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Abstract: Dramatic advances in the management of congenital heart disease (CHD) have improved
survival to adulthood from less than 10% in the 1960s to over 90% in the current era, such that adult
CHD (ACHD) patients now outnumber their pediatric counterparts. ACHD patients demonstrate
domain-specific neurocognitive deficits associated with reduced quality of life that include deficits in
educational attainment and social interaction. Our hypothesis is that ACHD patients exhibit vascular
brain injury and structural / physiological brain alterations that are predictive of specific neurocog-
nitive deficits modified by behavioral and environmental enrichment proxies of cognitive reserve
(e.g., level of education and lifestyle/social habits). This technical note describes an ancillary study
to the National Heart, Lung, and Blood Institute (NHLBI)-funded Pediatric Heart Network (PHN)
“Multi-Institutional Neurocognitive Discovery Study (MINDS) in Adult Congenital Heart Disease
(ACHD)”. Leveraging clinical, neuropsychological, and biospecimen data from the parent study,
our study will provide structural-physiological correlates of neurocognitive outcomes, representing
the first multi-center neuroimaging initiative to be performed in ACHD patients. Limitations of the
study include recruitment challenges inherent to an ancillary study, implantable cardiac devices,
and harmonization of neuroimaging biomarkers. Results from this research will help shape the
care of ACHD patients and further our understanding of the interplay between brain injury and
cognitive reserve.

Keywords: adult congenital heart disease; cognitive reserve; harmonization; multi-center neuroimaging;
phantoms

1. Introduction

Dramatic advances in the management of congenital heart disease (CHD) have im-
proved survival to adulthood from less than 10% in the 1960s to over 90% in the current
era [1]. With this shifting demographic, adult CHD (ACHD) patients now outnumber
pediatric CHD patients [2]. Improved survival, however, has exposed that adults with
CHD demonstrate domain-specific neurocognitive deficits, such as impairment in executive
function, which is associated with reduced quality of life, lower educational attainment,
and less social interaction [3-8]. These deficits are associated with cumulative risk factors
across the lifespan, ranging from fetal risk factors (pathogenic genetic variants affecting
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both brain and heart development and reduced cerebral oxygen delivery) to postnatal
perioperative hemodynamic instability and other medical risk factors in childhood to adult-
onset atherosclerotic cerebrovascular disease [9,10]. Later in the lifespan, ACHD patients
may be at risk for early dementia [11]. Acquired brain injury and structural/physiological
alterations (i.e., reduced cortical thickness, brain connectivity, regional cerebral blood flow)
in the immature CHD brain have been shown to correlate with neurocognitive deficits
throughout the adolescent period. Neurocognitive deficits in both pediatric and adult
subjects may also be related to cognitive reserve (CR) [12-23], a protective factor preventing
or reducing cognitive impairment in response to a given insult, possibly via differential
recruitment of brain structures or brain networks (Figure 1). The relationship between brain
abnormalities in young ACHD patients, specific neurocognitive deficits, and important
proxies of CR are poorly understood knowledge gaps that are addressed by this study.

Cognitive Impairment
Adult CHD (18-30 yr)
(NIH Toolbox)

Primary Outcomes:
* Total Composite (SA#1)
* Executive functioning

Brain Abnormality

———

SA#1: Brain Injury

(SA#2)
* Crystallized cognition
(SA#3)

Cognitive Reserve
(AIM #4) Secondary Outcomes:
Fluid cognition
Working memory
Processing speed

* Level of education
* Lifestyle/social

SA#3: Brain Physiology

Language (receptive
Vocabulary and reading
decoding)

Immediate memory

habits
* Personality
characteristics

T

Figure 1. OVERVIEW /PREMISE: Neurocognitive impairment in CHD arises from a variety of
etiologies, including not only brain injury but also structural and vascular abnormalities (left),
which reflect deficits in a variety of neurocognitive domains (right). These deficits may be modified
by cognitive reserve (CR) (center) in a similar manner as in aging populations and younger TBI
populations. CR is associated with “enrichment” due to factors such as education, occupation,
personality, etc.

Here, we present an ancillary study to the National Heart, Lung, and Blood Institute
(NHLBI)-funded Pediatric Heart Network’s (PHN) “Multi-Institutional Neurocognitive
Discovery Study (MINDS) in Adult Congenital Heart Disease (ACHD)”. The parent
MINDS-ACHD study will recruit 500 participants with moderately or severely complex
CHD aged 18-30 years to examine their objective and subjective neurocognitive function-
ing and identify genetic predictors of neurocognitive dysfunction [24]. We will quantitate
multimodal neuroimaging biomarkers (e.g., brain injury, structure, and physiology) ob-
tained from Magnetic Resonance Imaging (MRI) and examine their association with specific
cognitive deficits in the ACHD population [25-30]. Whereas similar neuroimaging studies
have characterized large-scale populations such as the Alzheimer’s Disease Neuroimaging
Initiatives (ADNI), few have been performed in the ACHD population [31-36]. We will
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leverage the MINDS-ACHD parent study data, including the NIH Toolbox neuropsycholog-
ical battery/clinical data/biological samples. Additionally, we will apply our established
neuroimaging harmonization, which we currently use for the PHN Single Ventricle Recon-
struction (SVRIII) multi-center brain connectome study (R01-HL128818; PI-Panigrahy), to
measure neuroimaging biomarkers in ACHD patients at the same PHN sites.

