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Abstract Neurological and radiologic research results
show an abnormal cerebral microstructure as well as
abnormal neurodevelopment in patients treated for
hypoplastic left heart syndrome. The aim of this study was
to assess the varying cognitive performance these children
have developed in dependence upon prenatal diagnosis,
surgical techniques, surgical learning effects, anatomy,
perfusion techniques, gender, pedagogic, and sociodemo-
graphic parameters in comparison to age-adjusted norma-
tive values. School-age children (6.3-16.9 years) with
hypoplastic left heart syndrome, who were treated at the
Children’s heart Center Linz between 1997 and 2009,
(n =74), were surveyed in reference to cognitive
achievements. 43 patients were examined prospectively by
psychologists using the Wechsler intelligence scale for
children IV in order to determine the respective total
intelligence quotient index for each child’s developmental
stage. The mean index was 84.5 (percentile rank 26.4). The
statistical spread and standard deviation ranged from a
minimum of 40 to a maximum of 134 + 20.8. The results
for verbal comprehension, perceptual reasoning, and pro-
cessing speed corresponded with total index results and
were thus lower than the mean value of the normative
values. The assessment of working memory showed results
in the average. Prenatal diagnosis, type of lung perfusion,
anatomy, and various cerebral perfusion techniques did not
significantly affect the cognitive results of the patients. The
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results show that hypoplastic left heart syndrome patients
can be successfully tutored formally as well as personally
in cognitive areas, although when compared to healthy
children, they showed lower results for intellectual area
parameters.
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Abbreviations

WISC Wechsler intelligence scale for children
PRI Perceptual reasoning index

PSI Processing speed index

V(I Verbal comprehension index

WMI Working memory index

IQ-Index Intelligence quotient index

ANOVA  Analysis of variance

Introduction

Neurodevelopmental delay has been described in children
with critical congenital left heart disease. Neurological and
radiological research results [1-5] show that neonates with
hypoplastic left heart syndrome (HLHS) show an abnormal
cerebral microstructure and their intrauterine brain growth
may be delayed. Postnatal treatment of HLHS includes
extensive cardiac surgery in the neonatal period using
cardiopulmonary bypass often followed by long intensive-
care stays with hemodynamic instabilities [6]. Later, these
children have to undergo at least two further cardiac
surgeries on bypass (bi-directional Glenn procedure and
Fontan operation, [7-12]). Whether neurodevelopmental
problems are caused primarily by prenatal or postnatal
factors is still unclear. Many hypoplastic left heart
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syndrome patients have now reached school age, and there
is a lack of data about their cognitive development [13—-18].
Thus it was the aim of the study to determine

(1) what type of total and differentiated cognitive
performance children with HLHS have developed
in comparison to the normative sample of same-age
healthy children,

(2) and whether the respective outcome was related to
prenatal diagnosis, surgical techniques, surgical
learning effects, anatomy, perfusion techniques,
gender, or pedagogic, educational, and sociodemo-
graphic parameters.

Materials and Methods

From 1997 to 2009, 149 children (n = 149) with HLHS
were admitted to the Children‘s Heart Center Linz. Sixty-
four patients died before entering school. Of these, 25
newborns died before surgical treatment due to circulatory
collapse or because the parent(s) chose comfort care. All
other patients (n = 124) underwent a Norwood stage I
operation in the newborn period, a bi-directional Glenn
procedure at the age of 3-4 months, and a Fontan operation
around the age of 3 years, all at our institution. Another 39
children (31%) died before entering school; 24 died
between stages 1 and 2; 14 children died after a bi-direc-
tional Glenn procedure between stages 2 and 3, and one
child died after a Fontan operation. Of the remaining 85
patients, the following 42 patients did not participate in the
study: 30 children whose parents denied informed consent;
one boy with severe hypoxic encephalopathy following a
Fontan operation; and 11 children from non-German-
speaking foreign countries. Thus, 43 patients (mean age
10.3 + 3.1 years; range 6.3-16.9 years) underwent com-
plete testing and the survey (Fig. 1), ([19], unpublished
data in our institution). There were no patients included
who were tested and died thereafter.

