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Abstract

Background: The aim of the present study was to investigate the differences in ADHD symptomatology between
healthy controls and children who underwent cardiac surgery at different ages.

Methods: Altogether, 133 children (54 patients with congenital heart disease undergoing first cardiac surgery
under 3 years of age, 26 operated at the age of 3 or later, and 53 healthy controls) were examined. Patients
completed the Youth Self Report (YSR), while their parents completed the Child Behaviour Checklist (CBCL) and the
ADHD Rating Scale-IV.

Results: Children receiving surgery for the first time under the age of 3 years were more likely diagnosed with
cyanotic type malformation and have undergone to a greater number of operations. However, ADHD symptoms of
those treated surgically at or above 3 years of age were more severe than that of the control group or those who
were treated surgically at a younger age. The control group and those treated surgically below the age of three did
not differ across any of the ADHD symptom severity indicators.

Conclusions: The age at the time of cardiac surgery might be associated with later ADHD symptom severity – with
lower age at operation associated with better outcomes. Further, adequately powered studies are needed to
confirm these exploratory findings and investigate the moderators of this relationship.

Keywords: Congenital heart disease, Pediatric cardiac surgery, Attention-deficit hyperactivity disorder, Age-related
differences
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Background
In recent years, improvements in medical treatments,
non-invasive imaging, surgical techniques, as well as ad-
vances in cardiopulmonary bypass surgery and pediatric
intensive care have allowed more than 90% of children
born with congenital heart disease (CHD) to reach
adulthood. The overall mortality of this patient popula-
tion has decreased by 31% over the last 20 years [1].
However, after early surgical corrections, physically
healthy grown-up survivors may still face the conse-
quences of the neuronal and psychological injuries they
might have suffered during the perioperative period [2].
Cardiac surgery and perioperative complications also
have been linked to dysfunctional behaviors and psycho-
logical abnormalities such as attention-deficit/hyper-
activity-disorder (ADHD) [2–4].
Even though the etiology of ADHD is multifactorial,

several studies reported a significantly higher morbidity
for this disorder among cardiac surgery patients, espe-
cially after aortic arch repairs and corrections of great
artery transposition [5, 6]. Children with congenital
heart disease have been reported to be at a 30% higher
risk for inattention and hyperactivity disorder compared
to healthy individuals. Importantly, while nearly half of
the surgically treated patients need remedial school ser-
vices when reaching adolescence, cardiac patients’
ADHD symptoms are often under-diagnosed and thus
under-treated [7].
Studies have shown, that adolescents with different

cardiac anomalies (single ventricle CHD, TGA, tetralogy
of Fallot) have a threefold inreased risk for higher psy-
chiatric morbidity, including attention deficit and hyper-
activity disorder, compared to the healthy population
[8]. Children with complex CHD have abnormal cerebral
blood flow wich is already altered during pregnancy and
in the peripartum periods, potentially causing delays in
brain development. Additional hypoxaemia due to post-
poned correction of cardiac defects seems to increase
the risk for attentional dysfunction, hyperactivity and it
is considered responsible for further damage to the
highly oxygen-sensitive regions of the prefrontal cortex
[9]. Further risk factors for the development of ADHD
include lower birth weight, longer duration of deep
hypothermic circulatory arrest, male gender, and
repeated surgeries [2].
Previous studies have shown that the risk of devel-

oping ADHD in adolescence is significantly higher in
cardiac surgery patients compared to healthy individ-
uals. The symptoms may worsen by repeated
exposure to anesthetics and surgery-induced stress
and inflammatory responses [10]. The literature sug-
gests that hypoxemia – caused by cyanotic heart
defects as hypoplastic left-heart syndrome or dextro-
transposition of the great arteries – increases the risk

of attention deficits, a tendency that was not observ-
able in cases of acyanotic malformations [2, 9]. Other
studies however, describe the same neurodevelopmen-
tal deterioration in patients with acyanotic heart de-
fects; in these cases though, other cognitive challenges
and not attention deficit was the leading symptom
[11, 12]. Further studies report that cyanotic heart de-
fects (such as transposition of the great arteries or
tetralogy of Fallot) do not increase the incidence of
future behavioral disorders in the absence of other
risk factors [13].
Recently, it was also suggested that single or repeated

