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Abstract

Objective—To establish executive function (EF) structure/organization and test a longitudinal
developmental cascade model linking processing speed (PS) and EF skills at 8-years of age to
academic achievement outcomes, both at 8- and 16-years, in a large sample of children/
adolescents with surgically-repaired dextro-transposition of the great arteries (d-TGA).

Method—Data for this study come from the 8-(n7= 155) and 16-year (s7= 139) time points of the
Boston Circulatory Arrest Study and included WISC-I11I, Trail Making Test, Test of Variables of
Attention, and WIAT/WIAT-1I tasks.

Results—A 2-factor model (Working Memory/Inhibition and Shifting) provided the best fit for
the EF data, X2(3) =1.581, p=.66, RMSEA =0, CFI = 1, NNFI = 1.044). Working Memory/
Inhibition and Shifting factors were not correlated. In the structural equation model, PS was
directly related to both EF factors and Reading at 8 years, and was indirectly related to Math and
Reading achievement, both concurrently and longitudinally, via its effects on Working Memory/
Inhibition. Shifting at 8 years was significantly associated with Math (but not Reading) at 16
years.

Conclusions—The academic difficulties experienced by children and adolescents with d-TGA
may be driven, at least in part, by underlying deficits in processing speed and aspects of executive
function. Intervention efforts aimed at bolstering these abilities, particularly if implemented early
in development, may prove beneficial in improving academic outcomes and, perhaps by extension,
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in reducing the stress and diminished self-confidence often associated with academic
underachievement.

Keywords

congenital heart disease; transposition of the great arteries; working memory; inhibition; cognitive
flexibility

It is estimated that approximately 2 million people in the United States are living with
congenital heart disease (CHD), and nearly 40,000 children are born with some form of
CHD each year (Marelli et al., 2012; Hoffman & Kaplan, 2002; Reller, Strickland, Riehle-
Colarusso, Mahle, & Correa, 2008). Medical and surgical advances over the past few
decades have drastically increased CHD survival rates and, in so doing, brought into sharper
relief the longer-range needs of this growing population of survivors (Marino et al., 2012).
In particular, neurobehavioral deficits and academic underachievement threaten the
successful navigation of stage-salient developmental tasks for children and adolescents with
CHD. Approximately 17-50% require special educational supports and services (Bellinger
etal., 2011, 2014; Calderon et al., 2013; Riehle-Colarusso et al., 2015; Shillingford et al.,
2008, van Rijen et al., 2003); and, as adults, CHD survivors ultimately attain lower levels of
education and experience higher rates of unemployment than healthy controls (van Rijen et
al., 2003; Crossland, Jackson, Lyall, Burn, & O’Sullivan, 2005).

Despite growing recognition of the long-term adverse impact of CHD on behavior and brain
development, few large-scale investigations have followed children with CHD over time to
elucidate the mechanisms(s) underlying this increased neurodevelopmental risk. The Boston
Circulatory Arrest Study (BCAS) is a notable exception, having followed a large cohort of
children with dextro-transposition of the great arteries (d-TGA) longitudinally from infancy
through early and later childhood and, most recently, into adolescence (Newburger et al.,
1993; Bellinger et al., 1995, 1999, 2003, 2011). As such, the BCAS offers an unparalleled
view on how children with CHD develop. In the current study, we use data from the 8- and
16-year time points of the BCAS to test a longitudinal developmental cascade model linking
executive function and processing speed to concurrent and future math and reading
achievement outcomes in children with d-TGA.

Executive Functions: Structure, Development, and Associations with
Academic Achievement

Executive functions (EF) include a range of skills that facilitate purposeful, goal-directed,
and socially-competent behavior (Diamond, 2013). In adults, EFs are generally
conceptualized as an interconnected yet distinguishable set of three core abilities—
inhibitory control, working memory, and cognitive flexibility (shifting)—that, in turn,
contribute to higher-order reasoning, planning, and problem-solving (Diamond, 2013). Such
a configuration is not static throughout the lifespan, however, but rather seems to emerge
over a protracted time course from a single-factor structure during the preschool/early
childhood years (Clark & Woodward, 2014; Hughes, Ensor, Wilson, & Graham, 2010;
Wiebe et al., 2008, 2011; Willoughby et al., 2010, 2012), to a two-factor structure among
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school-age children and early adolescents (Lee, Bull, & Ho, 2013; van der Sluis, de Jong, &
van der Leij, 2007), ultimately culminating in a mature three-factor structure later in
adolescence (Lee et al., 2013), at least in typically-developing children and children born
prematurely (Rose, Feldman, & Jankowski, 2011). No studies to date have investigated
latent EF factor structure and organization in children with CHD.