Twenty-one children had been diagnosed prenatally; 28
were male; 33 had received a Sano-shunt at the time of the
Norwood operation and ten had a modified Blalock—
Taussig shunt; 28 patients had aortic atresia; 15 had aortic

Fig. 1 Sample, HLHS
1997-2009

stenosis; five were operated in deep hypothermic circula-
tory arrest; nine patients were operated using antegrade
cerebral perfusion, and 28 patients underwent double per-
fusion technique [1].

The results were compared to the mean variation of the
age-adjusted normative values [20].

There were no data in the investigated group concerning
morphological changes of the brain, no sonographic or
MRI examinations which could be related to the results.
HLHS patients who participated in the study attended the
following school types: Primary school (n = 22), sec-
ondary school (n = 8), academic secondary school
(n = 2), special needs school (n = 4), secondary school
with a business emphasis (n = 2), apprenticeship (n = 1),
Montessori or Freinet school (n = 2), unemployed after
compulsory schooling (n = 2).

Three patients were diagnosed with attention-deficit
hyperactivity disorder, two with protein-losing enteropa-
thy, eight with sensorimotor disorders (such as problems
with coordination of sensory and motor signals while
writing, holding crayons spatial orientation deficits.), and
two with seizures and one with autism.

This study was approved by the local IRB (ID-number
J16-01).

On the basis of Wechsler intelligence scale for children
IV, the particular total intelligence quotient index for the
developmental stage of each child, differentiated by the
indices for verbal comprehension, perceptual reasoning,
working memory, and processing speed, was surveyed
[20].

The verbal comprehension index assesses linguistic
concept formation, linguistic deductive reasoning, and
acquired knowledge.

The perceptual reasoning index consists of sub-tests
which measure perceptual organization and logical rea-
soning; in particular, fluid logical thinking was charted.

The working memory index assesses attention, concen-
tration, and working memory, and the processing speed
index charts the speed of mental and graphomotor
processing.

By means of semi-standardized questioning as a way of
performing qualitative content analysis [21], social skills
and teacher—student relationships were assessed.

149 births
1997-2009
HLHS

DECEASED (64)

I

I I

25
deceased
after
birth

24 14 1 11 31 43

deceased deceased deceased non-German denied participation
after after after speaking participation in study
Norwood-0P Glenn-0P Fontan-OP patients in study group
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The psychological surveys were combined with check-
up appointments and took place between November 2014
and April 2015.

Statistical Analysis

The data are presented as mean = standard deviation.
Independent-samples 7 test and analysis of variance were
used for group comparisons. p-values < 0.05 were con-
sidered statistically significant. Due to small group size,
the p-values from the equivalent non-parametric tests
(Mann—Whitney U test and Kruskal-Wallis test) are also
reported (second p-value). For significant group differ-
ences, effect size estimates (Cohen’s d) are reported. In
addition, effect size estimates are also reported from case
to case for statistically non-significant results, which
might be of surgical importance [22]. The statistical
analyses were performed using the statistical software
SPSS 22.0 for Windows.

Results

All 43 children reached an average intelligence quotient
index of 84.5 (percentile rank 26.4) with a standard devi-
ation of 20.8. The spread ranged from a minimum value of
40 to a maximum value of 134. The results of the
respective subindices can be seen in Table 1. In verbal
comprehension, perceptual reasoning, and processing
speed, the values corresponded to the total index results.
For working memory, the results were within average.

Table 2 shows the results of the HLHS group compared
to the mean variation of the normative values. While
HLHS patients were strong in the “below average” and
“far below average” ranges and weak in the “average” and
“above average” ranges, HLHS patients were strong in the
“far above average” range with 4.6% (2/43 patients).
There was no significant difference between pre- and
peripubertal patients in comparison.

Only for the “working memory” index did the results of
the HLHS patients correspond to the distribution (see
Table 3).

Prenatal Diagnosis

Twenty-one patients had been given a prenatal diagnosis
and 22 were diagnosed after birth. Prenatally diagnosed
patients showed a higher intelligence quotient index value
in the total result 86.9 £ 21.2 versus patients with
unknown prenatal diagnosis (total score 82.2 + 20.7) as
well as for all subscales. However, both the total score and
the subscales showed no significant difference.

HLHS—Anatomy

Fifteen patients had aortic stenosis and 28 aortic atresia.
The total range and also all subindices showed a preference
toward aortic stenosis, however, never to a significant
degree.

