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BACKGROUND: Neurodevelopmental impairments are common in survivors of complex congenital heart defects (CHD). We
report neuropsychological and brain imaging assessments in adults operated for isolated septal defects.

METHODS AND RESULTS: Patients (mean age 25.6 yrs) who underwent childhood surgery for isolated atrial septal defect (n=34)
or ventricular septal defect (n=32), and healthy matched peers (h=40), underwent a standard battery of neuropsychological
tests and a 3.0T brain magnetic resonance imaging scan. Patient intelligence was affected with lower scores on Full-Scale
intelligence quotient (P<0.001), Verbal Comprehension (P<0.001), Perceptual Reasoning (P=0.007), and Working Memory
(P<0.001) compared with controls. Also, the CHD group had poorer visuospatial abilities (Immediate Recall, P=0.033; Delayed
Recall, P=0.018), verbal memory (Trial 1, P=0.015; Total Learning, P<0.001; Delayed Recall, £P=0.007), executive function
(Executive Composite Score, P<0.001), and social recognition (Reading the Mind in the Eyes Test, £P=0.002) compared with
controls. Self-reported levels of executive dysfunction, attention deficits and hyperactivity behavior, and social cognition dys-
function were higher in the CHD group compared with population means and controls. We found similar global and regional
morphometric brain volumes and a similar frequency of brain magnetic resonance imaging abnormalities in the 2 groups. The
CHD group had a high occurrence of psychiatric disease and a larger need for special teaching during school age.

CONCLUSIONS: Children operated for simple CHD demonstrate poorer neurodevelopmental outcomes in adulthood when com-
pared with healthy controls and expected population means.
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has improved dramatically over recent decades, and includes neurocognitive domains such as lower
but little is known about the morbidity and medi- IQ (intelligence quotient) scores, visuospatial in-
cal needs of the growing number of CHD survivors'=2, tegration deficits, problems with social cognition,
Cyanotic CHD has been linked to neurodevelopmental and increased risk of attention deficit hyperactivity

The management of congenital heart defect (CHD) impairments in both children and adolescents*®
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CLINICAL PERSPECTIVE
What Is New?

Neurodevelopment is challenged in a significant
proportion of adults operated in childhood for
atrial septal or ventricular septal defects.

e Simple congenital heart defect patients may
have impairments across a majority of impor-
tant neuropsychological domains with verbal
comprehension, working memory, perceptual
reasoning, visuospatial and verbal memory, and
social recognition being particularly affected.

e Major structural brain abnormalities were not
detected in the simple congenital heart defects.

What Are the Clinical Implications?

e Attention should be paid to patients with sur-
gical closed atrial septal and ventricular septal
heart defects as they are at risk of neurodevel-
opmental impairments.

e Patients with atrial septal and ventricular sep-
tal defects should be made aware of the po-
tential risk of neurodevelopmental challenges in
adulthood.

Nonstandard Abbreviations and Acronyms

ADHD Attention deficit hyperactivity
disorder
ASD Atrial septal defect

BRIEF-A Behavior Rating Inventory of
Executive Function—Adult Version

CAARS Conners’ Adult Attention Deficit and
Hyperactivity Disorder Rating Scales

CHD Congenital heart defect

D-KEFS Delis-Kaplan Executive Function
System

FDR False discovery rate

MRI Magnetic resonance imaging

RAVLT Rey Auditory Verbal Learning Test

RCFT Rey-Osterreith Complex Figure Test

RMET Reading the Mind in the Eyes Test

SRS-2 Social Responsiveness Scale,
Second Edition

VSD Ventricular septal defect

WAIS-IV Wechsler Adult Intelligence
Scale-Fourth Edition

WMHs White matter hyperintensities of
presumed vascular origin
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disorder (ADHD)*". These neuropsychological defi-
cits are associated with changes in brain morphol-
ogy''% and persist through childnood and into early
adulthood”9'2,

Surprisingly, adult patients with isolated septal
heart defects, in which peripheral blood oxygen sat-
uration is normal, also experience increased morbid-
ity™15, mortality®'®, and increased risk of psychiatric
disorders'"'® compared to the background popula-
tion. There is hence a need to examine brain function
and brain structure in adult CHD patients with iso-
lated septal heart defects in order to disclose poten-
tial altered neurodevelopment and need for targeted
support.

The aim of this study was to compare neuropsycho-
logical scores and structural brain magnetic resonance
imaging (MRI) in adult patients who underwent surgical
closure of atrial septal defect (ASD) or ventricular septal
defect (VSD) during childhood to normative population
data and healthy adult controls.

MATERIALS AND METHODS

The study complies with the World Medical
Association’s Declaration of Helsinki, amended in 2013,
and was approved by the Regional Committee on
Biomedical Research Ethics of the Central Denmark
Region (chart: 1-10-72-233-17) and the Danish Data
Protection Agency (chart: 2012-58-006). The study is
registered on clinicaltrials.gov (identifier: NCT03871881).
In compliance with Danish law, all participants provided
written informed consent prior to enrolment. The data
that support the findings of this study are available from
the corresponding author upon reasonable request.

Design

In a prospective, cross-sectional study, participants
underwent a battery of neuropsychological tests and a
brain MRI separated by a 60-minute break. Participants
filled out 3 self-reporting questionnaires and were
given 3 informant questionnaires to be passed on to a
close relative as described later.

Study Population

Inclusion criteria were patients with (1) isolated ASD,
(2) isolated VSD closed surgically between 1990 and
2000, and (3) healthy volunteers, matched for age,
sex, and education to the patient groups. These con-
trols were recruited through flyers and announce-
ments on official webpages. Exclusion criteria were
other congenital cardiac abnormalities, associated
syndromes (eg, Down’s syndrome), previous stroke,
recent head trauma, pregnancy, non-MRI compat-
ible implants such as pacemakers, lack of Danish
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language skills, and age under 18. Treatment was
performed at Aarhus University Hospital, a tertiary
referral hospital, by a specialized, homogeneous
group of anesthetists, cardiologists, and cardiac
surgeons. The surgical procedures were performed
through a median sternotomy on cardiopulmonary
bypass with a cross-clamp on the aorta. Defects
were closed through right atrial approach. Moderate
hypothermia and crystalloid cardioplegia were used
during the procedures.

