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Children with congenital heart disease (CHD) may be at increased risk for neurodevelopmental impairments. Long-term behavioral profiles and respective risk factors are less frequently described. The aim of this study was to evaluate multidimensional behavioral outcomes and associated medical, psychological, and social risk factors in children with complex CHD. At 10-years of age, 125 children with CHD were assessed for general behavioral difficulties, attention deficit hyperactivity disorder (ADHD)-related behavior, and social interaction problems and were compared to normative data. Medical and cardiac factors, IQ, maternal mental health at 4 years of age and parental socioeconomic status were tested as predictors for all behavioral outcomes. Children with CHD showed no significant differences in general behavioral difficulties. However, increased ADHD-related symptoms (p < 0.05) and difficulties in social interaction (p < 0.05) were observed. In 23% of the children, a combination of ADHD-related symptoms and social interaction problems was reported by parents. In multivariate analyses, IQ (p < 0.01) and maternal mental health (p < 0.03) at 4 years of age were found to be predictive for all behavioral outcomes at 10 years while medical and cardiac risk factors were not. Our findings reveal significant difficulties in ADHD-related symptoms and social interaction problems with a significant comorbidity. Behavioral difficulties were not detected with a screening tool but with disorder-specific questionnaires. Furthermore, we demonstrate the importance of maternal mental health during early childhood on later behavioral outcomes of children with CHD. This underlines the importance of identifying and supporting parents with mental health issues at an early stage in order to support the family and improve the child's neurodevelopment.
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INTRODUCTION

Congenital heart disease (CHD) is the most frequent congenital malformation with an incidence of 8 per 1,000 live births (1), with approximately one third requiring cardiopulmonary bypass (CPB) surgery (2). With increased medical advances within the last decades, the majority of children with CHD who undergo open-heart surgery survive into adulthood (3). Therefore, CHD is classified as a chronic disease (4). It is thus of importance to focus on the long-term outcome of this patient population.

Studies have shown a considerable risk for cognitive, behavioral, and emotional problems in children with CHD undergoing open-heart surgery (4, 5). Neurodevelopmental impairments become increasingly apparent during school age when the child encounters new and more complex academic situations. At school age, children with CHD have a higher rate of learning difficulties, motor deficits, problems with social relationships, and poor school performance compared to healthy peers (6). A meta-analysis by Abda et al. demonstrated that ~25% of children and adolescents with CHD have significant behavioral problems (4). Interestingly, behavioral difficulties become more prominent in older children with CHD [see meta-analyses (4, 7, 8)]. The most frequent behavioral difficulties are emotional and peer problems, which can be summarized as internalizing problems (7). However, also externalizing behavioral problems, such as attention deficit hyperactivity disorder (ADHD)-related symptoms, have been described to occur more frequently in CHD children compared to controls (6, 8). Furthermore, Bellinger raised concerns about potential impairments in social cognition (9). Subsequently, some studies reported a higher risk for Autism Spectrum Disorder (ASD) and theory of mind problems as well as elevated scores in ASD screening tools (4, 10). However, little is known about behavioral comorbidities in combination with social problems and the description of social difficulties in a cohort with a broader spectrum of CHD is lacking.

To understand the underlying correlates of behavioral problems in CHD, studies have mainly focused on neonatal and perioperative risk factors (11). Among others, age at first surgery, number of surgeries, and length of intensive care unit (ICU) stay have been reported as risk factors for neurodevelopmental and behavioral impairments (6, 12, 13). However, Huisenga et al. conclude in their discussion that this association remains inconsistent across studies (6). Furthermore, IQ and socioeconomic status (SES) have been linked to child's behavior in this population as well (5, 14). There is evidence that psychological and social factors have a higher impact than the medical factors (15, 16). A striking factor impacting family well-being is parental mental health. A systematic review by Woolf-King et al. showed elevated mental health symptoms in parents, especially in mothers, of children with CHD (17). In turn, there is concern that parental mental health is associated with the children's neurodevelopmental and behavioral outcome (17). This has been shown for a cohort of infants and toddlers with CHD (18), however, insufficient information exists on an association between parental mental health and persistent behavioral problems in this population. Further, studies testing multilinear models testing all medical, psychological, and social risk factors are lacking.