Shunt Type at the Time of the Norwood Operation
[23, 24]

Out of this group, the first ten newborns had a modified
Blalock—Taussig shunt placed, followed by thirty-three
newborns who received a Sano-shunt instead. Sano-shunt
patients showed significant better results in verbal com-
prehension (Sano-shunt: Intelligence quotient index
87.4 £ 22.9; modified Blalock-Taussig shunt: Intelligence
quotient index 72.9 £ 21.6; p = 0.05%, t-value 1.78, effect
size: —0.643) and perceptual reasoning (Sano-shunt:
Intelligence quotient index 86.4 + 17.1; modified Blalock—
Taussig shunt: Intelligence quotient index 74.5 + 19;
p = 0.05%, t-value 1.85, effect size: —0.68). The total score
and working memory index only showed positive trends
towards the patients with Sano-shunts, but no significance.

Gender

Twenty-eight children were male and 15 female. A sig-
nificant difference was found in verbal comprehension,
with boys showing higher ability (males: intelligence
quotient index 90.5 & 23.6; females: intelligence quotient
index 72.0 £ 17.4; t-value: 2.65, p = 0.017%*, effect size:
—0.85). The total scales as well as the other subscales were
not significantly different [25].

Table 1 Wechsler intelligence

scale for children IV (WISC n Minimum Maximum Mean value Percentile rank Standard deviation
IV): results (IQ-Indices) of the  wgc toral 43 40.0 134.0 84.5 26.4 20.8

total study group: total, verbal

comprehension (VCI), WISC-VCI 43 45.0 150.0 84.0 25.6 23.2

perceptual reasoning (PRI), WISC-PRI 43 47.0 117.0 83.6 249 18.0

working memory (WMI), WISC-WMI 42 62.0 144.0 101.8 50.4 18.8

processing speed (PSI) WISC-PSI 42 430 134.0 84.5 238 18.0

Distribution, mean values, percentile rank, and standard deviation for cognitive development scales
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Table 2 Wechsler intelligence

scale for children (WISC IV): Percentile rank WISC total (%) n 1Q-index/normal distribution
total results as compared to the 5 7¢; far below average 255 11 (<69) 2.2%
normative values
2.2-15.8% below average 27.9 12 (70-84) 13.6%
15.8-84% average 394 17 (85-114) 68.2%
84-97.6% above average 2.3 1 (115-129) 13.6%
97.6-100% far above average 4.6 2 (>130) 2.2%
ijlll);efgr Xﬁﬁ:?i&;ig%ﬁ;‘; ¢ Percentile rank (%) WISC working memory (%) n 1Q-index/normal distribution
working memory in comparison 0-2.2 4.8 (<69) 2.2%
2.2-15.8 7.2 (70-84) 13.6%
15.8-84 66.6 29 (85-114) 68.2%
84-97.6 14.3 (115-129) 13.6%
97.6-100 7.2 3 (>130) 2.2%

Learning Curve/Surgery Timeline

To assess possible effects of a learning curve, the total
group under review was divided into patients operated
before 2004 (n = 14) and after 2004 (n = 29). No signif-
icant differences in intellectual development could be
found. According to the qualitative description by the
International Classification of Diseases and Health-Related
Problems 10, the results in total, verbal comprehension,
and perceptual reasoning rose from below average to
average after 2004 (above the index value of 85).

Perfusion Technique During Norwood Operation

Five patients from the earlier period were operated in deep
hypothermic circulatory arrest; the next ten patients had an
antegrade cerebral perfusion, followed by 28 patients with
double perfusion technique.

The respective perfusion techniques did not significantly
(p < 0.05) affect the cognitive results of HLHS patients; the
calculated effect size measures (Cohen’s d) showed several
small to medium differences: Wechsler Intelligence Scale
for Children total: double perfusion technique to deep
hypothermic circulatory arrest (d = 0.336); verbal compre-
hension: double perfusion technique to antegrade cerebral
perfusion (d = 0.474); perceptual reasoning: double perfu-
sion technique to deep hypothermic circulatory arrest
(d = 0.605); working memory: antegrade cerebral perfusion
to double perfusion technique (d = —0.401); processing
speed: antegrade cerebral perfusion to double perfusion
(d = —0.523). The double perfusion tended to affect cog-
nitive development more positively than deep hypothermic
circulatory arrest. Patients who had been treated by ante-
grade cerebral perfusion showed better values for working
memory and processing speed.