anesthesia itself could be a risk factor for the develop-
ment of ADHD symptoms independently of the surgery
performed [14, 15]. Studies specific to neonatal care
came to similar conclusions when investigating the ef-
fects of different types of cardiac surgery [16, 17]. Pa-
tients with severe congenital malformation usually
receive palliative surgery as first-line therapy resulting in
the partial restoration of fetal circulation. This interven-
tion is needed to promote organ maturation in order to
survive complex, high-risk corrective surgeries later.
These children usually live with an incomplete circula-
tion for 1–2 years, a potential risk factor for future
neuropsychiatric and behavioral disorders.
Unfortunately, there is no clear medical protocol re-

garding intraoperative cerebral protection. Different neu-
roprotective operative management strategies, such as
the use of deep hypothermic circulatory arrest, may have
less influence on behavioral outcomes than had been as-
sumed previously. Studies suggest that the prevalence of
ADHD in pediatric cardiac populations remains higher
than in the normal population even if operations are
conducted in deep hypothermic circulatory arrest, a
finding which may point to the role of non-operation-
related factors in the development of ADHD [5]. In line
with this assumption, other studies showed that genetic
abnormalities seem to have an impact on the neurodeve-
lopment of neonatal cardiac surgery patients [18]. Other
factors such as complexity of the heart disease or add-
itional genetic malformations [19] or even the patient’s
age at surgery may also be significant predictors for
psycho-behavioral outcomes.
To date, studies examining the association between

ADHD symptomatology and cardiac surgery in children
have largely ignored the age of patients at operation and
/ or did not include healthy individuals as a control
group. The primary aim of this study, therefore, was to
investigate the potential relationship between later
ADHD symptoms and the timing of first cardiac surgery
in relation to the age of children (before versus at or
after 3 years of age, representing an important milestone
in brain development; cf. [20]). Further, we also aimed
to compare the ADHD symptomatology of those
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undergoing cardiac surgery with that of a control group
without surgery. Given that extant studies have mostly
relied on parent reports, our aim was to investigate the
relationship between ADHD symptomatology and age at
cardiac operation considering both collateral (parent)
and self-reported (pediatric cardiac patient) data.

Methods
Sample and procedure
All procedures performed in this study were in accord-
ance with institutional guidelines and the 1964 Helsinki
declaration and its later amendments. The study proto-
col was approved by the Hungarian Medical Research
Council (approval number: TUKEB 190/2008; 696–1/
2014/EKU 461/2014) and was performed upon partici-
pants and parents giving informed consent. Altogether,
133 children were examined: 54 patients with congenital
heart disease undergoing first cardiac surgery under 3
years of age, 26 operated at the age of 3 or later, and 53
healthy controls. Detailed demographic data about the
study groups are reported in Table 1.
The surgery group enrolled a convenience sample1 of

parents and 97 school-aged patients with congenital
heart disease who underwent their first cardiac surgery
with extracorporeal circulation between 1995 and 2012
at the Paediatric Cardiac Centre of the Gottsegen
György Hungarian Institute of Cardiology in Budapest.
Exclusion criteria were prenatal injury (n = 2), cerebral
palsy (n = 3), severe hypoxic-injury during peripartum
periods (n = 2), genetic syndromes (Down or DiGeorge
syndrome) associated with cognitive deficits (n = 2), lack
of parental or children consent (n = 1), the incapability
of completing questionnaires (n = 1), premature birth
(n = 2), lack of perioperative data (n = 2), and missing
ADHD questionnaire data (n = 2) – resulting in a sample
size of 80. In the first subgroup of patients undergoing
cardiac surgery, 54 children were enrolled if having the
first surgery under 3 years of age, while the second sub-
group included 26 patients who received the first oper-
ation at or above 3 years of age. Patients underwent 174
operations in total: 130 operations in the subgroup oper-
ated below the age of 3 for the first time and 44 opera-
tions in the other subgroup (diagnoses and surgical
procedures can be found in a supplementary table, Table
S1). The psychological examination was conducted in
2013 and 2014 during ambulatory check-ups, with an
average of 10.5 ± 3.3 years (51% male) after the first
surgery.

