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Abstract 

Objectives

To investigate neurodevelopmental outcome in preschool children with a CHD (con-

genital heart defect) requiring surgery compared to healthy controls.

Materials and methods

This study includes all Danish children born between 2016–2018 who underwent 

surgery within the first year for Ventricular Septal Defect (VSD), atrioventricular 

septal defect, coarctation of the aorta, double outlet right ventricle, tetralogy of fallot, 

and Transposition of the Great Arteries (TGA). Exclusion criteria: preterm birth (<37 

weeks), twins, and genetic aberrations. Cases were matched with two to four healthy 

controls on age, sex, gestational age at delivery, and region of birth. Neurodevelop-

mental outcome at 33–60-months was assessed by the Ages & Stages Question-

naire (ASQ). Comparisons were performed by the Mann-Whitney U test and logistic 

regression analysis and presented as p-values and odds ratios (OR) with 95% confi-

dence intervals (CI).

Results

There were no differences in ASQ score between 105 cases with any CHD (230 

(IQR 195–260)) and 179 controls (235 (IQR 205–265)), p = 0.12. Cases had five-fold 

increased odds of a low score compared to controls after adjusting for maternal edu-

cational level and children’s age at ASQ completion (OR 5.02, 95% CI 1.49;16.90). 

This was primarily driven by cases with prenatally undetected VSD, where 20% 
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scored below −2 standard deviations. No differences were found across individual 

CHD subgroups. In cases with prenatally undetected TGA, the total ASQ score was 

185 (IQR 145–190) compared to 220 (IQR 190–270) in prenatally detected TGA, 

p = 0.08.

Conclusions

The overall ASQ score in children with surgically corrected CHD was comparable to 

controls. However, cases had five-fold increased odds of a low score, primarily driven 

by children with prenatally undetected VSD. Additionally, ASQ scores were lower in 

TGA cases, especially when undetected prenatally, though not significant. These find-

ings suggest follow-up of all children with a CHD requiring surgery including aware-

ness of potential developmental delays.

Introduction

Congenital heart defects (CHD) are among the most common congenital malfor-
mations worldwide with a live-birth incidence of 0.15–3% depending on severity 
[1–4]. The prognosis varies by the complexity, but survival rates have increased 
significantly due to advances in prenatal detection and surgical techniques [1–3]. 
With reduced mortality, the impact of CHD on long-term outcomes have gained 
a greater focus [5–10]. Increasing evidence shows that children undergoing 
open-heart surgery during infancy for complex CHD, predominantly investigated 
in hypoplastic left heart syndrome (HLHS), transposition of the great arteries 
(TGA), and Tetralogy of Fallot (ToF), are at risk of poorer neurodevelopmental 
outcomes and at higher risk of some mental health disorders [11–14]. Newer 
studies have also raised concern of adverse neurodevelopment in children with 
milder CHD diagnoses [15–18]. However, these studies have had diverging 
results.

In 2012, The American Heart Association and the American Academy of Pediatrics 
published a Scientific Statement recommending neurodevelopmental surveillance, 
screening, and evaluation of all neonates and infants with a CHD requiring open-
heart surgery; this statement was subsequently updated in 2024 [8,19]. However, 
recommendations from other organizations differ from this approach, and The 
International Society of Ultrasound in Obstetrics and Gynecology emphasizes the 
importance of further follow-up studies to support current evidence before counsel-
ing expectant parents about a possible increased risk of neurodevelopmental delay, 
except for cases with univentricular circulation [20]. In Denmark, assessment of neu-
rodevelopment is not commonly a part of follow-up programs for children with a CHD 
requiring surgery.

Thus, we aimed to investigate the neurodevelopmental outcome in Danish pre-
school children with minor and major CHD requiring surgery within the first year of life 
compared to healthy controls.
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Materials and methods

This was a case-control study performed at the Center of Fetal Medicine, Department of Gynecology, Fertility, and Obstet-
rics, Rigshospitalet, Denmark. In Denmark, all women are offered two prenatal ultrasound examinations through a publicly 
funded healthcare system: A 1st-trimester examination with screening for aneuploidies and a 2nd-trimester examination for 
assessment of fetal growth and malformations. More than 97% of the pregnant population attend the screening program 
[21]. Genetic testing is offered in all cases of prenatally detected CHD as up to 20–30% of fetuses with major CHD have a 
genetic aberration [22,23]. In 2016, the Danish Health Authority centralized pediatric cardiothoracic surgery and catheter 
intervention at Rigshospitalet, Copenhagen.