@ Springer

HLHS patients (n = 28) treated with double perfusion
technique showed average results in all intelligence quo-
tient index values (see Table 4, Wechsler intelligence scale
for children: perfusion techniques).

School

Teacher—student relationships were evaluated by asking the
parents to assess this relationship according to the grading
system used in Austrian schools: excellent (1, n = 2); good
(2, n = 21); satisfactory (3, n = 12); adequate (4, n = 4);
unsatisfactory (5, n = 5). Children whose parents had rated
the teacher—student relationship as excellent also showed
significantly better results in the cognitive area, especially
in verbal comprehension (excellent: intelligence quotient
index 132.5 4 24.7; good: intelligence quotient index
82.0 £ 23.3; satisfactory: intelligence quotient index
81.6 £ 16.2; adequate: intelligence quotient index
97.5 + 12.6; p = 0.028).

Children with severe illness experienced in early
childhood sometimes develop deficits in social interaction
with their peers [26]. The parents’ assessments of their
child’s social skills on a scale of ‘very bad’ (n = 4),
‘marginal’ (n = 8), ‘satisfactory’ (n = 18), ‘good’
(n = 10), and ‘excellent’” (n = 3) showed a significant
difference in achievement between patients with marginal
and excellent social skills compared with peers (excellent:
intelligence quotient index 111.2 £ 23.0; marginal: intel-
ligence quotient index 85.7 & 21.9). The results of the
other patients did not differ significantly (p = 0.212).

Parental Education

In all areas, HLHS children whose parents had a university
or college degree (n = 11, intelligence quotient index
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Table 4 Wechsler Intelligence Scale for Children (WISC IV): perfusion techniques
WISC/perfusion  Deep hypothermic Antegrade cerebral Double perfusion technique  p (ANOVA)  p (Kruskal-
circulatory arrest (n = 5) perfusion (n = 10) (n = 28) Wallis Test)
1Q-index 1Q-index 1Q-index
M £ SD M + SD M £ SD
WISC-total 79.0 £ 13.8 83.0 + 239 86.0 + 21.6 p <07 p <0.768
WISC-VCI 792 £ 13.6 75.6 £ 75.7 87.2 £239 p<04 p < 0.341
WISC-PRI 758 £17.3 81.0 + 22.8 86.1 £ 16.9 p<04 p <0365
WISC-WMI 99.0 £ 7.6 108.3 £ 21.0 100.2 £ 19.9 p <05 p <0.717
WISC-PSI 87.0 £ 54 92.0 £ 15.1 81.7 £ 20.2 p <03 p < 0.065

87.2 £ 25.2) showed better performance outcomes than
children whose parents had lower levels of education (ap-
prentice training, n = 17, intelligence quotient index
78.0 £ 12.4; compulsory education, n = 3, intelligence
quotient index = 66.6 + 37.8, p < 0.05).

Characteristics of Children with Above-Average
Performance

Three HLHS patients showed above-average performance.
Their ages were: 6.3/10.8/12.4 years, respectively; two
male, one female; their total intelligence quotient index was
134/131/116, respectively; two had a prenatal diagnosis; all
of them had a Sano-shunt at the time of their Norwood
operation; two had a double perfusion technique during their
Norwood procedure, one an antegrade cerebral perfusion;
the teacher—student relationship was rated ‘very good’ for
all; one patient went to elementary school; two attended
secondary school, and their social competence was estimated
‘high’ by the parents; parental education: two had A-Level
(university entrance exam), one had a university education.

Discussion

The results of this study show that the average cognitive
development of school-age survivors of HLHS (6-16 years
of age) was below normal: 25.5% were in the ‘far below
normal’ range and 27.9% in the ‘below normal’ range.
Nevertheless, almost 50% of these patients achieved results
in or above the normal range. Two out of the 43 tested
children even reached values in the ‘far above normal’ range,
indicating that HLHS patients have the potential of cognitive
development comparable to that of the normal population.
Looking into more detail, it was interesting to find out
that while the results in verbal communication, perceptual
reasoning and processing speed conformed to the total
index results and, thus, were lower than the average of the
age-adjusted normative values, the results in working
memory were better and in the average range of normal
results. Based on this finding, it can be assumed that in this

group of patients, the skills necessary for working memory
(attention and concentration, short-term memory) can be
acquired and improved through effectual training and
intensive help from parents, so that these children no
longer show performance differences as compared to the
rest of the population. We think that this information can
be of great importance for postoperative management,
rehabilitation, and parental counseling.

