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Adolescents with tetralogy of Fallot: neuropsychological
assessment and structural brain imaging
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Abstract Background: Few data are available on the neuropsychological, behavioural, or structural brain imaging
outcomes in adolescents who underwent corrective surgery in infancy for tetralogy of Fallot. Methods: In this
single-centre cross-sectional study, we enrolled 91 adolescents (13—16 years old) with tetralogy of Fallot
and 87 referent subjects. Assessments included tests of academic achievement, memory, executive functions,
visual-spatial skills, attention, and social cognition, as well as brain magnetic resonance imaging. Resu/ts: Genetic
abnormalities or syndromes were present in 25% of tetralogy of Fallot patients, who had markedly greater
neuropsychological morbidities than did patients without a syndrome. However, even patients without a
syndrome performed significantly worse than the referent group or population norms in all of the neuro-
psychological domains assessed. In multivariable regression in those without a genetic/phenotypic syndrome, the
strongest predictors of adverse late neurodevelopmental outcomes included a greater number of complications at
the first operation, more total surgical complications across all operations, and occurrence of post-operative
seizures. The presence of at least one abnormality on structural magnetic resonance imaging was more frequent in
tetralogy of Fallot patients than the referent group (42% versus 8%). Conclusions: Adolescents with tetralogy of
Fallot are at increased neurodevelopmental risk and would benefit from ongoing surveillance and educational

supports even after childhood.
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DRAMATIC INCREASE IN THE NUMBER OF SURVIVORS the apolipoprotein epsilon allele.” At 4 years of age,

of paediatric cardiac surgery has been accom-

panied by recognition of their neurodevelop-
mental mOI‘bldltleS and the associated personal and
societal costs.' The majority of patients with
tetralogy of Fallot, which accounts for 8-10% of
all congenital heart lesions,” survive to adulthood,
but limited data are available on their long-term
neurocognitive outcomes. They manifest deficits as
early as infancy,” 34 with poorer outcomes associated with
a genetic/phenotypic diagnosis, pulmonary atresia, and
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20% of children with repaired tetralogy of Fallot
have a significant impairment in at least one neuro-
developmental domain,® and at school age many have
difficulties with motor skills, expressive language,
speech, executive control, memory, attention, and
visual-motor skﬂls 19 I adulthood, patients showed
reduced IQ scores'’ and deficits in executive func-
tions."? Patients with the 22q11 microdeletion are at
substantial risk of low IQ and psychiatric disorders."

We report here on neuropsychological and structural
neuroimaging evaluations of 91 adolescents who
underwent surgery in infancy for tetralogy of Fallot,
comparing their outcomes to those of the general
population and a local referent group.
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Methods

Subjects

We enrolled patients from 2004 to 2008 at Boston
Children’s Hospital. Admission criteria included
age 13-16 years, diagnosis of tetralogy of Fallot with
or without pulmonary atresia, and an interval of at
least 3 months between the last cardiac surgery and
neurodevelopmental testing. We excluded patients
with disorders that would prevent completion of
the study assessments — that is, metal implants —
trisomy 21, or lack of reading fluency by the primary
caregiver.

We recruited a group of 13—16-year-old, normally
developing, referents to whom patients were compared
with regard to brain magnetic resonance imaging and
psychometric tests lacking national norms. The refer-
ents were not matched to the tetralogy of Fallot
patients on any factors. Exclusion criteria were similar
to those used in the National Institutes of Health’s
magnetic resonance imaging study of normal brain
development.'? Referents were recruited from a variety
of sources, including local paediatric practices, posted
notices, and personal referral.

The study was approved by the hospital Institu-
tional Review Board; informed consent was obtained
from parents/guardians, and assent was obtained from
adolescents.

Neuropsychological assessment

Intelligence. The endpoints were the five
composite scores of the Wechsler Intelligence Scale
for Children-Fourth Edition'*: Full-Scale IQ, Verbal
Comprehension, Perceptual Reasoning, Working
Memory, Processing Speed.

Academic achievement. The endpoints were the
Reading Composite and Math Composite scores of
the Wechsler Individual Achievement Test-Second
Edition."” Tables in the Wechsler Intelligence Scale
for Children-Fourth Edition Technical and Inter-
pretive Manual'® were used to identify scores that
differ significantly from the score predicted based on
an individual’s Full-Scale IQ score.

Memory. The primary endpoint was the General
Memory Index of the Children’s Memory Scale."’

