investigators have 
called for longitudinal research on the risk factors associated with 
neurodevelopmental outcomes and cardiac surgical management 
in pediatric patients with CHD.5,12,16 To our knowledge, no 
previous studies have identified these relative risk factors over 
time in a population-based investigation. Herein, we explore 
the incidence of various neurodevelopmental outcomes related 
to diagnosed CHD and surgical management in retrospective, 
Medicaid, population-based cohorts followed over a 15-year 
period in order to better understand and anticipate the potential 
impact of these developments on psychiatric outcomes.

METHOD

Access to health care in South Carolina is funded predominantly 
by public (for low-income families) or private insurance payers, 
which cover about 90% and 10%, respectively, of the children and 
adolescents residing in the state.17 Once a child is diagnosed with a 
serious or chronically disabling condition, including CHD, genetic 
syndromes, and various developmental disabilities, the family 
can apply for Medicaid coverage of his or her special medical 
needs regardless of income. Previously, the accruing treated 
prevalence of pediatric CHD cases within South Carolina has been 
documented,18 and the management of several specific lesions or 
complications in this population (eg, patent ductus arteriosus, 
atrial septal defects, or supraventricular tachycardia) has been 
characterized using the South Carolina Medicaid database.19–21

Study Population
Data for this study were obtained retrospectively from the 

South Carolina Medicaid database during a 15-year period from 
January 1, 1996, through December 31, 2010. Medical claims were 
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used to identify a service encounter (inpatient, outpatient, 
or emergency), date of service, and the International 
Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD-9) diagnosis codes related to each visit. 
To identify cases of CHD, inclusion criteria were aged ≤ 17 
years, continuous enrollment in Medicaid for 9 months in 
each calendar year, and at least 1 initial service encounter 
with an assigned diagnosis of CHD (ie, atrial septal 
defects; ventricular septal defect; patent ductus arteriosus; 
hypoplastic left heart syndrome; single/common ventricle; 
coarctation of the aorta; transposition of the great arteries; 
double outlet right ventricle; tetralogy of Fallot; Ebstein’s 
anomaly; atrioventricular canal/endocardial cushion 
defect; total anomalous pulmonary venous return; aortic 
arch anomaly; coronary artery anomaly; truncus arteriosus; 
pulmonary atresia; atrial stenosis; pulmonary stenosis; cor 
triatriatum; dextrocardia; tricuspid atresia, stenosis, or 
regurgitation; interrupted aortic arch; left superior vena 
cava; and pulmonary insufficiency).

Following the methods of previous epidemiologic 
investigators, definitions of Mitchell et al22 and Pradat et al23 
were used to select CHD cases, omitting bicuspid aortic valve, 
mitral valve prolapse, Marfan syndrome, cardiomyopathy, 
chromosomal anomalies/syndromes, and congenital 
arrhythmia cases, since they are not considered traditionally 
defined CHDs in pediatric cardiology. These Medicaid 
data files are routinely cleaned to eliminate duplicate visit 
records and frequently updated before being made available 
for analysis. This study was approved by the University of 
South Carolina Institutional Review Board, Columbia, as 
exempt from human subject research guidelines (45 Code 
of Federal Regulations part 46) due to the use of deidentified, 
retrospective data.

From the same Medicaid population aged 0–17 years 
and the same time period, medical claims were also used to 
identify a group of pediatric patients eligible for Medicaid 9 
months per calendar year who had service encounters but 
no diagnosis of any CHD lesion. These control cases were 
then matched to the CHD cohort using a propensity score 
technique to randomly select non-CHD individuals matched 

1:1 to the CHD cohort on age at entry into the Medicaid 
system and total months of enrollment in Medicaid.24

Definition of Dependent and Independent Variables
In previous clinical studies of cardiac surgery survivors, 

neurodevelopmental sequelae were operationalized using 
neuropsychological testing, behavior rating scales, and 
information on school performance or problems. Since 
we are using an observational data set and do not have 
neuropsychological testing, rating scales, and information 
on school performance or problems available on the 
whole population of children served through Medicaid, 
we defined incident neurodevelopmental outcomes as 
conditions that would be serious enough to be diagnosed 
by a treating physician, ie, specific developmental delays; 
severe intellectual deficits diagnosed as mental retardation; 
neurologic, cognitive, and central nervous system symptoms 
diagnosed as alterations of consciousness, hallucinations, 
seizures/convulsions, or ischemic/cerebrovascular events; 
various hyperactivity or attentional deficits; and behavioral/
emotional problems or any form of mental illness (eg, 
anxiety, depression, or psychosis).

