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Abstract

Among the most significant factors affecting quality of life in individuals with critical congenital 

heart disease (CCHD) are neurodevelopmental challenges, including deficits in visuospatial 

processing and academic achievement. Few studies have compared outcomes across CCHD 

subgroups, despite their significant differences in anatomy/physiology and medical/surgical 

courses. We compared visuospatial processing abilities (i.e., Developmental Scoring System, Rey 

Osterrieth Complex Figure; DSS-ROCF) across groups of adolescents with CCHD (d-

transposition of the great arteries [TGA, n = 139], Tetralogy of Fallot [TOF, n = 68], single-

ventricle cardiac anatomy requiring the Fontan operation [SVF, n = 145]) and a group of healthy 

referents (REF, n = 111), and examined the validity of visuospatial processing in predicting 

concurrent academic outcomes. The CCHD subgroups differed in Organization, ps < .001, 

Structural Accuracy, ps < .001, and Incidental Elements Accuracy scores, ps ≤ .008; post-hoc 

analyses showed that the SVF group tended to underperform other CCHD groups. With respect to 

academic skills, all CCHD groups had worse scores than the REF group, ps ≤ .007; CCHD groups 

were not different from each other, ps > .23. Regression results showed that DSS-ROCF Style 

rating (reflecting integration) accounted for a small yet statistically significant portion of unique 

variance in “assembled” academic outcomes, over and above the variance already accounted for by 
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DSS-ROCF Organization, p < .01. Findings support the need for comprehensive 

neuropsychological assessment and monitoring of children and adolescents with CCHD, as well as 

targeted intervention for organization and integration deficits that may increase their risk for 

academic underachievement.
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According to recent estimates, nearly two million people in the United States are living with 

congenital heart disease (CHD; Hoffman & Kaplan, 2002; Marelli et al., 2012; Reller, 

Strickland, Riehle-Colarusso, Mahle, & Correa, 2008); and, of these, approximately 25% are 

diagnosed with a critical CHD (CCHD) requiring intensive medical/surgical intervention(s) 

within the first year of life (Oster et al., 2013). As more children born with CCHD are 

surviving into adolescence and adulthood, it has become increasingly important to 

understand their neurodevelopmental trajectories. Although, as a group, children with 

CCHD tend to exhibit intellectual reasoning abilities in the low average to average range for 

age, they remain at risk for wide-ranging deficits in speech/language abilities, attention, 

executive function skills, self-regulation, fine/gross motor skills, academic achievement, and 

social cognition as they mature into school-age and adolescence (Bellinger & Newburger, 

2010; Gaynor et al., 2009). Indeed, these neurodevelopmental and behavioral concerns are 

among the most significant factors affecting quality of life in those with CCHD, more 

significant even than delayed medical complications (Marino et al., 2012; Wernovsky, 2006).

Deficits in visuospatial processing have also been identified among children and adolescents 

with CCHD (e.g., Bellinger, Bernstein, Kirkwood, Rappaport, & Newburger, 2003); 

however, heterogeneity within samples and lack of consistency in the operationalization of 

visuospatial constructs and assessment methodologies used across studies make it difficult to 

draw firm conclusions about the impact of CCHD on the development of visuospatial skills. 

This study had two primary aims: 1) to assess several components of visuospatial 

processing, in a standardized fashion, across three groups of adolescents with CCHD 

[dextro-transposition of the great arteries (d-TGA), Tetralogy of Fallot (TOF), and single-

ventricle cardiac anatomy requiring the Fontan procedure (SVF)], as well as a group of 

healthy referents (REF), and 2) to investigate the real-world functional relevance of 

visuospatial processing on concurrent academic achievement.

Visuospatial processing and the Rey-Osterrieth Complex Figure (ROCF).

Historically, visuospatial processing has been among the more difficult cognitive domains to 

define, in part because it is non-verbal and thus harder to characterize in words. It has been 

operationalized in numerous ways using many different measures. One of the most 

frequently used measures is the ROCF, which is a multi-faceted task requiring 

visuoperceptual, visuoconstructional, graphomotor, visual memory, and executive function 

skills to complete. Since its introduction by Andre Rey over 70 years ago, several scoring 

protocols have been developed for the figure, each emphasizing a different aspect of 

visuospatial processing ability (Davies, Field, Andersen, & Pestell, 2011). The 
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Developmental Scoring System (DSS), created by Bernstein and Waber (1996), is a 

developmentally-informed method of scoring the ROCF that allows for comparison of 

organizational precision and correctness (i.e., “Organization”), as well as the presence of 

figure elements (i.e., “Accuracy”). Accuracy is further divided into Structural Elements (i.e., 

those features associated with the organizational frame of the figure) and Incidental 

Elements (i.e., those features that are more peripheral details). Important for this study and 

discussed further below, the Developmental Scoring System, Rey Osterrieth Complex Figure 

(DSS-ROCF) also characterizes an individual’s style in approaching their drawings by rating 

the level of integration (or cohesion) in how the figure was reconstructed.