Neuropsychological Assessment

The neuropsychological test battery consisted of
validated neurocognitive tests and questionnaires as-
sessing intelligence, executive functions, learning and
memory, and social cognition. All tests were performed
by trained and experienced research assistants under
the supervision of an experienced research neuropsy-
chologist (L.E).

Intelligence

The intellectual functioning was tested using Wechsler
Adult Intelligence Scale—Fourth Edition (WAIS-IV)'®. The
end points were the 5 composite scores: Full-scale 1Q,
Verbal Comprehension Index, Perceptual Reasoning
Index, Working Memory Index, and Processing Speed
Index. For all 5 indexes the scaled scores correspond
to the population mean of 100 (SD+15) with higher
scores indicating better performance.

Executive Functions

An executive function summary was derived using Delis-
Kaplan Executive Function System (D-KEFS) standard
scores®®, An average score was calculated in each of
the (D-KEFS) subtests using the following conditions;
Trail Making Test (conditions 1-5), Verbal Fluency Test
(letter fluency, category fluency, category switching total
correct responses and category switching total switch-
ing accuracy), Design Fluency Test (filled dots, empty
dots only, and switching total correct designs) and
Color-Word Interference Test (color naming, word read-
ing, inhibition, inhibition/switching). End points were the
subtest calculated means and a summary score cal-
culated by averaging the 4 subtests. All scaled scores
have an expected mean of 10 (SD+3) with higher scores
indicating better performance. The Behavior Rating
Inventory of Executive Function—Adult Version (BRIEF-A)
was completed by 2 informants: participant self-report
and an informant report?’. The informant was defined
as the person with the closest relation to the partici-
pant and could be a family member, spouse, partner, or
friend. The expected mean scaled score is 50 (SD+10),
with a higher score indicating less optimal function. End
point was the Global Executive Composite.
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The questionnaire Conners’ Adult Attention Deficit
and Hyperactivity Disorder Rating Scales (CAARS)
was completed by participants and informants by a
close relative as described previously??. The expected
scaled score mean is 50 (SD+10), with higher scores
indicating greater attention problems. End point was
ADHD index T score.

Learning and Memory

Visuospatial learning and memory skills were as-
sessed using the Rey-Osterreith Complex Figure Test
(RCFT)?22425  End points were scores from the copy,
immediate recall, delayed recall, and recognition total
correct trials.

Verbal learning and memory were tested using
the Rey Auditory Verbal Learning Test (RAVLT) (Rey
A. Mémorisation d'une série de 15 mots en 5 répeti-
tions. Paris, France: Presses Universitaires des France;
1958). End points were the Trial 1, Total Learning,
Delayed Recall, and Recognition Trials.

Social Cognition

A measure of social cognition was derived from the
Reading the Mind in the Eyes Test (RMET)?®. The
RMET involves viewing 36 photographs of eyes and,
using a multiple-choice format, to select the term
that best describes the emotion expressed on the
picture. A total score was summarized from the cor-
rect answers.

The questionnaire Social Responsiveness Scale,
Second Edition (SRS-2) was completed by participants
and informants by a close relative as described pre-
viously?”. End points were a total score calculated by
addition of the 5 subscales: social awareness, social
cognition, social communication, social motivation and
restricted interests, and repetitive behavior.

Magnetic Resonance Imaging
Data Acquisition

Morphometric brain-MRI was performed using a
Siemens Magnetom Prisma 3T MRI system with a
32-channel head coil and a Magnetization-Prepared
2 Rapid Acquisition Gradient Echo sequence.
Magnetization-Prepared 2 Rapid Acquisition Gradient
Echo parameters were acquired with pulse repeti-
tion time=6.5s, inversion time 1=0.5s, inversion time
2=2.9s, al=4°, a2=7° a 3D sequence imaged at iso-
tropic 0.9 mm resolution (acquisition matrix; 240x256,
192 sagittal slices) and turbo factor of 144 as defined
by others®®. Fluid-attenuated inversion recovery im-
ages were acquired for assessing hyperintense T2
lesions with pulse repetition time=5 seconds, echo
time=387 ms, at isotropic 0.9 mm resolution (acqui-
sition matrix: 256x256, 192 sagittal slices). Multishell
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diffusion weighted imaging was acquired with
both anterior-posterior and posterior-anterior phase
encoding directions at b-values 0, 700, 1200, and
2800 s/mm?. For each phase encoding direction, a
total of 191 image volumes were acquired (distribu-
tion over b-values: 11/30/60/90) with pulse repetition
time=2972 ms, echo time=65 ms, at istotropic 1.8 mm
resolution (acquisition matrix: 112x112, 60 axial slices).
Finally, blood oxygenation level dependent imaging
was acquired during 12 minutes resting state (600
image volumes with pulse repetition time=1170 ms,
echo time=29.6 ms, and isotropic 2.5 mm resolution
[acquisition matrix: 76x76, 63 axial slices]).

MRI Analyses

Background noise in Magnetization-Prepared 2
Rapid Acquisition Gradient Echo T1w images were
initially suppressed by applying a head mask found by
thresholding the image of the second gradient echo
acquisition. The corrected images were then pro-
cessed using the proposed framework from Aubert-
Broche et al?® consisting of tissue denoising®, bias
fields correction®’, and linear®? and nonlinear®® spa-
tial normalization to Montreal Neurological Institute
space. Images were then skull stripped®* and clas-
sified into grey matter, white matter, and cerebrospi-
nal fluid®®. Tissue segmentations were parcellated
into main cerebral lobes using an atlas®® in Montreal
Neurological Institute space. Subcortical nuclei were
segmented either by multi-atlas segmentation3” (hip-
pocampus and thalamus) or by the atlas in Montreal
Neurological Institute space (caudate and putamen).