The control group included a convenience sample of
53 children (mean age at survey completion 11.79 ± 3.65
years, 45% male) who underwent an ambulatory investi-
gation in 2013 and 2014 at the same center because of
accidentally detected heart murmurs but later were iden-
tified as healthy. No study participants were born with
extreme low weight (< 2500 g) or had known intrauter-
ine growth retardation either in the control or the two
intervention groups. In the control group, a single pa-
tient had a formal diagnosis of ADHD and treated by
psychotherapy. In the surgery subgroups, no patients
were formally diagnosed with ADHD. No participants of
the study received pharmacotherapy for ADHD
symptoms.

Measures
The demographic and perioperative medical data were
retrieved retrospectively from the institutional medical
record. Medical variables included the length of the
cardiac intensive care unit- (ICU) and overall hospital
stay; length of the surgery; and length of extracorporeal
circulation (ECC) needed while surgical interventions
were made. Further, length of aortic cross-clamp use
and the risk adjustment system for congenital heart
surgery (RACHS) score were also reported. The former
is a surgical instrument used during interventions with-
out extracorporeal circulation, which separates the
aorta from the outflow deriving from the heart exclud-
ing it from the systemic circulation, while the latter re-
fers to the complexity of the operation (ranging from 0
to 6, where 6 represents the most complex form of
surgery) [21].
The Hungarian version [22–24] of the Child Behaviour

Checklist (CBCL; to be completed by parents), the Youth
Self Report (YSR; to be completed by children) and the
ADHD Rating Scale–IV (to be completed by parents)
were used to assess ADHD symptomatology. The Child
Behaviour Checklist (CBCL) and the Youth Self Report
(YSR) measure a wide-range of emotional and behavioral
problems of children [25]. The CBCL is to be completed
by parents of children aged 6–18, while the YSR is to be
completed by youth aged 11–18 themselves. Both scales
are comprised of items measuring the same 6 domains,
out of which the Attention Disorders Subscale (CBCLAD
and YSRAD) was used in the present study. Internal
consistency for scores on the CBCLAD was good (Cron-
bach’s alpha = 0.82), while that of scores on the YSRAD

was suboptimal but acceptable (Cronbach’s alpha = 0.63)
in the present sample. In both cases, higher scores indi-
cate more severe ADHD symptomatology. Diagnostic
cut off scores for the CBCLAD were used considering T
scores of 65 (94th percentile) based on gender- and age
specific norms [26]. Using this cut-off score, the preva-
lence of ADHD was estimated in our sample (Table 1).

1Enrollment was most significantly influenced by two factors, namely
1) likelihood of children showing up for check-up appointments (par-
ents whose children are doing well often do not bring their children
for check-ups a decade after surgery) and 2) match with the research
staff’s hours of availability.
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Even though this method is not equivalent to an expert
diagnosis, these prevalence data (Table 1) can provide
helpful information for the purpose of inter-study com-
parability of samples.
Beyond the total score (ADHD RSTOT), the 18-item

ADHD Rating Scale–IV [27] provides two subscale
scores pertaining to inattention (ADHD RSIA) and
hyperactivity-impulsivity (ADHD RSHI) symptoms. This
assessment tool is appropriate for use regarding children
aged 4–20. In this study, the ‘home version’ of the in-
strument was used as parents were the raters (in con-
trast to the ‘school version’ where teachers report on the
children), who characterized their child’s behavior con-
sidering the 6 months prior to assessment. Internal

consistency in the present sample was very high both for
the two subscales (Cronbach’s alpha = 0.95 in both cases)
and the total (Cronbach’s alpha = 0.97) scores. Higher
scores indicate more severe symptomatology in this case
as well. To provide an approximate prevalence of ADHD
in the sample (Table 1) according to this assessment
tool, diagnostic cut off scores for the ADHD RSTOT were
used corresponding to T scores of 64.5 (93th percentile)
based on gender- and age specific norms [28].