This study includes all Danish children born in a three year period (2016–2018) who underwent surgical correction 
within the first year of life for the most common CHD diagnoses among liveborn children in Denmark: ventricular septal 
defect (VSD), atrioventricular septal defect (AVSD), coarctation of the aortae (CoA), double outlet right ventricle (DORV), 
Tetralogy of Fallot (ToF), and transposition of the great arteries (TGA). Cases were identified from patient lists used for 
surgical quality assurance, and supplemental data were retrieved from The Danish Fetal Medicine Database (DFMD) on 
January 4, 2021 [24]. The DFMD contains information on all pregnancies including maternal characteristics, fetal growth, 
pre- and postnatal malformation diagnoses, pre- and postnatal genetic aberrations, delivery, pregnancy and child out-
come, and postnatal diagnoses on newborns and infants in Denmark. In the DFMD, prenatal data are retrieved from the 
prenatal ultrasound system Astraia (Astraia GmbH, Munich, Germany), postnatal data from the National Patient Registry, 
pregnancy information from the National Birth Registry, and genetic data from the Danish Cytogenetic Central Registry. In 
Denmark, all residents are assigned a unique central personal registry number at birth or upon immigration, which in the 
DFMD allows linkage between mother and child. The accuracy of the postnatal CHD diagnoses in the DFMD has previ-
ously been evaluated and was correct in 100% of all cases in the greater Copenhagen area between 2015–2018 [2].

All included cases were matched on age, sex, gestational age at delivery, and region of birth with two to four healthy 
controls retrieved from the DFMD on February 22, 2021. Being healthy was defined as no identified malformations or 
chromosomal aberrations pre- or postnatally. Furthermore, maternal baseline characteristics were retrieved from the 
DFMD. Exclusion criteria were preterm birth (<37 weeks), multiple pregnancies, and pre- or postnatally detected genetic 
aberrations.

The children’s neurodevelopmental outcome was assessed by the Danish version of the Ages & Stages Questionnaire, 
third edition (ASQ) [25]. The ASQ is a parent-administered age-specific questionnaire validated against a widely used 
reference – the Bayley Scales of Infant and Toddler Development – as a developmental screening tool in infants and 
toddlers with CHD [26]. Each questionnaire consists of six multiple-choice questions in each of the following five areas of 
development: communication, gross motor skills, fine motor skills, problem-solving, and personal-social functioning. The 
questions can be answered “yes” (ten points), “sometimes” (five points), and “not yet” (zero points), depending on whether 
the behavior is present, emerging, or absent. This results in a maximum score of 60 points in each developmental domain 
and a maximum total score of 300 points. Additionally, ten open-ended questions are included to evaluate the parent´s 
concerns and the child´s behavior in general.

The ASQ is primarily designed as a screening tool, with items focused on the lower threshold of normal development, 
which may result in a ‘ceiling effect’ when children with above average development achieve maximum scores. To reduce 
the saturation of scores of children with faster-than-normal psychomotor development, ‘above-age’ questionnaires were 
used meaning that parents received and completed the questionnaire 3–6 months before the children’s questionnaire-
specific age. Although this represents a non-conventional use of the ASQ, a similar approach has previously been applied 
in studies of children born extremely preterm [27,28]. Here it was found to correlate well with Bayley Scales of Infant and 
Toddler Development and to detect the expected difference between the preterm group and a term born control group.

In this study, questionnaires for 33-, 36-, 42-, 48-, 54- and 60-months old children were used corresponding to the age 
of approximately 2–5 years. The questionnaires were distributed and completed during the period from March 1, 2021 to 
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July 31, 2021. Mothers of the included children were sent an ASQ questionnaire and an explanatory letter along with a 
link to the appropriate ASQ. Parents filled in the questionnaire at home partly from memory and partly from doing the short 
exercises with their child as described in the questionnaire. To take into account the impact of an inherited genetic com-
ponent and early interaction, mothers were asked to state the maternal educational level according to a modified version 
of the UNESCO classification [29]. The score ranged from 1–6 points with completion of 7th-10th grade resulting in 1 point 
and a PhD resulting in 6 points. Parents were asked to complete the questionnaire within two weeks. In case of non-
response, a reminder was sent, and/or phone calls were made.