Inhibitory control refers to the ability to resist the urge to act in a way that would likely
prove disadvantageous. Lack of inhibitory control makes one vulnerable to responding too
quickly, propelled by basic stimulus-response tendencies, appetitive drives, and/or
overlearned habits rather than reason. Inhibitory control begins to develop early in childhood
with adult-level performance on laboratory inhibition tasks typically achieved in late
childhood or early adolescence (Bédard, Nichols, Barbosa, Schachar, Logan, & Tannock,
2002; Williams, Ponesse, Schachar, Logan, & Tannock, 1999). Evidence of associations
between inhibition and academic outcomes exists but is fairly equivocal: whereas some
studies have documented links to literacy and math achievement (see Allan, Hume, Allan,
Farrington, & Lonigan, 2014 for recent meta-analysis; Blair & Razza, 2007; Bull & Scerif,
2001; Clark, Sheffield, Chevalier, Nelson, Wiebe, & Espy, 2013; Fulton, Yeates, Taylor,
Walz, & Wade, 2012; Passolunghi & Siegel, 2004; St Clair-Thompson & Gathercole, 2006),
others have failed to find significant correlations between inhibitory control processes and
academic performance (e.g., Kim, Nordling, Yoon, Boldt, & Kochanska, 2013).

Working memory refers to the ability to actively maintain perceptual information in mind
and use that information to achieve a goal (Baddeley & Hitch, 1974; D’Esposito & Postle,
2015). Unlike more basic short term memory processes, which enable one to repeat a string
of numbers or parrot a sentence, for example, working memory involves the effortful mental
manipulation of previously-encountered verbal or visual-spatial stimuli (Alloway et al.,
2004, 2006) and, thus, serves as the foundation for creating meaningful connections between
temporally-distinct experiences. Infants as young as 9 to 12 months show signs of
rudimentary working memory ability (e.g., Diamond, 1985) with significant increases in
working memory sophistication and refinement observed throughout childhood and
adolescence (Luciana & Nelson, 1998; Conklin, Luciana, Hooper, & Yarger, 2007).
Substantial evidence implicates working memory as critical for the development of
academic competencies in reading and math (Alloway et al., 2009; Bull & Lee, 2014; Bull &
Scerif, 2001; Christopher et al., 2012; Clark et al., 2013; Gathercole, Alloway, Willis, &
Adams, 2006; Geary, 2012; Li & Geary, 2013; Monette, Bigras, & Guay, 2011; Nevo &
Breznitz, 2011; Rose et al., 2011; St Clair-Thompson & Gathercole, 2006; van der Sluis et
al., 2007; Zheng et al., 2011).

Cognitive flexibility or shifting refers to the ability to switch fluidly between tasks, rule sets,
or perspectives, and to adjust effectively to optimize outcomes in the face of changing
demands (Diamond, 2013). Cognitive flexibility undergoes a notably protracted
developmental course that extends well into the second decade of life (Cepeda, Kramer, &
Gonzalez de Sather, 2001; Clark et al., 2013). Like inhibitory control, relations between
cognitive flexibility and academic outcomes have been relatively under-investigated (Rose et
al., 2011) with mixed findings reported across studies (Agostino, Johnson, & Pascual-Leone,
2010; Espy, McDiarmid, Cwik, Stalets, Hamby, & Senn, 2004; van der Sluis et al., 2007).
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Congenital Heart Disease and Implications for EF