Visuospatial processing in children and adolescents with CCHD.

In a series of larger studies from which the data for this investigation were drawn, Bellinger 

and his colleagues (2003, 2011, 2014, 2015) demonstrated that children and adolescents 

with CCHD have difficulty managing complex visuospatial materials. At age 8 years, 

children with dextro-transposition of the great arteries (TGA) struggled to organize the DSS-

ROCF. Among those in the lowest basal level on the DSS-ROCF (i.e., showing the poorest 

organization/precision in their reconstruction), poor performance was associated with 

deficits in math. Interestingly, this same cohort at 16 years old was indistinguishable from 

healthy referents on the DSS-ROCF. In contrast, adolescents with surgically-palliated 

tetralogy of Fallot (TOF) and those with single-ventricle cardiac conditions requiring the 
Fontan procedure (SVF) performed below expected levels on the DSS-ROCF, at least in 

terms of Organization and Accuracy. Unfortunately, none of these studies reported on how 
the adolescents approached the task, specifically, the level of integration with which they 

were able to perceive and manage the figure.

Despite significant differences in anatomy/physiology and medical/surgical courses across 

various forms of CCHD, few studies have attempted to compare neurodevelopmental 

outcomes across subgroups of CCHD.1 In one study, Oates, Simpson, Cartmill, and Turnbull 

(1995) found no differences in group performance on the ROCF between cyanotic and 

acyanotic CHD groups; however, it is unclear what ROCF scoring system was used and, as 

such, what specific variables were included in the analysis. Moreover, relatively small 

sample sizes (ns = 30, 51, and 33, respectively) may have limited their power to find group 

1There are many subtypes of CCHD affecting the structure of the heart and/or the surrounding blood vessels, as well as the functional 
integrity of the cardiovascular system. Three subtypes of congenital heart defects in the current study include: TGA, TOF and SVF. 
All three are considered cyanotic conditions, meaning that the blood being circulated throughout the body is oxygen-deficient; all are 
considered CCHD, meaning that children are severely ill during the neonatal period and require surgical correction for survival 
(Hoffman & Kaplan, 2002; Miatton, De Wolf, Francois, Thiery, & Vingerhoets, 2006). For children born with TGA, the two main 
arteries carrying blood from the heart to the body are transposed; therefore, oxygenated blood continues to circulate to and from the 
lungs, while deoxygenated blood continues to circulate throughout the rest of the body (including the brain). Prior to surgery, survival 
is dependent on leakages (that allow some oxygenated blood to seep into the body through chambers in the heart) or catheterization 
until full surgical correction is possible, thus putting children in a state of suboptimal oxygenation until surgical correction is 
performed (arterial switch operation; “American Heart Association,” 2015). Children born with TOF have four co-occurring cardiac 
malformations: (1) ventricular septal defect, (2) pulmonary stenosis, (3) an overriding aorta, and (4) right ventricular hypertrophy. 
TOF is commonly associated with genetic conditions (e.g., 22q11.2 deletion syndrome) but can occur in isolation or in combination 
with other heart defects. TOF lesions result in some deoxygenated blood being pumped back into the body, thus reducing the overall 
concentration of oxygenated blood. These children require a single surgical correction or several staged procedures, depending on the 
severity of the cardiac lesions (“American Heart Association,” 2015). Children born with single-ventricle lesions have a rare disorder 
in which one of the lower chambers of the heart is malfunctioning or absent. Compared to other children with CCHD, these children 
are considered among the highest-risk and sustain a prolonged period of suboptimal cerebral oxygenation while completing staged 
surgical palliation (Fenton et al., 2007).
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differences. In general, children with CCHD, compared to milder forms of cardiac disease, 

experience more significant neurodevelopmental impairment (Karsdorp, Everaerd, Kindt, & 

Mulder, 2007; Wernovsky, 2006), suggesting that differences in visuospatial skills may exist 

as a function of disease severity. It is important to study neurocognitive functioning across 

groups of different CCHD pathology, as general statements about “children with CHD” may 

not adequately capture differences across groups or provide guidance for clinicians working 

with individual children/adolescents.