Statistical analyses
Statistical analyses were performed using the SPSS 27.0
software (SPSS, Chicago, IL, USA). On the univariate
level, chi square tests (for categorical variables), F-tests

Table 1 Demographic, perioperative, and ADHD-related characteristics of the sample

Control group
(N = 53)

Surgically treated (N = 80) Test
statistica

p Effect size

under 3 years
of age (N = 54)

at / above 3
years of age
(N = 26)

Mean/N SD/% Mean/N SD/% Mean/N SD/%

Age at survey (years) 11.79 3.65 11.37 3.06 14.58 3.42 F = 8.44 < 0.001 η2 = 0.113

Sex (N) χ2 = 0.51 0.774 Cramer’s V = 0.062

Male 24 45.28 26 48.1 14 53.8

Female 29 54.71 28 51.8 12 46.2

YSRAD 2.49 2.18 2.72 2.41 4.31 3.73 F = 4.463 0.013 η2 = 0.064

CBCLAD 2.02 2.36 2.33 3.05 3.38 3.79 F = 1.89 0.156 η2 = 0.028

Diagnosable severity of ADHD symptomatology based
on CBCLAD (N)

2 3.77 3 5.88 3 12.00 χ2 = 1.99 0.370 Cramer’s V = 0.124

ADHD RSIA 2.83 3.34 2.96 4.28 7.73 8.30 F = 9.716 < 0.001 η2 = 0.130

ADHD RSHI 2.72 3.14 2.61 4.17 6.62 7.34 F = 7.640 0.001 η2 = 0.105

ADHD RSTOT 5.68 5.95 5.57 8.29 13.65 14.94 F = 7.92 0.001 η2 = 0.109

Diagnosable severity of ADHD symptomatology based
on ADHD RSTOT (N)

0 0.00 3 5.56 6 23.08 χ2 = 14.94 0.001 Cramer’s V = 0.335

Cardiology ICU stay (days) n/a 6.01 4.955 5.53 4.87 t = 0.40 0.694 d = 0.096

Hospital stay (days) n/a 19.87 12.34 15.58 6.28 t = 1.98 0.051 d = 0.438

Operation time (min) n/a 207.86 86.41 203.80 82.14 t = 0.20 0.846 d = 0.048

ECC time (min) n/a 106.94 51.89 103.80 70.11 t = 0.22 0.829 d = 0.005

Aortic cross-clamp time (min) n/a 56.00 36.27 60.67 53.13 t = −0.40 0.692 d = −0.102

RACHS n/a 2.78 0.90 2.77 1.37 t = 0.033 0.973 d = −0.008

Mechanical ventilation time (hours) n/a 63.45 70.15 38.25 98.28 t = 1.26 0.212 d = 0.295

Number of operations n/a 2.15 1.12 1.42 0.8 t = 3.293 0.002 d = 0.747

Cyanotic malformation (N) n/a 37 68.51 6 23.07 χ2 = 14.58 < 0.001 Cramer’s V = 0.427

Mean/N: mean is reported for continuous and frequency for categorical variables
SD/%: standard deviation is reported for continuous and percentage for categorical variables
a The comparisons involved all three groups regarding the sociodemographic and ADHD-related variables, while the two surgically treated subgroups only
regarding the perioperative variables
YSRAD Youth Self Report Attention Disorders Subscale, CBCLAD Child Behaviour Checklist Attention Disorders Subscale, ADHD RSIA ADHD Rating Scale–IV Inattention
Subscale, ADHD RSHI ADHD Rating Scale–IV Hyperactivity-Impulsivity Subscale, ADHD RSTOT ADHD Rating Scale–IV Total Score, ICU intensive care unit, ECC
extracorporeal circulation, RACHS Risk Assessment for Congenital Heart Surgery Score
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(for continuous variables where data were applicable for
all three groups), and t-tests (for continuous variables
where data were relevant for the two surgically treated
groups only) were used to compare participants across
surgery status (no cardiac surgery, first cardiac surgery
under 3 years of age, first cardiac surgery at or above 3
years of age).
On the multivariate level, analysis of covariance