Our analyses employed the following independent 
variables, which were controlled for in all statistical analyses: 
cardiac surgical procedures documented using the current 
procedural terminology codes for atrial septal defect surgical 
or transcatheter closure, patent ductus arteriosus repair, any 
cardiac valve repair, coronary artery anomalies, complex 
cardiac anomalies, ventricular septal defects, venous or aortic 
anomalies, shunting, truncus arteriosus, or pulmonary artery 
repairs, as well as any noncardiac surgeries documented 
(eg, orthopedic, otolaryngology), severe/cyanotic CHDs, 
hypoxemia diagnosed/documented separately from surgery 
or a cyanotic CHD, and any cyanosis diagnosed in the control 
group. Hypoxemia and cyanosis documented separately 
were captured for analysis because many patients had one 
diagnosed condition but not the other, and we wanted to 
control for the independent effect of these complications to 
the extent possible. Hypoxemia was significantly correlated 
with having multiple surgeries, so it may be related to surgical 
anesthesia, but we could not directly distinguish transcatheter 
interventions from open heart surgery requiring anesthesia 
in all of the current procedural terminology codes used.

Statistical Analyses
Preliminary descriptive analyses were performed 

to determine the data distribution and prevalence of 
these variables. Due to the low prevalence of some 
neurodevelopmental conditions diagnosed in the cohort, 
we combined these and explored the development of 6 
broadly defined outcome categories using multiple variable 
regression analyses: any neurologic diagnoses (ie, ischemic/
cerebrovascular disorders, alterations of consciousness, 
or hallucinations), psychiatric disorders (ie, depression, 
psychosis), inattention/hyperactivity disorders, specific 
developmental delays, mental retardation, or seizures/
convulsions.
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■■ From a population-based perspective, children with 
congenital heart disease were less likely to have incident 
neurodevelopmental outcomes such as depression, 
psychosis, inattention/hyperactivity, mental retardation, 
or developmental delays. 

■■ Exposure to both cardiac and noncardiac surgical 
intervention, especially with hypoxemia, was associated 
with an increased risk for the neurodevelopmental 
outcomes.

■■ Practitioners should maintain vigilant surveillance of 
patients with congenital heart disease, especially those 
exposed to surgical procedures, and any child with a 
documented history of hypoxemia throughout childhood 
and adolescence to identify neurodevelopmental 
concerns early and address them promptly.
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Collinearity among predictor variables for the 
multivariable analysis was assessed and found not to be 
present. Adjusted odds ratios (ORs) and associated 95% CIs 
are reported where adjusted OR > 1 indicates a higher risk 
of development of the outcome condition. P values < .05 
(2-sided tests) were considered statistically significant, and 
all statistical analyses were performed using SAS version 9.3 
(SAS Institute, Cary, North Carolina).

RESULTS

The combined cohort, consisting of 39,895 cases, was very 
heterogeneous. As shown in Table 1, 54% of the CHD cohort 
was female, and 43% was black. There was much variability 
in the age at CHD diagnosis, with a median of 0 months 
at CHD diagnosis and a mean age of 4.7 years (SD = 6.3), 
indicating that many CHDs were diagnosed at birth and 
in infants, while others were not diagnosed until later in 
childhood. By comparison, the control group (matched on 
age at entry into Medicaid, median of 0 months, and duration 
of eligibility/service in Medicaid, median of 68 months) was 
54% male and 52% black. These individual differences were 
controlled for in each multiple variable regression analysis.

