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Abstract

Objectives: As the number of adolescents and young adults (AYAs) surviving congenital heart disease (CHD) grows,
studies of long-term outcomes are needed. CHD research documents poor executive function (EF) and cerebellum (CB)
abnormalities in children. We examined whether AYAs with CHD exhibit reduced EF and CB volumes. We hypothesized
a double dissociation such that the posterior CB is related to EF while the anterior CB is related to motor function. We also
investigated whether the CB contributes to EF above and beyond processing speed. Methods: Twenty-two AYAs with
CHD and 22 matched healthy controls underwent magnetic resonance imaging and assessment of EF, processing speed,
and motor function. Volumetric data were calculated using a cerebellar atlas (SUIT) developed for SPM. Group differences
were compared with t tests, relationships were tested with Pearson’s correlations and Fisher’s r to z transformation, and
hierarchical regression was used to test the CB’s unique contributions to EF. Results: CHD patients had reduced CB total,
lobular, and white matter volume (d= .52–.99) and poorer EF (d= .79–1.01) compared to controls. Significant correlations
between the posterior CB and EF (r= .29–.48) were identified but there were no relationships between the anterior CB and
motor function nor EF. The posterior CB predicted EF above and beyond processing speed (ps< .001). Conclusions: This
study identified a relationship between the posterior CB and EF, which appears to be particularly important for inhibitory
processes and abstract reasoning. The unique CB contribution to EF above and beyond processing speed alone warrants
further study. (JINS, 2018, 24, 939–948)
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INTRODUCTION

Congenital heart disease (CHD) is the most common birth
defect in the United States, occurring in 1% of births each year
(Hoffman, Kaplan, & Liberthson, 2004). Even though CHD
remains the leading cause of infant death due to birth defect,
advancements in cardiology have led to rapidly falling mor-
tality rates, decreasing by 24.1% between 1999 and 2006
(Gilboa, Salemi, Nembhard, Fixler, & Correa, 2010; Yang
et al., 2006). There are now more than 1,000,000 adults with
CHD in the United States, a number which is expected to grow
by 5% each year (Jackson,Misiti, Bridge, Daniels, & Vannatta,
2015; Marelli, Mackie, Ionescu-Ittu, Rahme, & Pilote, 2007).
This necessitates the further study and understanding of long-
term outcomes in CHD, a topic which until recently has been
relatively neglected in the literature.

As the CHD population ages, areas of concern for these
patients include academic, occupational, and behavioral con-
cerns as well as health-related quality of life (Geyer, Norozi,
Buchhorn, &Wessel, 2009; van Rijen et al., 2003). Important
to all of these are cognitive outcomes, especially executive
function (EF). CHD patients are at risk for compromised EF,
which can impact work and school performance and cause
difficulties for young adults who are transitioning to manage
their own medical care (Murdaugh, King, & O’Toole, 2017).

COGNITIVE OUTCOMES AND BRAIN
DEVELOPMENT IN CHD

EF deficits have been consistently found in children with
CHD, with some studies determining the rate of impairment
is double that in healthy controls (Bellinger et al., 2011;
Bergemann et al., 2015; Cassidy, White, DeMaso,
Newburger, & Bellinger, 2015; Gaynor et al., 2010; Sanz
et al., 2017). Some research has shown these deficits lasting
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into adolescence and adulthood, confirming the need for
more research on older CHD patients (Daliento et al., 2005;
Ilardi, Ono, McCartney, Book, & Stringer, 2017; Klouda,
Franklin, Saraf, Parekh, & Schwartz, 2017; von Rhein et al.,
2014). A recent review found only one study of adults with
CHD that measured EF (Daliento et al., 2005; Tyagi et al.,
2014). They found that patients performed worse on several
EF tests, particularly on the Tower.
Since this review, there have been few new studies of EF in

adults with CHD (Ilardi et al., 2017; King et al., 2016;
Klouda et al., 2017). Our group found deficits in working
memory and informant report of EF (King et al., 2016).
Klouda and colleagues found no differences between mod-
erate CHD and controls, but individuals with severe CHD
exhibited various deficits, including EF. Finally, Ilardi and
colleagues found that adults with CHD performed sig-
nificantly more poorly on measures of visuospatial con-
struction and working memory and that individuals at higher
risk for neurological disruption performed more poorly on
the D-KEFS Category Switching subtest.
In addition to cognitive impairment, studies commonly