(ANCOVA) was used to investigate the relationship be-
tween surgery status and the five indictors of ADHD
symptom severity (YSRAD, CBCLAD, ADHD RSIA,
ADHD RSHI, ADHD RSTOT), used as separate
dependent variables. In addition to the omnibus tests,
post-hoc pairwise comparisons were also performed to
provide a more nuanced picture of the differences
among the study groups. All multivariate analyses (in-
cluding the post hoc tests) were controlled for sex and
age at survey completion. To estimate statistical power
of the multivariate models, post hoc power analysis was
also carried for the main independent variable of interest
(surgery status).
In case of both bivariate and multivariate analyses, es-

timates of effect size were also presented. We considered
0.2 as a threshold for small effect, 0.5 for moderate ef-
fect, and 0.8 for large effect in case of Cohen’s d; and
0.01 as a threshold for small effect, 0.06 for moderate ef-
fect, and 0.14 for large effect in case of η2 [29]; while the
corresponding thresholds for Cramer’s V were 0.05, 0.10
and 0.15, respectively [30].

Results
Descriptive and univariate analyses
Demographic, perioperative and ADHD-related charac-
teristics of the sample are described in Table 1. There
was no statistically significant difference among the
three study groups in terms of participants’ sex. How-
ever, those undergoing their first cardiac surgery later in
life were older at survey completion (medium effect size)
than members of the control group or who were oper-
ated at or below the age of 3 for the first time. Between
the two surgically treated groups, there were statistically
significant differences in the length of hospital stay
(medium effect size), the number of operations (medium
effect size), and the frequency of perioperative cyanosis
(large effect size); in all three cases, values were higher
(less favorable) for children who were first operated
below 3 years of age (Table 1).
In terms of ADHD symptomatology, those undergoing

surgery later in life had higher ADHD symptom scores
across all five indicators than the other two subgroups;
however, the difference did not reach statistical signifi-
cance in case of the CBCLAD (Table 1). The magnitude
of the differences was small (CBCLAD) or moderate
(YSRAD, ADHD RSIA, ADHD RSHI, ADHD RSTOT). In

terms of the prevalence of diagnosable ADHD symptom
severity, those undergoing surgery later in life had higher
prevalence rates than the other two subgroups. The dif-
ference did not reach statistical significance in case of
the CBCLAD (although the effect size indicator suggested
a moderate difference), while in the case of the ADHD
RSTOT, the difference was statistically significant and the
effect size was large (Table 1).

Multivariate analyses
Results of the omnibus tests from the multivariate ana-
lyses indicated that surgery status was significantly asso-
ciated with most indicators of ADHD symptomatology
even after controlling for sex and age at survey comple-
tion, with effect sizes in the small to medium range
(Table 2). Similar to the bivariate analyses, the only
ADHD symptom severity indicator regarding which sur-
gery status was not a statistically significant correlate
was the CBCLAD (Table 2). Observed (post hoc) power
for the surgery status variable ranged from 0.43
(CBCLAD) to 0.75 (YSRAD).
Regarding all ADHD symptom severity indicators, the

post hoc tests indicated that the symptoms of those
treated surgically at or above 3 years of age were more
severe than not only the control group but also of those
who were treated surgically at a younger age; and with
some exceptions, these differences were statistically sig-
nificant (Table 3). Interestingly, the control group and
those treated surgically under 3 years of age did not dif-
fer significantly across any of the five ADHD symptom
severity indicators according to the post hoc tests.

Sensitivity analyses
Considering the non-trivial differences in standard devi-
ation of some ADHD indicators across study groups
(Table 1), the multivariate analyses were also rerun on a
trimmed data set eliminating outliers, using the criterion
of a z score > |3.29|. In this case, surgery status was only
associated with YSRAD scores (F = 3.126, p = 0.047, η2 =
0.047) but not with the other four ADHD symptomatol-
ogy indicators (CBCLAD: F = 1.093, p = 0.339, η2 = 0.017;
ADHD RSIA: F = 0.777, p = 0.462, η2 = 0.012; ADHD
RSHI: F = 1.887, p = 0.156, η2 = 0.029; ADHD RSTOT: F =
1.720, p = 0.183, η2 = 0.027).
Given the importance of sex differences in the phe-

nomenology of ADHD, further multivariate analyses
were completed (in the untrimmed data set) to test the
moderator role of sex: an interaction term of sex and
surgery status was added to the default models. This
interaction term was significant in the model for the
YSRAD (p = 0.031) and the CBCLAD (p = 0.036); while
non-significant for the model for ADHD RSIA (p =
0.073), ADHD RSHI (p = 0.355), and the ADHD RSTOT