Neurodevelopmental outcomes diagnosed during the 
15-year period were as follows: < 0.5% of the CHD cohort had 
inattention/hyperactivity, developmental delays or mental 
retardation,  or neurologic disorders; 1.2% had seizures/
convulsions; and 1.4% had psychiatric disorders (Table 1). 
In the control group, 19.8% had developmental delays, 15.1% 
had inattention/hyperactivity, 7.3% had mental retardation, 
5.0% had psychiatric disorders (psychosis or depression), 
0.7% had neurologic disorders, and 0.6% had seizures/
convulsions. Although bicuspid aortic valve, mitral valve 
prolapse, Marfan syndrome, cardiomyopathy, chromosomal 

anomalies/syndromes, and congenital arrhythmia cases were 
omitted from the CHD cohort since they are not considered 
traditionally defined CHDs, they were eligible to be chosen 
for the control group. Marfan syndrome, Down’s syndrome, 
and other chromosomal anomalies/syndromes constituted 
1.7% of the control group, which might explain the higher 
rates of developmental disabilities, inattention/hyperactivity, 
and mental retardation.

Cyanotic CHDs (ie, hypoplastic left heart syndrome, 
single/common ventricle, truncus arteriosus, transposition 
of the great arteries, double outlet right ventricle, tetralogy of 
Fallot, Ebstein’s anomaly, atrioventricular canal/endocardial 
cushion defect, total anomalous pulmonary venous return) 
were present in 9.7% of the CHD cohort. Any-cause cyanosis 
was diagnosed separately in only 0.4% of the control group. 
Any-cause hypoxemia was diagnosed separately in 2.2% 
of the CHD cohort and in 0.7% of the control group. 
Cardiac surgical intervention was required in 9.1% of the 
CHD cases and in 41.7% of the control cases. The relatively 
high number of cardiac surgeries in the control cases 
might again be related to the presence of cardiac disorders 
among individuals with bicuspid aortic valve, mitral valve 
prolapse, Marfan syndrome, cardiomyopathy, chromosomal 
anomalies/syndromes, and congenital arrhythmia as well 
as other acquired cardiac conditions. Noncardiac surgical 
intervention was required in 44.5% of the CHD cases and 
in 35.3% of the control cases.

Multivariate Analyses
Compared to the control group, the CHD cohort was 

significantly less likely to have incident neurologic or 
psychiatric disorders, mental retardation, developmental 
delays, or inattention/hyperactivity (adjusted ORs = 0.34, 
0.56, 0.03, 0.01, 0.004, respectively), but was more likely 

Table 1. Descriptive Analysis of Congenital Heart Disease (CHD) and Control Cohorts for 
Neurodevelopmental Diagnoses and Surgical Interventiona

Variable
CHD Cohort 
(n = 19,947)

Control Group 
(n = 19,948)

Ethnicity
Black
Not black

8,492 (42.6)
11,455 (57.4)

10,365 (52.0)
9,583 (48.0)

Gender
Female
Male

10,775 (53.8)
9,172 (46.2)

9,241 (46.2)
10,671 (53.8)

Age at diagnosis/entry into dataset, mo Median = 0 Median = 0
Months of follow-up in Medicaid cohort Median = 68 Median = 69
Had inattention/hyperactivity disorder 11 (0.1) 3,018 (15.1)
Had developmental delay disorder 75 (0.4) 3,945 (19.8)
Had neurologic disorder (cerebrovascular, alteration of consciousness, 

hallucinations combined for regression)
51 (0.3) 147 (0.7)

Had psychiatric diagnosis (depression, psychosis) 288 (1.4) 1,006 (5.0)
Had mental retardation 51 (0.01) 1,454 (7.3)
Had seizures/convulsions 229 (1.2) 116 (0.6)
Had cyanotic CHDb 1,930 (9.7) Not applicable
Had cyanosis diagnosed in the control group Not applicable 77 (0.4)
Had hypoxemia diagnosed 444 (2.2) 130 (0.7)
Had ≥ 1 cardiac surgical procedures 1,810 (9.1) 8,314 (41.7)
Had ≥ 1 noncardiac surgical procedures 8,874 (44.5) 7,046 (35.3)
aData are presented as n (%) unless otherwise specified.
bHypoplastic left heart syndrome, single/common ventricle, truncus arteriosus, transposition of the 

great arteries, double outlet right ventricle, tetralogy of Fallot, Ebstein’s anomaly, atrioventricular canal/
endocardial cushion defect, total anomalous pulmonary venous return.
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Table 2. Predictors of Incident Neurodevelopmental Conditions in Pediatric Patients With Congenital Heart 
Disease (CHD)a