find disrupted neurodevelopment, cerebral immaturity and
reductions in volume, as well as pre- and post-operative white
matter injury (Beca et al., 2013; Mebius, Kooi, Bilardo, &
Bos, 2017; Peyvandi et al., 2016). These abnormalities result
from subtle genetic differences and copy number variations
(the number of times a given gene is coded in an individual’s
DNA) in addition to hypoxia and suboptimal blood flow to
the developing brain in utero (Licht et al., 2004; Mahle et al.,
2000; Sun et al., 2015). Some lifesaving surgeries require
the use of cardiopulmonary bypass, deep hypothermic
circulatory arrest, or regional cerebral perfusion, which can
add to injury (du Plessis, 1999; Wray, 2001). Mahle et al.
(2002) and Beca et al. (2013) found new white matter injury
in neonates after surgery and determined that these injuries
are associated with the amount of time spent on bypass,
lactate levels, brain maturity, and pre-operative injury.
One area of the brain that is particularly vulnerable to

hypoxic injury is the cerebellum (CB), which has been
documented as reduced in volume in the CHD population
(Owen et al., 2014; von Rhein et al., 2014; Zeng et al., 2015).
In typically developing fetuses, the CB develops rapidly
between 24 and 40 weeks gestation, increasing in volume
five-fold (Volpe, 2009). Consequently, it has been proposed
that the CB is particularly vulnerable due to the high meta-
bolic demands of such rapid growth (Limperopoulos et al.,
2005; Owen et al., 2014). Reduced CB volume has been
found in both fetuses and infants with CHD (Ortinau et al.,
2012; Owen et al., 2014; Zeng et al., 2015). Studies of
premature infants, who are also vulnerable to hypoxia,
contribute more findings of abnormal CB development. Allin
et al. (2001) found significantly reduced CB volumes in
adolescents who were born prematurely, suggesting that
developmental abnormalities in CB structure can persist
long-term in the premature population. Furthermore, these
differences persisted even when controlling for whole brain
volume, sex, and socioeconomic status. This robust finding

strongly supports the proposition that CB structure is parti-
cularly sensitive to developmental disruption.

CEREBELLUM AND EF

The cortico-centric view of cognition has traditionally been
the dominant framework for conceptualizing higher-order
processes in neuropsychology. However, many researchers
argue that focusing exclusively on cortical bases of higher-
order cognition neglects to recognize the important roles
subcortical structures like the CB, basal ganglia, and hippo-
campus. Some research has proposed that the CB facilitates
“cognitive efficiency” through the formation of internal
models, in which the CB learns through repetition and stores
the most efficient schematic for a given cognitive process
(Ailion et al., 2016; Koziol et al., 2014). In this way, the CB
refines cognitive processes similarly to how it is believed to
automate movement. Previously, processing speed has been
used as a proxy measurement for the cognitive efficiency the
CB is hypothesized to facilitate (Ailion et al., 2016).
Neuroanatomically, the CB shares multiple bidirectional

connections with prefrontal regions and previous findings spe-
cifically implicate the posterior lobe of the CB in cognitive
processes, with anterior areas associated with motor functions
(Koziol, Budding, &Chidekel, 2010; Stoodley& Schmahmann,
2010). There is a growing literature associating CB structure
with poorer EF performance in clinical samples, including in
children born preterm, attention-deficit/hyperactivity disorder,
and spina bifida myelomeningocele (SBM) (Allin et al., 2001;
Bolduc et al., 2012; Dennis & Barnes, 2010; Juranek, Dennis,
Cirino, El-Messidi, & Fletcher, 2010; Koziol, Budding, &
Chidekel, 2012; Limperopoulos et al., 2007; Mahone, Zabel,
Levey, Verda, & Kinsman, 2002; Martin & Kitzman, 2017;
Stoodley & Schmahmann, 2010). The SBM population is
particularly relevant due to the ubiquity of Chiari-II malforma-
tions in this group, which results in posterior fossa and
CB abnormalities as well as challenges with attention and
EF (Juranek et al., 2010).
Furthermore, imaging studies have found CB activation

during Tower of London performance with functional
magnetic resonance imaging (fMRI) and positron emission
tomography methods (Schall et al., 2003) as well as poorer
auditory attention in a CHD sample with reduced white
matter integrity in the CB (Brewster, King, Burns, Drossner,
& Mahle, 2015; Schall et al., 2003). Few other studies have
examined the relationship between the CB and EF abilities,
therefore, this study may help to extend the literature on
EF-CB relationships and its role in outcomes in those with CHD.
To date, no studies have evaluated the relationship between

CB volume and EF in adults with CHD. Therefore, this study
used structural MRI analysis and neuropsychological assess-
ment in a sample of AYAs with CHD and healthy controls.
First, we expected to find reduced total and lobular CB volumes
as well as lower performance on measures of EF, processing
speed, and motor function in the CHD sample. Second, we
computed correlations between CB volume, EF performance,
and motor functioning, expecting a double dissociation such
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that the posterior CB would be related to EF outcomes while
the anterior CB would be associated with motor function.
Third, we conducted hierarchical regression to determine
whether the posterior CB contributes to EF above and beyond
processing speed. Previous research has characterized the CB
as facilitating speeded cognition but finding relationships
between the CB and EF even while controlling for processing
speed would suggest that it plays a role in facilitating efficient
EF in a more nuanced way. Finally, we conducted an a priori
exploratory analysis to explore differences in our outcome
variables by diagnosis severity group, expecting that more
severe diagnoses would exhibit lower outcomes.