Congenital heart disease is an umbrella term that includes a range of conditions affecting the
structural integrity of the heart and/or its connecting vessels. In a typically-developing
human heart, deoxygenated blood is pumped from the right ventricle via the pulmonary
artery to the lungs, where it is oxygenated. The four pulmonary veins then carry the oxygen-
rich blood back to the heart where it enters at the left atrium, progresses on to the left
ventricle, and is ultimately distributed via the aorta to the body and brain. In d-TGA, one of
several types of critical CHD, the aorta and pulmonary artery are transposed. Consequently,
deoxygenated blood is pumped to the body and brain while oxygenated blood circulates to
and from the lungs. Most infants born with d-TGA require surgical intervention (the arterial
switch operation) within the first few days of life. From a developmental perspective,
children with d-TGA are a particularly interesting group to study because, unlike other
forms of critical CHD such as tetralogy of Fallot or hypoplastic left heart syndrome, rates of
identified genetic syndromes are very low in d-TGA. In addition, definitive surgical
intervention most often takes place very early in the neonatal period, and subsequent cardiac
surgery is rarely needed.

Some posit that prematurity/preterm birth may serve as a useful model for conceptualizing
neurologic risk in CHD (e.g., Licht et al., 2009). Brain development is delayed by
approximately 4 to 5 weeks in fetuses with CHD (Licht et al., 2009) with reduced brain
volumes relative to controls documented as early as 25 to 30 weeks gestation
(Limperopoulos et al., 2010; Clouchoux et al., 2013). Moreover, both prematurity and CHD
are independently associated with an increased risk for white matter injury, including
periventricular leukomalacia, ostensibly stemming from damage to oligodendrocyte
precursors during periods of particular vulnerability during fetal development (Galli et al.,
2004; Kinney, Panigrahy, Newburger, Jonas, & Sleeper, 2005; Rivkin et al., 2013; Volpe,
2009).

It remains to be shown whether prematurity and CHD carry similar risks for
neuropsychological functioning, although this too has been suggested (Licht et al., 2009).
Like prematurity, CHD threatens neurodevelopment across several domains. Children with
d-TGA, in particular, despite possessing age-appropriate intellectual abilities (Bellinger et
al., 1999, 2003; Karsdorp et al., 2007), are at risk for EF deficits in early (Calderon et al.,
2010, 2012, 2013, 2014) and middle childhood (Bellinger et al., 2003), as well as later in
adolescence (Bellinger et al., 2011), particularly in cognitive flexibility (shifting), problem-
solving, and verbally-mediated EF skills (Cassidy, White, DeMaso, Newburger, & Bellinger,
2015).

Processing Speed

Processing speed describes the efficiency with which an individual is able to perceive and
act upon a stimulus (Kail & Salthouse, 1994). Lifespan studies document a gradual increase
in speed of processing over infancy, childhood, and adolescence (Rose et al., 2012b) with a
peak in young adulthood and subsequent decline with aging (Kail, 1991), in accordance with
patterns of white matter development and organization (Ferrer et al., 2013; Soria-Pastor et
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al., 2008). Several studies document links between processing speed and complex cognition.
Ferrer et al. (2013), for example, reported that increases in white matter microstructure over
the course of childhood and adolescence contribute to more efficient speed of processing,
which in turn correlates with better fluid reasoning abilities (see also Kail & Salthouse,
1994; Fry & Hale, 1996; Kail, 2007). Processing speed also mediates improved EF skills in
both typically-developing and preterm children (Rose et al., 2011; Mulder, Pitchford, &
Marlow, 2011). Indeed, even measured as early as 7 to 36 months of age, processing speed is
a stronger predictor of working memory and cognitive flexibility (but not inhibitory control)
than infant/toddler attention and memory abilities (Rose et al., 2012a). To date, no studies
have examined directional associations between processing speed and EF in children with
CHD.

Developmental Cascades

Developmental science has, from its inception, sought to understand the processes
underlying growth and change over time. Whereas some events or experiences exert a direct
effect on a particular function or set of functions, others are thought to operate indirectly,
impacting distal outcomes via their effects on more proximal ones like a chain of dominoes.
The concept of developmental cascades describes this latter scenario wherein “...the
cumulative consequences for development of the many interactions and transactions
occurring in developing systems...result in spreading effects across levels, among domains
at the same level, and across different systems or generations” (Masten & Cicchetti, 2010, p.
491). From a clinical management perspective, knowledge of developmental cascades can, at
least in theory, serve as the basis for powerful prevention and intervention efforts aimed at
disrupting probabilistically maladaptive trajectories and redirecting at-risk individuals onto
more positive pathways (Masten et al., 2005).