Predictor Neurologic Psychiatric
Mental

Retardation
Developmental 

Delay
Inattention/

Hyperactivity
Seizures/

Convulsions
CHD case cohort 0.34

(0.23–0.50)**
0.56

(0.47–0.65)**
0.03

(0.02–0.04)**
0.01

(0.01–0.02)**
0.004

(0.002–0.008)**
2.00

(1.49–2.67)**
Had cardiac surgical 

procedures performed
1.66

(1.21–2.26)**
2.00

(1.76–2.27)**
1.67

(1.49–1.86)**
1.43

(1.33–1.54)**
1.76

(1.62–1.91)**
1.25

(0.94–1.66)
Had noncardiac surgical 

procedures performed
2.25

(1.65–3.05)**
1.59

(1.41–1.80)**
1.48

(1.32–1.66)**
1.29

(1.20–1.39)**
1.36

(1.25–1.49)**
2.46

(1.95–3.11)**
Had cyanotic CHD 1.18

(0.58–2.40)
0.28

(0.16–0.48)**
1.43

(0.88–2.32)
1.46

(0.99–2.14)
0.49

(0.23–1.02)
1.38

(0.94–2.03)
Had separately diagnosed 

hypoxemia or cyanosis
4.52

(2.44–8.39)**
1.60

(1.01–2.53)*
2.90

(1.96–4.29)**
2.12

(1.51–2.98)**
1.47

(0.96–2.25)
4.23

(2.82–6.33)**
aData are presented as adjusted OR (95% CI). Each regression equation controlled for differences by sex, race/ethnicity, and age at 

entry into Medicaid.
*P ≤ .05.
**P = .0001.
Abbreviation: OR = odds ratio.

to have incident seizures/convulsions (OR = 2.00) (Table 
2). Having a cardiac surgical procedure was associated 
with an increased risk of developing neurologic or 
psychiatric disorders, mental retardation, developmental 
delays, or inattention/hyperactivity (ORs = 1.66, 2.00, 
1.67, 1.43, 1.76, respectively). Exposure to a noncardiac 
surgical procedure was associated with a significantly 
increased risk of having all of the neurodevelopmental 
outcomes investigated (neurologic OR = 2.25, psychiatric 
OR = 1.59, mental retardation OR = 1.48, developmental 
delay = 1.29, inattention/hyperactivity = 1.36, seizures/
convulsions = 2.46). Having a cyanotic CHD was associated 
with a lower risk of the child developing psychiatric disorders 
(OR = 0.28), but having separately diagnosed hypoxemia 
was associated with an increased risk of developing 5 of 
the neurodevelopmental conditions (neurologic OR = 4.52, 
psychiatric OR = 1.60, mental retardation OR = 2.90, 
developmental delay OR = 2.12, seizures/convulsions 
OR = 4.23).

DISCUSSION

These results provide additional empirical evidence 
regarding speculation that evolving surgical management 
of pediatric CHDs would encumber fewer adverse 
neurodevelopmental outcomes than were noted in previous 
studies.2,3,5,6,12,16 The incidence of most neurodevelopmental 
conditions examined in this large and heterogeneous CHD 
cohort was very low, while the rate of exposure to surgical 
intervention within the CHD cohort appears to be higher 
than previously reported.2,3,6,9,10,12,14,25 Furthermore, 
comparative analyses with a randomly selected cohort of 
children without CHD in the Medicaid system indicated 
a higher incidence in non-CHD cases of developmental 
delays, inattention/hyperactivity, mental retardation, and 
psychiatric disorders. Therefore, neurodevelopmental 
outcomes do not appear to be independently associated 
with the presence of CHD lesions, but they are associated 
with any-cause hypoxemia. Moreover, the rate of seizures 
was higher in the CHD cohort but appears to be associated 

with exposure to noncardiac surgical procedures.
This investigation expands the existing body of knowledge 

not only regarding the incidence of neurodevelopmental 
sequelae over time in a heterogeneous population of 
pediatric CHD patients, but also on the risk factors that may 
be significantly associated with these outcomes. Our finding 
of only 11 cases of diagnosed mental retardation in the CHD 
cohort comports with the existing literature on children 
with cyanotic CHDs having lower intellectual functioning, 
which is still within the normal range.2,6 Only the incidence 
of diagnosed inattention/hyperactivity and developmental 
delay conditions in combination, which constituted only 
0.5% of the cohort, does not comport with previous clinical 
studies13–16 of surgery survivors, but those clinical groups 
were small and the incidence of these conditions may have 
been attributable to factors not measured in the study. 
Furthermore, seizures/convulsions in this cohort were 
significantly more likely to occur in those with cyanotic 
CHDs compared to those with acyanotic heart defects, which 
diverges from previous findings in studies8,10,12,15 reporting 
only subtle or no significant differences between children 
with cyanotic and acyanotic CHDs.