METHODS

Procedures

All procedures were approved by the IRB and completed
in accordance with the Helsinki Declaration. Participants
were identified from the pediatric cardiology database at
Children’s Healthcare of Atlanta and Emory University. The
study population was comprised of participants with CHD
diagnoses that required surgery with cardiopulmonary bypass
in infancy. Diagnoses included both biventricular anatomy,
including D-transposition of the great arteries and total
anomalous pulmonary venous connection; and single
ventricle anatomy, including a double inlet left ventricle,
hypoplastic left heart syndrome, tricuspid atresia, and
pulmonary atresia with a hypoplastic right ventricle. Partici-
pants were eligible if they were between the ages of 16 and 22
and were able to read English and complete questionnaires.
Participants were excluded due to severe and persistent

mental or physical disability (e.g., cerebral palsy, genetic
syndromes), prematurity (less than 34 weeks gestational age),
history of cerebral vascular events, history of brain tumor or
traumatic brain injury, visual or hearing impairment, ferro-
magnetic implants/devices, or residence more than 60 miles
from downtown Atlanta. The exclusion of individuals with
severe disabilities and cerebral vascular events was due to our
desire to study the impact of CHD itself on neuroanatomical

and cognitive outcomes and reduce confounding factors
posed by other conditions. Given that the rate of stroke in this
population is fairly low, with one report quantifying it at 3%,
the exclusion of cerebral vascular events should not impact
the representativeness of the sample (Barker et al., 2005).
Also, while some studies define prematurity at a later gesta-
tional age (e.g., 36 weeks), 60% of children with CHD meet
criteria for prematurity with this criterion (Williams et al.,
2010). Therefore, to avoid excluding too many representative
CHD subjects, we defined prematurity at 34 weeks
gestational age.
Recruitment consisted of a telephone interview with eli-

gible AYAs (or family members authorized to give consent
for individuals under the age of 18). Forty-five individuals
met the inclusion criteria and were contacted by phone.
Twenty-six participants agreed to enroll in the study (58%),
while 19 did not participate due to lack of interest, scheduling
conflicts, or missing their appointment. There were no sig-
nificant differences in the proportion of single ventricle
diagnoses or age at first surgery between those who enrolled
and declined to participate. This suggests that our sample
represents the distribution of diagnosis severity in the CHD
population. Twenty-three participants completed both neu-
roimaging and neuropsychological assessment. Eight con-
trols were recruited for this study, and another 15 were
selected from a larger study of individuals from the Atlanta
community and were recruited from university research
pools, community flyers, and word of mouth from clinical
participants (King, Na, & Mao, 2015). Controls were
matched as closely as possible by age, sex, and race. One
CHD participant and one control participant had unusable
imaging data due to motion artifact, therefore, the final sample
was comprised of 22 participants in each group. Forty-eight
percent of our CHD group carried single ventricle diagnoses
(more severe diagnoses with one functioning ventricle) while
the remaining 52% had biventricular diagnoses (Table 1).

Imaging Parameters

Participants were scanned in a 3 Tesla Siemens Trio MRI
scanner. Anatomical scans were high-resolution T1-weighted

Table 1. Demographic and Medical Variables

Variable CHD Control t/χ2 d

Subgroup size 22 22 —

Sex (% male) 69.6 69.6 0.00
Race (% white) 73.9 60.9 1.22
Age at examination (SD) 18.05 (1.62) 18.53 (1.69) 0.97 0.29
Handedness (% right) 86.4 72.7 1.26
Mean years education (SD) 11.7 (1.42) 12.7 (1.15) 1.99 0.60
Diagnosis groups (% SV/BV) 48/52 — — —

No. of surgeries (SV/BV) 2.73 (range 1–4)/1.09 (range 1–2) — — —

Age in days at first surgery (SV/BV) 28.2/6.11
% on medication (SV/BV) 91/0 — — —

Note. CHD= congenital heart disease; SV= single ventricle; BV= viventricular; d=Cohen’s d when applicable.
Cohen’s d=M1 - M2 / σpooled where σpooled =√[(σ 12 + σ 22)/2]; 0.2= small, 0.5=medium, 0.8= large (Cohen, 1988).
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structural images (3DMPRAGE) in the sagittal plane, acquired
with a three-dimensional magnetization-prepared rapid gradient
echo sequence using the following parameters: repetition time/
echo time=2250/3.98 ms, 176 contiguous sagittal slices, 1 mm
slice thickness, no gap, voxel size: 1 mm3.