Visuospatial organization, integration, and academic achievement:

In clinical settings, an individual’s performance on the ROCF is often talked about as 

providing insight into that person’s “cognitive style” (i.e., how he or she approaches and 

organizes complex, novel information). The concept of integration is frequently invoked. For 

the purposes of this discussion, we use integration to mean an individual’s ability to 

appreciate connections and relationships between pieces of visuospatial information. 

Whereas some tend to approach materials in a detail-focused, part-oriented fashion, others 

take a more integrated, configurational, gestalt-oriented approach, making use of underlying 

organizational structures to frame and anchor their efforts. The DSS-ROCF is a process-

oriented scoring framework that operationalizes cognitive style/integration in a 

developmentally-informed way and provides a standardized means of defining the level of 

integration (Bernstein & Waber, 1996), thus enabling the examination of the putative links 

between integration and real-world functional outcomes such as academic achievement.

Integration is considered essential for learning, particularly for academic tasks such as 

reading comprehension and applied mathematical problem solving, both of which require 

prioritizing and synthesizing multiple elements into a meaningful and coherent whole. These 

so-called “assembled” processing tasks may be contrasted with relatively more discrete, 

data-driven or “associative” processing tasks (i.e., based on the formation/activation of 

associations), such as single-word decoding and rote arithmetic calculation. These 

associative tasks should, in theory, rely less on integration and more on organization and 

detail-management (see Dennis, Landry, Barnes, & Fletcher, 2006 for further elaboration of 

this model in the spina bifida population).

Despite its frequent use in clinical and research neuropsychological batteries and its 

sensitivity to detecting central nervous system dysfunction in children, concurrent/predictive 

validity studies using the ROCF with children are limited. Davies et al. (2011) reported on 

four ROCF scoring methods and found that all were correlated with parent-report of 

cognitive and academic functioning (but not executive function skills). In adolescents after 

open-heart surgery, von Rhein and colleagues (2015) found that the ROCF was not 

correlated with other measures of cognitive functioning, suggesting that the task may be 

capturing a unique cognitive process. These authors also found that scoring systems based 

exclusively on quantitative aspects of ROCF performance (versus more process-oriented 

systems) were not sensitive to group differences.
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Academic outcomes in CCHD.

For school-age children and adolescents, academic skills are an important marker of overall 

adjustment and can elucidate the functional impact of neurodevelopmental difficulties. 

Several studies have documented academic challenges in school-age children with CHD. In 

a large-scale follow-up study of children with a variety of complex cardiac pathologies 

(Shillingford et al., 2008), 18% of children had repeated a grade and 14–20% were rated by 

teachers as functioning “well below average.” A sizable portion of the sample (15%) was 

placed within a full-time special education classroom. Importantly, of the remaining group, 

21% were getting reading/math support in the classroom and 13% were getting reading/math 

support outside the classroom, suggesting that the academic struggles in this group ranged 

from severe to mild, but were affecting about half of the sample. Shillingford et al. (2008) 

were unable to identify any significant associations between the need for remedial services 

and pre-, intra-, or post-operative variables; however, other investigations have shown that 

children with cyanotic CHD perform more poorly than those with acyanotic CHD on 

arithmetic, spelling, and reading tasks (Wray & Sensky, 2001).

Broadly-defined academic outcomes from the participants in this study have been reported 

previously. Math and reading composite scores show that participants with TGA score 

within the average range, yet significantly below expected population means (Bellinger et 

al., 2011). Participants with TOF showed slightly (although not significantly) lower 

performance than population means, with those adolescents with an identified genetic 

syndrome underperforming those without a genetic syndrome (Bellinger et al., 2014). 

Adolescents with SVF were also found to perform significantly below population means 

(Bellinger et al., 2015). Although these findings suggest that adolescents with CCHD are 

having more academic struggles than their peers, they do not address the particular aspects 

of reading and math that may be problematic, thus limiting their potential to inform 

intervention.

Current aims and hypotheses.

The current study had two primary aims: 1) to compare visuospatial processing abilities 

across three groups of adolescents with CCHD (TGA, TOF, SVF) and a group of healthy 

referents (REF), and 2) to examine the concurrent validity of visuospatial processing on 

academic outcomes. We expected that the SVF group would demonstrate more significant 

deficits in visuospatial processing than the other groups, given the severity of their cardiac 

disease. We also hypothesized that visuospatial organization and integration abilities would 

be differentially associated with academic outcomes. Specifically, while we expected 

organization to account for significant variance in both “associative” and “assembled” 

academic outcomes, we predicted that integration would account for unique variance in 

“assembled” (but not “associative”) academic outcomes.
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Method

Data Collection

Data for this analysis were pooled from data collected during the course of three large-scale 

studies of neurodevelopmental outcomes in adolescents with CCHD (Bellinger et al., 2011, 

2014, 2015). All three studies included careful medical inclusion and exclusion criteria, as 

well as extensive, age-appropriate neuropsychological assessments. Please see Cassidy, 

White, DeMaso, Newburger, and Bellinger (2015) for a detailed review of recruitment and 

data collection methodology.