(p = 0.284). Considering the significant interactions, sex-
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stratified analyses were also conducted for scores on the
YSRAD and the CBCLAD. These analyses indicated that
surgery status was significantly associated with YSRAD

(F = 6.248, p = 0.003, η2 = 0.159) and CBCLAD (F = 4.441,
p = 0.016, η2 = 0.122) scores in girls but not in boys
(YSRAD: F = 0.659, p = 0.521, η2 = 0.022; CBCLAD: F =
1.040, p = 0.360, η2 = 0.035).

Discussion
Interpretation of the results
The worldwide prevalence of ADHD in pediatric pop-
ulations is approximately 5.29% [31]. ADHD is often
co-morbid with behavioral disorders (36–40%), major
depressive episodes (18%), anxiety problems (26%)
[32] and learning disabilities (30%) [33]. Quality of life
of affected patients is lower, even if in half of the
cases, ADHD symptoms disappear upon reaching
adulthood [8, 34].
The aim of this study was to shed light on the

long-term consequences of pediatric cardiac surgery
in terms of attention-deficit and hyperactivity symp-
toms. To the best of our knowledge, this is the first
study reporting an age-related comparison of patients
with congenital heart disease undergoing cardiac sur-
gery and a healthy population. The results indicated a
significantly higher severity of attention deficit and
hyperactivity symptoms in children who underwent
cardiac surgery at or above the age of three compared
to non-operated individuals or even children operated

at a younger age, an outcome which was largely con-
sistent across assessment tools and data providers
(patient- vs. parent-report). Interestingly, the sub-
group operated at a younger age underwent a larger
number of operations and was more frequently diag-
nosed with a cyanotic malformation, which suggests
that factors other than cyanotic malformation or
number of operations (cf. repeated anesthetic expos-
ure) should explain the more severe ADHD symptom-
atology observed in the subgroup operated later in
life.
A potential explanation for our findings is that re-

pair mechanisms and neuronal plasticity in newborns
and younger children are more efficient than in chil-
dren of older ages. Brain development consists of a
cascade of different stages composing of cell birth,
cell migration, differentiation, maturation (dendrite
and axon growth), synaptogenesis, cell death, synaptic
pruning, and myelogenesis – all following an age-
dependent pattern [20]. Due to the uncertainty in the
number of neurons reaching their predicted and ap-
propriate destination, the brain overproduces both
neurons and synapses with a peak of formation oc-
curring between the ages of one and 2 years [20, 35].
During this stage, unneeded or damaged neurons are
removed by synaptic pruning and cell death, while
stem cells lining the subventricular zone are activated
and parallel systems initiate to form new cell connec-
tions. Additionally, dendrites and spines show

Table 2 Relationship between ADHD symptomatology and surgery status in the multivariate analyses (ANCOVA)

YSRAD (N = 133) CBCLAD (N = 129) ADHD RSIA (N = 133) ADHD RSHI (N = 133) ADHD RSTOT (N = 133)

F p η2 F p η2 F p η2 F p η2 F p η2

Sex 0.308 0.580 0.002 0.001 0.979 < 0.001 0.298 0.586 0.002 0.017 0.897 < 0.001 0.184 0.669 0.001

Surgery status 4.416 0.014 0.065 2.107 0.126 0.033 3.951 0.022 0.058 3.038 0.051 0.045 4.308 0.015 0.063

Age at survey 0.021 0.885 < 0.001 0.096 0.757 0.001 0.010 0.920 < 0.001 3.579 0.061 0.027 1.134 0.289 0.009

YSRAD Youth Self-Report Attention Disorders Subscale, CBCLAD Child Behaviour Checklist Attention Disorders Subscale, ADHD RSIA ADHD Rating Scale–IV Inattention
Subscale, ADHD RSHI ADHD Rating Scale–IV Hyperactivity-Impulsivity Subscale, ADHD RSTOT ADHD Rating Scale–IV Total Score, η2 partial eta squared