Based on an assumption that the true prevalence of delayed neurodevelopmental outcome (a developmental score 
less than −2 standard deviations (SD), i.e., 2.5% in the general population) is 10% in children with surgically corrected 
CHD, a power calculation based on a non-inferiority design resulted in the need of inclusion of 196 children (98 cases and 
98 controls) with a beta = 0.10 og alpha = 0.05 to test the hypothesis that a maximum of 20% (2.5% + 17.5% non-inferiority 
margin) of the children with CHD had an ASQ score lower than −2 SDs.

Data were analyzed in Stata version 18. Baseline characteristics for cases and controls are presented as frequencies 
with percentages for categorical variables and means with SDs or medians with interquartile ranges (IQR) for continuous 
variables depending on the distribution. While the study design was matched, a suboptimal response rate led to the loss 
of many ‘pairs’ and therefore the statistical analysis was unmatched. Comparisons were performed by Student’s t-test, 
Mann-Whitney U test, or the Chi2 test. The ASQ scores are presented as medians with IQR and proportions with a low 
score, defined as a score less than −2 SDs based on the scores from the control group. Comparisons were performed 
between cases and controls by the Mann-Whitney U test and logistic regression analysis and presented as p-values and 
odds ratios (OR) with 95% confidence intervals (CI). To provide an estimate of the effect size, the score was squared to 
obtain a symmetric distribution and Cohen’s d was calculated. The logistic regression analyses were adjusted for maternal 
educational level and the child’s age when completing the questionnaire. A significance level of <0.05 was chosen.

The study was approved by the Regional Ethics Committee of the Capital Region of Denmark (Journal no.: 
H-20053569) and the Danish Data Protection Agency (P-2020–755). Written consent was obtained from all participants 
before the completion of the ASQ.

Results

In the period 2016–2018, 171 children underwent surgery at Rigshospitalet within the first year of life due to one of the 
CHD diagnoses included in this study. Cases were screened for eligibility, and 41 children were excluded: twins n = 12, 
genetic aberrations n = 17, death n = 2, age too old to receive the ASQ n = 5, and no matched controls could be identified 
n = 5 (Fig 1).

The remaining cases (n = 130) were matched with 504 seemingly healthy controls. Of the controls, 13 were excluded: 
twins n = 7, genetic aberrations n = 1, death n = 1, and four controls were not able to receive the questionnaire, as their 
mothers could not receive electronic postage (Fig 2).

Hence, a total of 130 cases and 491 controls were included. The response rate was 80.8% for cases (105/130) and 
36.5% for controls (179/491). Table 1 shows baseline characteristics for cases versus controls, whereas baseline charac-
teristics for responders versus non-responders are shown in S1 Table.

The total ASQ scores of cases and controls are shown in Table 2.
We found no significant difference in ASQ score between cases (230, IQR 195–260) and controls (235, IQR 205–265), 

p = 0.12. The Cohen’s d was 0.23 (95% CI −0.1 to 0.47). Eleven cases (10.5%) and 4 controls (2.2%) had scores under −2 
SDs, yielding a five-fold increased odds of a low score in cases compared to controls that persisted after adjustment for 
maternal educational level and the children’s age at completing the ASQ (OR 5.02 (95% CI 1.49;16.90)). The increased 
odds of a low ASQ score was mostly driven by cases with surgically corrected VSD, as there was no difference between 
cases with major CHD and controls (OR 2.15 (0.53;8.74)), while a total of 20% of children with surgically corrected VSD 
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Fig 1.  Flowchart of the study population, cases. ASQ – Ages & Stages Questionnaire; CHD – congenital heart defect; n – number.

https://doi.org/10.1371/journal.pone.0341135.g001

Fig 2.  Flowchart of the study population, controls. ASQ – Ages & Stages Questionnaire; CHD – congenital heart defect; n – number.

https://doi.org/10.1371/journal.pone.0341135.g002

https://doi.org/10.1371/journal.pone.0341135.g001
https://doi.org/10.1371/journal.pone.0341135.g002
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had a score < −2 SDs. None of the cases with VSD were prenatally detected or genetically tested. When looking at the 
total ASQ score in different CHD subtypes, there were no significant differences, see Table 2. In cases with TGA (n = 18) 
we found an ASQ score of 203 (IQR 185–260) compared to 235 in controls (IQR 170–265), p = 0.53. A subanalysis of 
cases with a prenatally undetected TGA (n = 3) showed an ASQ score of 185 (IQR 145–190) compared to 220 (IQR 

Table 1.  Baseline characteristics for children with surgically corrected CHD and controls.