We thus aimed to investigate multidimensional behavioral outcomes using a screening tool for general behavioral difficulties, and questionnaires to identify ADHD-related symptoms and social interaction problems in 10-year-old children with CHD. Further, we explored all, medical, psychological, and social risk factors, including maternal mental health, as predictors for adverse behavioral outcomes. We hypothesized that children with CHD had more difficulties across all behavioral outcomes compared to the norm and that psychological and social factors have a greater influence than medical factors on behavioral outcomes.



MATERIALS AND METHODS


Study Population

Children with different types of CHD were recruited from the prospective cohort study Research and Child Health Outcome (REACHOUT) of the University Children's Hospital Zurich, Switzerland (19). All patients underwent CPB surgery between 2004 and 2009, at below 6 years of age. Patients with a genetic disorder or syndrome were excluded. Neurodevelopmental follow up assessments were conducted across childhood (see Supplementary Figure 1 for details). Comprehensive information on child behavior, family environment, and parental mental health were assessed by means of questionnaires at each assessment. Clinical data were prospectively collected from patient's charts.

Of 198 children eligible for the 10-year examination, 135 were assessed and behavioral outcomes were available in 125. Compared to the 73 children who were eligible for the 10-year examination but who did not attend (n = 63) or had no information on behavior available (n = 10), the 125 children had a higher IQ at 6 years of age (p-value = 0.001), a higher SES (p-value = 0.004) and a higher RACH-score (20) (p-value = 0.021).



Developmental and Behavioral Assessment

The behavioral outcomes of the children with CHD at 10 years of age were assessed with the German versions of questionnaires. First, the Strength and Difficulties Questionnaire (SDQ) is a validated screening tool for general behavioral problems of children between 3 and 16 years of age (21, 22). According to Goodman, a total difficulties score, an internalizing subscale, and an externalizing subscale were calculated (23). The internalizing subscale includes the “emotional symptoms” and “peer relationship problems” subscales, and the externalizing subscale includes the “conduct problems” and “hyperactivity/inattention” subscales. Secondly, the Social Responsiveness Scale (SRS) was used to assess social interaction problems and autistic features (24). The SRS consists of a total score and five subscales: “social cognition,” “social awareness,” “social communication,” “social motivation,” and “autistic mannerism.” Thirdly, the Conners-3 questionnaire (short form) was used as a measure for ADHD-related symptoms and common comorbidities including six subscales: “inattention,” “hyperactivity/impulsivity,” “learning problems,” “executive functioning,” “aggression,” and “peer relations” (25). All 3 questionnaires were handed out to parents of children participating in the 10-year follow-up. Parents were asked to forward the SDQ and Conners-3 to the child's head teacher. In a subsample, the Conners-3 and SDQ questionnaire were further completed by the children's teachers. For all questionnaires, acceptable internal consistency has been reported (Cronbach's α > 0.7). Higher scores of the SDQ, Conners-3, or SRS indicate more behavioral problems. All three questionnaires are frequently used in both clinical practice and research [SDQ: e.g., (26, 27), SRS: e.g., (28, 29), Connors-3: e.g., (28, 30)].

As psychological predictors for the behavioral outcomes at 10 years of age, we considered maternal mental health, measured with the “Global Severity Index” of the Brief symptom inventory [BSI; Cronbach's α > 0.92; (31)], and child's intellectual abilities, measured with the German version of the Hannover-Wechsler-Intelligence Test for Preschool Age [WPPSI-III; (32)], both assessed at 4 years of age. We chose this time point because (a) pre-school age is a vulnerable time period for the child's future development (4) and (b) the response rate for the BSI was relatively low at the prior assessments. As social predictor for behavioral outcome, we included SES at CPB surgery, derived from a 6-point Likert scale of maternal education and parental occupation (range 2–12, higher scores refer to higher SES) (33).



Statistics

For descriptive statistics, the following sample characteristics were investigated: sex, age, IQ, SES, as well as various cardiac and neonatal characteristics. Probabilities were reported for binary data, median and range for ordinal-scaled data, and mean and standard deviation for continuous data.