Our overarching hypothesis is that adults with CHD exhibit vascular brain injury and
structural/physiological brain alterations that are predictive of specific neurocognitive
deficits. These changes may be influenced by behavioral and environmental enrichment
proxies of CR (e.g., level of education and lifestyle/social habits). The aims of this study
are as follows: Aim #1 (brain injury): To determine if vascular-related brain injury (cor-
tical infarcts, hemosiderin lesions, and white matter hyperintensity) is associated with
specific neurocognitive deficits using the NIH Toolbox total composite score; Aim #2 (brain
structure): To determine if reduced fronto-temporal cortical thickness and white matter
connectivity are associated with specific neurocognitive deficits using the NIH Toolbox
frontal executive sub-score; Aim #3 (brain physiology): To determine if reduced cerebrovas-
cular reserve (regional cerebral blood flow /resting BOLD imaging) is associated with
specific neurocognitive deficits using the NIH Toolbox crystallized composite score; Aim
#4 (cognitive reserve): To determine if the associations between neuroimaging biomarkers
and neurocognitive outcomes in ACHD patients are modified by behavioral and environ-
mental enrichment proxies of CR using traditional statistical models and machine learning
techniques.

2. Methods and Designs
2.1. Introduction to Parent and Ancillary Study

The Multi-Institutional Neurocognitive Discovery Study (MINDS) in Adult Congeni-
tal Heart Disease (ACHD) is a multi-center cross-sectional analysis of the neurocognitive
function of those with moderately or severely complex CHD, ages 18-30 [24]. This study
will enroll 500 participants in 4 groups of 125 individuals, each with d-transposition of
the great arteries, tetralogy of Fallot, a single ventricle, and other moderately or severely
complex CHD lesions [24]. The primary aim of the parent study is to examine objective
and subjective neurocognitive functioning in adults with CHD [24]. The secondary aims
of the parent study are (1) to determine the concurrent association of objective and sub-
jective neurocognitive deficits with demographic and clinical factors and (2) to identify
genetic predictors of neurocognitive outcomes [24]. The proposed MINDS neuroimaging
ancillary study (n = 156) will leverage the neurocognitive testing (NIH Toolbox) and clini-
cal/demographic risk factor data collected as part of the parent MINDS study. Participants
in the MINDS study who also participate in the proposed ancillary study will be asked to
undergo one brain MRI (without contrast) and complete a questionnaire related to various
potential proxies of cognitive reserve (CR) such as education, personality, occupation, and
lifestyle /social habits.

2.2. Enrollment for MINDS Ancillary Neuroimaging Study

Entry criteria for the ancillary neuroimaging study require participation in the parent
MINDS study. Exclusion criteria included pregnancy, claustrophobia, orthodontic braces,
pacemakers, and other implantable metal devices that are not MR-compatible at 3 T. For
this ancillary study, we conservatively assume a 25% consent rate among those enrolled in
MINDS. We are expecting approximately 15% of data points to be potentially unanalyzable
due to motion artifacts or technical issues. We anticipate enrolling 156 participants at
13 sites (an average of 12 participants per site). Both sexes will be recruited for this study.
To determine the neuroimaging capabilities at the MINDS clinical centers, a detailed MRI
questionnaire was completed by each site for information about the capabilities of 3 T MRI
scanners. We also queried about the availability and interest of neuro-based personnel,
including the neuroradiologist, MR physicist, and MR technologist’s presence/capability.
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2.3. Neurocognitive Measures—NIH Toolbox (From the Parent MINDS Study) and Questionnaire
(New in the Ancillary Study)

The parent MINDS study will utilize the NIH Toolbox Cognition Battery, a brief, com-
puterized assessment of cognition [37]. The battery has seven subtests assessing working
memory, processing speed, executive functioning (inhibitory control and cognitive flexi-
bility), language (receptive vocabulary and reading decoding), and immediate memory.
It generates three composite scores: overall, crystallized, and fluid cognition. Each com-
posite score and subtest has demonstrated robust developmental effects and expectable
correlations with “gold standard” tests of similar abilities [38]. The NIH Toolbox has now
been used in multiple clinical neurological adult populations, including traumatic brain
injury, stroke, spinal cord injury, and prodromal dementia [39—41]. Our ancillary study
will add a questionnaire to assess proxies of cognitive reserve. We utilized our cognitive
neuroscience and neuropsychology expertise to develop the CR questionnaire tailored to
our young ACHD population. While CR is a widely used concept in elderly populations
involving studies of normal aging [42,43] as well as Alzheimer’s disease [42,44] and other
dementias [45], CR has also been used in younger adults and children with traumatic
brain injury [46-49]. CR is known to correlate with lifestyle and cognitive factors, such as
level of education, type of occupation, vocabulary, and frequency of reading, which are
frequently referred to as “cognitive enrichment” or “intellectual enrichment” factors [42,43].
Exploratory measures (e.g., Mini-Mental Status Exam (MMSE) and idea density) will also
be obtained [50-53].