Image Processing

Total intracranial volume (ICV) was determined with voxel-
basedmorphometry in SPM8 andwas considered as a covariate
to account for individual difference in cranial size (Sanfilipo,
Benedict, Zivadinov, & Bakshi, 2004). We computed putamen
volumes as a comparison region using this same method.
Cerebellar volumes were analyzed using the SUIT toolbox for
SPM, which was developed specifically to deal with high
inter-subject anatomical variability in the CB (Diedrichsen,
2006). Preprocessing was done according to SUIT doc-
umentation, followed by isolation, normalization, and seg-
mentation in the SUIT macro. Images were reviewed for
quality and no aberrant CB morphology or lesions were noted.
SUIT provided total CB volumes as well as the volumes of
individual lobules using a probabilistic atlas.

Neuropsychological Assessment

EF was assessed with the Verbal Fluency, Trail Making,
and Color-Word Interference (CWI) subscales from the
Delis-Kaplan Executive Function System (D-KEFS) and the
informant-report version of the Behavior Rating Inventory of
Executive Function (BRIEF) Global Executive Composite
(Delis, Kaplan, & Kramer, 2001; Gioia, Isquith, Guy, &
Kenworthy, 2000). The Matrix Reasoning subscale from the
Wechsler Abbreviated Scale of Intelligence, Second Edition
(WASI-II) was used as an untimed measure of problem
solving, abstract reasoning, and cognitive flexibility (Wechsler,
2011). While not traditionally viewed as a measure of EF, the
Matrix Reasoning task has been cited as a valid assessment of
EF because of its high reliance on these abilities (Schoenberg &
Scott, 2011). The Vocabulary subtest was analyzed to evaluate
whether EF differences could be attributed to a general low level
of cognitive functioning or whether EF appears to be differen-
tially affected. The oral form of the Symbol DigitModalities Test
(SDMT) was used to assess processing speed in a way that was
not susceptible to commonmotor deficits in CHD (Smith, 1982).
Finally, dominant hand motor function was assessed using the
Grooved Pegboard task (Lafayette Instrument Company
Inc., 2002).

Statistical Analyses

Intracranial vault volume and several non–EF-related
subtests from the D-KEFS were considered as confounds.We
defined a confound as a variable that was significantly
correlated with both the independent variable (CB volume)
and the dependent variable (e.g., the EF score). IQ was not
considered as a potential confound, following concerns
raised by Dennis et al. (2009). Category Fluency and Visual
Scanning significantly correlated with both Processing Speed

and at least one dependent variable, therefore, they were
controlled for in the respective regressions.
To test group differences one-tailed independent samples

t tests and Cohen’s d effect sizes were calculated, as we
hypothesized a priori that CHD patients would have smaller CB
volumes and lower performance. Proportions of individuals in
the impaired range (1.5 or more standard deviations below the
normative mean) were calculated and chi-square tests tested for
significant differences in the proportion of impairment between
the CHD and control groups. Pearson’s correlations tested
relationships between CB volume and neuropsychological
outcomes and Fisher’s Z Transformations tested whether the
correlations between the posterior CB and EFwere significantly
greater than with motor function and whether the correlation
between anterior CB volume and motor function was
significantly larger than those with EF.
These correlations were conducted across both groups

and also within groups individually to determine whether the
same pattern emerged for CHD and controls when analyzed
separately. Hierarchical regression was used to test whether
posterior CB volume explains a significant amount of
variance in EF above and beyond processing speed. Finally,
as an a priori exploratory analysis, analysis of variance
assessed differences in our outcome variables between three
levels of severity and planned Fisher’s least significant dif-
ference tests were conducted for results with significant
omnibus effects.
We also have included an examination of putamen

volumes and associations with EF. We also sought to know
whether the posterior CB predicts EF above and beyond
putamen volumes. The putamen has been shown to project to
the prefrontal cortex and to be involved in EF in previous
research (Alexander, DeLong, & Strick, 1986; Middleton &
Strick, 1994). It has also been shown that the basal ganglia
communicate reciprocally with the CB (Bostan, Dum, &
Strick, 2010; Caligiore et al., 2017; Hoshi, Tremblay, Feger,
Carras, & Strick, 2005). Since there is no part of the basal
ganglia that we would expect to be unrelated to EF, this
serves as more of an informal comparison in contrast to our
main control region, the anterior CB.