Executive functions. A summary score was calcula-
ted by averaging scores on five subtests of the
Delis—Kaplan Executive Function System'®: Verbal
Fluency (mean score on the letter and semantic
fluency trials), Design Fluency (primary combined
measure), Sorting (combined conditions score), Word
Context (consecutively correct score), and Tower
(total achievement score). Adolescents, parents, and
teachers completed the Behavior Rating Inventory
of Executive Function.'”® The General Executive
Composite score was analysed.
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Visual-Spatial skills. A Visual-Spatial summary
score was calculated by averaging scores on the seven
subscales of the Test of Visual-Perceptual Skills
(non-motor) (Upper Level)-Revised.”! The copy,
immediate recall, and delayed recall trials of the
Rey-Osterrieth Complex Figure were scored for
Organization, Structural Elements, and Incident
Elements.”” Adolescents completed the Sense of
Directions Scale.”’

Attention. 'The primary score was the Attention
Deficit Hyperactivity Disorder Index score on a
parent-completed questionnaire.”

Social cognition. On the Reading the Mind in the
Eyes Test-Revised,”” an adolescent judged the emotions
expressed in photograghs of the eye region. The Autism
Spectrum  Quotient, ¢ a self-report questionnaire,
assesses autistic traits in the general population. The
Toronto Alexithymia Scale,”’ a self-report questionnaire
assessing emotional deficits, generates three scores:
Difficulty Identifying Feelings, Difficulty Describing
Feelings, and Externally Oriented Thinking.

Magnetic resonance imaging

Magnetic resonance imaging was performed on a
1.5 T General Electric Twinspeed magnetic resonance
scanner at the 13.0 hardware/software configuration
(General Electric Medical Systems, Milwaukee,
Wisconsin, United States of America). Adolescents
were imaged with 3D-volumetric and dual echo mag-
netic resonance imaging during the same scanning
session. Following acquisition of the 3D volumetric
T1-weighted high-resolution 3D Fourier Transform
Spoiled Gradient data, high-resolution proton density
and T2-weighted images were obtained. The spoiled
gradient neuroanatomic data were obtained (field
of view, 24 cm; contiguous slice thickness, 1.5 mm;
slices, 120; repetition time/echo time, 40/4 seconds;
matrix, 256 X192; flip angle, 20°) in 10 minutes
20 seconds. The T2-weighted and proton density data
were acquired using a dual-echo fast-spin echo pulse
sequence (echo train length, 8; 3-mm skip, 3-mm
interleaved; 2 acquisitions; repetition time/echo time/
second echo time, 4000/14/84 seconds; 256 X 192; field
of view, 20 cm; number of excitations, 1) in 6 minutes,
25 seconds. Whole-brain susceptibility weighted ima-
ging data were acquired in 2 minutes, 20 seconds.

Magnetic resonance imaging scans were evaluated
by a neuroradiologist (R.L.R.) blinded to the partici-
pant group. Images were assessed by visual inspection
to rate the quality of data and to identify abnormalities.
Abnormalities were classified by origin (i.e., acquired,
developmental), type (i.e., infarction, mineralization,
iron deposition, myelination delay, ventriculomegaly,
abnormal T2W signal hyperintensity), extent (i.e.,
focal or diffuse), and anatomic location.
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Genetic classifwation

Tetralogy of Fallot patients were assigned to the genetic/
phenotypic syndrome group based on (1) medical
history of a genetic/phenotypic syndrome of multiple
anomalies or (2) a finding of a genetic disorder, such as
22q11 microdeletion, on formal testing.

Statistical methods

Comparisons of operative and medical risk factors,
special services, cardiac symptomatology, and magnetic
resonance imaging variables were made using Fisher’s
exact tests for categorical measures and either two-
sample t-tests for continuous measures when normally
distributed or Kruskal-Wallis tests when non-normal.
Comparisons with respect to NYHA class utilised
Cochran-Armitage trend tests. Neuropsychological
outcomes of each syndrome group were compared with
expected population means when available using one-
sample t-tests. Linear regression with adjustment
for concurrent family social class — Hollingshead Four-
Factor Index — was used to compare neuropsychological
outcomes of the syndrome groups to those of the
referent group when a population mean was not avail-
able — that is Rey-Osterrieth Complex Figure, Sense
of Direction Scale, Reading the Mind in the Eyes
Test-Revised, Autism Spectrum Quotient — and for
such comparisons between the syndrome groups.

Linear regression analyses were used to identify
predictors of neuropsychological outcomes of adolescents
with tetralogy of Fallot without a genetic/phenotypic
syndrome, using the variables listed in Table 1 — except
NYHA classification and any neurological event.
Predictors were screened to identify associations with
the outcomes having a p<0.20, adjusting for family
class. Predictors meeting this criterion were included in
stepwise backward analysis with a p<0.05 retention
criterion. Similar procedures were used to identify
factors predicting magnetic resonance imaging out-
comes using logistic regression. Surgical complications
included cardiac arrest, choreoathetosis, need for extra-
corporeal membrane oxygenation, junctional ectopic
tachycardia, necrotising enterocolitis, prolonged inten-
sive care unit course (>1 week), renal failure (serum
creatinine  >1.5 mg/dL), re-operation/exploration,
respiratory arrest, seizures, stroke, ventricular fibrilla-
tion, ventricular tachycardia, re-intubation, pneumonia,
bleeding/haemorrhage, open chest, sepsis, ventricular
premature beats, supraventricular tachycardia, “TET
spells” during surgery, and tamponade.