2.4. MR Imaging Protocols and Pulse Sequences

We harmonized select MRI pulse sequences, including the 3D-T1 (anatomic-macrostructure),
diffusion (microstructure), and resting BOLD (functional) sequences, following previously im-
plemented guidelines by the multi-vendor ABCD study [54]. The MRI protocol also included
additional sequences to evaluate for acquired brain injury, including SWI (hemosiderin/
microbleed deposition) and FLAIR 3D isotropic 1 mm imaging (white matter disease/lesions/
hyperintensity and cortical infarcts) (Supplemental Table S1A,B).

2.5. Specific Aim 1: Vascular-Related Brain Injury—Is It Associated with Neurocognitive Deficits?
2.5.1. Rationale

Vascular-related acquired brain injury is common in aging adult non-CHD patients
and is characterized by three hallmark lesions [55]: (1) cortical infarcts; (2) hemosiderin
deposition; and (3) white matter hyperintensities (WMH). Importantly, these lesions have
been detected in immature and adolescent brains in small studies of adults with CHD [56].
Studies in elderly non-CHD patients with small vessel ischemic disease (as identified by
WMH) confirm that higher CR (i.e., educational attainment) attenuates the negative impact
of WMH on cognitive function [57]. These lesions have been identified in four CHD cohorts:
one infant (biventricular CHD) [58] and three separate adolescent CHD cohorts (TGA [59],
ToF [60], and Fontan [61]). The regional pattern of microbleeds has been well documented
in both the aging [62-65] and non-CHD dementia populations and is predictive of cognitive
dysfunction [62-69].

2.5.2. Analysis Plan

The primary exposure (predictor) is the binary presence/absence and/or number/volume
of brain lesions. The primary outcome is the NIH Toolbox total composite score, and secondary
outcomes are composite sub-scores (crystalized and fluid) and domain-specific (i.e., execu-
tive function) sub-scores. Secondary exposure will be composite brain injury scores and
lesion subtypes derived from a combination of observation and quantitation. We will mea-
sure the agreement of brain injury scores calculated by two independent neuroradiologists,
and all disagreements will be adjudicated. To determine if qualitative and quantitative
metrics of brain injury predict worse neurocognitive outcomes (composite scores—NIH
Toolbox) in ACHD patients, we use linear regression and will regress each neurocogni-
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tive test composite score on each of the brain injury metric variables. A normalizing or
variance-stabilizing transformation will be applied to the outcome scores if necessary to
meet model assumptions. Bootstrapping/resampling methods will be employed to assess
the reliability of parameter estimates from both the univariate and multivariable models
that are constructed. The brain injury metrics will also be modeled as nonlinear terms (e.g.,
categorical and other transformations) if exploratory nonparametric modeling indicates
that the association is not linear. Sensitivity analyses will also be conducted to control
for the time between brain MRI and neurocognitive testing. Sex as a biological variable,
cardiac subtypes, and other clinical factors collected from the parent MINDS study will be
explored as both covariates and effect modifiers. To account for multiple comparisons, a
false discovery rate (FDR) correction will be used; results will be deemed significant at an
FDR corrected q < 0.05.

2.5.3. Aim 1 Power Analysis

The primary predictor, which is the presence/absence of brain injury lesions, is esti-
mated to have a 20% prevalence. Therefore, with our target sample size of 156 patients,
group sizes will be 39 and 117. Our past research suggests that the expected difference in
neurocognitive outcomes between lesion and no-lesion groups is greater than 2 SDs [61].
Therefore, with 156 patients, for a two-sided 0.05 level test, there is 85% power to detect
a minimum clinically important difference (0.56 SDs) in the mean NIH composite scores
of the lesion and no-lesion groups and higher power to detect larger differences that have
been observed in related research. (For the secondary predictor of hemosiderin lesions,
while the detectable difference between the two groups will be smaller [61], the expected
prevalence is 30%.)

2.6. Specific Aim 2: Brain Structure—Is It Associated with Neurocognitive Deficits?
2.6.1. Justification

Cortical thickness and diffusion tensor imaging have been used to (1) demonstrate
structural fronto-temporal abnormalities in the immature and adolescent CHD brain by our
groups [70-78] and (2) represent neural correlates of cognitive reserve (CR) in non-CHD
aging and dementia cohorts [25].