RESULTS

There were no significant differences in demographic variables,
Vocabulary subtest scores, or ICV (see Table 2). Individuals
with CHD had smaller total, posterior, and anterior CB
volumes than controls and reduced white matter. Although the
effect size was moderate, there was no statistically significant
difference in putamen volume. CHD patients performed sig-
nificantly more poorly on three measures of EF: D-KEFS CWI
Inhibition, Matrix Reasoning, and the BRIEF. Motor function
was also significantly lower for individuals with CHD. A
nonsignificant trend with a medium effect size suggested
slower oral processing speed. On average, neither group was
impaired on any of the neuropsychological measures; however,
there were significantly more CHD participants who were
impaired on the BRIEF and Grooved Pegboard. Control
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impairment reflected natural variability as opposed to one
specific individual with broad EF impairment (Table 2).
For our correlation analyses, a similar pattern of findings

emerged when analyzed across and within groups, therefore,
we report across group results here. There were significant
correlations between the following EF measures and the
posterior CB only: Letter-Number Sequencing, CWI
Inhibition, CWI Inhibition-Switching, and the BRIEF.
Matrix Reasoning subscale was correlated with both the
posterior and anterior CB. The only measure of EF to have no
relationship with CB volumes was Category Switching.
Finally, the Grooved Pegboard was correlated only with the
posterior CB. There were two significant Fisher’s Z Trans-
formation results, indicating that both CWI Inhibition and
CWI Inhibition-Switching were significantly more strongly
associated with the posterior than the anterior CB. As a
comparison, the putamen was significantly associated with
three measures of EF: Color-Word Inhibition, Matrix Rea-
soning, and the BRIEF (Table 3).
Regression analyses examined whether posterior CB

volumes predicted EF above and beyond processing speed
alone. Two significant results emerged: CWI Inhibition
(ΔR2= .240; p< .01) and Matrix Reasoning (ΔR2= .233;

p< .01). Analyses of whether the CB predicts EF above
and beyond the putamen yielded three significant results,
such that the CB predicted Letter-Number Sequencing
(ΔR2= .091; p< .05), CWI Inhibition (ΔR2= .150; p< .01),
and Matrix Reasoning (ΔR2= .144; p< .01) above and
beyond the putamen and processing speed combined.
A priori exploratory analyses by CHD severity revealed four

significant omnibus effects: putamen volume, CWI Inhibition,
Matrix Reasoning, and the BRIEF. Additionally, there were
medium-to-large effect sizes for differences in anterior and
posterior CB volumes and Grooved Pegboard. For putamen
volume, there were differences between controls and single ven-
tricle (most severe) as well as between single ventricle and biven-
tricular. For the three cognitive measures, there were significant
differences only between controls and single ventricle (Table 4).

DISCUSSION

All measurements of CB volumes were significantly smaller in
CHD patients as compared to controls, except total gray matter
(which was a moderate effect). These findings confirm that this
population is at risk for abnormal CB development. Addition-
ally, no difference in ICV suggests that reductions in the CB are

Table 2. CHD vs. controls: demographics, brain volumes, and neuropsychological performance

Variable CHD Control t/χ2 d

ICV Total ICV (voxel units) 1,931.2 (84.48) 1,937.8 (207.7) 0.14 0.04
CB vol. (mm3) Total CB volume 64,465 (14,293) 77,381 (18,853) 2.56** 0.78

Posterior CB volume 53,095 (13,748) 63,349 (18,087) 2.12* 0.64
Anterior CB volume 11,370 (5,040) 14,033 (5,283) 1.71* 0.52
CB white matter volume 18,146 (5,039) 23,325 (5,409) 3.29** 0.99
CB gray matter volume 46,319 (12,429) 54,056 (17,806) 1.67 0.50

Putamen vol. (mm3) Total putamen volume 10,278 (1,369) 10,937 (1,320) 1.62 0.49
D-KEFS Category Switching 0.07 (1.16) 0.30 (0.96) 0.71 0.22

% Impaired 13.6 4.5 1.10
Letter-Number Sequencing −0.39 (1.28) 0.03 (0.90) 1.27 0.39
% Impaired 18.2 4.5 2.03

CWI Inhibition −0.17 (0.90) 0.44 (0.64) 2.59** 0.79
% Impaired 4.5 0.0 1.02

CWI Inhibition-Switching −0.17 (0.88) 0.23 (0.93) 1.44 0.44
% Impaired 9.1 4.5 0.36

WASI Matrix Reasoning −0.21 (1.13) 0.55 (0.49) 2.89** 0.94
% Impaired 13.6 0.0 3.22