All behavioral outcomes were compared to normative data: To analyze general behavioral difficulties, the SDQ total difficulties score [German, age, and sex stratified normative data: (34)] and the two subscales internalizing and externalizing problems [sex stratified normative data: (23)] were categorized into normal and abnormal behavior (combined categories: slightly raised, high, very high) and were compared to the norm using two-sampled Fisher's exact tests.

To analyze ADHD-related symptoms and social impairment, T-scores were calculated for all Conners-3 [German and Swiss, age, and sex stratified normative data: (25)] and SRS] German, age, and sex stratified normative data: (35)] subscales and were compared to norms (Mean = 50, SD = 10) using one-sample t-test (for SRS) respectively Mann-Whitney U-tests (for Connors-3 to account for skewed data).

For teacher-reported SDQ and Conners-3, the same statistical approach was used. Since there are no norms for teachers in the reference by Janitza et al. (34), the norms by Goodman (36) were used.

To descriptively investigate behavioral comorbidities, the number of abnormal behavioral outcomes across questionnaires was reported: For SDQ and SRS, behavior was rated abnormal, if the respective total score was outside the normal range. For Conners-3, due to a missing total score in the short form, behavior was rated abnormal when 2 or more subscales scored outside the normal range. In this post-hoc investigation, only children with a parental rating of all 3 questionnaires were included (n = 88).

For the risk factor analysis, behavioral outcomes were associated with risk factors in separate multiple linear regression models. For analyses regarding SDQ and SRS, the total scores of these questionnaires were used as outcome. Due to a missing total score in the Connors-3 short form, an ordinal linear regression was calculated using the number of scales scoring outside the normal range as outcome (abnormal scale if T > 60; outcome ranges from 0 to 6 abnormal scales). IQ and maternal mental health (BSI Global Severity Score) at 4 years of age were included as psychological risk factors and parental SES was included as social risk factor. Cardiac and neonatal factors were chosen according to a three-step process: (1) Potential risk factors were assembled according to literature research. We considered studies with large (pooled) samples and systematic reviews (5, 6, 11, 13, 37, 38). (2) Variables with low variance and more than 20% missing data were excluded. (3) Collinearity of factors was investigated with a heterogeneous correlation matrix (see Supplementary Figure 2) including polyserial and polychoric correlations for continuous, ordinal, and binary-scaled data. In case of collinearity [r > 0.5, (39)], one variable was excluded according to rational considerations by our cardiologist (OK) and developmental pediatrician (BL). Concluding, the following medical and neonatal factors were considered as independent variables in our risk factor model: Gestational age (GA), birth weight (corrected for GA and sex), univentricular CHD, mean pre-operative saturation, age at first CPB, lowest perioperative temperature, and extracorporeal circulation time during the first CPB surgery, and length of hospitalization after the first CPB surgery. The BSI was missing in 24 patients, which were thus excluded from the initial risk factor analysis. However, the significance of the risk factors did not change when the sample size was increased by excluding BSI from the model.

P-values < 0.05 were considered statistically significant. Analyses were not corrected for multiple comparisons but have to be considered as exploratory. Statistical analyses were performed with the computing environment R (40). The STROBE guidelines for reporting observational studies were followed.




RESULTS


Participant Characteristics

Participant characteristics of the 125 children with completed behavioral questionnaires are shown in Table 1. Median age of our cohort at the 10-year assessment was 10.17 years (range = 9.50–11.25 years). Mean IQ was 93.86 (SD = 12.99) at 4 years and 95.94 (SD = 13.38) at 10 years of age. Maternal mental health measured with the BSI was in the normal range with Mean T-score = 47.13 (SD = 12.21, range = 21–80; higher scores indicate more problems). Of the 125 children with behavioral assessment, the SDQ was completed for 123, the Conners-3 for 98 and the SRS for 105 children.


Table 1. Demographic and cardiac characteristics of children with CHD (N = 125).
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Behavioral Outcomes

General behavioral difficulties measured with the SDQ revealed abnormal overall behavior in 22%, abnormal internalizing problems in 23.6%, and abnormal externalizing problems in 17.9% (Figure 1). Compared to the normative data of Janitza et al. and Goodman et al. (23, 34), differences were not significant (see Table 2). Teacher-reported SDQ revealed similar findings (see Supplementary Table 1).