Cases, n = 105 Controls, n = 179 Comparison
p-value*

Maternal age, mean (SD) 30.2 (4.7) 29.9 (4.9) 0.62

Maternal BMI, median (IQR) 23 (21-27) 22 (20-24) 0.00

Smoking (yes), n (%) 4 (3.9) 11 (6.3) 0.38

Nulliparous, n (%) 54 (52.9) 89 (51.7) 0.85

Maternal educational level, median (IQR) 4 (3-5) 4 (3-5) 0.68

GA at delivery in days, median (IQR) 277 (271-281) 278 (272-284) 0.13

Birthweight in grams, median (IQR) 3396 (3055-3710) 3470 (3164-3850) 0.04

BMI – body mass index; GA – gestational age; IQR – interquartile range; n – numbers; SD – standard deviation.

* Significance level <0.05.

https://doi.org/10.1371/journal.pone.0341135.t001

Table 2.  Ages & Stages Questionnaire scores and odds ratios for low score in cases and controls.

Diagnose, n
Total ASQ score
Median (IQR)

Difference in medians com-
pared to controls
p-value*

Proportion with low 
score (<−2 SD)
%

Unadjusted odds 
ratio for low score
(95% CI)

Adjusted§ odds 
ratio for low score
(95% CI)

Any CHD, n = 105
Any control, n = 179

230 (195-260)
235 (205-265)

0.12 10.5
2.2

5.12 (1.59;16.52)
–

5.02 (1.49;16.90)

Major CHD
Cases = 75
Controls = 133

235 (200-260)
240 (205-265)

0.55 6.7
3.0

2.30 (0.60;8.86) 2.15 (0.53;8.74)

Tetralogy of Fallot
Cases = 21
Controls = 31

240 (205-265)
240 (220-265)

0.45 9.5
0.0

– –

Coarctation of the aorta
Cases = 20
Controls = 27

238 (223-265)
240 (205-260)

0.93 5.0
0.0

– –

Transposition of the great 
arteries
Cases = 18
Controls = 26

203 (185-260)
235 (170-265)

0.53 11.1
7.7

– –

Atrioventricular septal defect
Cases = 9
Controls = 17

240 (235-250)
235 (215-250)

0.21 0.0

0.0

– –

Double outlet right ventricle
Cases = 7
Controls = 12

230 (170-265)
233 (165-260)

0.76 0.0

16.7

– –

Ventricular septal defect
Cases = 30
Controls = 46

218 (170-245)
238 (200-270)

0.06 20.0
0.0

– –

ASQ – Ages & Stages Questionnaire; CHD – congenital heart defect; CI – confidence interval; IQR – interquartile range; n – number.

* Significance level <0.05.
§Adjusted for maternal educational level and age at completing questionnaire.

https://doi.org/10.1371/journal.pone.0341135.t002

https://doi.org/10.1371/journal.pone.0341135.t001
https://doi.org/10.1371/journal.pone.0341135.t002
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190–270) in cases with a prenatally detected TGA (n = 15), p = 0.08. See Table 3 for additional ASQ scores of all prenatally 
detected and undetected CHD subtypes.

Discussion

In this study, we investigated neurodevelopmental outcomes in Danish preschool children with surgically corrected 
CHD compared to healthy matched controls using the parent-administered ASQ. The overall differences in ASQ scores 
between cases and controls were at most moderate, but the odds of a low score (<−2 SDs) in cases was increased five-
fold compared to controls. This finding was mainly driven by low ASQ scores in children with a surgically corrected VSD.