Results

Cardiac status and history

Of 184 patients with tetralogy of Fallot seen at
our institution and who met study eligibility criteria,
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39 (21%) were followed up elsewhere or lost to
follow-up, and 54 (29%) declined study participa-
tion. Our study cohort included the remaining
91 patients, as well as 87 referent adolescents. Table 1
presents selected aspects of the medical histories of

Table 1. Characteristics of adolescents with tetralogy of Fallot (n = 91).

%, mean + SD,

or median
Variables (range)
Pre-operative characteristics
Birth weight (kg) 3.1%+0.7
Gestational age (weeks) 392+23
Male 55%
Race/ethnicity (Caucasian) 87%*
Genetic diagnosis present 25
Pulmonary atresia 29
Status at first surgery
Age (days) 112 (2-1378)
Age>30 days 76
Open procedure 88
Duration of DHCA (minutes), if open 30 (0-69)
Total support time (minutes), if open 97 (21-220)
Number of surgical complications
None 53
One 26
Two or more 21
Medical history
Total number of surgeries
One 48
Two 24
Three or more 27
Total number of open surgeries
One 54
Two 30
Three or more 16
Total number of surgical complications
None 48
One 21
Two or more 31
Total number of catheterisations
None 26
One or two 30
Three or more 44
Total number of catheterisation complications
None 68
One or two 13
Three or more 19
Seizures 12
Any neurological event** 20
New York Heart Association class
Class I 68
Class II 29
Class III 3
Family social status**%* 49+ 12%
Age at developmental testing (years) 14.6 +1.2%

DHCA = deep hypothermic circulatory arrest

*Referent group: male, 50%; Caucasian, 81%; family social class,
53+ 10, age at testing, 15.3 £ 1.1 years

**Includes stroke, seizure, choreoathetosis, and meningitis
##%Score on Hollingshead Four Factor Index of Social Status, with
higher scores indicating higher social status
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the patients. Most (76%) were older than 30 days
at their first operation, slightly fewer than half
experienced =1 complications during the first sur-
gery, and more than half had undergone >2 surgeries
(median number 2, range 1-7). Three-quarters (74%)
had undergone >1 cardiac catheterisation (median 2,
range 0—14), and 32% experienced >1 complications
during a catheterisation. One-quarter (25%) had a
genetic/phenotypic  syndrome, including 22ql1
(n = 11), VATER/VACTERL (n = 8), foetal alcohol
syndrome (n = 2), Alagille’s syndrome (n = 1), and
Turner’s syndrome (n = 1). In all, 26 (29%) patients
had pulmonary atresia. The syndrome and non-
syndrome groups were comparable in operative
measures and other medical risk factors. Those
with pulmonary atresia, compared with those with
pulmonary stenosis, were more likely to be neonates
at the first operation (p <0.001) and to have had a
first operation that was closed, that is, performed off
bypass (p = 0.01). They also had more total opera-
tions and catheterisations (p < 0.001 each), as well as
more surgical and catheterisation complications
(p = 0.03 and p<0.001, respectively). They were
not more likely than patients without pulmo-
nary atresia to be in the genetic/phenotypic syndrome
group (p = 0.80).

Among patients, medical history was significant
for stroke (n = 4), seizures (n = 11), choreoathetosis
(n = 4), and meningitis (n = 2). Parents reported
that 19% (n = 17) had been diagnosed with atten-
tion deficit hyperactivity disorder (16% of those
without a genetic/phenotypic syndrome, 26% of
those with a syndrome) and 35% (n = 32) with a
learning disability, which was more common in those
with a syndrome (13/23, 56%) than those without
a syndrome (19/68, 28%; p = 0.02).