For the purpose of clinical assessment, fractional
anisotropy and apparent diffusion coefficient were cal-
culated using FMRIB Software Library v5.0.9 (FMRIB,
Oxford, UK). blood oxygenation level dependent im-
ages were corrected for motion and averaged as sup-
plement for the clinical assessment.

Brain MRIs were clinically assessed by a single
blinded neuroradiologist (R.B.D) by visual inspection
to identify abnormalities. Abnormalities were classified
by origin (acquired or developmental), extent (focal, dif-
fuse, generalized), type (infarction, cortical dysplasia,
ventricular enlargement, or white matter hyperintensi-
ties of presumed vascular origin®® [WMHSs]), and ana-
tomic location. Ventricular enlargement was assessed
using the Evans Index with a score <0.3 indicating nor-
mal ventricular size.

Statistical Analysis

Continuous results are, if appropriate, reported as
mean+SD, otherwise as median with 95% ClI or total
range. Continuous data were compared using un-
paired Student t tests and noncontinuous data were
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compared with the Mann-Whitney-Wilcoxon rank-sum
test. The chi-square test was used for binominal data.
Statistical significance was considered as P<0.05.

Normative data for the WAIS-IV and D-KEFS
scores were obtained from their scoring manuals'®2,
Normative data for RAVLT and RCFT was obtained
from Mitrushina using regression equations derived
from meta-analysis of multiple normative data sets®°.
For the RMET, normative data from a British cohort??
was used. Age and sex matched normative data
for BRIEF-A, CAARS, and SRS-2 questionnaires,
were obtained from interpretation and scoring man-
uals®!?227 Multiple testing was accounted for by
calculating a false discovery rate (FDR) g-value®.
Statistical analysis was performed on a blinded data
set. Extreme scores for a poorer outcome were cal-
culated as the percentage of participants whose
neuropsychological outcomes deviated more than 1
SD from the expected population mean.

The MRI brain volumes, except the total intracranial
volume, were normalized by calculating the ratio be-
tween the participants regional volume and the total
intracranial volume, then multiplied by a constant to
maintain absolute values. The constant was defined
as mean total intracranial volume of the control group.

All data were analyzed using Stata/SE 15.1 for Mac
(StataCorp, College Station, Texas).

Sample Size Justification

The sample size estimate was based on previously
published full-scale 1Q data®. In order to determine a
difference between groups on our primary outcome
with a power of 80% and a significance level of 0.05
using the Student ¢ test, the minimal sample size was
determined to be 35 CHD participants. To adjust for
participant dropout, we enrolled more than 35 CHD
participants.

RESULTS

From March 2018 to November 2018, 66 participants
with a surgically closed septal defect (34 ASD and 32
VSD) and 40 healthy controls were enrolled. Three pa-
tients got claustrophobic/anxious and did not complete
the MRI study. MRI scans of 2 control subjects were
excluded due to inadequate image quality caused by
metal retainers.

Demographics

Demographics and clinical characteristics are shown in
Table 1. The participants were all in their mid-twenties.
No differences in race or ethnicity were observed. The
CHD group received special teaching 3 times as often
and pedagogical psychological counseling 5 times as
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often as the control group. Also, they had a higher level
of dyslexia.

Cardiac Status and History
Perioperative information is displayed in Table 2. All
the patients had undergone simple surgery with no
complications. None had significant left or right ven-
tricular outflow tract obstructions, aortic valve regurgi-
tation, or right ventricular hypertrophy prior to surgery.

Medical history at the time of this examination is
displayed in Table 3. The patients were asymptomatic
with no significant residual shunt. Postsurgery check-
ups had been concluded.

There was a high amount of psychiatric disease in
the CHD group with no differences between the ASD
and the VSD group.

Neuropsychological Assessment

Table 4 presents the neuropsychological scores of
the ASD and VSD adults, collectively and split by
defect type, along with the results of comparisons
with the control group scores and with the scores of
the expected population mean. The Figure presents
the extreme scores of the CHD and control group.
The CHD group as a whole performed poorer than
the control group in all tested domains even after
FDR adjustment. When compared to the expected
population mean scores, most outcomes were
lower. Particular weaknesses were detected in the

Table 1. Demographics and Clinical Characteristics for
CHD and Control Participants
CHD Control P
Variable (n=66) (n=40) Value
At inclusion
Age, y 25.6+5.2 | 25.6+4.7 0.961
Height, cm 170+11 175+8 0.029
BMI, kg/m? 24.4+41 | 23.0+3.2 0.062
Male [n, (%)] 20 (30) 14 (35) 0.616
Education
ISCED primary education [n, (%)] 35 0(0) 0.171
ISCED secondary education 49 (74) 26 (65) 0.311
[n, (%)]
ISCED tertiary education [n, (%)] 14 (21) 14 (35) 0.119
Pedagogical psychological 10 (15) 1) 0.038
counseling” [n, (%)]
Special teaching® [n, (%)] 30 (45) 6 (15) 0.001
Dyslexia [n, (%)] 1(17) 0(0) 0.006
Dyscalculia [n, (%) 4 (6) 1) 0.353

Data are presented as mean+SD or as absolute numbers with relative
percentages. BMI indicates body mass index; CHD, congenital heart defect;
and ISCED, International Standard Classification of Education 2011.

*Received pedagogical psychological counseling during primary or
secondary school.

fReceived special teaching during primary or secondary school.
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areas of verbal comprehension, working memory,
auditory and visual learning and memory, and social
cognition. Neuropsychological outcomes were com-
parable in adults with ASD and VSD. The following
sections focus on assessment of outcomes in the
different neuropsychological categories.

Intelligence

The CHD participants performed worse on the full-
scale 1Q and in 3 of 4 subdomains (verbal compre-
hension, perceptual reasoning, working memory),
though the fourth subdomain (processing speed) was
also bordering significance compared with the control
group and when compared to the expected popula-
tion mean. Significant differences remained after FDR
adjustment. Although 1Q scores were within the normal
range (IQ 85-115), the proportion of CHD participants
in whom 1Q was more than 1SD below the expected
population mean was higher than in the control group
(full-scale 1Q 27% versus 5%, P=0.004; verbal compre-
hension 41% versus 13%, P=0.002; working memory
36% versus 10%, P=0.003).