Fry and Hale (1996) were among the first to apply a developmental cascade model to the
study of cognition, showing that processing speed is indirectly associated with fluid
reasoning via its effects on working memory. More recently, Rose and her colleagues (2011)
extended the concept of developmental cascades to look at academic achievement in 11-
year-old typically-developing and preterm children. Using structural equation modeling,
they found that processing speed is related directly to working memory, shifting, and
inhibitory control, and indirectly to math and reading achievement via working memory.
These findings suggest that attempts to improve downstream academic outcomes in high-
risk children may benefit from early identification and remediation of processing speed and
working memory vulnerabilities.

Present Aims

In the present study, we sought to test Rose et al.’s (2011) developmental cascade model in a
large cohort of children with d-TGA followed longitudinally since infancy. We had two
aims: 1) to test competing models of EF structure and organization at 8 years of age, to
determine empirically which configuration provided the best fit to the available data, and 2)
to examine directional associations between processing speed/EF and academic achievement
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(reading and math) both concurrently (at 8 years of age) and longitudinally (at 16-years of
age).

We were interested in whether EF structure and organization within our sample of children
with d-TGA would be similar qualitatively to patterns observed in previous studies of
typically-developing children. On the basis of prior research with healthy 8-year-old
children, we hypothesized that a two-factor model (Working Memory/Inhibition and
Shifting) of distinguishable yet correlated EF factors would fit the data best (Shing,
Lindenberger, Diamond, Li, & Davidson, 2010). We further predicted that processing speed
would be directly and positively related to both EF factors, and indirectly, through Working
Memory/Inhibition, to concurrent and future academic achievement outcomes.

Method

Recruitment and Procedure

The BCAS has been well-described in several previous reports (Newburger et al., 1993;
Bellinger et al., 1995, 1997; 1999, 2003, 2011). Briefly, recruitment took place between
April 1988 and February 1992. Eligible children included those with diagnosed d-TGA
(with or without intact ventricular septum) who underwent surgical repair by 3 months of
age and whose cardiac anatomy was appropriate for the arterial switch operation (ASO).
Exclusion criteria included: birth weight less than 2.5 kg, a recognized genetic syndrome,
extracardiac anomaly of greater than minor severity, prior heart surgery, or cardiovasculature
requiring reconstruction of the aortic arch or other open-heart surgical procedures. Once
enrolled, infants were then randomly assigned to receive the ASO with a method of vital
organ support of either predominant deep hypothermic circulatory arrest or predominant
low-flow bypass. These children have since been monitored with extensive medical,
imaging, psychiatric, and neuropsychological follow-up assessments at 1-, 4-, 8-, and 16-
years post-ASO. For the neuropsychological segment at 8- and 16-year time points,
participants were invited to the hospital for a single evaluation session lasting approximately
4 hours, with rest breaks provided as needed. Tasks were administered in a fixed order by a
licensed psychologist (DCB) or supervised research assistant.

This study was approved by the Institutional Review Board of Boston Children’s Hospital
and conducted in accordance with American Psychological Association and Helsinki
Declaration guidelines. Informed consent was obtained from parents of study participants.
Adolescents provided assent to participate in the study.

Participants

A total of 171 infants participated in the initial BCAS. Of these, 155 children returned for
follow-up assessment at 1-year; 158 at 4-years; 155 at 8-years; and, 139 at 16-years post-
surgery. Approximately 81% of the original sample was retained throughout the study
duration. The current sample consisted of 155 participants at the 8-year time point and 139
participants at the 16-year time point. Descriptive data are presented in Table 1 (see also
Bellinger et al., 2003, 2011). No significant differences in 1-year SES, gestational age, birth
weight, sex, race, 1- and 5-minute Apgar scores, and age at first operation were found
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between participants who were (7= 155) and who were not (7= 16) retained from the
original sample; the Wilcoxon rank-sum and Fisher’s exact tests were used to evaluate
differences for continuous and categorical variables, respectively. The total number of
cardiac operations could not be compared as this measure was only collected at the 16-year
assessment.