Compared with referent subjects, adolescents with
tetralogy of Fallot were more likely to have received
any special services (82% versus 49%, p <0.001),
including tutoring (52% versus 26%, p<0.001),
early intervention (40% versus 1%, p<0.001),
occupational therapy (44% versus 0%, p<0.001),
special education (42% versus 1%, p <0.001), psy-
chotherapy or counselling (36% versus 15%,
p = 0.002), and physical therapy (35% versus 19%,
p = 0.02). Approximately one in four (24%)
patients, compared with 2% of referents, had been
retained in grade (p <0.001). Receipt of neurodeve-
lopmental services was more frequent in the group
with a syndrome than in the group without a
syndrome: early intervention (70% versus 29%,
p = 0.001), occupational therapy (65% versus 37%,
p = 0.03), and physical therapy (61% versus 26%,
p = 0.005). Reports of special services were com-
parable between patients with and without pulmon-
ary atresia.
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Most adolescents with tetralogy of Fallot were in
NYHA class I (68%), whereas 29% were in class II,
and 3% in class III, whereas nearly all referent subjects
were in class 1 (97%), with the remaining 3% in class 11
(p<0.001). NYHA class was not associated with
the presence of a genetic/phenotypic syndrome, but
was significantly worse for the group with pulmo-
nary atresia compared with those with pulmonary
stenosis (p = 0.01). With regard to cardiac symptoms,
patients were more likely than referents to report
exercise intolerance (24% versus 2%, p<0.001),
shortness of breath with exercise (32% versus 16%,
p = 0.02), palpitations (20% versus 1%, p <0.001),
chest pain (22% versus 3%, p <0.001), and general
fatigue (24% versus 1%, p < 0.001). Reports of cardiac
symptoms were similar between syndrome groups.
Patients with pulmonary atresia were more likely than
patients without pulmonary atresia to report shortness
of breath with exercise (54% versus 23%, p = 0.0006).
There were three patients (3%) who had a pacemaker.
Medications included angiotensin-converting enzyme
inhibitors (n = 4), B-blockers (n = 5), digoxin (n = 8),
diuretics (n = 4), medication for attention deficit
hyperactivity disorder (n = 10), and psychotropic
medications (n = 5). There were two adolescents
with tetralogy of Fallot who reported use of both
attention deficit hyperactivity disorder and psycho-
tropic medications.

Neuropsychological assessment

The mean age (standard deviation) of the patients was
14.6 (1.2) years. Table 2 summarises the test scores of
all patients and scores stratified by the presence of a
genetic/phenotypic syndrome.

General intelligence

Scores of patients without a genetic/phenotype diagno-
sis were lower than the expected population means for
each index from the Wechsler Intelligence Scale for
Children-Fourth Edition except Verbal Comprehen-
sion, with differences of 610 points (0.4—0.7 standard
deviation). Almost a third of patients (31%) had a Full-
Scale 1IQ score of <85 (compared with an expected
frequency of 16%) and 16% had a score <70 (com-
pared with an expected 2%).

Scores of adolescents with a syndrome were signifi-
cantly lower than those of adolescents without a syn-
drome on all composites, with differences approaching,
and in some cases exceeding, one standard deviation.
Half of these adolescents had a Full-Scale IQ score <85,
and 36% a score <70.

Academic achievement

The Reading and Math Composite scores of adoles-
cents without a genetic/phenotypic diagnosis were
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Table 2. Neuropsychological outcomes of adolescents with tetralogy of Fallot according to genetic diagnosis.

4742

Tetralogy of Fallot

Genetic diagnosis p-value comparing p-value comparing those p-value comparing those with
absent or no Genetic diagnosis those with genetic without genetic diagnosis genetic diagnosis to expected
Variables All (n =91) evaluation (n = 68) present (n = 23) diagnosis to those without* to expected population mean** population mean**
Mean = SD
Wechsler Intelligence Scale
Verbal Comprehension 95.6+215 98.7+20.4 86.4+225 0.01 0.62 0.009
Perceptual Reasoning 89.1%£21.2 93.7£20.2 75.4+18.2 <0.001 0.01 <0.001
Working Memory 88.9121.0 91.4%20.2 81.7+22.1 0.046 <0.001 <0.001
Processing Speed 87.0%£19.3 90.0 £18.4 77.8%119.5 0.008 <0.001 <0.001
Full-Scale IQ 89.0+22.8 93.0t21.4 77.0%+23.1 0.002 0.009 <0.001
Wechsler Individual Achievement Test
Reading Composite 92.6+20.3 96.1+17.8 82.5+24.1 0.003 0.07 0.002
Mathematics Composite 89.5+27.6 95.1%+25.6 73.1+27.1 <0.001 0.12 <0.001
General Memory Index 86.3+21.7 88.5+20.5 7931243 0.09 <0.001 <0.001
Executive Function Summary Score 82129 87%28 6.4+27 <0.001 <0.001 <0.001
Behavior Rating Inventory of Executive Function
Self-report 50.3£10.8 49.81+10.8 51.91£10.9 0.43 0.89 0.45
Parent 58.0£13.1 55.8+12.8 64.4+12.1 0.004 <0.001 <0.001 Q
Teacher 63.0+19.7 62.3+19.8 65.4+20.1 0.49 <0.001 0.01 3.‘
Visual-Spatial Summary Score 82.6+£19.7 86.4+19.6 709152 <0.001 <0.001 <0.001 S
Rey-Osterrieth Complex Figure*** >
Copy: Organisation 7.8%£3.8 87%3.7 5.1%3.0 <0.001 0.001 <0.001 0\3
Structural Element 23.2+38 23.7+t3.2 21.6+£4.9 0.02 0.004 <0.001 §
Incidental Element 36.31+6.0 37.31+4.0 33.2£9.3 0.006 0.003 <0.001 -~
Immediate Recall: Organisation 62+4.1 6.8*4.1 39+35 0.006 0.008 <0.001 g?
Structural Element 19.8+6.0 21.0£4.8 157%+7.8 <0.001 0.03 <0.001 <
Incidental Element 264191 27.7%8.1 21.8%t11.0 0.01 0.46 <0.001 g
Delayed Recall: Organisation 6.4+4.0 7.0+38 4.2+37 0.005 0.048 <0.001 0%
Structural Element 19.6+6.5 21.0£5.3 15.2%+8.0 <0.001 0.004 <0.001
Incidental Element 25.519.2 27.1%+8.1 20.1+10.8 0.003 0.30 <0.001
Sense of Direction Scale*** 46.2%£9.0 46.1 %85 46.3+10.8 0.97 0.09 0.29
Parent Conner’s ADHD Index T Score 59.3+13.6 57.2+12.8 65.5t14.3 0.007 <0.001 <0.001
Reading the Mind in the Eyes*** 18.8+£5.9 19.2+6.0 17.0%£5.0 0.38 <0.001 <0.001
Toronto Alexithymia Scale®**
Difficulty Identifying Feelings 17.3£6.0 16.7+6.0 19.2£6.1 0.42 0.049 0.01
Difficulty Describing Feelings 13.7+438 129143 16.81+5.5 0.09 0.88 0.04
Externally Oriented Thinking 20.6t£4.7 202143 22.0+5.8 0.40 0.93 0.41
Autism Spectrum Quotient*#% 17.9+5.6 17.6+£5.9 18.9+4.2 0.31 0.03 0.01