Table 3 Results of the post-hoc tests regarding the relationship between surgery status and ADHD symptomatology (ANCOVA)

YSRAD (N = 133) CBCLAD (N = 129) ADHD RSIA (N = 133) ADHD RSHI (N = 133) ADHD RSTOT
(N = 133)

EMM
(SE)

Post hoc
comparison

EMM
(SE)

Post hoc
comparison

EMM
(SE)

Post hoc
comparison

EMM
(SE)

Post hoc
comparison

EMM
(SE)

comparison

Control (a) 2.487
(0.361)

p a vs. b =
0.640
p a vs. c =
0.004
p b vs. c =
0.013

2.027
(0.412)

p a vs. b =
0.433
p a vs. c =
0.042
p b vs. c =
0.160

2.812
(0.694)

p a vs. b =
0.624
p a vs. c =
0.018
p b vs. c =
0.007

2.646
(0.552)

p a vs. b =
0.293
p a vs. c =
0.097
p b vs. c =
0.015

5.608
(1.203)

p a vs. b =
0.934
p a vs. c =
0.008
p b vs. c =
0.007

Surgically treated under 3
years of age (b)

2.725
(0.361)

2.490
(0.423)

2.332
(0.693)

1.825
(0.552)

5.467
(1.202)

Surgically treated at or
above 3 years of age (c)

4.389
(0.541)

3.581
(0.628)

5.821
(1.040)

4.327
(0.828)

11.495
(1.803)

YSRAD Youth Self Report Attention Disorders Subscale, CBCLAD Child Behaviour Checklist Attention Disorders Subscale, ADHD RSIA ADHD Rating Scale–IV Inattention
Subscale, ADHD RSHI ADHD Rating Scale–IV Hyperactivity-Impulsivity Subscale, ADHD RSTOT ADHD Rating Scale–IV Total Score, EMM (SE) estimated marginal means
adjusted for sex and age at survey completion (standard error)
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particularly high plasticity in response, forming synap-
ses in just a few hours after injury [20]. Due to these
facts, developmental outcomes from different injuries
will vary according to the exact stage of development
[35, 36] with individuals below the age of three hav-
ing better chances for full recovery. Further research
is needed to further confirm these explorative findings
suggesting age-dependent behavioral outcomes in re-
lation to pediatric cardiac surgery.
It is also worthy of note though that the results of the

primary analyses of this study were not particularly ro-
bust: the sensitivity analyses indicated that the trends
observed in the primary analyses emerge more consist-
ently among females than males and that outliers might
be responsible for a disproportionately large amount of
variance. These considerations suggest that further in-
vestigations with a more explicit focus on sex differences
and larger samples need to confirm the findings of this
exploratory study and investigate potential moderators
of the relationship between age at cardiac surgery and
ADHD symptomatology.

Strengths and limitations
A major strength of this study was the consideration
of both self- and collateral reports on the same con-
struct (ADHD symptomatology) using multiple, paral-
lel assessment tools. While overall the findings were
homogeneous, certain differences did emerge across
assessment tools (e.g., difference in effect sizes, preva-
lence of diagnosable severity of ADHD symptomatol-
ogy), which indicates that future studies with a
similar focus should carefully select which measure(s)
to use considering, for instance, the goals of the study
(e.g., focus on inattention versus the full range of
ADHD symptoms) or the statistical power intended
to achieve.
Limitations of this study need to be acknowledged

as well. First, the sample was relatively small limiting
our ability to reliably detect small differences among
the study groups or conduct adequately powered sex-
stratified analyses. This shortcoming of the study was
also highlighted by the suboptimally low (< 0.80) post
hoc power values. Further, the convenience nature of
the sampling procedure limits the generalizability of
the findings and reduces the strength of our hypoth-
esis regarding neural plasticity. For example, it is pos-
sible that the subsample of those treated surgically at
a younger age had a more favorable ADHD symptom
profile in our study compared to those operated on
later not because of more effective neural repair
mechanisms but because only the most resilient indi-
viduals from the first group survived their early years
(cf. the higher number and complexity of cardiac op-
erations and more frequent cyanotic malformation in

this group suggesting a higher risk of death) raising
the possibility of selection bias.2