2.6.2. Interpretation

These data suggest the structural vulnerability of the prefrontal region and the default
mode network (DMN) in adolescent CHD, a large-scale brain cognitive network that is
metabolically active at rest. In support of this premise, a recent small neuroimaging study
of 10 adult cyanotic CHD patients (mean age ~40 years) demonstrated lower cortical
thickness in the anterior and posterior DMN and correlation with serum biomarkers
of neuroinflammation and endothelial dysfunction, which are also hallmarks of energy
failure [79].

2.6.3. Methodology
See Supplemental Methods and Supplemental Figures S1 and S2.

2.6.4. Aim 2 Analysis Plan and Brain-Outcome Relationship

The primary exposure (predictor) is the cortical thickness of the prefrontal region
and fractional anisotropy/GFA of the superior longitudinal fasciculus (continuous mea-
surements), as this tract is important for both executive and language functions. The
primary outcome is the executive function subscore of the NIH Toolbox, and the secondary
outcomes will be the composite scores and domain-specific sub-scores. Secondary pre-
dictors are cortical thickness and white matter connectivity measures of other regions
of the brain. These measures will be examined for their association with the secondary
outcomes of processing speed, memory, and language sub-scores from the NIH Toolbox.
To determine if structural metrics predict poor neurocognitive outcomes in young adult
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CHD patients, we will use linear regression and regress each neurocognitive test sub-score
on prefrontal cortical thickness and FA of SLF from DTI tractography. A normalizing or
variance-stabilizing transformation will be applied to the outcome score, if necessary, to
meet model assumptions. The structural imaging metrics will also be modeled as nonlinear
terms (e.g., categorical and other transformations) if exploratory nonparametric modeling
indicates that the association is not linear. FDR correction will be used to correct for multi-
ple comparisons, and results will be deemed significant at FDR corrected q < 0.05. If the
number of structural metrics to evaluate becomes large, we will employ techniques that
control for multiplicity in testing, such as the Simes-Hochberg method. Sex as a biological
variable, cardiac subtypes, acquired brain injury from Aim #1, and other clinical factors
collected from the parent MINDS study will be explored as both covariates and effect
modifiers.

2.6.5. Aim 2 Power Analysis

With 156 patients and a two-sided 0.05 level test of whether the correlation between
NIH sub-score and cortical thickness or white matter measurement differs from zero, we
will have 85% power to detect correlations IR | of 0.24 or larger and 95% power to detect
correlations of | R1 =0.28 or larger. Our recent research in adolescents with CHD has found
that correlations between DTI/white matter connectivity and cognitive measures are of the
magnitude of |R| = 0.6 or larger [80]. Therefore, with 156 patients, we have high power to
detect correlations of the magnitude expected for the proposed study population.

2.7. Specific Aim 3: Brain Physiology—Is It Associated with Neurocognitive Deficits?
2.7.1. Rationale

Cerebrovascular reserve or reactivity (CVR) refers to the capacity for increased cerebral
blood flow (CBF) over baseline or “resting state” [81,82]. Impaired CVR has been implicated
in adverse outcomes in many pathologies, including stroke [83], cerebrovascular disease
such as atherosclerosis [84], anemia [85], mild cognitive impairment [86], and Alzheimer’s
disease [87]. Mechanistically, the vasculature of the brain is unable to respond to increased
metabolic demand, whether resulting from cognitively related neuronal activity or from an
insult (whether vascular, neuronal, or synaptic in nature). CHD patients are known to have
vascular abnormalities throughout their lifespan, including impaired autoregulation in
infancy [88], that are associated with neurodevelopmental deficits [89]. Older CHD patients
are at greater risk for acquired cardiovascular co-morbidities, resulting in an increased
scale of neurovascular disease [9], a high risk of stroke [90-92], and microvascular ischemic
disease. These considerations led us to hypothesize that impaired CVR may be a key factor
underlying adverse neurocognitive outcomes in adult CHD patients. Typical methods for
estimating CVR involve a vasoactive challenge, either an acetazolamide challenge [93,94]
or a hypercapnic challenge induced via exogenous CO, administration [82] or via breath-
holding [95]. Then, either arterial-spin labeling (ASL) is used to directly estimate CBF or a
BOLD signal is used as a proxy (as BOLD contrast is highly correlated with CBF). However,
a vasoactive challenge is unsuitable for our ACHD population due to the prevalence of
cardiorespiratory risk factors in this population. Therefore, we propose to use two methods
available for the estimation of CBF without a vasoactive challenge. A previously validated
method [96] has shown that if the MRI acquisition rate is sufficiently fast (TR ~400 ms), CVR
may be estimated via resting-state BOLD acquisition as end-tidal CO2 (PETCO2) may be
directly estimated from the global BOLD signal [97] and the BOLD time course correlated
with it, which yields superior results compared to direct measurement of PETCO2 [97,98].
These TRs are readily obtainable even for whole-brain acquisitions via simultaneous multi-
slice (SMS) MRI acquisition techniques [99]. As such, we will combine the ASL (cerebral
blood flow-CBF measures) and BOLD imaging to develop a non-invasive MRI proxy of
neurovascular function (pnvf), defined as the capability of the vasculature to respond to
the baseline metabolic demand (e.g., as compared to a hypothetical “ground state” with
zero neuronal activity). While pnvf is not identical to CVR and may be closer to a proxy of
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neurovascular function, it is relevant since resting-state activity also underlies cognitive
function. A brain architecture that handles the task of meeting resting-state metabolic
and connectivity demands more efficiently will likewise handle the task of meeting the
additional demands posed by cognitive activity more efficiently. We will use functional
connectivity strength (FCS) as a proxy for baseline metabolic demand, as functional con-
nectivity and CMRO2 have been found to be tightly correlated, with certain regions of the
brain forming a densely interconnected “rich club” with high metabolic demand [100-102].
Additionally, not only metabolism but also regional FCS increases relative to baseline in
response to increased cognitive demand [103], indicating a “connectivity demand” for
cognitive activity associated with metabolic demand. Thus, we can use the CBF/FCS ratio
as a proxy for neurovascular function (as this ratio indicates how well the vasculature
is supplying for resting-state metabolic demand), and it has been shown to be altered in
neuropsychiatric disorders such as schizophrenia [104] as well as decrease with healthy
aging [105]. Since CBF and FCS are both positive definite, we will instead compute the
negative of the FCS/CBF ratio due to signal-to-noise ratio (SNR) considerations without
impacting the direction of any detected relationships.