Neuropsychological protocols included a battery of well-standardized, developmentally-
appropriate tests and rating scales, selected to assess a range of functional domains. The
present investigation used a sub-set of data from the BCAS 8- and 16-year follow-up
evaluations to test specific hypotheses related to processing speed, EF, and academic
achievement. Detailed descriptions of our primary outcome variables can be found in
Bellinger et al. (2003, 2011).

Processing Speed—Processing speed was assessed at 8-years using the Coding and
Symbol Search subtests (age-referenced scaled scores) from the Wechsler Intelligence Scale
for Children-Third Edition (WISC-I11; Wechsler, 1991).

Executive Function—/nhibitory Control was assessed at 8-years using the Commission
Errors score from the Test of Variables of Attention (TOVA, 11.5 minute version; Greenberg
& Waldman, 1993). Working Memory was assessed at 8-years using the Digit Span [Longest
Digit Span Backward (DSB) raw score] and Arithmetic (age-referenced scaled score)
subtests from the WISC-111 (“Freedom from Distractibility Index;” Wechsler, 1991).
Cognitive Flexibility/Shifting was assessed at 8-years using the Trail Making Test-
Intermediate Version (difference score: Trails B - Trails A; Reitan & Davison, 1974).

Academic Achievement—Academic achievement was assessed at 8-years using the
Basic Reading, Reading Comprehension, Numerical Operations, and Mathematics
Reasoning subtests from the Wechsler Individual Achievement Test (WIAT; Psychological
Corporation, 1992) and at 16-years with the Word Reading, Reading Comprehension,
Numerical Operations, and Math Reasoning subtests from the WIAT-Second Edition (WIAT-
I1; Psychological Corporation, 2002). Age-referenced standard scores were included in
analyses.

Data Analysis

Descriptive data analyses were performed using IBM SPSS Statistics Version 21. Data were
inspected for normality and outliers. Ten participants (about 6%) with missing data were
excluded from analysis. Confirmatory factor analysis (CFA) and structural equation
modeling were conducted using Mplus Version 7.3 (Muthén & Muthén, 2012). Model fit
was determined using a range of statistics including chi-square, root mean square error of
approximation (RMSEA), comparative fit index (CFI), and non-normed fit index (NNFI)
estimates. As recommended by Hu and Bentler (1999), a good model fit was defined as
RMSEA < .06, CFI > .95, and NNFI > .95. A non-significant chi-square (o> .05) would
also suggest good model fit; however, it is widely recognized that chi-square estimates are
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overly sensitive to sample size making it a less useful indicator of fit than other indices
(Brown, 2006).

A series of CFAs was performed to establish latent EF factor structure and organization.
One-, two-, and three-factor models were specified. Akaike Information Criterion (AIC)
estimates were compared and chi-square difference tests were performed to determine the
best-fitting model. The preferred model was then retained for use in the subsequent
structural equation model (SEM). Latent Reading and Math constructs were specified using
8- and 16-year variables from the WIAT and WIAT-II, respectively. The SEM was specified
to test direct and indirect associations among processing speed, EF, and academic
achievement outcomes. Socioeconomic status at 8- and 16-years was included as a time-
varying covariate.

Descriptive statistics and Pearson correlation coefficients are presented in Table 2.

Confirmatory Factor Analysis (CFA): Executive Function Structure and Organization

CFA results are presented in Table 3. Two models fit the data very well: the three-factor
model and the two-factor model (collapsing Working Memory and Inhibition). Models
collapsing Shifting with another EF factor did not fit well, nor did a one-factor model
collapsing all three EF constructs into a single latent factor.

In the two-factor model (Working Memory/Inhibition and Shifting), Shifting was identified
by a single manifest variable. For Working Memaory/Inhibition, standardized factor loadings
for the DSB and Arithmetic indicators were .64 and .74, respectively (ps < .001); the loading
of TOVA Commission Errors was .13 (p = .224). In the three-factor model, two of three EF
constructs (i.e., Inhibition and Shifting) were each identified by a single manifest indicator.
For Working Memory, standardized factor loadings for the DSB and Arithmetic indicators
were .64 and .73, respectively (ps< .001).