Strengths and Limitations
There are several ways in which this research cohort 

differs from those of previous clinical investigations. This 
Medicaid population-based cohort of combined CHD cases 
and controls was followed longitudinally in a retrospective 
database, so there was much greater variance in the age at 
CHD diagnosis and the severity of lesions than in previous 
clinical studies and in the timeframe observed for the 
emergence of the neurodevelopmental outcomes. The 
combined cohort was large and heterogeneous, including 
acyanotic and cyanotic lesions and those separately 
diagnosed with cyanosis and hypoxemia, and entailed 
considerable variability in exposure to surgery (cardiac and 
noncardiac) over time. The combined cohort also included 
a higher percentage of blacks than previous studies, except 
those conducted in Atlanta, Georgia.26,27 Finally, the 
combined cohort is representative of pediatric patients in 
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routine care settings in the southeastern states and other 
small states with predominantly small-city and rural 
populations in terms of age, sex, racial demographics, and 
Medicaid eligibility.28,29

Observational studies using large databases can 
complement evidence generated through randomized 
clinical trials by assessing treatment outcomes in patients 
encountered in routine clinical practice, although they 
are more exposed to bias and are lower on the evidence 
hierarchy than randomized trials.30 While we tried to control 
for many sources of bias/error, the primary limitation 
of the study method is that the children and adolescents 
who had neurodevelopmental conditions requiring 
neuropsychological assessments or school functioning data 
for identification and those who dropped out of treatment, 
who were periodically ineligible for Medicaid, or who died 
before they were registered in Medicaid coverage are not 
represented in the study. We relied on physician-assigned 
ICD-9 codes in the Medicaid billing dataset to categorize 
patients, which may have contributed some degree of 
ascertainment bias or coding invalidity and may represent 
an underestimate of the incidence of outcome or related 
conditions. Hospital-designated surgical procedure codes 
were used, but we had no details available regarding, for 
example, exposure to anesthesia to incorporate into the 
research analyses. Other clinical factors not measured in this 
study (eg, cranial perfusion in cardiopulmonary bypass or 
complications from noncardiac surgical procedures, sepsis, 
acidosis, family genetics or history/dynamics, preterm birth 
status) may be associated with the subsequent development 
of these neuropsychiatric conditions. However, the use 
of Medicaid databases in epidemiologic studies has been 
previously validated.31 Furthermore, these results report 

associations and, as a result, directions of causality cannot 
be inferred. Finally, these results may not be generalizable to 
patients with referral or other access-to-care limitations or 
no financial coverage for their health care services.

CONCLUSION

Exposure to cardiac and noncardiac surgical 
procedures is associated with development of long-term 
neurodevelopmental sequelae in the combined CHD 
and control cohorts. However, the presence of CHD 
lesions imparts a relatively low liability for incident 
neurodevelopmental outcomes over time in the combined 
cohorts. Increasing the knowledge base about factors affecting 
the development of long-term adverse neurodevelopmental 
sequelae in children with CHD not only provides pediatric 
generalists and specialists with feedback about the intended/
unintended outcomes of existing medical and surgical 
management practices, but also underscores certain 
strategies to optimize long-term outcomes in the high-risk 
group. Although we have estimated only a low incidence/risk 
for severe neurodevelopmental impairments among children 
with CHDs and surgery survivors by adolescence, previous 
evidence has repeatedly demonstrated a modestly increased 
risk of more subtle neurodevelopmental impairments 
requiring assessment and supportive intervention services by 
school age. Therefore, astute practitioners should maintain 
vigilant surveillance of patients with CHD, especially 
those exposed to surgical procedures, and any child with a 
documented history of hypoxemia throughout childhood 
and adolescence to identify neurodevelopmental issues early 
and address them promptly.
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