Numerous studies have identified elevated risks of poor neurodevelopmental outcomes in children with CHD [5–18]. 
The comparable ASQ scores observed between cases and controls in this study may reflect several factors, including a 
well-established prenatal screening program with a high participation rate, a high prenatal detection rate of major CHD, 
centralized multidisciplinary care with early and timely surgical intervention, and routine genetic testing, which together 
may influence both case selection and neurodevelopmental outcomes [2,4,21,22]. Notably, univentricular heart (UVH) – 
the most severe form of CHD, associated with increased risk of poor neurodevelopmental outcomes – was not included, 
reflecting the very small number of survivors eligible for population-based follow-up in Denmark due to high prenatal dete-
cetion (>99%) and frequent pregnancy termination [4,8,20,30]. Furthermore, all included children underwent corrective 
surgery in accordance with current national guidelines at a centralized tertiary center (Rigshospitalet, Denmark), indicating 

Table 3.  Ages & Stages Questionnaire scores in children with prenatally detected and undetected CHD.

Diagnose, n (%) Total ASQ score
Median (IQR)

Difference in medians 
detected vs. undetected
p-value*

Proportion with low 
score (<−2 SD)
n (%)

Unadjusted odds 
ratio for low score
(95% CI)

Adjusted§ odds 
ratio for low score
(95% CI)

Any CHD, n = 105
Detected = 53 (50.5)
Undetected = 52 (49.5)

235 (200-260)
225 (185-255)

0.28 4 (7.6)
7 (13.5)

1.91 (0.52;6.95) 1.85 (0.41;8.32)

Major CHD
Detected = 53 (70.7)
Undetected = 22 (29.3)

235 (200-260)
228 (195-265)

0.90 4 (7.6)
1 (4.6)

0.58 (0.06;5.54) 0.48 (0.04;5.37)

Tetralogy of Fallot
Detected = 16 (76.2)
Undetected = 5 (23.8)

240 (200-263)
210 (205-265)

0.92 2 (12.5)
0 (0.0)

– –

Coarctation of the aorta
Detected = 10 (50.0)
Undetected = 10 (50.0)

238 (220-245)

235 (225-270)

0.75 1 (10.0)

0 (0.0)

– –

Transposition of the great arteries
Detected = 15 (83.3)
Undetected = 3 (16.7)

220 (190-270)
185 (145-190)

0.08 1 (6.7)

1 (33.3)

– –

Atrioventricular septal defect
Detected = 6 (66.6)
Undetected = 3 (33.3)

240 (235-240)
250 (235-285)

0.41 0 (0.0)
0 (0.0)

– –

Double outlet right ventricle
Detected = 6 (85.7)
Undetected = 1 (14.3)

240 (200-265)
170 (-)

0.57 0 (0.0)
0 (0.0)

– –

Ventricular septal defect
Detected = 0 (0.0)
Undetected = 30 (100.0)

–
218 (170-245)

– –
6 (20.0)

– –

ASQ – Ages & Stages Questionnaire; CHD – congenital heart defect; CI – confidence interval; IQR – interquartile range; n – number.

* Significance level <0.05.

https://doi.org/10.1371/journal.pone.0341135.t003

https://doi.org/10.1371/journal.pone.0341135.t003
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a consistently high standard of surgical care. This is supported by a nationwide study from 2018–2022 reporting an overall 
postnatal mortality of only 9.8% (32/326) among children with major congenital heart disease, approximately half of whom 
were not considered for or scheduled for surgery [4]. These factors may collectively help explain the comparable ASQ 
scores observed between cases and controls.

Although our data did not show any overall differences in ASQ scores between cases and controls, an increased odds 
of a low ASQ score in children with a surgically corrected VSD was found. Previous studies investigating neurodevelop-
mental outcomes in children with surgically corrected VSD have shown inconsistent results: Several studies have reported 
neurodevelopmental challenges either in cohorts exclusively consisting of children with VSD repair in infancy or in studies 
including both VSD and other major CHD diagnoses, with Billotte et al. also using the ASQ [12,15,17]. In contrast, other 
studies examining the long-term consequences of children with surgically corrected VSD have not found evidence of 
neurodevelopmental delays [31,32]. However, it is important to note that all of the above-mentioned studies exhibit meth-
odological differences, including variations in sample sizes, diagnostic or screening tools, and the ages at which assess-
ments were conducted, which complicates direct comparison of the findings.