Considering the high degree of similarity between three-factor and two-factor (collapsing
Working Memory and Inhibition) models, neither of which fit appreciably better or worse
than the other, the more parsimonious two-factor model was retained for subsequent
analysis.

Structural Equation Model: PS, EF, and Academic Achievement

Structural equation modeling was used to test our hypothesis: processing speed — EF —
academic achievement in math and reading. The proposed model demonstrated a good fit to
the data, X2(80) =117.08, p<.001; RMSEA (90% CI) = .055 (.031 - .075), CFI = .978,
NNFI =.967 (see Figure 1, Table 4). Processing Speed was directly related to both EF
factors, as well as to Reading at 8-years. Processing speed was indirectly related to Reading
and Math at 8 years via Working Memory/Inhibition (p=.002 and .003, respectively).
Processing speed was also indirectly related to Math at 16 years via its effects on Shifting (o
=.033). Intra-construct correlations between Reading and Math were significant at both time
points, as were paths predicting 16-year Reading and Math from 8-year Reading and Math,
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respectively. Contrary to predictions, Working Memory/Inhibition and Shifting factors were
not correlated.

The structural equation model, as a whole, accounted for a large proportion of the variance
in concurrent and future academic achievement. At 8-years, Processing Speed, EF, and
socioeconomic status (SES) explained 74% of Reading and 84% of the variability in the
Math outcomes. Processing Speed, EF, SES, and 8-year Reading/Math, in turn, explained
82% and 78% of the variability in the Reading and Math outcomes, respectively, at 16-years.

Discussion

This study had two primary aims: 1) to establish the factor structure and organization of
three core EF components in a large cohort of children with critical congenital heart disease,
and 2) to apply the resulting EF configuration to test a longitudinal developmental cascade
model linking processing speed, EF, and academic achievement outcomes across childhood
and into adolescence.

EF Structure and Organization

In our sample of 8-year olds with d-TGA repaired with the arterial switch operation,
findings support a two-factor EF structure consisting of separable, uncorrelated Working
Memory/Inhibition and Shifting factors. A three-factor model with distinct Working
Memory, Inhibition, and Shifting factors also fit the data well but not better than the two-
factor model collapsing Working Memory and Inhibition, and thus was rejected in favor of
the more parsimonious two-factor structure.

These results are similar in some (but not all) respects to those from prior studies of EF
development in healthy children; however, as with much prior EF research, conceptual
ambiguity and differences in test batteries complicate direct comparisons. Shing and
colleagues (2010), for example, reported that inhibitory control and working memory are not
separable among children 4 to 9.5 years old, and only became distinguishable between 9.5
and 14.5 years of age. A similar differentiation of inhibitory control and working memory
may be seen in children with d-TGA, as well, although appropriately-designed follow-up
studies during later childhood and early adolescence would be necessary to test this
hypothesis.

Alternatively, it is possible that EF development within the context of d-TGA may differ
fundamentally from that of typically-developing children, in which case we might expect
different organization patterns to obtain. In perhaps the best designed study of core EF skills
development to date, Lee et al. (2013) also found that a two-factor model fit best among 8-
year olds; however, in their study, Inhibition and Shifting factors were combined, while
Working Memory (“Updating”) remained an independent, distinguishable factor that was
correlated with the Inhibition/Shifting factor. A similar model (i.e., collapsing Inhibition and
Shifting) did not fit well in our d-TGA sample, nor were our latent EF factors correlated
significantly with each other. It seems, therefore, that prevailing models of EF development
in typically-developing children may not adequately characterize the structure of EF in
children with critical CHD, although this finding will need to be replicated in other CHD
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samples (including other d-TGA cohorts as well as groups of children with other cardiac
lesions) and using comparable test batteries before strong conclusions may be drawn.

If prevailing models of EF are, in fact, less appropriate for children with CHD, what
implications might atypical EF organization bear for real-world functional outcomes?
Theoretically, if stronger correlations between EF abilities reflect a higher degree of network
sophistication and neural synchrony (e.g., Uhlhaas, Roux, Rodriquez, Rotarska-Jagiela, &
Singer, 2010) among involved brain regions, then weaker or non-existent correlations may
be a sign of relative network immaturity. In this way, a less coordinated repertoire of core EF
components may result in less effective neural cost-sharing, as it were, making higher-order
problem solving more effortful and laborious. This hypothesis, to our knowledge, has not
been tested but would likely be of interest to clinicians working with medically complex
children, particularly those presenting with concerns about “mental fatigue” that cannot be
adequately explained by the outward physical manifestations of the medical condition itself.