Participants

Participant groups included children with d-transposition of the great arteries (TGA; 

Bellinger et al., 2011), Tetralogy of Fallot (TOF; Bellinger et al., 2014), single-ventricle 

cardiac anatomy requiring the Fontan operation (SVF; Bellinger et al., 2015), and healthy 

referents (REF).

Data for the TGA group were collected when the participants were 14–16 years old. These 

children underwent the arterial switch operation as infants and were randomly assigned to 

either cardiopulmonary bypass with predominant deep hypothermic circulatory arrest or 

low-flow bypass. Participants in the TOF group included 13–16 year olds who underwent 

surgical repair at least 6 months prior to assessment. The SVF group included participants 

between the ages of 10–19 years, who underwent surgical correction at least 6 months 

before assessment. The REF group included healthy adolescents ages 10–19 years who 

participated in the original TOF and SVF studies and were recruited to match admission 

criteria for the NIH MRI Study of Normal Brain Development (Waber et al., 2007).

Participants with identified genetic/syndromic conditions (e.g., 22q11.2 deletion syndrome) 

were excluded from analyses (TGA n = 0; TOF n = 23; SVF n = 11). The final analyses 

included four participant groups: TGA (n = 139), TOF (n = 68), SVF (n = 145), and REF (n 
= 111). Analyses were run with pair-wise exclusions to account for missing data [6 

participants (1.3%) were unable to complete the DSS-ROCF; TGA n = 1; TOF n = 3; SVF n 
= 1; REF n = 1]. Table 1 presents patient demographics and comparability between groups.

Measures

Previous reports (Bellinger et al., 2011; 2014; 2015) have described overall DSS-ROCF and 

Wechsler Individual Achievement Test, Second Edition (WIAT-II; Math and Reading 

Composite scores) performance among CCHD and REF groups. This study provides a more 

detailed analysis of visuospatial processing and academic achievement outcomes, including 

previously-unpublished elements from the DSS-ROCF and individual WIAT-II subtest 

scores.

Rey-Osterrieth Complex Figure (ROCF).—The ROCF is a widely-used 

neuropsychological assessment tool used to assess visuospatial processing, visuo-motor 

functioning, and aspects of executive control (including organization and integration). 

Participants are asked to copy a complex figure while looking at the stimuli; they are asked 
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to switch between different colored markers/pens in order to track their approach to the task. 

Participants are then asked to redraw the figure from memory immediately after the Copy 

trial (Immediate Recall trial) and following a 15–20 minute delay interval (Delayed Recall 

trial) using just one color/pen. Due to time constraints, the SVF group did not complete the 

Delayed Recall trial.

Figures were scored using the Developmental Scoring System (DSS-ROCF; Bernstein & 

Waber, 1996). The primary variables of interest for the Copy, Immediate Recall, and 

Delayed Recall trials included: Organization (DSS-ROCF Basal Level) and Accuracy (DSS-

ROCF Structural and Incidental Elements); for both measures, higher scores reflect more 

accurate and complete drawings. Copy Trial Style ratings were used to characterize the level 

of integration; from least to most integrated, Copy trial reproductions were rated as: Part-

Oriented, Intermediate (OC/IP: Outer Configurational/Inner Part; OP/IC: Outer Part/Inner 

Configurational), or Configurational. Style ratings are referenced to the Basal Level; 

therefore, Basal Level was included as a covariate in analyses of integration.

Wechsler Individual Achievement Test, Second Edition (WIAT-II).—WIAT-II age-

normed standard scores were used to measure academic skills in reading and mathematics. 

WIAT-II outcomes were divided into two groups: (1) discrete/associative tasks: Word 

Reading, Pseudoword Decoding, and Numerical Operations subtests and (2) assembled 

tasks: Reading Comprehension and Mathematics Reasoning subtests.

Data Analytic Approach

Patient demographics and clinical characteristics were summarized using descriptive 

statistics and compared across groups. Socioeconomic status (SES), gestational age, 

birthweight, and age at assessment were compared across groups using Analysis of Variance 

(ANOVA); if a significant group effect was found, pairwise comparisons among groups were 

adjusted for multiple comparisons using Tukey’s honest significant difference (HSD) test. 