Executive Functions

The D-KEFS mean executive composite score and the 4
subdomains were lower in CHD participants compared
with the mean scores of the referent group (P<0.01). All
D-KEFS scores were within the normal range (7-13);
however, the proportions of CHD participants in whom
the Design Fluency Test score was more than 1SD below
the expected population mean was higher than in the
control group (9% versus 0%, P=0.04). The proportions
of participants who performed more than 1SD lower in
the Trail Making Test, Verbal Fluency Test, or Color-Word
Interference Test compared to the expected population
mean (9% versus 3%, P=0.18; 8% versus 0%, P=0.07;
17% versus 5%, P=0.07, respectively), did not differ sig-
nificantly between groups.

On the BRIEF-A self-report, the mean Global
Executive Composite scores of the CHD group were
worse compared with the control group and com-
pared to the expected population mean scores.
Approximately every fifth (22%) participant of the CHD
group scored >65 (ie, “potential clinical significance”),
compared with 5% of the control group (P=0.02). On
the BRIEF-A Informant, these figures were 12% and
0%, respectively (P=0.04). The self-reported Global
Executive Composite was significantly higher than
the informant Global Executive Composite in the CHD
group, but the same difference also occurred in the
control group (P=0.003 and 0.02, respectively).

The CAARS self-report revealed a significantly
higher ADHD-index in the CHD group. Approximately
every fourth (24%) of the participants in the CHD group
and 0% in the referent group scored >65, which is
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Table 3. Medical History for CHD and Control Participants

Participants
CHD Control
ASD VSD Variable (n=66) (n=40)
Variable (n=34) (n=32) Psychiatric diagnosis
Age at diagnosis 6.5:80 | 05+10 >1 Psychiatric diagnoses [n, (%)) 22 (33) 4(10)
Age at surgery 7.8£7.7 1714 >2 Psychiatric diagnoses [n, (%)]' 12 (18) 2(5)
Defect size, mm 16.7+8.8 8.1£3.9 Mental and behavioral disorders due to 12 0(0)
Total bypass time, min 44420 59+20 psychoactive substance use
Cross clamp time, min 16+9 30+13 Schizophrenia, schizotypal and delusional 12 0(0)
Hospital stay [days, (min-max)] 7@-11) | 10(6-27) disorders
ICU stay [days, (min-max]] 10-2) 1(-5) Mood (affective) disorders 18 (27) 4 (10)
Preoperative catherization [n, (%)] 8 (24) 12 (38) Depression [n, (%) 16e9 400
Mean pulmonary-to-systemic blood 2.7+0.9 2.9+1.3 Bipolar affective disorder n, (%) ) 0
flow (Qp/Qs) Neurotic, stress-related and somatoform 10 (15) 0 (0)
ASD type [, (%] disorders
Primum 26 Obsessive-compulsive disorder [n, (%)] 6 (9)
Secundum 32 (94) Anxiety [n, (%) 4©
#S0 dorein 5 ot rdones e | 700 | 2
Direct suture 17 (50) factors
Dacron patch 13 (38) Eating disorders 3(5) 2(5)
Pericardial patch 4(12) Nonorganic sleep disorders 4 ()
VSD type [n, (%)] Disorders of adult personality and behavior 3 (5) 0 (0)
Perimembranous 17 (63) Personality disorder 3(5)
Muscular 15 (47) Disorders of psychological development 2 (3) 0
VSD closure [n, (%)] Infantile autism 1)
Patch 21 (66) Asperger’s syndrome 1@
Direct suture 11 (34) Behavioral and emotional disorders with 8 (12 0 (0)
Pulmonary artery banding [n, (%)] 309 Zgztle;siseunilley occurring in childhood and
Persisting ductus arteriosus closure 3(9) ADD or ADHD 8(12)
abohte, numbers it elate. pereontages. ASD nedtes atia sepal |- SoEletar
defect; ICU, intensive care unit; and VSD, ventricular septal defect. Brain infections (meningitis, encephalitis etc.) 0(0) 0(0)
Other brain diseases (neoplasms etc.) 0(0) 0(0)
considered to be “moderately atypical.” The self- Provious head trauma 00 00
reported ADHD-index was significantly higher com- Epilepsy 1@ 00
pared with the informant ADHD-index in the CHD Stroke 00 00

group (P=0.03).

Visuospatial Learning and Memory

The CHD group had an overall worse performance
in visuospatial learning and memory (RCFT). They
used longer time in the copy trial, and moreover, they
had a lower score in the immediate recall and de-
layed recall trails compared with the referent group
(P=0.02-0.04). Adjusted for FDR, the CHD group
demonstrated significantly lower scores in immediate
recall and delayed recall trials compared to the ex-
pected population mean (P <0.001). The RCFT per-
formances were, however, within the normal range.

Verbal Learning and Memory

Overall verbal learning and memory performance
(RAVLT) were worse in the CHD group. They performed

J Am Heart Assoc. 2020;9:e015843. DOI: 10.1161/JAHA.120.015843

Data are presented as absolute numbers with relative percentages. ADD
indicates attention deficit disorder; ADHD, attention deficit hyperactivity
disorder; and CHD, congenital heart defect.

*Diagnosed with a psychiatric disease and received treatment.

significantly lower than the control group on all sub-
tests except the recognition trial. The RAVLT scores
were all within the normal range, yet nearly half (48%)
of the CHD participants had a Total Learning score of
more than 1SD below the expected population mean,
compared with 13% in the referent group (P<0.001). A
high significance level in all RAVLT measures withstood
after FDR adjustment, when comparing the CHD par-
ticipants with the expected population means.