[image: Figure 1]
FIGURE 1. SDQ Total score of children with CHD compared to normative data. SDQ Total score was split by gender due to different cutoffs. The upper and lower borders of the box correspond to the third and first quartile. The thick line in the box represents the mean.



Table 2. Parent-reported behavioral outcome of children with CHD at 10 years of age, comparison with manual norms.
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Boxplots for ADHD-related symptoms (Conners-3) are provided in Figure 2. All subscales of the parent-reported Conners-3 were significantly higher in children with CHD compared to the norm (see Table 2). Effect sizes ranged from small (Executive function: Rosenthal r = 0.24) to large (Aggression: Rosenthal r = 0.73). Of the 125 participating children with CHD, parents of 9 children reported that they had previously been diagnosed with ADHD. Teacher-reported Conners-3 revealed similar findings (see Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Subscales of parent-reported Conners-3 and SRS of children with CHD compared to the norm. The upper and lower borders of the box correspond to the third and first quartile. The thick line in the box represents the mean. The normal range is highlighted in gray (T = 50 ± 10). Dashed line = mean of norm (T = 50). *Significant difference between CHD and norm populations.


Social interaction problems (SRS) are presented in Figure 2. Children with CHD showed significantly more problems in “social cognition,” “social communication,” “social motivation,” and “autistic mannerism” but not in the ‘social awareness’ scale (see Table 2). Effect sizes ranged from small (Total score: Cohen's d = 0.21) to moderate (Autistic mannerism: Cohen's d = 0.72). Of the 105 children with parental rating of the SRS, one child had a diagnosis of ASD.

Parents of 88 children had completed all three behavioral questionnaires. Of this sub-sample, 25% (N = 22 of 88) showed abnormal behavior in two or three behavioral outcomes, most frequently in the Conners-3 and SRS [23% (N = 20 of 88); see Figure 3].


[image: Figure 3]
FIGURE 3. Overview of parent-reported abnormal behavior across questionnaires and comorbidities (N = 88). In Conners-3, 43 children had 2 or more subscales scoring outside the normal range, of which 77% included the subscales “inattention” and/or “hyperactivity/impulsivity”.




Risk Factors Analysis

Three separate linear regression models were calculated for the association of behavioral outcomes at 10 years of age with predictive risk factors as independent variables. Statistical measures and estimates are presented in Table 3. All linear regression models indicated a moderate effect size (SDQ: adjusted R2 = 0.223, p-value = 0.007; SRS: adjusted R2 = 0.228, p-value = 0.010; Connors-3: McFadden adjusted R2 = 0.168). Lower IQ and poorer maternal mental health at 4 years of age significantly predicted more behavioral problems at 10 years of age in all linear regression models. There was no association between behavioral outcomes and any cardiac or neonatal factor, except for sex and gestational age for ADHD-related symptoms. SES was not significantly associated with behavioral outcomes in any model.


Table 3. Multiple linear regressions for risk factor analysis for behavioral outcome of children with CHD at 10 years of age.
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DISCUSSION

The current study investigated multidimensional behavioral outcomes in 10-year-old children with complex CHD. While the behavioral outcomes of CHD children were akin to the healthy norm population when assessed with a general screening instrument (SDQ), we found particular difficulties, such as increased ADHD-related symptoms and difficulties in social interaction, when using disorder-specific questionnaires (Conners-3, SRS). The child's intellectual abilities and the mother's mental health during early childhood were predictive for later behavioral outcomes at 10 years of age. Interestingly, neither neonatal nor cardiac-related factors were associated with later behavioral outcomes.


Behavioral Outcome

We did not detect any behavioral difficulties when using the SDQ as a brief screening instrument for general behavioral difficulties, even if the internalizing and externalizing subscales were considered separately. In contrast, in a sample of children with CHD who were previously examined in our center at 10 years of age, the SDQ was used and more behavioral problems were reported by the parents for “emotional symptoms” and “hyperactivity/inattention” (41). This difference in reported behavioral symptoms may be due to the use of different norm groups (i.e., we used newer age and sex stratified normative data) and differences in combining behavioral subscales. Also, the cohort in Liamlahi et al. was born between 1995 and 1998 which is 10 years prior to the present study cohort and may represent a more vulnerable population due to improvements in medical care over the last decade. Further, it is also important to mention that depending on who is reporting behavioral symptoms, severity may differ. In our study, only parent and teacher reports were obtained. In a study by Schaefer et al. examining 14 year old adolescents with CHD, adolescents themselves did not report more behavioral problems in the SDQ, while parents reported more behavioral difficulties for their children (27). One study comparing CHD and preterm born adolescents reported a similar proportion of individuals with behavioral difficulties (i.e., 23.7%) (26). Concluding, a general screening tool might be too inaccurate to reliably detect subclinical behavioral difficulties in older CHD children.