Age at first operation and total cardiac operations were skewed; therefore, CCHD group 

comparisons for these variables were evaluated using the Kruskal-Wallis test (nonparametric 

ANOVA). If a significant group effect was found, the Dwass, Steel, Critchlow and Fligner 

multiple comparison procedure was used to identify significant pairwise differences 

(Crichtlow & Fligner, 1991; Dwass, 1960; Steel, 1960). Gender and race were compared 

across groups using Fisher’s exact test. If a significant group effect was found, all pairwise 

comparisons were evaluated and a false discovery rate (FDR) procedure (Benjamini & 

Hochberg, 1995) was subsequently performed to identify significant group differences.

The Copy, Immediate Recall, and Delayed Recall trial Organization results were compared 

across groups using ordinal logistic regression. The Copy, Immediate Recall, and Delayed 

Recall trial results for the Structural Elements Accuracy and Incidental Elements Accuracy 

measures were dichotomized to account for highly skewed performance (“perfect/less than 

perfect” Structural Elements and “>75th percentile/≤75th percentile” Incidental Elements) 

and analyzed using logistic regression. For each outcome above, the model included a main 

effect for group, and a forward selection procedure was used to identify additional 
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significant covariates to include in the model; the candidate covariates included age, race, 

and SES. Pairwise group comparisons were adjusted using Tukey’s HSD test.

The frequency and percent of participants in each Style rating category were calculated by 

group. The association between Style rating and group was assessed using ordinal logistic 

regression, and pairwise group comparisons were adjusted using Tukey’s HSD test. For each 

of the ordinal regression findings described above, the “odds” presented refer to the odds of 

receiving a lower/worse category rating or score.

The WIAT-II subtest scores were compared across groups using Analysis of Covariance 

(ANCOVA). For each subtest, the model included a main effect for group, and a forward 

selection procedure was used to identify additional significant covariates to include in the 

model; the candidate covariates included age, race, SES, gender, birth weight, and 

gestational age. Pairwise comparisons among groups were adjusted for multiple 

comparisons using Tukey’s HSD test.

Composite variables were created by averaging across discrete (“associative”) and 

“assembled” WIAT-II tasks, respectively. Separate hierarchical linear regressions 

(controlling for age, SES, and DSS-ROCF Copy Basal Level) were used to test associations 

between visuospatial processing (Integration and Organization) abilities and discrete/

associative and assembled academic outcomes, respectively. Control variables were entered 

at step 1. CCHD group status (CCHD vs. REF) was entered at step 2. DSS-ROCF Copy 

Organization score was entered at step 3. DSS-ROCF Copy Style rating (part-oriented vs. 

intermediate vs. configurational) was entered at step 4.

Analyses were conducted using SAS version 9.3 or SPSS version 23. All tests were 2-sided 

at the 0.05 significance level.

Results

Organization.

Overall, there were significant group differences in level of organization (i.e., DSS-ROCF 

Basal Level) for the Copy, Χ2 (3, N = 455) = 44.12, p < .001, and Immediate Recall trials, 

Χ2 (3, N = 455) = 24.84, p < .001. Group performance was equivalent on the Delayed Recall 

trial, Χ2 (2, N = 261) = 3.42, p = .18. Post-hoc analyses revealed that Copy Organization 

scores were lower in the SVF group than all other groups, ps ≤ .001. No differences emerged 

in Copy Organization between TGA, TOF, and REF groups. On the Immediate Recall trial, 

the SVF group was more likely than REF group to score lower on Organization, p < .001. 

Post-hoc analyses revealed that Immediate Recall Organization scores were lower in the 

SVF group than the TGA group as well, p < .05.On the Delayed Recall trial, no differences 

were found between TGA, TOF, or REF groups (note: the SVF group did not participate in 

this trial, as described above). Table 2 presents group differences in the odds of receiving a 

lower Basal Level score.
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Accuracy: Structural Elements

Overall, there were significant group differences in Structural Accuracy scores for the Copy, 

Χ2 (5, N = 455) = 51.61, p < .001, Immediate Recall, Χ2 (5, N = 456) = 75.27, p < .001, and 

Delayed Recall trials, Χ2 (4, N = 261) = 39.75, p < .001. On the Copy Trial, relative to the 

REF group, the odds of scoring less-than-perfect on Structural Elements were approximately 

6 times higher for TOF(p = .01), and SVF groups (p = .002), but were not significantly 

higher for TGA (p = .28). On the Immediate Recall trial, SVF (p < .0001), and TOF groups 

(p = .01), were more likely than the REF group to achieve less-than-perfect Structural 

Elements scores. On the Delayed Recall trial, the TOF group was more likely than the REF 

group to achieve less-than-perfect Structural Elements scores (p < .001). Table 2 presents 

group differences in the odds of receiving a lower Structural Elements Accuracy score.