Another sampling-related limitation of the study de-
sign was the heterogeneity of the sample, that is,
congenital heart disease was conceptualized as a
homogenous disease despite the quite diverse conditions
this umbrella term covers. The large variability in med-
ical procedures used to correct this diverse group of
medical conditions makes it challenging to design stud-
ies with adequate sample size while focusing on a single
condition or surgical procedure. Most likely not inde-
pendently of this fact, the omnibus approach used in the
present study is not unique and was also used in other
studies investigating the psychological aspects of con-
genital heart diseases or their treatment [37, 38].
Yet another limitation of the present study is that cer-

tain surgical interventions – from surgical technology to
treatment guidelines for surgery and postoperative clin-
ical management – have evolved considerably since the
study period; and therefore, our findings might be less
generalizable to clients receiving treatment according to
these more recent protocols. Further studies following
the most recent treatment guidelines and focusing on a
single or smaller group of congenital heart diseases and
their treatment could contribute to a more nuanced un-
derstanding of how congenital heart diseases and the
surgical procedures aiming to correct them influence
neurocognitive development.
A further limitation of the study was the lack of access

to detailed medical information on the prenatal and the
peripartum periods (e.g., intrauterine growth retardation,
smoking behavior during pregnancy and other terato-
genic factors), which could also have influenced the cog-
nitive and behavioral development of the offspring [39–
41]. Data on families’ socio-economic status, life style
factors, or parents’ psychological characteristics were not
collected either, all of which may also contribute to the
development, prognosis, or reporting of ADHD symp-
toms [42, 43]. In addition, the present study did not in-
clude any detailed genetic analyses either, thus the
overlap with non-cardiac congenital conditions present-
ing only later in life (post-surgery) also remained un-
known. Considering these variables in future research

2We estimate though that the likelihood of such selection bias is
relatively low. The average operation-related annual mortality rate in
the given cardiac center during the study period was 4.24% [37]. Even
if assuming that all patients who died, had they survived, would have
been part of the subgroup of clients operated under the age of 3 and
all would have been characterized by a diagnosable severity level of
ADHD symptomatology, that would increase the number of ADHD
diagnoses in this study group from 3 (5.88%) to 5 (9.26%). Even in this
case, the estimated ADHD prevalence rates in the subgroup operated
above at or above 3 years of age remained higher (12–23%, depending
on assessment tool, cf. Table 1).
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could increase the reliability of findings in studies with a
similar focus. Finally, due to the methodology of the
current study, we cannot rule out the possibility that the
reported ADHD symptoms could have been better ex-
plained by mental health conditions other than ADHD
(e.g., anxiety, depression); using diagnostic evaluations
by mental health experts could have contributed to a
more reliable and valid ADHD assessment protocol.

Clinical implications and conclusions
The results of the present study raise the possibility that
the age of children at cardiac surgery has a prognostic
role in the emergence of a future attention disorder. The
clinical relevance of routine ADHD screening and early
diagnosis in pediatric cardiac rehabilitation could help
both patients and their social environment to recognize
early signs and prevent severe consequences of ADHD
such as poorer school performance, social isolation, de-
pression, or substance abuse. Our study also calls atten-
tion to the importance of the large variety of factors
potentially influencing behavioral outcomes in pediatric
cardiac populations (number of surgeries, possible surgi-
cal complications, type of malformations etc.), which
variables should be made easily accessible to health care
providers in (electronic) health records to facilitate both
high-quality clinical service delivery and research.
The results of the present study suggest that the nega-

tive psychological effects of pediatric cardiac surgery
might not be equally salient in different ages and thus
certain age groups might be more at risk to develop
ADHD symptoms after cardiac surgery. This notion, on
the one hand, could help better target ADHD screening,
assessment, and treatment procedures in pediatric popu-
lations, while on the other hand, it raises the possibility
that other cardiac-surgery-related psychological
outcomes are also dependent on the timing of cardiac
interventions, which possibility deserves further
investigations.
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