In contrast to other CHD subtypes in this study, none of the VSDs were detected prenatally and, consequently, the 
parent’s had not been offered genetic testing prenatally. However, genetic tests are also performed postnatally when 
genetic syndromes are suspected. Furthermore, the VSD subgroup was not differentiated into muscular and perimembra-
nous defects. Taking existing literature into account, it may be considered that an undiagnosed genetic component could 
have contributed to the neurodevelopmental challenges observed in this group: Previous studies have demonstrated that 
isolated perimembranous VSDs are more likely to require postnatal intervention due to their anatomical characteristics. 
Furthermore, perimembranous VSDs are more frequently associated with chromosomal abnormalities [33,34]. Hence, it 
seems reasonable to consider a contribution from a genetic component to the low ASQ score in some of the VSD cases 
in this study. This speculation aligns well with the findings of Kaltman et al., who reported neurodevelopmental outcomes 
within normal limits in infants undergoing surgical VSD repair, although worse outcomes were observed in the presence of 
a suspected or confirmed genetic condition [32]. Alternatively, the lack of prenatal detection may have delayed postnatal 
management, hence indirectly impacting the neurodevelopment. The finding indicates that attention to neurodevelopmen-
tal outcomes in children with a surgically corrected VSD may be considered, especially when prenatally undetected. This 
consideration is consistent with the conclusion by Billotte et al. as well as the American Heart Association and the Ameri-
can Academy of Pediatrics, who suggest implementation of formal neurodevelopmental evaluation in the CHD population, 
regardless of severity [15,19].

When analyzing the different CHD subtypes, we observed a lower ASQ score in children with TGA, particularly in pre-
natally undetected cases. Prior research have demonstrated that TGA is associated with an elevated risk of neurodevel-
opmental delays [35,36]. The small sample size in this TGA subgroup might explain why the data did not reach statistical 
significance. The observation of the lowest total ASQ score in cases with prenatally undetected TGA may be explained by 
postnatal circulatory compromise or suboptimal management prior to surgery, a speculation supported by existing liter-
ature: Peyvandi et al. found that prenatal diagnosis of TGA decreases risk of preoperative brain injury and is associated 
with a faster rate of postnatal brain growth [37]. Moreover, early surgical intervention, facilitated by prenatal detection, may 
prevent further brain injury by minimizing postnatal exposure to abnormal cerebral perfusion [38]. These findings under-
score the importance of prenatal diagnosis in improving neurocognitive outcomes for children with TGA. Furthermore, it 
reinforces the previously mentioned suggestion of emphasized focus on neurodevelopmental outcome in children with 
prenatally undetected CHD.

This study has several strengths. The nationwide inclusion of cases and controls from all regions of Denmark and the 
high response rate among cases makes the results representative for the general population. Cases were matched with 
their respective controls at multiple parameters ensuring a high degree of comparability. Whereas we abstained from 
paired statistical analysis due to suboptimal response rates, reasonable balance of potential confounders were obtained. 
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Furthermore, it was possible to retrieve additional data on pregnancy and delivery outcomes from all included cases and 
controls, ensuring a comprehensive dataset showing no essential differences in baseline characteristics between the 
groups.

A limitation of the study is the smaller sample size when analyzing the CHD subgroups, and thus our findings should 
ideally be validated in a larger study. Nevertheless, the data amount is comparable to other published studies within this 
field, which is a research area still characterized by sparse evidence. Another limitation concerns the lower response rate 
among controls compared to cases, which may limit the representativeness of the control group for the general popula-
tion. As this difference in response rate was anticipated, all cases were matched with two to four controls to strengthen 
the representativeness of the dataset. Nevertheless, the lower response rate among controls may have led to an over-
estimation of ASQ scores in this group if parents with more resources or well-performing children have been more likely 
to respond. However, the observed effect size for the primary outcome was small (Cohen’s d = 0.23), suggesting that any 
such bias is unlikely to have had a major impact on the results. In addition, no clinically relevant differences in baseline 
characteristics were identified between responders and non-responders, further reducing the risk of selection bias.

Finally, developmental tests in young childhood has only moderate ability to predict cognitive function as measured 
later in childhood by formal intelligence tests [39]. This study only represents the preschool period in the children’s devel-
opment with no formal test of cognitive function or academic achievements. In the future, with consecutive follow-up data, 
it will be possible to investigate the long-term neurodevelopmental consequences in these children with surgically cor-
rected CHD.