A review of other studies [27-32] has shown that there
is no comprehensive and detailed data concerning the
cognitive development of schoolchildren of ages up to 17
with HLHS. Knirsch et al. [27] have shown by means of
the Wechsler Primary Preschool Intelligence Scale-II and
the Movement-ABC 2 that preschoolers with a Fontan
procedure show slightly substandard cognitive intelligence
scores [median IQ 89 (76-116), p = 0.02]. Using the same
measurement tools, Hansen et al. [28] have shown results
for preschool children (3.5-6.8 years) in the lower-normal
range. In summarizing the current state of knowledge
related to neurodevelopmental outcomes for children with
HLHS, Goldberg et al. have shown that children with
HLHS who have survived stages of Fontan palliation can
have normal developmental outcomes, but nonetheless are
at significant risk for learning disorders, lowered academic
achievement, and behavioral abnormalities. Puosi et al.
[30] and Williams et al. [31] obtained their findings from
very small trial groups (n = 4, n = 22) of HLHS children
ages 18 months and 2 years, respectively, and confirmed a
significantly lower mean mental development index, more
delays in expressive language functions, and more behav-
ioral problems than in the control group. Via questionnaire,
Mahle et al. [32] collected data from school-aged survivors
with HLHS (mean age 8.6 &£ 2.1 years) concerning their
quality of life, school performance, and incidence of
medical complications. A subgroup of local patients
(n = 28) underwent standardized testing of cognitive
function and neurologic examination. Cognitive testing of
these children demonstrated a median full scale IQ of 86
(range 50-116). Mental retardation (IQ < 70) was noted in
18% of patients. In multivariate analysis, only the occur-
rence of preoperative seizures predicted lower full scale IQ.
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Referring to results of patients with single ventricle after-
Fontan procedures (median age 11.1, range 3.7-41.0 years),
Wernovsky et al. [12] have shown that most individual
patients palliated with Fontan procedures in the 1970s and
1980s have cognitive outcomes and academic function
within the normal range, but the performance of the cohort is
lower than that of the general population.

Our own study’s results underscore Mahle’s [32] con-
clusion: “Although the majority of school-aged children
with HLHS scores within the normal 1Q range, mean per-
formance for historical cohort of survivors was lower than
that in the general population,” however, in a more dif-
ferentiated manner:

Cognitive Performance in Relation to Risk Factors

Delayed neurodevelopment has already been reported in
children operated for severe congenital left heart disease.
However, it is still unclear what impact abnormal
intrauterine brain development has versus postnatal insults
due to long-lasting cardiopulmonary bypass, brain perfu-
sion, and hemodynamic instabilities in the pre- and post-
operative courses.

Prenatal diagnosis offers the possibility of a planned
delivery and prenatal management, thus avoiding acidosis
and hemodynamic instabilities. It has been speculated that
a prenatal diagnosis will lead to better survival and surgical
outcomes and might have an impact on neurodevelop-
mental outcomes, as well. Almost half of the patients tested
in this study had been given a prenatal diagnosis. Although
prenatally diagnosed patients had better scores in total and
all other subscales, there was no significant difference in
any of the tested indices.

Anatomy

Abnormal brain development in HLHS patients has been
linked to retrograde arch perfusion with lower oxygenated
blood from the right ventricle. Therefore, fetuses with
aortic stenosis and some residual antegrade arch perfusion
are thought to have a better cerebral oxygen concentration
and brain perfusion. Our results did not reveal any signif-
icant differences between the 2 groups.

Shunt Types

When our patients with modified Blalock—-Taussig shunts
were compared to the patients with Sano-shunts, we found
significantly better results in the Sano group regarding
verbal comprehension and perceptual reasoning. The time
of the Norwood operation is a critical period in the life of
hypoplastic left heart syndrome patients. It still carries
significant mortality and morbidity. Postoperative

@ Springer

hemodynamic instability is frequent and may be associated
with impaired brain perfusion. Use of a 5-mm Sano-shunt
(right ventricle to pulmonary artery conduit) instead of a
modified Blalock—Taussig shunt is thought to lead a more
stable circulation in the early postoperative period.