*Determined by linear regression with adjustment for concurrent family social status

**Determined by one-sample t-tests comparing the tetralogy of Fallot group — with or without genetic diagnosis — with expected population means of 100, 10, or 50, as appropriate

*##**Expected population means are not available; p-value is determined by linear regression comparing the tetralogy of Fallot group — with or without genetic diagnosis — with a group of 87 referents, with adjustment for concurrent family
social status. The scores (mean T standard deviation) of the referents were as follows:

Rey-Osterrieth Complex Figure

Copy: Organisation 10.8 = 2.6, Structural Element: 24.9 £ 0.5, Incidental Element: 38.8 £ 0.6

Immediate Recall: Organisation: 8.9 & 3.8, Structural Element: 23.4 + 3.2, Incidental Element: 28.9 + 6.6

Delayed Recall: Organisation: 8.7 = 3.5, Structural Element: 23.8 + 3.5, Incidental Element: 29.0 £ 6.5

Sense of Direction Scale: 50.2 £10.2

Read the Mind in the Eyes Test-Revised: 23.5 £4.7

Autism Spectrum Quotient: 14.9 5.9

Missing <10% of outcomes except for Behavior Rating Inventory of Executive Function — Teacher (n = 58), Reading the Mind in the Eyes (n = 66) and the Toronto Alexithymia Scale (n = 27) tasks.

C107 Arenigag


https://doi.org/10.1017/S1047951114000031

Vol. 25, No. 2

slightly lower, though not significantly, than the
expected population means. On the Reading Compo-
site, 21% scored <85 and 6% scored <70. On the
Math Composite, 29% scored <85 and 19% scored
<70. The frequencies of scores significantly lower than
expected based on Full-Scale IQ score were 23% for
Reading Composite and 29% for Math Composite.
Reading Composite and Mathematics Composite
scores of adolescents with a syndrome were significantly
lower than scores of adolescents without a syndrome,
with the deficit being substantially greater on mathe-
matics than reading. Compared with the expected
population, the average deficit on the Mathematics
Composite score for those with a syndrome was 27
points (1.8 standard deviation). Half (52%) scored
<85 on the Reading Composite and 26% scored <70.
The corresponding figures for the Math Composite
were 57% and 48%, respectively. On the Reading
Composite, 18% scored significantly lower than would
be expected based on Full-Scale 1Q, and 55% scored
significantly lower on the Math Composite.

Memory

The mean General Memory Index score of adolescents
without a genetic/phenotypic diagnosis was ~0.8
standard deviation lower than the expected population
mean. Almost half (47%) scored <85 and 20% scored
<70. In general, verbal memory scores exceeded visual
memory scores, for both immediate and delayed trials.

The scores of adolescents with a genetic/phenotypic
syndrome tended to be lower than those without a
syndrome, with a mean difference of approximately
two-thirds of a standard deviation. The mean score was
~1.4 standard deviations lower than the expected
population mean; 57% of adolescents scored <85 and
38% scored <70.