Interestingly, our study demonstrates that when using disorder-specific questionnaires, ADHD-related behaviors and social interaction problems can be detected. Our finding of increased behavioral problems in CHD is in line with a recent meta-analysis by Abda et al. (4). ADHD-related symptoms measured with the Conners-3 showed significant problems in all subscales, particularly in the subscale “inattention” which is in line with the literature (42). Social interaction problems measured with the SRS were found most frequently in the subscales “social cognition” and “autistic mannerism.” “Autistic mannerism” includes autistic features such as narrow areas of interest, unusual sensory interest, and stereotypical behaviors. The “social cognition” subscale assesses the child's ability to recognize the meaning of social acts. A key element of social cognition is the development of the theory of mind. Thus, our findings are in line with previous studies reporting impairments of theory of mind in children with CHD (4). This further emphasizes the importance of assessing social abilities in this patient population in order to detect less overt difficulties, even in the absence of an ASD diagnosis.

In our cohort, the prevalence of ADHD and ASD diagnoses were similar to the general population (in our cohort: ADHD = 7%, ASD = <1%) (43, 44). However, we defined these diagnoses on the base of parent reports and we did not perform formal psychiatric testing. In fact, higher ADHD and ASD prevalences in children with CHD have been observed in other studies (5, 6, 45). Nevertheless, the discrepancy between diagnoses and subclinical pathology in CHD has been discussed before, since neurodevelopmental impairments in CHD patients are often mild to moderate and may thus remain subclinical (10, 46). However, especially the comorbidity of subclinical pathology among different domains may still lead to poorer academic achievement and psychological distress (47). Indeed, the majority of the children with CHD enrolled in our study scored within the normal range across different subscales related to ADHD-related behaviors and social interaction problems. However, scores were elevated by 0.2–0.7 standard deviations compared to the norm population and 23% of our patients showed both significant ADHD-related behaviors and difficulties in social interaction. Uekermann et al. has described the association of social cognition and ADHD and explained that inattention and hyperactivity may lead to social cognition deficits (48). Furthermore, social cognition deficits often co-occur in children with both ADHD or ASD (42).

The etiology of behavioral difficulties in CHD remains unclear. It has previously been discussed that brain alterations, caused by the cardiac defect itself, may mediate behavioral dysfunction (9). In fact, ADHD-related behavior has been associated with altered brain white matter microstructure in adolescents with CHD (49) and patients with ADHD and ASD show significant functional and structural brain alterations (50). On the other hand, behavioral difficulties may also derive from problematic parent-child interaction due to increased chronic and post-traumatic stress in parents of children with CHD (4). In turn, children themselves may experience emotional stress (5). Thus, it is of importance to better understand the underlying medical and psychosocial mechanisms of behavioral difficulties in children with CHD in order to improve the support of affected families. Accordingly, we have conducted an extensive risk factor analysis to investigate different predictors of behavioral difficulties.



Risk Factors for Behavioral Outcome

We investigated a range of psychological, social, neonatal, and cardiac-related risk factors for adverse behavioral outcomes. Child's intellectual abilities (i.e., IQ) and mother's mental health during early childhood were consistently predictive for all behavioral outcomes at 10 years of age. Furthermore, sex and gestational age were predictive for ADHD-related symptoms. Interestingly, other neonatal and medical factors (i.e., peri- and post-operative conditions and CHD severity), as well as SES were not associated with any behavioral outcomes.