Social Cognition
The CHD group performed lower on the RMET com-
pared with the control group (P=0.002), and when
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Table 4. Neuropsychological Outcomes for CHD and Control Participants

Control P Value, P Value, CHD
ASD (n=34) | VSD (n=32) | CHD (n=66) (n=40) P Value, All Vs Expected
ASDVs | CHD Vs Population
Variable Mean=SD VSD Controls Mean
Wechsler Adult Intelligence Scale Version IV
Full-scale 1Q 92.6+13.3 95.8+13.5 94.2+13.4 105.6+12.8 0.346 <0.001* <0.001*
Verbal comprehension (index scores) 89.9+13.5 91.2+13.8 90.5+13.6 105.0+16.4 0.719 <0.001* <0.001*
Perceptual reasoning (index scores) 92.8+14.9 97.1+16.7 94.8+15.8 103.0£12.9 0.273 0.007* 0.010*
Working memory (index scores) 90.8+11.9 94.4+13.7 92.5+12.9 102.2+14.4 0.265 <0.001* <0.001*
Processing speed (index scores) 103.7+16.2 106.7+16.5 105.2+£16.3 111.7£16.9 0.461 0.054 0.012*
Delis-Kaplan executive function system
Executive Composite score (scaled scores) 10.3+1.6 10.2+2.0 10.3+1.8 11.8+1.8 0.677 <0.001* 0.275
Trail making (scaled scores) 10.4+241 10.3+£2.7 10.3+2.4 11.6£1.5 0.902 0.003* 0.249
Verbal fluency (scaled scores) 11.3+2.4 10.9+3.0 1127 13.0£2.2 0.508 <0.001* 0.001*
Design fluency (scaled scores) 10.0+2.3 10.2+2.1 10.1£2.2 12.0£2.9 0.729 <0.001* 0.766
Color-word interference (scaled scores) 9.2+2.2 9.2+2.3 9.2+2.3 10.9+2.3 0.928 <0.001* 0.006*
Rey-Osterreith Complex Figure Test
Copy (impaired, n [%])* 4(12) 9(29) 13 (20) 3(8) 0.082 0.082 -
Time to copy (sec) 205.5+60.6 | 225.9+63.4 | 215.1+62.3 | 186.5+71.3 0.193 0.035* -
Immediate recall (T-scores) 38.8+12.1 44.4+13.5 41.5+13.0 46.9+11.9 0.084 0.033* <0.001*
Delayed recall (T-scores) 41.4+9.7 44.8+10.0 43.0+9.9 47.5+8.4 0.169 0.018* <0.001*
Recognition total correct (impaired, no [%)])¢ 12 (35) 12 (39) 24 (37) 11 (28) 0.776 0.320 -
Rey Auditory Verbal Learning Test
Trial 1 (T-scores) 43.4+£9.5 43.7£10.4 43.5+9.9 48.5+10.1 0.884 0.015* <0.001*
Total learning (T-scores) 41.8+10.4 41.8+11.2 41.8+£10.7 49.4+91 0.992 <0.001* <0.001*
Delayed recall (T-scores) 42.0+£9.3 4411041 43.0+9.7 48.2+9.0 0.375 0.007* <0.001*
Recognition (impaired, n [%]) ! 0(0) 2 (6) 2 (3) 0(0) 0132 0.263 -
Reading the Mind in the Eyes Test (T-scores) 45.2+9.3 45.1+9.8 45.2+9.5 51.0+6.9 0.982 0.002* <0.001*
BRIEF-A self-report (T-scores)" 56.0+12.1 55.3+13.3 55.7£12.6 46.8+8.3 0.836 <0.001* 0.005*
BRIEF-A Informant (T-scores)' 48.6+10.4 49.6+11.9 49.1+1141 42.5+6.6 0.726 0.005* 0.531
CAARS self-report (T-scores)* 55.7+12.8 53.5+12.7 54.6+12.7 44.0£11.1 0.473 <0.001* 0.004*
CAARS Informant (T-scores)* 48.8+11.2 51.1+13.3 49.9+12.2 45.6+8.2 0.474 0.178 0.942
SRS-2 self-report (T-scores)” 55.9+156.2 57.3+14.6 56.6+14.8 46.5+8.5 0.704 <0.001* <0.001*
SRS-2 Informant (T-scores)” 50.2+11.5 53.4+14.2 51.7+12.8 44.5+7.9 0.329 0.007* 0.314

Data are presented as mean+SD or as absolute numbers with relative percentages. Missing <2% of outcomes except for BRIEF-A self-report (CHD: n=63;
controls: n=38) and informant report (CHD: n=60; controls: n=33), CAARS self-report (CHD: n=66; controls: n=39), CAARS informant-report (CHD: n=61;
controls: n=34), SRS-2 self-report (CHD: n=66; controls: n=38), SRS-2 self-report (CHD: n=60; controls: n=33). Calculated expected population means:
RFCT (Immediate Recall raw-score=24.9+5.2, Delayed Recall raw-score=25.0+6.7, T-score=50+10); RAVLT (Trial 1 raw score=7.1+1.7, Total learning raw
score=54.9+8.85, Delayed recall raw score=11.9+2.9, T-score=50+10); Reading the Mind in the Eyes Test (raw score=26.2+3.6, T-score=50+10); BRIEF-A
(self-report (GEC) raw score=107.28+22.2, T-score=51+10, Informant (GEC) raw score=110.41+27.5, T-score=50+10); CAARS (ADHD-index=50+10); SRS-2
(50+10). ASD indicates atrial septal defect; BRIEF-A, Behavior Rating Inventory of Executive Function—-Adult; CAARS, Connors’ Adult ADHD Rating Scales;
CHD, congenital heart defect; FDR, false discovery rate; GEC, Global Executive Composite; RAVLT, Rey Auditory Verbal Learning Test; RCFT, Rey-Osterreith
Complex Figure Test; SRS-2, Social Responsiveness Scale Second Edition; and VSD, ventricular septal defect.

*FDR g<0.05.

*RCFT copy <32=impaired.

SRCFT recognition total correct (true positives+true negatives) <19=Impaired.

IRAVLT recognition (true positives) <11=impaired.

IBRIEF-A report the Global Executive Composite T-score.

*CAARS report the ADHD-index T-score.