Accuracy: Incidental Elements.

Overall, there were significant group differences in Incidental Elements Accuracy scores for 

the Copy, Χ2 (5, N = 455) = 46.29, p < .001, and Immediate Recall trials, Χ2 (5, N = 455) = 

15.67, p = .008. No significant group differences in Incidental Elements were found on the 

Delayed Recall trial, Χ2 (4, N = 261) = 4.41, p = .35. On the Copy Trial, odds of scoring 

≤75th percentile on Incidental Elements were approximately 3 times higher for TOF (p = .

02) and SVF (p < .001) versus the REF group. On the Immediate Recall trial, the SVF group 

was approximately 3 times more likely to score ≤ 75th percentile for Incidental Elements 

than the REF group (p = .04). Table 2 presents group differences in odds of receiving a 

lower Incidental Elements Accuracy score.

Post-hoc analyses revealed that Immediate Recall Structural and Incidental Elements scores 

were lower in the SVF group than the TGA group (ps < .05).

Integration.

Table 3 presents percentages of each Style Rating category by group. Results of ordinal 

logistic regression revealed that the SVF group had 2.5 times the odds of having a lower 

Style rating than the TGA group (p < .001) and 1.9 times the odds of having a lower Style 

rating than the REF group (p = .05). Other comparisons were not significant (ps > .26).

Academic Achievement.

Table 4 presents group performance on academic achievement subtests. Controlling for 

significant covariates, there were significant group differences in academic performance 

across all tasks: Word Reading, F(3, 458) = 17.7, p < .001, Pseudoword Decoding, F(3, 457) 

= 12.6, p < .001, Numerical Operations, F(3, 459) = 18.5, p < .001, Reading 

Comprehension, F(3, 457) = 14.1, p < .001, Mathematics Reasoning, F(3, 458) = 17.7, p < .

001. The REF group outperformed all CCHD groups, ps ≤ .007. The CCHD groups were not 

significantly different from each other, ps > .23.

Predictive value of Integration and Organization for Academic Outcomes.

Regression results are presented in Table 5. We tested separate hierarchical regression 

models for “discrete/associative” and “assembled” academic outcomes. In the “discrete/
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associative” model, all three covariates (age, SES, DSS-ROCF Copy trial Basal Level), 

CCHD group, and DSS-ROCF Organization scores accounted for significant unique 

variance in discrete/associative academic skills over and above the variables entered earlier 

in the model; DSS-ROCF Style rating (i.e., “integration”) did not account for unique 

variance over and above the other variables in the model.

In the “assembled” model, once again all three covariates (age, SES, DSS-ROCF Copy trial 

Basal Level), CCHD group, and DSS-ROCF Organization scores accounted for significant 

unique variance in assembled academic skills over and above the variables entered earlier in 

the model. However, in contrast to the discrete/associative model and consistent with our 

hypothesis, DSS-ROCF Style rating accounted for a small yet statistically significant portion 

of unique variance in “assembled” academic outcomes, over and above the variance already 

accounted for by DSS-ROCF Organization and the other variables in the model.

Discussion

Consistent with prior research, our findings show that adolescents with a history of CCHD 

are at risk for deficits in visuospatial processing. More specifically, findings highlight that 

patterns of visuospatial processing differ by type of CCHD. Furthermore, we explored the 

real-world concurrent validity of visuospatial processing difficulties, with findings 

implicating both organization and integration as important for academic skill development. 

As we hypothesized, integration was differentially and uniquely implicated in “assembled” 

academic outcomes.

Visuospatial processing and CCHD.

Adolescents with single‐ventricle cardiac conditions who underwent the Fontan procedure 

(SVF) had the highest risk for visuospatial organization deficits, performing significantly 

worse than those with other forms of CCHD (i.e., TGA and TOF) and healthy referents. 

Beyond organization, Structural Elements Accuracy scores (reflecting the presence of 

elements and prioritization of the structural frame of the image) were particularly sensitive 

to cardiac status with a nearly 6 times greater odds of impairment among adolescents in both 

the TOF and SVF groups versus healthy referents (REF). Immediate visuospatial memory 

also differed by cardiac condition, with both TOF and SVF groups scoring below referents 

and SVF participants scoring below TGA participants. Taken together, these findings 

suggest that when tasked with managing complex visuospatial materials, many adolescents 

with CCHD do not effectively prioritize key structural/organizational features, focusing 

instead on incidental details that, while salient, may nonetheless provide a less robust 

framework upon which to encode and recall materials at a later time.