Vocabulary 0.45 (1.03) 0.80 (0.53) 1.42 0.45
% Impaired 0.0 0.0 —

BRIEF General Executive Composite 0.72 (1.34) −0.37 (0.84) −3.15** 0.97
% Impaired 31.8 0.0 8.32**

SDMT Oral scale 0.89 (2.04) 0.01 (1.42) −1.65 0.51
% Impaired 4.5 9.1 0.31

Grooved Pegboard Dominant Hand −1.06 (1.66) 0.70 (0.15) 2.49** 0.81
% Impaired 27.3 0.0 6.95**

Note. CHD= congenital heart disease; ICV= intracranial vault volume; CB= cerebellum; vol.= volume; D-KEFS=Delis-Kaplan Executive Function System;
WASI=Wechsler Abbreviated Scale of Intelligence; BRIEF=Behavior Rating Inventory of Executive Function; SDMT=Symbol Digit Modalities Test;
vol.= volume.
Higher scores indicate better performance for all tests except the BRIEF and SDMT.
Neuropsychological test results reported as Z scores. Cohen’s d=M1 -M2 / σpooled where σpooled =√[(σ 12 + σ 22) / 2]; 0.2= small, 0.5=medium, 0.8= large
(Cohen, 1988).
*p< .05.
**p< .01
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not the result of reduced total brain volume. The putamen
showed a moderate effect size for reduction in volume, but this
was not statistically significant. Measures of inhibition, abstract
reasoning, and informant-reported EF were significantly lower
for the CHD group. This supports previous research which has
suggested that EF impairments persist into adolescence and
young adulthood and confirms the importance of continued
screening and follow-up.
Additionally, there was no significant group difference

on Vocabulary, which supports the notion that CHD patients
are differentially susceptible to EF deficits. Finally, CHD
patients demonstrated reduced motor function, a finding that
has been frequently documented. Overall, the highest rates of
impairment for CHD were in informant-reported EF (31.8%
vs. 0% in controls) and motor function (27.3% vs. 0%).
On cognitive performance measures, the highest rates of
impairment in CHD relative to controls were on a measure of
cognitive flexibility (18.2% vs. 4.5%), followed by a measure
of abstract reasoning (13.6% vs. 0%), however, these were

not statistically significant and on average both groups
performed within normal limits.
A consistent pattern emerged whereby EF measures of

inhibition, cognitive flexibility, abstract reasoning, and
informant-reported EF were correlated with the posterior CB
but not the anterior. This constitutes robust evidence that
there is a specific role for the posterior CB in EF. The only
measure of EF that was associated with the anterior CB as
well was Matrix Reasoning, a measure of problem solving
and abstract reasoning that relies heavily on EF. This could
be because this test also requires many non-EF abilities,
including classification and spatial ability, knowledge of
part–whole relationships, and perceptual organization
(Wechsler, 2011). The putamen was correlated with three
measures of EF, suggesting a slightly less robust (but still
existent) relationship with EF.
Motor function and its relationship to the CB did not

confirm that these functions are related to the anterior CB.
This could be because this task requires elements of planning

Table 3. Cerebellar lobe and putamen volume with executive and motor measure correlations

Comparison region Cerebellar regions of interest

Total putamen vol. Posterior CB vol. Anterior CB vol. Fisher’s Z test (post vs. ant CB)

D-KEFS Category Switching −0.121 −0.034 0.089 0.2877
D-KEFS Letter-Number Sequencing 0.066 0.286* 0.15 0.2578
D-KEFS CWI Inhibition 0.301* 0.483** 0.063 0.0179*
D-KEFS CWI Inhibition-Switching 0.216 0.292* −0.067 0.0475*
WASI-Matrix Reasoning 0.384* 0.557** 0.307* 0.0793
BRIEF General Executive Composite −0.351* −0.253* −0.105 0.2451
Grooved Pegboard 0.217 0.348* 0.184 0.2119

Note. D-KEFS=Delis-Kaplan Executive Function System; CWI=Color-Word Interference; WASI=Wechsler Abbreviated Scale of Intelligence; CB=
cerebellar; vol.= volume; post= posterior; ant= anterior.
Higher scores indicate better performance for all tests except the BRIEF
*p< .05.
**p< .01.