**SRS-2 report the Total T-score.

compared to the expected population mean (P<0.001). The CHD group had significantly worse scores in
The proportions of CHD participants in whom RMET  the SRS-2 self-report and the informant report when
score was more than 1SD below the expected popula- compared with the control group. On the self-report,
tion mean was 23% whereas it was 10% in the control every third (32%) of the CHD group scored >60 (ie,
group (P =0.09). “indicating mild to moderate deficits, or higher”),
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Extreme scores for CHD and Control Participants.
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IV; *Delis-Kaplan Executive Function System; SRey-Osterreith Complex Figure Test; IRey Auditory Verbal
Learning Test; *Reading the Mind in the Eyes Test. CHD indicates congenital heart defect and FDR, false

discovery rate.

compared with 8% of the control group (P=0.005). On
the informant reports, these figures were 22% and 3%,
respectively (P=0.02).

The self-reported perception of social dysfunction
was borderline higher in the CHD participants when
compared with their informant reports, (P=0.05). There
was no difference between the control group’s self-
report and their informant reports on the perception of
social cognition (P=0.33).

MRI Data

Brain MRI data were available for 63 adults who under-
went surgical closure of an ASD (n=33) or VSD (n=30)
and 38 controls. Brain morphometric volumes and
comparisons are displayed in Table 5. Overall, there
were no significant differences in global or regional
brain volumes after FDR adjustment.

Visually identified brain abnormalities and compar-
isons are displayed in Table 6. The frequency of any
brain abnormality was 24% in CHD participants com-
pared with 29% in controls (P=0.567). The majority of
abnormalities were minor developmental abnormali-
ties. The occurrence of WMHSs in the CHD group was
not different from that in controls. However, there was

J Am Heart Assoc. 2020;9:e015843. DOI: 10.1161/JAHA.120.015843

a higher frequency of WMHs in the ASD group com-
pared with the control group (P=0.047, not reported in
Table 6.). Notably, more than twice as many of the ASD
participants had “several” WMHSs (>1 and <20 WMHs)
compared with the controls (42% versus 18%). In the
patients and controls with WMHSs, the most common
anatomical location was the frontal lobe followed by
the parietal and temporal lobe.

Potential Risk Factors

We could not identify any clinical or surgery-related risk
factors (extracorporeal circulation time, cross-clamp time,
defect size, ASD and VSD subtypes, pulmonary banding
in VSD, length of intensive care unit stay, and length of
hospital stay) for poor neuropsychological performance.

DISCUSSION

The main result of our study is that neuropsychologi-
cal functioning is impaired in adults operated for ASD
or VSD compared to population means and a healthy,
local control group. Impairments were manifest across
the majority of the neuropsychological domains with
verbal comprehension, working memory, perceptual
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Table 5. Global and Regional Brain Volumes for CHD and Control Participants

Control P Value, ASD P Value, All

Variable ASD (n=33) VSD (n=30) CHD (n=63) (n=38) Vs VSD CHD Vs Control
Global

Total intracranial volume, cm?® 1342.9+126.3 1372.2+133.9 1357.4+£129.7 1400.4+141.2 0.392 0.122

Grey matter, cm?® 788.3+32.9 784.6+49.3 786.6+41.2 771.7£51.0 0.726 0.112

White matter, cm?3 434.6+27.7 4281+26.6 431.5+27.2 437.8+26.8 0.260 0.349

Corpus callosum, cm? 6.0+1.0 6.0+0.7 5.9+0.8 6.2+0.8 0.613 0.113

Cerebellum, cm?® 134.2+8.3 135.6+11.1 134.9+9.7 132.4+8.9 0.595 0.206
Lobes

Frontal right, cm® 212.8+10.3 207.1£8.5 210.1+9.8 208.4+10.2 0.020 0.404

Frontal left, cm® 210.2+9.5 204.4+8.8 207.4+9.5 206.7+9.9 0.016 0.711

Parietal right, cm?® 102.7+6.4 101.6+£5.7 102.2+6.0 103.8+7.1 0.434 0.237

Parietal left, cm® 101.9+6.0 101.3+6.6 101.6+6.3 101.4+7.3 0.682 0.850

Temporal right, cm?® 126.2+4.7 126.6+7.9 126.4+6.4 126.2+5.7 0.821 0.866

Temporal left, cm?® 121.0+4.9 121.9+6.6 121.4+5.8 121.1+6.2 0.538 0.841

Occipital right, cm?® 56.6+4.3 57.8+5.5 57.2+4.9 54.5+5.5 0.330 0.012

Occipital left, cm® 53.7+4.2 53.7+5.7 53.7+4.9 52.9+4.9 0.973 0.456
Basal nuclei

Thalami, cm® 12.6+1.0 12.5+0.8 12.6+0.9 12.7£0.8 0.912 0.523

Putamen, cm?® 10.8+8.5 111194 10.9+9.0 10.7+9.7 0.218 0177

Nucleus Caudate, cm® 11.8+9.6 11.7+8.3 11.8+0.9 11.7+0.9 0.5635 0.551
Limbic lobes

Hippocampi, cm® ‘ 6.0£0.7 ‘ 5.9:0.5 ‘ 5906 ‘ 5.9:0.6 ‘ 0.492 ‘ 0.622
Ventricles

Lateral ventricles, om® | 158:59 | 152066 | 152:62 | 136:56 | 0.938 | 0.184

Data are presented as mean+SD. ASD, atrial septal defect; CHD, congenital heart defect; and VSD, ventricular septal defect.

reasoning, visuospatial and verbal memory, and so-
cial recognition being particularly affected. We did not
identify any major risk factors for poor neurodevelop-
mental outcome. ASD patients were not different from
VSD, on neither neuropsychological outcomes nor
brain morphometric measures.