Style Ratings were used to capture participants’ approach to the ROCF using a standardized 

rating system. Participants in the SVF group were more likely than the TGA and referent 

groups to approach the task in a poorly-integrated, part-oriented manner. Many rating 

systems for the ROCF were originally designed for adults, making extension into pediatric 

populations more challenging, and do not include a standardized mechanism for assessing an 

individual’s process or approach to the task. The current findings support previous assertions 

that utilizing a standardized approach to measuring visuospatial processing in research 
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studies, as well as clinical assessment, may aid in elucidating group differences not 

otherwise detected by systems focused predominately on presence/absence of features and 

precision (von Rhein et al., 2015).

The factors affecting brain and cognitive development in children and adolescents with 

CCHD are varied and include pre-, intra- and post-operative influences (Wernovsky, 2006). 

Neurobehavioral outcomes are likely related to a complex interaction of patient specific 

factors (e.g., genetic susceptibility) and environmental factors (e.g., surgery, SES) (Gaynor 

et al., 2007), suggesting that influences other than intraoperative management may be 

important determinants of neurobehavioral outcomes for many children with CCHD as well. 

This complexity in central nervous system involvement in CCHD precludes finding a single 

predictive variable to explain CCHD group differences. However, when comparing across 

subtypes of CCHD, possible explanations for the increased visuospatial processing 

difficulties demonstrated in the SVF group could be related to disease burden; as described 

above, these children are considered among the highest risk of those with CCHD and many 

endure a prolonged period of suboptimal cerebral oxygenation while undergoing staged 

surgical palliation (Fenton, Lessman, Glogowski, Fogg, & Duncan, 2007). Even prior to 

surgical intervention, some reports have documented evidence of brain injury in up to 36% 

children with single-ventricle physiology, with findings suggesting that reduced fetal 

cerebral blood flow is linked to delayed brain development in utero (Sethi et al., 2013). 

Furthermore, the SVF group as a whole tends to require more surgical procedures (see Table 

1) and, relatedly, are exposed to more general anesthesia than other CCHD groups – both of 

which pose significant risk for the developing brain (Jevtovic-Todorovic et al., 2013). 

Interestingly, studies with school-age children awaiting cardiac surgery show evidence of 

visuospatial difficulties prior to cardiac surgery (in particular, immediate recall of Structural 

Elements compared to healthy controls), with a similar pattern in those patients awaiting 

their first versus follow-up surgery (van der Rijken et al., 2010); these findings highlight that 

visuospatial difficulties in CCHD are not exclusively related to surgical factors/

complications and are more likely related to a composite (and potentially cumulative) set of 

factors related to disease burden and environmental modifiers (e.g., early intervention 

services).

Numerous hypotheses have been put forth to explain why visuospatial processing seems to 

be more commonly affected among medically-complex populations compared to other 

cognitive processes. Considering CCHD specifically, some have suggested that early 

experiential factors such as hospitalizations and multiple operations may interfere with 

normal motor/spatial development (Karsdorp et al., 2007). Neuroanatomical “crowding” 

hypotheses have also been posited, whereby language is thought to have privileged status 

over visuospatial processing, and thus tends to be more robust in the face of early injury (due 

to its propensity to overtake brain areas that would otherwise have been devoted to 

visuospatial skills). There is also the possibility, as Stiles and her colleagues highlighted in 

their seminal perinatal stroke studies, that evolutionarily older and relatively more 

circumscribed visuospatial regions may be endowed with less plasticity than the 

evolutionarily younger, more widely distributed, and thus more resilient language system 

(Stiles, Reilly, Levine, Trauner, & Nass, 2012).
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Several authors have emphasized that, given the normal IQs characteristic of this population, 

comprehensive neuropsychological assessment is necessary in order to identify 

neurocognitive areas of need (e.g., Daliento, Mapelli, & Volpe, 2006; Marino et al., 2012). 

With the literature documenting the significant morbidity of neurocognitive, social, and 

academic capacities in this population, neuropsychologists are increasingly called upon to 

evaluate the breadth and severity of impact of CCHD on developmental progress (Bellinger 

& Newburger, 2010). Our findings highlight that comprehensive assessment of visuospatial 

processing (with both quantitative and qualitative observation) is important for children with 

CCHD, in addition to evaluation of more fundamental visuoperceptual skills.

Associations between visuospatial processing and academic achievement.

Finally, we examined the validity of the DSS-ROCF in predicting basic and higher-order 

academic competencies. Consistent with our hypotheses, whereas the ability to effectively 

organize complex visuospatial materials was associated broadly with academics (both 

“discrete/associative” and “assembled” skills), the degree of integration applied in managing 

those materials was uniquely associated with higher-order (“assembled”) academic skills.