The association between IQ and behavior in children with CHD has been shown previously (14, 51). Furthermore, the association between IQ, sex, and gestational age with ADHD-related symptoms in children with CHD is in line with the literature (52, 53). In addition, the male sex is also associated with a higher prevalence for ADHD in the norm population (54). The impact of parental mental health on long-term neurodevelopment in children with CHD has been discussed in a recent review by Ryan et al. (55). Indeed, an article by McCusker elaborated that maternal mental health and other family-related factors excel the impact of medical risk factors on the behavioral outcome in children with CHD (56). The current study demonstrates that parental mental health during early childhood has a bearing on different aspects of behavior, including social interaction and ADHD-related symptoms, even years later. However, this might be not specific for children with CHD as the influence of parental mental health on child's behavior has been shown in the norm population as well (57). These findings stress the importance of identifying families at risk for mental health problems at an early stage and supporting them accordingly.

Surprisingly, SES was not associated with any behavioral outcome, even when IQ and maternal mental health, which might share explained variance with SES (58, 59), were excluded from the model. This finding is inconsistent with a review by Cassidy et al. (5). Reasons for this difference could be the overall high SES in our cohort and the resulting small variance between families. Furthermore, SES did not include measures like income and neighborhood which is often assessed in cohorts from North America, where SES has been described as one of the strongest predictors for impaired behavior in children with CHD (5).

Interestingly, perioperative and cardiac risk factors were not predictive for later behavioral outcomes. This is in accordance with a recent meta-analysis by Huisenga et al., which demonstrated that findings on perioperative risk factors predicting developmental outcomes are inconsistent and that other factors may outweigh the contribution of medical risk factors (6). Reasons why we did not find any association between medical risk factors and behavior, although it was inconsistent in the meta-analysis, may be that our cohort differs from studies of the meta-analysis regarding inclusion criteria and methodological approach. The meta-analysis only included studies with children having the first cardiac surgery in the first 9 weeks of life, whereas we included children with the first cardiac surgery up to 6 years of age. In addition, we explicitly ruled out collinearity between risk factors, which was quite common and might have been neglected in previous studies.



Strengths and Limitations

There is already a considerable number of studies looking at behavioral outcomes of children with CHD. However, to our knowledge, this is the first study on a broad spectrum of CHD patients looking at different behavioral outcomes, including ADHD-related symptoms and social interaction problems and, furthermore, testing various risk factors including both, medical and psychosocial risk factors as predictors for multidimensional behavioral outcomes. Nevertheless, this study has some limitations. The study was conducted at a single center, which limits the generalizability of the results. However, as this center is specialized in cardiac surgery, children from a large geographical area of Switzerland are being operated at this center and are thus included in this study sample. The questionnaires were missing in some families (SDQ N = 123, Conners-3 N = 98, SRS N = 105) and were only compared to test norms because of a missing control group. Consequently, the rates of comorbidities could not be compared to a normal population. Furthermore, there were no formal diagnostic assessments, in particular of social function and ADHD, performed. In addition, no self-reports were obtained and mental well-being of the parents might negatively influence their ratings. However, we had questionnaires completed by parents and teachers, and the extent of rated behavioral problems was comparable. As mentioned before, we investigated a high functioning sample with relatively high SES and IQ compared to the patients lost to follow-up. Further, the sample lacks a heterogeneity of ethnicities. Since we still found significant behavioral problems in this sample, it can be assumed that behavioral problems might be even more pronounced in the general CHD sample. Another limitation is the lack of a specific questionnaire for internalizing behavior investigating anxiety and depressive symptoms in CHD children, as well as evaluating perception of illness in parents and children as this may add additional information on the burden of the disease. Furthermore, while we included different types of CHD with varying degrees of complexity, the relatively small sample size did not allow to examine behavior within specific heart diseases.




CONCLUSION

This study provides further evidence that school-aged children with CHD are at increased risk for ADHD-related symptoms and difficulties in social interaction. Importantly, the use of disorder-specific questionnaires is strongly recommended for comprehensive assessments of subclinical and clinical difficulties. Particular focus should be placed on social cognition as difficulties in this domain may not become clinically recognizable. Behavioral problems are most prominent in children with low IQ and mothers with mental health issues, which has been previously described in other populations. Therefore, we emphasize the importance to carefully screen families, especially mothers, for mental health problems, as early interventions may improve behavioral outcome of CHD patients.
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