Neuropsychological Profile

Although the CHD participants generally performed
worse than healthy controls across all cognitive do-
mains some aspects of cognitive function appeared
to be more impaired than others. In terms of intel-
ligence, the verbal comprehension, perceptual rea-
soning, and working memory appeared to be more
impaired than other WAIS-IV subdomains, whereas
processing speed was a relative strength. More than
one-fourth of CHD participants had a full-scale 1Q of
more than 1SD below the expected population mean.
Our findings on lower full-scale 1Q intelligence com-
pares to what have been reported in CHD adolescents
with either cyanotic CHD such as tetralogy of Fallot®
and single ventricle defects' or in a mixed cyanotic-
acyanotic cohort®. In cyanotic CHD adolescents, the
processing speed is particularly impaired, and the

J Am Heart Assoc. 2020;9:e015843. DOI: 10.1161/JAHA.120.015843

verbal comprehension is the least impaired”'. We
find the opposite in our cohort, with the largest dif-
ference in verbal comprehension and no difference
in processing speed. Worse outcomes in perceptual
reasoning and working memory are unanimously re-
ported in both ours and previous studies®®!. In a
mixed cohort of acyanotic and cyanotic CHD adoles-
cents 9% had a full-scale 1Q below 85 (-1SD)'®, where
we report a substantial higher occurrence of 27%.

With regard to executive function, the composite
score was lower compared with the controls but not
when compared to the population norm. The Color-
Word Interference Task was particularly troublesome
for the CHD participants and they performed signifi-
cantly lower than the population mean. Disabilities in
executive function have previously been reported in
children and adolescents with complex CHD"®1141
compared with the population mean.

In terms of self-perceived executive function, the
CHD participants reported greater difficulties than both
the healthy controls and their informant reports. This is
in contrast to previous studies on dextro-transposition
of the great arteries adolescents, where parents and
teachers reported a greater executive dysfunction than
was noted by the adolescents themselves’. Also, it has
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Table 6. Structural Magnetic Resonance Imaging Findings for CHD and Control Participants

ASD VSD CHD Control P Value, ASD P Value, All CHD

Variable (n=33) (n=30) (n=63) (n=38) Vs VSD Vs Control
Any abnormality® 7 (21) 8 (27) 15 (24) 11 (29) 0.612 0.567
Acquired focal or multifocal abnormality 1) 0 (0) 12 2 (5) 0.336 0.292

Focal infarction 0(0) 0(0) 0(0) 0(0)

Focal cortical dysplasia 0(0) 0(0) 0(0) 1(3) 0.196

Other* 1) 0(0) 12 19 0.336 0.715
Diffuse abnormality® 3(9) 3(10) 6 (10) 4 (1) 0.902 0.870
Generalized abnormality 0 (0) 0 (0) 0(0) 0(0)
Developmental abnormality 3(9) 5(17) 8 (13) 6 (16) 0.367 0.663

Major malformation! 1) 0(0) 12 0(0) 0.336 0.435

Minor malformation® 2 (6) 5(17) 7 (11) 6 (16) 0.181 0.496
White matter hyperintensities 0.108 0.227

None or a single punctate WMH (<1) 19 (58) 23 (77) 42 (67) 29 (76)

Several punctate WMHs (>1 & <20) 14 (42) 6 (20) 20 (32) 7 (18)

Many punctate WMHSs (>20) 0 (0) 1) 12 2 (5)

Data are presented as absolute numbers with relative percentages (n [%]). ASD indicates atrial septal defect; CHD, congenital heart defect; VSD, ventricular

septal defect; and WMHs, white matter hyperintensities.
fAny abnormality does not include WMHs.

*Other focal or multifocal abnormalities comprise unspecific subcortical hyperintensity and gliotic scar around venule.

SDiffuse abnormality is Evans’ Index >0.3.
IThe major malformation is a malformation of corpus callosum.

IMinor malformations include developmental venous anomaly, Chiari 1 malformation, arachnoid cysts, empty sella and cavum septi pellucidi with and without

cavum vergae.

previously been suggested that children with CHD lack
insight into their own weaknesses*. As the CHD adults
in our study did recognize an executive dysfunction,
their self-awareness may have evolved when entering
adulthood.

The CHD participants self-reported a high level of
attention deficits and hyperactivity behavior, as one-
fourth (24%) had an ADHD-index considered “mod-
erately atypical.” However, their informants did not
recognize a higher ADHD-index. These findings are
in accordance with those reported in adolescents
with tetralogy of Fallot (21% with cutoff value >66) and
dextro-transposition of the great arteries (19% with
cutoff value =65)"°. Importantly, in these studies, the
ADHD-index was reported by parents and not by the
adolescents themselves, and this may partly explain
the slightly higher rate of behavioral problems in our
study.

Visuospatial learning and memory were also found
particularly weak in the CHD participants. In the RCFT,
the immediate and delayed recall trials were signifi-
cantly lower in the CHD participants, demonstrating
a clear-cut deficit in visual memory capacities. This
discrepancy in visual information processing is also
manifested on the intelligence profile through lower
perceptual reasoning. Our findings are in accordance
with previously reported findings, which documented
visuospatial deficits in acyanotic CHD children*® and
mixed acyanotic and cyanotic CHD adolescents®+4.

J Am Heart Assoc. 2020;9:e015843. DOI: 10.1161/JAHA.120.015843

The auditory verbal learning and memory (RAVLT) per-
formance were poorer in the CHD participants, who
had significantly lower scores in 3 of 4 tasks, and half
(48%) scored more than 1SD below population means
in the Total Learning Trial, indicating a clear deficit in
verbal memory capacities. Our findings support the
conclusion by others that deficits in the verbal memory
domain are present in patients with acyanotic CHD*3,
and in addition we find that these impairments con-
tinue into adulthood.

Like children and adolescents with other forms
of CHD, our ASD and VSD participants manifested
difficulties in social cognition”%'"4', They had poorer
performance than controls and population means in
their ability to identify the emotions behind facial ex-
pressions (RMET). In terms of self-perceived social
cognition (SRS-2), the CHD participants had a lower
self-reported performance with 32% reporting mild
to moderate or higher deficits. CHD participants and
their informants shared the perception of a social
cognition dysfunction. These findings emphasize
the presence of social cognition dysfunction in CHD
adults and support findings that previously reported
social cognition deficits in childhood*' continue into
adulthood independent of CHD type and severity.