During the early school years, the educational system (at least in the United States) tends to 

emphasize memorization of the “building blocks” – outfitting young learners with the 

discrete/associative processing capacities they need to begin understanding symbols, 

decoding words, and working with numbers. Over time, curricular demands become 

increasingly integrative – expecting students to not only acquire new discrete skills, but also 

to link new skills with old in an ever-expanding knowledge network that will ultimately 

permit them to reach higher conceptual and computational heights. Children with CCHD 

may struggle with learning from very early on, or perhaps not until latent integration 

vulnerabilities become manifest in the shift from “learning to read” (i.e., “discrete/

associative processing”) to “reading to learn” (i.e., “assembled processing”) that marks the 

transition from the early-elementary to later-elementary/early-middle-school years. The 

DSS-ROCF, as a means of operationalizing and measuring integration in children and 

adolescents with CCHD, may prove useful in recognizing risk for current and future 

academic difficulties, and informing recommendations for clinical management. For 

example, appreciating that children with SVF may tend to adopt a more part-oriented 

approach to managing complex information, a neuropsychologist might suggest that teachers 

help these children to appreciate links between information; by making underlying 

connections and links between information more explicit, these students may be more likely 

to appreciate (and prioritize) the structure or narrative holding information together, in turn 

making them more successful readers and problem-solvers.

Previous authors have emphasized that neurodevelopmental sequelae of CCHD can play an 

important role in limiting educational, occupational, financial, and quality of life attainment 

for survivors (Marino et al., 2012). Our findings are in line with this statement, showing that 

fundamental visuospatial processing is linked to educational outcomes. Marino and 

colleagues (2012) emphasized in their statement that children with CCHD require close 

monitoring, assessment, and intervention to best manage the increased risk for atypical 

development, with direct referral to developmental specialists appropriate in some cases. 

Jaworski et al. Page 12

Child Neuropsychol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although the concurrent nature of the current results do not imply causality, if integration is, 

in fact, a primary contributing factor to academic struggles, recommendations and 

interventions targeted at increasing integration ability may lead to downstream positive 

effects on the emergence of higher-level, “assembled” academic skills. Findings support the 

need for careful neuropsychological assessment and monitoring of children and adolescents 

with CCHD, as well as targeted intervention and remediation of organization and integration 

deficits that may increase their risk for academic underachievement.

Limitations.

This study has some limitations that are important to discuss. First, the current analyses 

excluded children with known genetic syndromes. This exclusion criterion served to clarify 

results related to CCHD history, but may limit generalizability, for example, by 

underestimating group differences among children who are more severely affected (e.g., 

Bellinger, 2014). Also notable, not all of the participants in the study groups underwent 

genetic testing; therefore, there may be some children with unidentified genetic conditions 

who were not excluded. Second, combining three separate large-scale studies provided the 

power to detect group differences amongst children with different subtypes of CCHD; 

however, subtle methodological differences between the three studies did not allow for direct 

comparison in some instances. For example, we were unable to directly compare or control 

for intellectual reasoning due to different tools used in each study. The lack of ROCF 

Delayed Recall data in the SVF group is also notable.

Future Directions.

In future studies, it will be important to determine the causal relationship between 

visuospatial difficulties and academic outcomes, as well as to evaluate the effectiveness of 

associated recommendations for educational success. Adopting a standardized marker of 

disease severity and standardized assessment tools (e.g., ROCF-DSS) would allow for more 

reliable comparison across studies. These methodological considerations would help to 

enrich a literature that has historically been limited by small sample sizes. Furthermore, 

investigation of potential prenatal, medical, surgical and/or developmental/experiential 

factors that may contribute to CCHD-group differences in visuospatial processing would 

also help to identify children most at risk for difficulties early in development, in order to 

provide needed educational and other support services to mitigate the impact of this domain 

of neurocognitive weakness.
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Table 5

Hierarchical Multiple Regression Analyses Predicting Discrete/Associative and Assembled Academic 

Outcomes From CCHD Group and Visuospatial Organization and Integration Abilities

Academic outcomes

Discrete/Associative Assembled

Predictor ΔR2 β ΔR2 β

Step 1 .292*** .263***

 Control variables
a

Step 2 .048*** .038***

 CCHD status
b .226*** .201***

Step 3 .051*** .050***

 DSS-ROCF Organization 1.075*** 1.066***

Step 4 .004 .010**

 DSS-ROCF Style (Integration) .064 .106**

Total Adjusted R2 .386*** .353***

n 452 452

Note: CCHD = critical congenital heart disease.

a
Control variables included age, SES, and DSS-ROCF Copy Basal Level

b
Primary regression analyses compared CCHD vs. REF groups

**
p < .01.

***
p < .001.
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