Executive Functions

The Executive Function Summary scores of adoles-
cents without a genetic/phenotypic syndrome were
significantly lower than the expected population
mean of 10; 22% scored >1 standard deviation (i.e.,
3 points) below the expected mean, and 7% scored
22 standard deviations or below the expected mean.
The mean score of adolescents with a syndrome was
significantly lower than that of adolescents without a
syndrome; 48% scored =1 standard deviation below
the expected mean, and 29% scored >2 standard
deviations or more below.

On the Behavior Rating Inventory of Executive
Function, both parent- and teacher-reported General
Executive Composite scores were higher — that is,
more problematic — than the expected population
mean. For adolescents without a genetic/phenotypic
syndrome, teachers tended to report more problems
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than parents. On the parent questionnaire, 27% of
adolescents without a genetic/phenotypic syndrome
had a score > 65 — “of potential clinical significance” —
compared with 48% of adolescents with a syndrome.
On the teacher questionnaire, these figures were 36%
and 50%, respectively. On the adolescent self-report
questionnaire, those without and with a syndrome
scored similarly — 12% and 11% of scores, respectively,
were in the range of potential clinical significance.
Remarkably, neither group differed significantly from
the expected population mean.

Visual-spatial skills

Patients scored significantly lower than the expected
population mean on the Visual-Spatial Summary score,
with the difference corresponding to 1 standard devia-
tion for adolescents without a genetic/phenotypic
diagnosis and 2 standard deviation for adolescents with
a genetic/phenotypic syndrome. On the Rey-Osterrieth
Complex Figure, adolescents with a syndrome scored
significantly lower than those without a syndrome on
all three endpoints for each condition — that is, Copy,
Immediate Recall, Delayed Recall.

On the Sense of Direction Scale, scores of adolescents
in the two syndrome groups did not differ significantly,
nor did the scores of either group differ significantly
from those of the referent group.

Attention

Attention Deficit Hyperactivity Disorder Index scores
of the adolescents without a genetic/phenotypic syn-
drome were ~0.75 standard deviation higher — that is
less optimal — than the expected population mean.
Approximately one in five (21%) scored >66, which is
considered to be “moderately atypical”.24

Attention Deficit Hyperactivity Disorder Index
scores of the adolescents with a syndrome were signi-
ficantly higher than those of adolescents without
a syndrome, with the difference in means being 0.8
standard deviation, and ~1.5 standard deviation
higher than the expected population mean. Almost

half (48%) scored >66.

Social cognition

On the Reading the Mind in the Eyes Test-Revised,
scores of the syndrome groups did not differ signi-
ficantly, but both groups scored significantly lower
(worse) than the referent group. This pattern was also
evident for scores on the Autism Spectrum Quotient,
with adolescents with tetralogy of Fallot scoring
significantly higher (worse) than referents. Scores on
the Toronto Alexithymia Scale were similar in the
two syndrome groups, but the adolescents with a
syndrome scored significantly higher (worse) than
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Table 3. Structural magnetic resonance imaging findings of adolescents with tetralogy of Fallot and referents.

Variables TOF (n = 66) Referent (n = 75) p-value*
n (%)

Any abnormality 28 (42) 6(8) <0.001

Focal or multifocal abnormality 24 (36) 1(1) <0.001
Focal infarction or atrophy 4 (6) 0 0.046
Brain mineralisation/iron deposit 21 (32) 1(1) <0.001

Diffuse abnormality 2(3) 1(1) 0.60
Myelination delay 0 0 -
Ventriculogealy 1(2) 0 0.47
Abnormal T2 hyperintensities 1) 1(1) 1.0

Generalised abnormality 1(2) 0 0.47

Developmental abnormality 6(9) 4 (5) 0.52
Major malformation™** 1(2) 0 0.47
Minor malformation®** S (8) 4 (5) 0.73

TOF = tetralogy of Fallot
*Determined by Fisher’s exact tests

**The major malformation is hypoplasia in the right cerebellar hemisphere and Dandy—Walker spectrum anomaly

*#*Minor malformations include agenesis of the corpus and partial anterior absence of corpus callosum — no other findings of holoprosencephaly — arachnoid
cyst, subependymal nodular heteropia (right parietal white matter), absent splenium of corpus callosum (not agenesis), and mildly dysmorphic ventricles in
TOF group; and Chiari malformation and developmental venous anomaly in right parietal lobe in referent group

referents on the Difficulty Identifying Feelings and
Difficulty Describing Feelings subscales (p = 0.01,
0.04, respectively).

Comparison of tetralogy of Fallot subgroups with and
without pulmonary atresia

Patients with pulmonary atresia consistently per-
formed worse than those without pulmonary atresia,
with many of the relative deficits approaching, and
in some cases exceeding, 0.5 standard deviation in
magnitude (data not shown). For most endpoints,
however, the difference was not statistically signi-
ficant, presumably because of the small size of the
pulmonary atresia subgroup.