2.7.2. Methodology
See Supplemental Methods and Supplemental Figure S3.

2.7.3. Aim 3 Analysis Plan

Our primary analysis is to determine if physiological metrics predict poor neurocogni-
tive outcomes (primary outcomes will be Crystallized and Fluid Composite, and secondary
outcomes will be other domain sub-scores of the NIH Toolbox) in young ACHD patients.
We will use linear regression and regress each neurocognitive test composite score on the
negative FCS/CBF ratio (anterior default mode) and other physiological metrics (subcor-
tical region and peri-Sylvian/salience network). As a secondary analysis, we will also
regress FCS and CBF separately on NIH toolbox scores. Sex as a biological variable, cardiac
subtypes, and other clinical factors collected from the parent MINDS study will be explored
as both covariates and effect modifiers.

GLM voxel-based analyses: Each metric will be correlated with neurocognitive out-
come on a voxel-wise basis, with age and sex as adjusted covariates. Results will be deemed
significant at an FDR-corrected q < 0.05.

2.7.4. Aim 3 Power Analysis

With 156 patients and a two-sided 0.05 level test of whether the correlation between
NIH Toolbox cognitive scores and CVR differs from zero, we will have 85% power to detect
correlations with IR | values of 0.24 or larger. Our estimate of the correlation is between
0.25 and 0.3, dependent on the brain network region [DMN (default mode network)/CEN
(central executive network)], yielding sufficient power.

2.8. Specific Aim 4: Cognitive Reserve—Does It Modify Associations between Imaging Biomarkers
and Cognitive Outcome?

2.8.1. Rationale

CR is a widely used concept in elderly populations, involving studies of normal
aging [42,43] as well as neuropathologies such as Alzheimer’s disease [42,44] and other
dementias [45]. It has also been used in younger adults and children with traumatic brain
injuries [46-49]. CRis a factor that prevents or reduces functional impairment in response
to neurological insults. As a research question, CR may be considered in two aspects:
(1) How can it be accurately estimated [106] from behavioral, lifestyle, and environmental
data (which often goes under the heading “cognitive enrichment” or “intellectual en-
richment”), and (2) What are its structural and physiological correlates [21,107,108] (e.g.,
increased cortical thickness or brain size, reorganization of functional networks, altered
white matter organization, etc.)? In elderly individuals, CR may be estimated via a combi-
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nation of factors, including a measure of verbal ability related to crystallized intelligence
(e.g., Wide Range Achievement Test, Peabody Picture Vocabulary Test, etc.), occupational
complexity, leisure and social activities, personality traits, level of education, and level of
parental education. These factors can moderate the relationship between disease burden
and outcome [107-113]. (We note that it is also possible to model CR in a completely healthy
population via an investigation of task-related functional activity [23]). Machine learning
techniques [106] (e.g., random forest, neural network) may be used to find the optimal
combination of factors by modeling CR as a latent variable (Figure 2, top). Then, once
a suitable proxy of CR has been determined, one may investigate its neurophysiological
underpinnings, better understand the mechanism underlying CR, and design appropriate
interventions and preventative strategies, as has been performed for Alzheimer’s disease
and other dementia patients [43,114]. Part of our overarching hypothesis is that CR oper-
ates in young adult CHD patients in a manner similar (but not identical) to that in elderly
individuals and young adult/pediatric TBI patients, moderating the relationship between
disease burden and clinical presentation. However, it is not known what factors may
contribute to CR in this population, which may differ from the elderly and TBI populations,
as this would be the first study investigating CR in CHD patients. We have identified
three major contributors to the disease burden in CHD: injury, structure, and physiology.
What are the factors contributing to CR in each of these contributors? It may also not
be identical, as different aspects of CR may be necessary for each. Thus, for the same
clinical presentation, there may be not only different structural and physiological etiologies
but also different factors moderating the relationship. Our main goal for this aim is to
elucidate these differences (question 1 of Aim 4), which are necessary before investigating
their neurophysiological underpinnings (question 2). This information will constitute
important data not only for the improved design of intervention strategies but also for
future investigations of dementia risk.