Perfusion Techniques

Over the study period, different perfusion techniques were
used during the Norwood operation to optimize brain and
end-organ perfusion. When we compared deep hypothermic
circulatory arrest (which we used in the first five patients) to
the ten patients who had selective antegrade cerebral per-
fusion as well as to the 28 last patients on whom a double
perfusion technique had been performed, we did not find
significant differences in any of the tested cognitive param-
eters, but the numbers were small for each group. Positive
trends toward an improved performance were found in the
cerebral perfusion and double perfusion group versus the
circulatory arrest group. This would support the concept that
low flow is better for the brain than no flow.

Learning Curve/Surgery Timeline

In view of the fact that a number of improvements, espe-
cially in surgical techniques, surgeon skills, intensive-care
unit teams, perfusion techniques, and patient management
have taken place since 1997, we expected a positive effect
on cognitive outcomes in patients who were treated in the
second half of the study period. Although we found that the
results in total, verbal comprehension, and perceptual rea-
soning rose from below average to average after 2004
(above the index value of 85), no significant differences in
all tested parameters were found.

Gender

The intelligence quotient index in verbal comprehension of
boys was—as opposed to the scores of boys within the total
population—significantly better. The indices for perceptual
reasoning, working memory, and the total score showed
male HLHS patients ahead of the others, however, outside
of the significance level. In processing speed, HLHS males
showed nearly equal results. Interestingly, this runs con-
trary to current research findings for the total population
concerning the development of boys and girls. We have no
explanation for this [25].

School and Parents’ Education

Whenever parents evaluated their child’s teacher—student rela-
tionship as excellent, these children achieved significantly better
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results in cognitive areas, especially in verbal comprehension.
Additionally, we were able to show that children whose parents
had higher education levels performed significantly better.
This also provides some evidence that HLHS children
can be schooled and educationally supported similar to
healthy children. Obviously, this can be achieved through
both higher parental education levels as well as the public
school system. It was interesting to see that three of the
HLHS survivors even achieved above-average results: two
of them had a prenatal diagnosis, all had antegrade cerebral
perfusion, all a Sano-shunt, and their parents were well
educated and highly supportive. This suggests that not one
single factor but a combination of all relevant factors are
most likely responsible for favorable neurodevelopment.

Limitations

The major limitation of this study is the small sample size.
Several parameters might become significant with larger
patient numbers, which would only be possible to assess by
looking at multicenter studies. One strength of this study,
however, is that all patients were treated at the same center and
that all stage I Norwood procedures were performed by only
one single surgeon (RM). Another limitation is the retrospec-
tive analysis of the anatomy and the clinical course, which
involved at least three surgeries. Further alternatives of anal-
ysis (multivariate methods) are limited due to the small sample.

Due to the small trial group (n = 43), several correla-
tions were not shown in a statistically significant manner.
However, we demonstrated the following trends and ten-
dencies that are encouraging in terms of differentiated
treatment of HLHS patients:

(1) Significantly better results in the Sano group regarding
verbal comprehension and perceptual reasoning.

(2) Positive trends toward an improved performance in
the cerebral perfusion and double perfusion group
versus the circulatory arrest group. This would
support the concept that low flow is better for the
brain than no flow.

(3) We found that the results in total, for verbal
comprehension, and in perceptual reasoning rose
from below average to average after 2004 (above the
index value of 85).

Conclusions

School-age survivors of HLHS had an average cognitive
development below normal. However, almost 50% of these
patients achieved results in the normal or even above-
normal range. Only the results in working memory (at-
tention, concentration, short-term memory) were in the

average range. Significant factors associated with better
cognitive development were: Sano-shunt at the time of
Norwood operation, an excellent student—teacher relation-
ship and parents with higher education. It can be assumed
that the skills necessary for working memory can be
acquired and improved through effective training. Advan-
ces in surgical and perfusion techniques might further
contribute to better cognitive development of such patients.
Pedagogical and educational support can help these chil-
dren and their families live successful lives and to achieve
the full developmental potential of patients with HLHS.

Perspectives/Translational Outlook

Children with HLHS can achieve successful school careers.
Appropriate tutoring and the individual development of
resilient personality traits can positively impact cognitive
development.
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