Magnetic resonance imaging

Complete data were available for 66 adolescents with
tetralogy of Fallot and 75 referents. The frequency
of “any abnormality” was fivefold greater among
the patients than the referents (42% versus 8%,
p <0.001; Table 3). The great majority of abnorm-
alities were focal or multifocal, with most involving
brain mineralisation or iron deposits. Developmental
abnormalities were almost twice as common among
patients as referents (9% versus 5%, respectively), but
the difference did not reach statistical significance,
with limited statistical power.

The patients with and without a genetic/phenotypic
syndrome did not differ in the frequency of abnorm-
alities. The frequency of any abnormality was greater
(p<0.001) among patients with pulmonary atresia
(13/16, 81%) than those without pulmonary atresia
(15/50, 30%).
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Predictors of neuropsychological and magnetic resonance
imaging outcones

Table 4 lists potential predictors that were retained in
stepwise linear regression analyses of selected neuro-
psychological outcomes of adolescents without a
genetic/phenotypic syndrome. The number of compli-
cations at first operation was associated with the greatest
number of scores. For many scores, a “dose-related”
increase in the deficit was observed. Compared with
adolescents with no complications, those with >2
complications scored an average of 17 points lower
in Verbal Comprehension, and adolescents with one
complication averaged 7 points lower. Similarly, adole-
scents with 22 complications scored 29 points lower
on the Mathematics Composite and 25 points lower
on the Visual-Spatial Summary score, whereas those
with one complication scored 11 and 13 points lower,
respectively. Other covariates associated with multiple
endpoints were the total number of surgical complica-
tions, gestational age, and seizures.

In analyses of three magnetic resonance imaging
endpoints — that is, any abnormality, focal/multifocal
abnormality, brain mineralisation/iron deposit —
patients with pulmonary atresia had greater odds
of any abnormality (odds ratio = 10.1, 95% confi-
dence interval: 2.5-40.7) or a brain mineralisation
deposit (odds ratio = 4.1, 95% confidence interval:
1.2—13.3) (Table 5). Reduced odds of focal/multifocal
abnormality were significantly associated with higher
birth weight (odds ratio = 0.11, 95% confidence
interval: 0.01-0.87). The confidence intervals for all
of these odds ratios are wide because of small cell
counts, however.
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Table 4. Stepwise linear regression of select neuropsychological outcomes of adolescents with tetralogy of Fallot without genetic anomalies

(n = 68), adjusting for concurrent family social status.

Number of complications at first surgery

(versus none)

Variables One

Two or more

Other covariates

Wechsler Intelligence Scale
Verbal Comprehension —-6.9%5.2(0.19)
Perceptual reasoning - -

Working Memory - _

Processing Speed - -

Full-Scale IQ -9.9£5.4(0.07)
Wechsler Individual Achievement Test

Reading Composite - -

Mathematics Composite
General Memory Index

Executive Function Summary Score -0.8£0.7 (0.29)
Behavior Rating Inventory of Executive Function
Parent - -
Teacher
Visual-Spatial Summary Score
Parent Conner’'s ADHD Index T Score - -

Reading the Mind in the Eyes - -

Autism Spectrum Quotient - -

-10.8£6.0 (0.07)  -29.1£6.8(<0.001) -

B+ SE (p-value)

—-17.0%£5.9 (0.006) -

One surgical complication (versus none): -14.8 £ 5.3 (0.007)
Two or more surgical complications (versus none): -24.0 +4.8 (<0.001)
Three or more open surgeries (versus < 3): 17.1 £5.5 (0.003)

One surgical complication (versus none): -9.9 5.7 (0.09)
Two or more surgical complications (versus none): -15.6 +5.0 (0.003)

-20.1£6.1 (0.002) -

Seizures (versus none): —18.4 £6.9 (0.01)

Male: 13.7 +4.8 (0.006)

One surgical complication (versus none): 7.2 £ 6.3 (0.26)

Two or more surgical complications (versus none): -16.0 +5.3 (0.004)
Gestational age (weeks): 2.0 + 0.9 (0.04)

-2.510.8 (0.003) -

Non-Hispanic Caucasian: -10.5 4.2 (0.02)

-13.31£4.8(0.008) -25.0%5.5(<0.001)

Seizures (versus none): 25.7 + 6.1 (<0.001)
Birth weight (kg): -3.8 £ 1.9 (0.0498)
Gestational age (weeks): 0.7 £0.3 (0.01)
Seizures (versus none): —-6.6+ 2.7 (0.02)
Age at developmental testing: 1.4 = 0.6 (0.03)
One or two catheterisations (versus none): —3.6 + 1.7 (0.04)
Three or more catheterisations (versus none): 0.8 £ 1.8 (0.66)
DHCA duration: 0.08 +0.03 (0.01)

ADHD = Attention Deficit Hyperactivity Disorder; DHCA = deep hypothermic circulatory arrest
All characteristics from Table 1 were considered for inclusion in the regression models except NYHA classification and any neurological event

Coefficients for intercepts and family social status are not reported

Table 5. Stepwise logistic regression of select magnetic resonance imaging outcomes of adolescents with tetralogy of Fallot (n = 60).