Table 4. Diagnosis severity: analysis of variance omnibus effects

Controls
(N= 22)

Biventricular
(N= 12)

Single ventricle
(N= 10) F η2 p-Value

Posterior CB vol. (mm3) 63,348 (18,087) 57,251 (8,826) 48,107 (17,180) 3.18 0.13 .052
Anterior CB vol. (mm3) 14,032 (5,283) 9,911 (4,525) 13,120 (5,292) 2.59 0.11 .087
Total Putamen vol. (mm3) 10,936 (1,320) 10,946 (1,176) 9,477 (1,174) 5.28 0.21 .009**
D-KEFS Category Switching 0.30 (0.96) −0.22 (1.05) 0.43 (1.24) 1.33 0.07 .277
D-KEFS Letter-Number Sequencing 0.03 (0.90) −0.25 (1.37) −0.57 (1.20) 1.02 0.05 .369
D-KEFS CWI Inhibition 0.44 (0.64) 0.00 (0.57) −0.37 (1.18) 3.97 0.16 .026*
D-KEFS CWI Inhibition-Switching 0.23 (0.93) −0.14 (0.48) −0.20 (1.24) 1.03 0.05 .366
WASI Matrix Reasoning 0.55 (0.49) −0.01 (0.99) −0.45 (1.28) 4.94 0.19 .012*
BRIEF GEC −0.38 (0.84) 0.33 (1.26) 1.20 (1.33) 7.00 0.26 .003**
Oral Systems Digit Modalities 0.01 (1.42) 1.17 (2.04) 0.58 (2.11) 1.64 0.08 .206
Grooved Pegboard −0.10 (0.70) −1.15 (1.83) −0.96 (1.51) 3.10 0.13 .056

Note. CB= cerebellar; vol.= volume, D-KEFS=Delis-Kaplan Executive Function System; CWI=Color-Word Interference; WASI=Wechsler Abbreviated
Scale of Intelligence; BRIEF GEC=Behavior Rating Inventory of Executive Function General Executive Composite.
Neuropsychological test results reported as Z scores.
*p< .05.
**p< .01.
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and visual processing that might be related to posterior CB
function. It is possible that Finger Tapping or a similar, more
automatic motor task may have better dissociated motor
function. Regardless, this does not explain the lack of an
association with the anterior CB. Out of curiosity, a post hoc
correlation between the anterior CB and the Motor Speed
subtest of the D-KEFS was conducted as an alternative,
which was nonsignificant. Therefore, it could be that there is
no relationship between motor function and the anterior CB
(which would contradict Stoodley and Schmahmann’s model
of CB function), we may have had insufficient power, or
there could be motor disruption in another part of the brain.
It is also possible that neuroimaging methods other than
volumetrics would contribute different valuable information.
Fisher’s Z Transformations showed that both CWI subtests

were significantly more highly correlated with the posterior CB
than with the anterior CB. This suggests that these two tests
have the strongest specificity to the posterior CB out of all the
EF assessments. What these tests have most in common is that
they draw heavily on the ability to inhibit a prepotent response
in favor of a correct response. Therefore, it appears likely that
the posterior CB may be participating in inhibitory mechan-
isms. Despite no other significant findings, there were other
large and meaningful differences between posterior and ante-
rior correlations, suggesting additional research is warranted.
Past studies of the CB’s involvement in cognitive

efficiency have used processing speed as a proxy indicator of
this construct; however, there are also task-specific abilities
that are necessary to exhibit cognitive efficiency. Therefore,
we wanted to explore whether the CB contributes any of
these task-specific elements above and beyond processing
speed. When added to a model with processing speed, the
posterior CB explained a significant amount of additional
variance in inhibitory abilities and abstract reasoning,
supporting our hypothesis that the posterior CB contributes
EF-specific functions in addition to facilitating speed.
Particularly notable was that the regression predicting CWI

Inhibition was significant, as this lends further support to the
proposition that the posterior CB contributes to inhibition. A
potential mechanism for this involvement in response inhibition
was proposed by Bellebaum and Daum (2007), who noted the
strong reciprocal connections between the CB and the lateral
prefrontal cortex which, when lesioned, often results in reduced
response inhibition. Several studies have found that individuals
with a variety of frontal lesions were impaired on measures of
inhibition and that this effect is strongest for lateral prefrontal
lesions (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003;
Burgess & Shallice, 1996; Vendrell et al., 1995). Studies of
inhibition in individuals with CB lesions have been less con-
sistent (Heyder, Suchan, & Daum, 2004; Neau, Arroyo-Anllo,
Bonnaud, Ingrand, &Gil, 2000). This points to a need for further
work to understand the CB’s role in inhibition.
Concerning the significant regression predicting perfor-

mance onMatrix Reasoning, it is possible that participants with
smaller posterior CB volumes had compromised spatial pro-
blem solving and abstract reasoning. These EF skills are
essential to successful Matrix Reasoning performance and have

been noted as commonly impaired in individuals with CB
lesions (Petrosini, Leggio, &Molinari, 1998). Kalbfleisch, Van
Meter, and Zeffiro (2007) found BOLD responses in lobule VI
of the CB (part of the posterior lobe) during aMatrix Reasoning
task. They proposed that the CB is important in reasoning in the
absence of explicit external feedback, and that under conditions
of uncertainty, the CB forms internal models of response cor-
rectness, serving as a guide to the brain during complex and
novel problem solving. They note that this is particularly true
under time-pressured conditions.
Our findings that the posterior CB predicted three of our