1. Injury
2. Structure
3. Physiology

Neurocognitive
Outcome

Cognitive Leisure/
Reserve Social

Vocabulary Occupation Personality

Cognitive

Structure e ———
Physiology Reserve

CR
Correlate

Brain Abnormalit Qutcome

1. Injury e
s Crricture Neurocognitive

3. Physiology Outcome

Figure 2. Cognitive Reserve modeling Top: Modeling and optimization of CR as a latent variable,
a combination of behavioral, educational, social, and personality measures; Middle: Correlation
structure/physiology yields CR correlates; Bottom: A mediation model tests whether CR correlates
are markers of brain plasticity.
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2.8.2. Methodology

Participants will be given a detailed questionnaire regarding occupation, level of
education, level of parent education, leisure/cultural activities, personality (conscientious-
ness), reading frequency, food insecurities, socioeconomic status, and social activities. It
contains 101 questions derived from previously utilized surveys [see below a-d] to assess
the above-mentioned parameters. The participant will rate their response on a 1-5 scale,
with 1 being “strongly disagree” and 5 being “strongly agree”. Since some participants
may be as young as 18 years of age, enrollment in a university will be used as a surrogate
measure of education. The NIH Toolbox Picture Vocabulary subtest (part of the Crystal-
lized Cognition composite) and Word Reading measure will be used as the measures for
vocabulary. Participants will also be asked to complete the Behavior Rating Inventory of
Executive Function—Adult Version (BRIEF-A) self-report form. This includes 75 questions
within nine nonoverlapping theoretically and empirically derived clinical scales: Inhibit,
Self-Monitor, Plan/Organize, Shift, Initiate, Task Monitor, Emotional Control, Working
Memory, and Organization of Materials for the purpose of assessing executive function and
self-regulation. The BRIEF-A and other self-reported measures of executive functions have
been useful in characterizing multidimensional behavioral difficulties in a wide variety
of developmental (e.g., ADHD) and neurodegenerative conditions (e.g., fronto-temporal
dementia and Alzheimer’s disease) [115,116]. The last assessment planned for each partici-
pant will be the Mini-Mental State Exam (MMSE), which is a widely used test of general
cognitive function among the elderly and has recently been used to assess adult CHD
patients [117]. It is also known as the Folstein Test or the Standardized Mini-Mental State
Examination (SMMSE). This cognitive screening instrument assesses orientation, attention,
memory, language, and visual-spatial skills without the need for special training require-
ments to administer it. The expected time for the execution of these three tasks should
be no longer than 30 min, with the option for participants to complete the questionnaire
remotely prior to their MRI scan.

We will begin with each metric from Specific Aims 1-3 that has a significant correlation
with neurocognitive outcome. We will then search for the combination of factors (question
1 of Aim 4) from the questionnaire that best moderates the relationship by modeling
CR as a latent variable (Figure 2, top) that, when interacting with brain abnormalities,
best predicts cognitive outcome. Alternatively, we will use several machine learning
techniques [106], focusing on naive Bayes, ensemble learning methods (such as a random
forest), and more sophisticated nonlinear approaches, including neural networks. These
methods will be utilized to test the predictive accuracy of our models using 10-fold cross-
validation. Statistical significance will be ascertained by the F1 score, Cohen’s kappa, and
FDR-corrected at q < 0.05. Age and sex will be entered as covariates. Additionally, we will
model three-way interactions (e.g., burden-X-age-X-CR) on the outcome, as the effect may
vary with age [118] or sex [119], as has been seen in dementia populations. From the factor
loadings and their standard errors, we will investigate whether the weightings are different
according to the type of brain abnormality (injury, structure, physiology).