Longitudinal Developmental Cascade Model

In our longitudinal developmental cascade model, Processing Speed was directly related to
both EF factors and Reading at 8 years and was indirectly related to Math and Reading
achievement, concurrently and at 16 years of age, via its effects on Working Memory/
Inhibition. Shifting at 8 years was not significantly related to academic achievement at 8
years but directly predicted Math (but not Reading) at 16 years.

Findings provide further support for the critical importance of working memory to the
acquisition and development of academic competencies. But why, among EF skills, might
working memory be particularly important for learning? In many respects, working memory
may be considered a foundational contributor to higher-order integration. Identifying
commonalities across lessons, appreciating shared themes, linking new concepts with old—
all of these inherently integrative tasks rely on the ability to maintain more than one piece of
information in mind, which, in turn, affords one the opportunity to act upon that information
in some purposeful way. Whether by visualizing the solution to a geometric proof, drawing
contextual inferences from written materials, or simultaneously weighing the pros and cons
of a multifaceted decision, working memory provides a mental stage for testing out ideas
and getting a sense of how well they might work in the real world.

Framed in this way, it is not surprising that children with stronger working memories
experience greater success in school. That the opposite tends to be true for children of more
limited working memory capacities (e.g., Alloway et al., 2009) is also understandable, and in
the case of children with CHD, raises the question of what may be done to mitigate this risk.
One answer may be to intervene to increase working memory capacity, for example, using
computerized working memory training programs (Calderon & Bellinger, 2015). Working
memory training has not been attempted in children with CHD. Among other groups, while
some studies have shown promising results (Holmes, Gathercole, & Dunning, 2009; Thorell,
Lindgvist, Bergman Nutley, Bohlin, & Klingberg, 2009), others have found either no
improvement or improvement but failure to generalize beyond working memory to critical
academic or social outcomes (Dunning, Holmes, & Gathercole, 2013; Henry, Messer, &
Nash, 2014; Melby-Lervag & Hulme, 2013; Shipstead, Redick, & Engell, 2012). On
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balance, the evidence would seem therefore to suggest both a need for further research to
evaluate the efficacy and effectiveness of working memory training for children with CHD
and an attitude of cautious skepticism and restraint among clinicians considering
recommending these programs for children with CHD until more is known about how well
they work.

Still another implication of this developmental cascade model is that there may, in fact, be
multiple targets for intervention to promote later competence in children with CHD. Indeed,
as Masten and her colleagues (2005) noted, “It is quite conceivable that the best way to
prevent one kind of problem is to intervene earlier in another domain” (p. 743). For children
with CHD, this other domain may be processing speed, or it may be something even earlier
in development that either constrains or facilitates processing speed. Like computerized
working memory training, and with many of the same caveats, there is some evidence to
suggest that processing speed can be increased with training, presumably via repeated
activation of underlying frontal-parietal systems (Mackey, Hill, Stone, & Bunge, 2011). That
said, processing speed is also highly dependent on white matter integrity (e.g., Ferrer et al.,
2013) which may be diminished in CHD (Rivkin et al., 2013; Rollins et al., 2014) and, thus,
may be less amenable to remediation for children with CHD.

It is also possible that the experience of being an infant or young child with CHD carries
with it a set of contextual risks that may, at least for some, undermine processing speed or
EF or both. Clark and Woodward (2014), for example, showed that parents of children born
very prematurely tend to engage in more intrusive and negative styles of parenting than
those of full-term children. Moreover, parental intrusion and negativity—which the authors
rightly discuss in terms of the fit between these typically harder-to-parent children and their
respective caregivers—was then shown to undermine the development of executive control
skills and increase risk for academic failure among preterm children. Parental overprotection
—a construct related to some degree to intrusive parenting—is a concern among adolescents
(Luyckx et al., 2011) and adults with CHD (Ong, Nolan, Irvine, & Kovacs, 2011), and
during earlier childhood may contribute to restricted exploration of the environment
(Bjarnason-Wehrens et al., 2007). How these and other early life experiences affect
subsequent cognitive and self-regulatory development in children with CHD is not yet
known but may provide important insights into targets for very early intervention, at the
level of the family system, to maximize developmental potential.