Variable

Have pulmonary atresia (versus do not have)

Birth weight (kg)

Any abnormality
Focal or multifocal abnormality
Brain mineralisation deposit

10.1 (2.5, 40.7), 0.001

4.1 (1.2, 13.3), 0.02

Odds ratio (95% CI), p-value

- 0.11 (0.01, 0.87), 0.04

Values are estimated odds ratios, 95% confidence intervals (CI), and p-values

All characteristics from Table 1 were considered for inclusion in the regression models except NYHA classification and any neurological event

Discussion

We found that a substantial proportion of adolescents
with tetralogy of Fallot were experiencing difficulty
meeting neurodevelopmental expectations, with many
receiving remedial services, having been retained in
grade, and manifesting deficits, compared with nor-
mative populations. Areas of diminished performance
included general intelligence, academic achievement,
memory, executive functions, visual-spatial skills,
attention, and social cognition. These findings suggest
that the deficits observed in patients at younger ages”™
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persist into adolescence. Because adolescent neuro-
cognitive and behavioural function strongly predicts
adult functioning, our data suggest the need to develop
strategies to optimise outcomes of the growing popu-
lation of adults with repaired tetralogy of Fallot.
Among patients without known genetic/phenotypic
diagnoses, medical factors that had the strongest asso-
ciations with neurodevelopmental outcomes included
a greater number of complications at the first surgery,
more total surgical complications across all opera-
tions, and occurrence of post-operative seizures. The
number of complications at the first operation was
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“dose related” with many endpoints, as adolescents
with two or more complications scored almost 2
standard deviations lower on some tests than patients
with no complications. Adolescents who experienced
post-operative seizures were more likely to be rated as
having difficulties with executive functions and atten-
tion. For magnetic resonance imaging outcomes, the
diagnosis of pulmonary atresia was associated with a
greater likelihood of at least one structural abnormality.

In most respects, patients with a genetic/phenotypic
diagnosis performed significantly worse than patients
without such a diagnosis, confirming the findings
of Zeltser et al* and others, though because of small
numbers we were not able to discern diagnosis-specific
associations. In addition to the well-known relationship
of tetralogy of Fallot to velo-cardio-facial syndrome,
most often related to 22ql1 microdeletion, tetralogy
of Fallot is also associated with gene mutation or
deletion — for example, NKX2.5, JAG1, TBXS5,
TBX1, and FOXC2. Indeed, molecular genetic ana-
lyses have defined a genetic aetiology in >20% of
patients — single gene defects and/or cytogenetic
abnormalities — and unidentified monogenic mutations
may account for an even greater proportion of cases. We
hypothesise that as-yet unknown genetic factors
involved in the aetiology of tetralogy of Fallot may also
impact brain development and could explain, in part,
the observation that even patients without known
syndromes exhibited significant deficits.

With regard to executive functions, adolescents
rated their skills as being average, but both parents
and teachers identified many weaknesses, and the fre-
quencies of scores of clinical concern were several-fold
greater for these informants than for the adolescents
themselves. Similar findings have been reported in
adolescents with d-transposition of the great arteries,”
suggesting that relying solely on self-reports of patients
with congenital heart disease might underestimate the
severity of their challenges, at least in the domain of
executive functions.

Our study should be interpreted in the light of its
limitations. The most important is potential selection
bias. Outcomes of patients whose families agreed to
participate might not be representative of outcomes
among all adolescents with tetralogy of Fallot. In
the absence of data on outcomes of non-participants,
however, the direction of a bias introduced by selective
enrollment is uncertain. Genetic testing was performed
in most, but not in every patient. The patients’ sur-
geries occurred more than a decade ago, and more
recent cohorts of patients with tetralogy of Fallot might
have benefited from recent improvements in surgical
and medical management. Although we found that a
greater number of post-operative complications was
associated with greater neurodevelopmental impair-
ment, concordant with findings in other studies,2 the

https://doi.org/10.1017/51047951114000031 Published online by Cambridge University Press

February 2015

complications of catheterisation and surgery may have
been collinear and are variable in severity.

In summary, although many adolescents with tetral-
ogy of Fallot have neurodevelopmental outcomes within
the average range, a sizeable minority do not, even
among patients without a known genetic/phenotypic
diagnosis. Our results support recent AHA/AAP
guidelines, recommending enhanced neurodevelop-
mental surveillance of a child with congenital heart
disease®® so that appropriate, timely interventions
can be tailored to assist the patient in achieving his or
her fullest potential. Furthermore, our results suggest
that such surveillance should extend beyond the age
of 11-12 years, the oldest age for follow-up suggested
in these guidelines.
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