Secondary Analysis. As a preliminary examination of neurophysiological correlates
(question 2 above), we will correlate our metric for CR with the neuroimaging data ob-
tained in aims 2 and 3 using the methodology detailed in those aims (Figure 2, middle).
Specifically, we will investigate both structural network topology (obtained from diffu-
sion imaging), physiology (CVR) in other regions of the brain than found in Aim 3, and
functional network topology (obtained from BOLD imaging) using metrics obtained from
graph theory [120,121]. Functional topology has been previously shown to correlate with
CRin elderly populations [122], and we have preliminary data that functional topology is
abnormal in pre-adolescent CHD (Figure 2). Significant findings will provide evidence that
specific structural, physiological, or functional differences are neurophysiological correlates
of CR. It is of further interest to know whether these correlates are, in fact, a result of
differing brain plasticity [123], as is hypothesized in theoretical models of CR [124]. Such
models involve differential recruitment of cortical networks. To investigate this, we will use
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a mediation (indirect effects) model (Figure 2, bottom) to test whether our CR correlate is a
suppressor (e.g., inverse mediation) of the relationship between pathology and outcome
(e.g., the indirect pathway results in a better outcome). We will use bootstrap methods [125]
to test the mediation results for statistical significance using bias-corrected and accelerated
confidence intervals [126,127]. We have previously used mediation methods in an inves-
tigation of the relation between structural topology, neurocognitive outcome, and CHD
adolescents with transposition of the great arteries [72].

2.9. Missing Data
See Supplemental Methods.

2.10. Multi-Center MRI Quality Assurance and Quality Control (QA/QC)
See Supplemental Methods and Supplemental Figures S4 and S5.

2.11. Data Transfer—See Supplemental Methods

Our study design has anticipated potential limitations to this study that may arise, as
well as ways to mitigate these limitations:

Recruitment and Participant Fatigue: We have proposed recruitment from 13 sites,
with small targeted recruitment for the neuroimaging ancillary study relative to the tar-
geted enrollment of the parent MINDS study (n = 156 of 500). The parent study is one
hour long, and we have multiple options for the patient to be scheduled for the brain
MRI/ questionnaire (90 min), so participant fatigue is less likely to happen.

Implantable Cardiac Devices: Due to our focus on individuals with ACHD, we expect
all participants will have had corrective surgery at some point, with the majority having
implanted hardware. These implants can range from occluders, closure devices, coils,
stents, or valve replacements (commonly referred to as “passive implants” as they do not
require an external power source) to active implanted medical devices such as an ICD or
pacemaker (those requiring external power to operate). Because our primary goal is to scan
participants at 3 T, extra MR safety precautions must be taken. All participants with an
ICD, pacemaker, or retained pacing wires will be immediately excluded from participating
in ancillary imaging due to these devices being ruled MR Unsafe at all field strengths. But
those with coils, stents, and valve replacements will need to be identified and cleared prior
to scanning at 3 T. Only devices determined to be MR Safe may proceed with enrollment. If
a device is determined to be MR Conditional, further vetting will be needed as these devices
are only imaging-compatible in specific operating conditions. Most devices manufactured
before 2010 are “legacy implants” and may not carry an MR safety label. Those devices
implanted before 1996 were installed before MRI compatibility was relevant and may not
have been backward-tested by the manufacturer for compatibility at 3 T, such as the Palmaz
308 aortic stent. Even with this understanding, we do not expect many participants to have
implants deemed unacceptable to scan above 1.5 T. But, with the possibility of there being
exclusions for scanning at 3 T, a protocol can be eventually developed at 1.5 T (or lower
Tesla) to allow for imaging at a lower field strength, providing data for gross brain metrics
and injury.

Harmonization limitations during the COVID-19 pandemic and Alternative Harmo-
nization Approach. For our QA plan and because of limitations for traveling during the
COVID-19 pandemic, we performed initial QA using two phantoms that reside at each
of the sites (ACR-anatomic and f-BIRN-functional) and two specific phantoms that are
shipped to the sites (HARDI-diffusion—Supplemental Figure S4—and ASL-perfusion—
Supplemental Figure S5) for QA purposes. In parallel, we have been leveraging prior data
from five human phantoms who previously traveled to each PHN site approximately every
six months. The QA/QC data will be used to establish the compatibility of data from
different sites, the long-term reproducibility of the results at each site, and the development
of a site-specific plan.
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For retrospective harmonization achieved through analysis, we have previously con-
trolled for the effect of the scanner/vendor on the neuroimaging metric/biomarker. This
was accomplished by not only including the scanner/vendor as a covariate but also model-
ing different between-subject variances dependent on the scanner. It is noteworthy that
we have demonstrated these variances to be similar for specific neuroimaging metrics [74].
However, this retrospective statistical harmonization approach does depend on a robust
sample size per site, which may be an issue with our study as the sample size/site may
be small. To overcome this potential limitation, we can adapt other statistical approaches,
including functional normalization, RAVEL, surrogate variable analysis, or COMBAT, a
popular batch adjustment method originally developed for genomics data [128-130]. COM-
BAT has recently been shown to be effective at reducing inter-scanner variation while
preserving biological variation. COMBAT can also be effective with small sample size and
provide regional-specific correction factors for multimodal neuroimaging data [128-130].
We have recently successfully applied this COMBAT technique to a four-center DTI dataset
of n = 763 neonates with CHD [131].