EF assessments above and beyond the putamen in addition to
processing speed was an unexpected finding. This suggests
that the CB accounts for more variation in some aspects of EF
than the putamen. One potential explanation for this is that
the CB projects directly to the striatum by way of the thala-
mus, potentially modulating its function and its output to the
prefrontal cortex. The putamen’s influence over the CB is
more indirect, as it does not project directly to the CB
(Caligiore et al., 2017). The interaction of these structures
with respect to EF should be the focus of future study.
Several outcomes seem to be impacted by the severity of

the CHD diagnosis, including CB and putamen volumes,
inhibitory and global EF abilities, and motor function. For the
EF measures, only controls and single ventricle patients were
significantly different from one another. This finding is con-
sistent with previous research that has found that more severe
diagnoses result in more profound impairment (Karsdorp,
Everaerd, Kindt, &Mulder, 2007). Therefore, it would appear
that a subset of CHD patients is at relatively low risk for
cognitive impairment, while others are more likely to experi-
ence difficulty. While on average the most severe diagnosis
group was not impaired on any measures, it did tend to have
the greatest number of impaired individuals. That being said,
more research is needed given the potentially subtle differ-
ences in EF outcomes in less severe CHD diagnoses.
The current study’s findings should be considered within

the context of its limitations. First, these data are cross-sec-
tional, making it difficult to draw any firm conclusions about
causality or the direction of effects other than those based
in theory. Our sample is modest, although this is in fact a
respectable sample size in the context of neuroimaging
studies of medical populations. We conducted a post hoc
power analysis to provide more context for negative findings.
We found that, while our sample size of 44 is a statistical
limitation, it should have been able to detect correlations as
low as 0.35.
Many strengths of the current study should be highlighted

to emphasize its contribution to the field. First, we excluded
individuals who were born prematurely, which is not always
a consideration in studies of CHD. Prematurity poses a
serious confound when evaluating neuroimaging results, as it
confers risk for intraventricular hemorrhage. We also exclu-
ded individuals with developmental disorders (many of
which are due to genetic disorders that also cause CHD).
These exclusions allowed us to more confidently make con-
clusions about CHD-specific impairment. Another strength is
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that our hypotheses are theory-driven and firmly based in the
current literature. The study also extended knowledge on the
involvement of the CB in cognition. Additionally, we used
image analysis that has been specifically developed to study
the CB, which maximizes accuracy. Finally, given that EF is
a broad domain of cognitive functions, we examined multiple
subtypes of EF (e.g., inhibition, cognitive flexibility, fluency)
from both performance and informant-report methods.

CONCLUSIONS AND FUTURE DIRECTIONS

This study adds to the sparse literature on adolescent and
young adult neurocognitive outcomes in CHD. As compared
to healthy controls, these individuals are at risk for a variety
of negative outcomes, including reduced CB volumes,
impaired EF abilities, and poorer motor function. The find-
ings of a single dissociation such that our EF measurements
were related to the posterior CB but not the anterior CB
suggest a role for the CB in higher order cognition. We were
unable to confirm our hypothesized double dissociation
between the posterior and anterior CB, as the posterior CB
was related to motor function and the anterior was not.
Furthermore, we found that posterior CB volumes were able
to predict EF above and beyond processing speed, suggesting
that the CB contributes to EF beyond simply speeding
processing.
The CB also predicted EF above and beyond putamen

volumes and processing speed combined, suggesting a
potentially unique role for the CB in some aspects of EF
beyond other subcortical structures. Finally, patients with
severe CHDs fare the worst and accounted for the majority
of individuals falling into the impaired range, while more
mild-moderate CHDs exhibited more subtle impairment.
Clinicians assessing CHD patients should be mindful of
subtle effects that nevertheless could have important influ-
ence on daily functioning and quality of life.
These findings help to lay the groundwork for more

research. Future work should explore CB anatomy in CHD
and relationships between the CB and cognitive outcomes
using complementary techniques, such as fMRI and diffusion
tensor imaging. Additionally, the mechanisms behind the
CB’s contribution to inhibitory processes and cognitive
control remain unclear. Future work should also aim to
identify more specific medical factors (e.g., number of
surgeries) and their relationship to CB and EF outcomes. The
identification of modifiable risk factors is essential to improving
long-term outcomes. Finally, future work should continue to
examine other subcortical structures, as our findings here suggest
some involvement of the putamen, although the unique roles of
the various subcortical structures is unclear.
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