Shifting ability in 8-year-old children with d-TGA accounted for very little variance in
concurrent math skills but nonetheless was a significant predictor of how well those children
would fare against more demanding high school mathematics at 16-years of age. Although
this is certainly not the first investigation to highlight the importance of longitudinal study
designs to uncover the longer-range, cross-domain implications of childhood cognitive
status, it is, to our knowledge, the first to highlight this particular pathway between shifting
and later math achievement among children with CHD. In so doing, this finding also
reinforces the need for comprehensive neuropsychological assessment of children with CHD
during childhood to identify areas of risk and provide individualized recommendations for
management (Marino et al., 2012). More specifically, among children with CHD, deficits in
shifting or cognitive flexibility, even in the absence of concurrent math failure, should be
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recognized to increase risk for future struggles in math. Educational supports and services
may be appropriate under these circumstances, in addition to follow-up assessment, to
promote effective progress in school.

Limitations

These findings should be interpreted in light of some limitations. First, as previously
described, the data analyzed in this study were taken from the larger Boston Circulatory
Arrest Study, which was not designed a priorito test the factor structure/organization of core
EF skills or predictive associations between EF and academic achievement. Consequently, it
was not possible to specify multi-indicator latent factors for Inhibition and Shifting.
Moreover, in specifying our latent Working Memory factor with tasks that require the online
maintenance and manipulation of numbers, it is possible that our model may be
overestimating associations between working memory and mathematical abilities. Second,
differences in EF factor conceptualization and test batteries across studies make it difficult to
compare our findings with those from other groups. Third, because cardiac surgical
techniques change over time, those techniques used in our sample of children/adolescents
operated on more than 20 years ago are likely different than those used by many centers
today. Finally, as a single-center study focusing on a particular form of severe CHD (i.e., d-
TGA), it is possible that the findings obtained may not generalize to other settings or
congenital heart lesions or operations.

Conclusion

Improving outcomes for individuals with congenital heart disease must begin with efforts to
understand the processes and mechanisms underlying their increased risk for
neurodevelopmental impairment. Findings from this study suggest that the academic
difficulties experienced by children and adolescents with severe CHD may be driven, at least
in part, by underlying deficits in processing speed and aspects of executive function.
Intervention efforts aimed at bolstering these abilities, particularly if implemented early in
development, may prove beneficial in improving academic outcomes and, perhaps by
extension, in reducing the stress and diminished self-confidence often associated with
academic underachievement.
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Longitudinal developmental cascade model linking processing speed, executive function,
and academic achievement in children and adolescents with surgically-repaired dextro-
transposition of the great arteries. Socioeconomic status at 8- and 16-years (not shown) was
included as a time-varying covariate in this model. Values depicted are completely

standardized path coefficients. Significant paths and bidirectional associations are

represented by solid lines. Nonsignificant paths are represented by dashed lines. Factor
loadings are omitted for ease of presentation. PS = Processing Speed; WM/Inhibit =
Working Memory/Inhibition; 8 = data from the 8-year time point; 16 = data from the 16-year

time point.
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Table 1

Sample demographic and medical/surgical characteristics

N Mean sb %

Family SES at 8 years 155 45.03 13.42

Family SES at 16 years 138 45.83 12.22
Gestational age (weeks) 154  39.77 1.21

Birth weight (kg) 155 353 0.44

Sex (male) 155 76.1
Race (white) 155 88.4
Age at 8-year assessment (years) 155 8.17 0.25

Age at 16-year assessment (years) 139 16.08 0.51
One-minute Apgar score 140 751 1.33
Five-minute Apgar score 139 8.32 0.88

Age at first operation (days) 155 9.90 11.46

Total cardiac operations 138 1 (1_4)a

a_ . - .
median (minimum-maximum) Note.

SES = socioeconomic status
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