3. Discussion

With advances in surgical, medical, and catheter-based interventions, most CHD
patients are surviving into adulthood [2]. In recognition of the importance of this dramatic
demographic shift, the NHLBI-funded PHN has expanded its research focus to encompass
ACHD patients. Children and adolescents with CHD have well-documented deficiencies
in multiple neurocognitive domains, including attention, executive functioning, language,
and memory [59-61,132-139]. However, there is a paucity of correlative neurocognitive
and neuroimaging studies in ACHD patients, a major knowledge gap addressed by this
ancillary study. Impaired neurocognitive outcomes impact well-being and psychosocial
morbidities, including social difficulty, lower education attainment, and greater unem-
ployment. However, characterizing neurocognitive deficits is only the first step towards
developing targeted management and treatment strategies to improve outcomes in ACHD
patients. A detailed understanding of the brain correlates of such deficits and their interac-
tions with lifestyle and behavioral factors is crucial.

The initial aims of our project are to understand the neural underpinnings of neurocog-
nitive outcomes in ACHD patients (Aims 1-3). Some patients present signs of acquired
vascular injury, but a substantial number of neurocognitively impaired CHD patients do
not. This indicates more subtle etiologies of outcome, such as microstructural, neuronal,
or vascular abnormalities. Indeed, risk factors throughout the developmental period are
heterogeneous and include genetic variants, brain dysmaturation, postnatally acquired
hypoxia/ischemia, and vascular abnormalities. Similar adverse neurocognitive outcomes
may arise from a variety of different brain abnormalities (i.e., equifinality), yet optimal
prevention and intervention strategies may differ depending upon the mechanism of brain
injury. Our work in pediatric CHD patients to date has shown that white matter structural
topology, cerebral blood flow (CBF), and cerebrovascular reserve (CR) are predictive of
neurocognitive outcomes [80,138,139]. The MINDS-ACHD ancillary project will allow us
to extend our research to an adult population to better understand the underpinnings of
adverse neurodevelopmental outcomes in ACHD patients. We are pursuing a multimodal
approach with MRI to detect acquired vascular-related brain injury and investigate subtler
structural and vascular deficits, including cortical thickness, structural connectivity, and
cerebrovascular reserve. These results will allow us to classify and stratify ACHD patients
not only according to neurocognitive outcomes but also according to brain injury and
structural and physiological characteristics.

The second major aim of our project is to elucidate the possible mechanisms of di-
minished cognitive reserve (CR) in the ACHD population. CR is a protective factor that
prevents or reduces cognitive impairment in response to a given brain insult. CR is known
to correlate with lifestyle and cognitive factors, such as level of education, type of occupa-
tion, vocabulary, and frequency of reading, which are frequently referred to as “cognitive
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enrichment” or “intellectual enrichment” factors [46—49]. While the physiological mecha-
nism is still being investigated, theoretical models of CR and some clinical research studies
are converging towards a correlation of CR with brain plasticity—the capacity of the brain
to reorganize after insult. We hypothesize that a similar mechanism is at work in ACHD
patients. We will derive a suitable proxy for CR using both moderation/mediation statisti-
cal models and machine learning techniques as the optimal way to estimate CR, which is
currently unknown in this population. Obtaining a validated proxy for CR is essential for
the design of optimal behavioral interventions, as studies in the elderly have shown that
CR is modifiable over time and results in improved outcomes.

4. Conclusions

Our study, which utilizes advanced accelerated multimodal neuroimaging acquisi-
tion paired with rigorous and novel harmonization/post-processing tools, will identify
structural-physiological correlates of neurocognitive outcomes, representing the first multi-
center neuroimaging study to be performed in ACHD. Our main objective is to measure
neuroimaging biomarkers (brain injury, structure, and physiology) and relate them to
neurocognitive outcomes leveraged from the larger parent PHN MINDS-ACHD study.
Importantly, other behavioral and environmental enrichment data will be integrated with
these neuroimaging and neurocognitive outcome data to model CR. Our findings will
inform the design of future longitudinal and/or interventional studies to improve neu-
rocognitive outcomes and ultimately reduce cognitive decline in ACHD. Inferences from
this research will help shape the care of ACHD patients and further our understanding of
the interplay between brain injury and cognitive reserve.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcdd10090381 /51, Figure S1: Pipeline for Regional Cerebral Volumes;
Figure S2: Diffusion imaging with multi-shell technique with multiple steps; Figure S3: Processing
pipeline for ASL (cerebral blood flow) and BOLD (functional connectivity) neuroimaging data;
Figure S4: High Angular Diffusion Imaging (HARDI) Phantom; Figure S5: Arterial Spin Label (ASL)
Phantom; Table S1A: MR Harmonized Pulse Sequences proposed for the MINDS Neuroimaging
Ancillary Studies for three MRI vendors; Table S1B: MR Harmonized Pulse Sequences for ASL
(arterial spin labeling ) or Cerebral Blood Flow Measures proposed for the MINDS Neuroimaging
Ancillary Studies for three MRI vendors.
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