The practical importance of these neuropsy-
chological impairments is emphasized by the high
rates of academic and behavioral services that
our CHD participants received during school age.
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Furthermore, their medical history (33% diagnosed
with a psychiatric disease) reveals a coexistence
of neurocognitive impairments and mental health
vulnerability. These results are in accordance with
our previous findings in a nationwide cohort study
showing increased risk of developmental and other
psychiatric disorders in CHD*® and our study on
adults with unrepaired ASDs where 17% had 1 or
more psychiatric diagnoses'”.

Pathophysiology

The neurodevelopmental impairments are notable in
these seemingly simple types of CHD. The ASD and
VSD participants had no diagnosed genetic syn-
dromes or extracardiac anomalies and were operated
on only once during a short-term hospitalization and
intensive care unit visit. Furthermore, they have not
been exposed to in utero reduced cerebral oxygen de-
livery and consumption, as is the case with cyanotic
and complex CHD?®, Yet our findings mirror the neu-
rodevelopmental discrepancies demonstrated in com-
plex CHD, though less severe.

With increasing evidence of a genetic link between
heart and brain development and a genetic burden in
severe CHD*, the possibility of clinically undiagnosed
genetic syndromes, subchromosomal gene abnormal-
ities, and/or epigenetic factors in our CHD participants
cannot be ruled out.

Neurodevelopmental Outcome and Brain
Morphology

The coexistence of CHD and abnormal brain volumes
has been described in adolescents with acyanotic CHD
who demonstrate reduced volume in the cortical grey
matter, cerebellum, basal ganglia, and hippocampus'.
Furthermore, global and regional brain volumes were
shown to correlate with neurodevelopmental function-
ing. We did not find differences in brain morphometric
volumes in our cohort and consequently did not find
the basis for examining such associations in this study.
We have previously, in a nationwide cohort study, re-
ported that ASD and VSD are associated with large
head circumference relative to birth weight whereas
transposition of the great arteries is associated with
smaller head circumference relative to birth weight*®.
Those findings indicate that small brain size is asso-
ciated with more severe CHD but it is not typically a
feature in septal heart defects.

Complex CHDs have a high frequency of abnor-
malities on MRI". This do not apply to septal CHD in
general, as we did not find differences in the amount
of brain abnormalities in CHD participants and con-
trols. We did however find a noteworthy higher level
of WMHs and a higher number of “several” WMHs
(between >1 and <20 WMHs chosen as an arbitrary
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clinical cutoff entity) in the ASD group compared with
the control group.

Implications for Clinical Practice and
Future Research

Children and adolescents with septal CHD are at risk
of long-term neurodevelopmental deficits and in need
of educational support. A wide variety of cognitive
areas for academic learning (executive function, visu-
ospatial skills, and verbal learning among others) are
impaired and supportive initiatives need to embrace
this variety. The disparity is in accordance with previ-
ous findings of a poor affiliation to the work force, as
well as a lower education rate in ASD adults as shown
in a nationwide cohort study*®. Also, the current rec-
ommendations relating to medical and developmental
surveillance, screening, and periodic reevaluation for
children treated for CHD outlined by American Heart
Association and American Academy of Pediatrics®®
should be taken into count when dealing with patients
with isolated septal heart defects.

Even though we did not demonstrate any mac-
roscopic brain abnormalities, a brain-behavior re-
lationship may still exist between neurocognitive
deficits and neuroanatomy. Future studies should
address brain surface morphology, grey and white
matter microstructural differences, or functional MRl
measures, as well as associations between MRI and
neurocognitive impairments. Questions also arise re-
garding the fundamental basis of these neurodevel-
opmental impairments and the possible genetic and
epigenetic involvement.

LIMITATIONS

The cross-sectional design entails the possibility of
selection bias, a known disadvantage in this study
design. Further, it should be noted that mean neu-
rodevelopmental scores for the CHD participants fell in
the average range and mostly fell within 1 SD from the
population-based mean. This reveals mild impairments
rather than significant impairments on a group level.

The CHD participants in this study were operated
on in the 1990s and with today’s younger age at oper-
ation, they may not reflect today’s patients. However,
a large number of patients operated in the last century
live with the consequences of their congenital heart
defect and they deserve attention.

We did not adjust for socioeconomic status, which
in CHD is a well-known predictor of neurodevelop-
mental outcome in CHD®'. As substantial negative
socioeconomic consequences have been reported
in ASD patients*®, an adjustment for socioeconomic
status may underestimate true deficits in the patient
cohort. Of relevance it should be noted that the public
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and freely accessible nature of the Danish education
system reduced any potential confounding from differ-
ences in socioeconomic status among the CHD par-
ticipants and the controls.

To account for the impact of CHD-related treatment
and potential long-term sequelae on neurodevelop-
mental outcomes, the matching of the control group
may have benefited from an implementation of several
other social and educational factors.

Other studies on mixed CHD cohorts have found
differences in brain size. The lack of major structural
brain morphology in our CHD participants does not
exclude the presence of anatomically confined struc-
tural abnormalities. Furthermore, the small sample size
should also be taken into consideration.

Finally, birth-related information such as weight,
gestational age, and Apgar score was not obtained
and is a potential source of confounding related to the
neurodevelopmental outcomes, as these factors are
known to influence early life development.

CONCLUSIONS

We found that impaired neuropsychological perfor-
mance is common in adults who in childhood have
undergone surgical closure of ASD or VSD com-
pared with healthy peers and population means.
However, these 2 groups had similar global and
regional morphometric brain volumes and a simi-
lar frequency of MRI abnormalities. Our findings
imply the presence of long-term neurocognitive im-
pairments in surgically approached ASD and VSD
patients. Further studies are needed to clarify the
extent of these patients’ neurodevelopmental chal-
lenges and to reveal the brain-behavior relationship.
It seems advisable to clinicians to consider patients
with septal heart defects at risk of neurodevelop-
mental impairments, and we emphasize the impor-
tance of early detection and intervention in such
developmental problems.
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