Conclusions

This nationwide study of a population with universal prenatal screening for CHD found that the overall ASQ score in pre-
school children with surgically corrected CHD was comparable to controls. However, cases had a five-fold increased odss 
of a low score, primarily driven by children with a prenatally undetected VSD. Additionally, we observed a lower, however 
not significant, ASQ score in cases with TGA, especially when not detected prenatally. These findings suggest that the 
follow-up of all children with a CHD requiring surgery should include awareness of potential developmental delays.

Supporting information

S1 Table. Baseline characteristics for responders and non-responders. SD – standard deviation; BMI – body mass 
index; IQR – interquartile range; n – numbers; GA – gestational age. *Significance level <0.05.
(JPG)

Author contributions

Conceptualization: Simone Hansen, Cathrine Vedel, Jesper Steensberg, Gorm Greisen, Line Rode, Charlotte Kvist 
Ekelund, Niels Vejlstrup, Karin Sundberg, Olav Bjørn Petersen, Ditte S. Jørgensen.

Data curation: Simone Hansen, Cathrine Vedel, Jesper Steensberg, Olav Bjørn Petersen, Ditte S. Jørgensen.

Formal analysis: Cathrine Vedel, Gorm Greisen, Line Rode.

Funding acquisition: Olav Bjørn Petersen.

Investigation: Simone Hansen, Cathrine Vedel, Ditte S. Jørgensen.

Methodology: Simone Hansen, Cathrine Vedel, Jesper Steensberg, Gorm Greisen, Line Rode, Charlotte Kvist Ekelund, 
Olav Bjørn Petersen, Ditte S. Jørgensen.

Project administration: Simone Hansen, Cathrine Vedel, Ditte S. Jørgensen.

Resources: Olav Bjørn Petersen.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0341135.s001


PLOS One | https://doi.org/10.1371/journal.pone.0341135  March 25, 2026 10 / 11

Software: Cathrine Vedel.

Supervision: Cathrine Vedel, Jesper Steensberg, Gorm Greisen, Line Rode, Charlotte Kvist Ekelund, Niels Vejlstrup, 
Karin Sundberg, Olav Bjørn Petersen, Ditte S. Jørgensen.

Validation: Simone Hansen, Cathrine Vedel, Jesper Steensberg, Gorm Greisen, Line Rode, Charlotte Kvist Ekelund, 
Niels Vejlstrup, Karin Sundberg, Olav Bjørn Petersen, Ditte S. Jørgensen.

Visualization: Simone Hansen, Cathrine Vedel, Gorm Greisen, Ditte S. Jørgensen.

Writing – original draft: Simone Hansen, Cathrine Vedel, Ditte S. Jørgensen.

Writing – review & editing: Simone Hansen, Cathrine Vedel, Jesper Steensberg, Gorm Greisen, Line Rode, Charlotte 
Kvist Ekelund, Niels Vejlstrup, Karin Sundberg, Olav Bjørn Petersen, Ditte S. Jørgensen.

References
	 1.	 Lytzen R, Vejlstrup N, Bjerre J, Petersen OB, Leenskjold S, Dodd JK, et al. Live-born major congenital heart disease in Denmark: incidence, detec-

tion rate, and termination of pregnancy rate from 1996 to 2013. JAMA Cardiol. 2018;3(9):829–37. https://doi.org/10.1001/jamacardio.2018.2009 
PMID: 30027209

	 2.	 Vedel C, Tabor A, Jørgensen FS, Rode L, Sundberg K, Vejlstrup N, et al. Prenatal detection rate of major congenital heart defects in Copenhagen 
from 2015 to 2018. Ultrasound Obstet Gynecol. 2021;58(2):324–5. https://doi.org/10.1002/uog.22167 PMID: 32770678

	 3.	 Marelli A, Miller SP, Marino BS, Jefferson AL, Newburger JW. Brain in congenital heart disease across the lifespan: the cumulative burden of injury. 
Circulation. 2016;133(20):1951–62. https://doi.org/10.1161/CIRCULATIONAHA.115.019881 PMID: 27185022

	 4.	 Vedel C, Steensberg J, Petersen OB, Andersen H, Barbosa M, Christiansen M, et al. Prenatal detection and outcome of major heart defects in a 
country with universal screening. Ultrasound Obstet Gynecol. 2025:10.1002/uog.70107. https://doi.org/10.1002/uog.70107 PMID: 41118659

	 5.	 Cassidy AR, Ilardi D, Bowen SR, Hampton LE, Heinrich KP, Loman MM, et al. Congenital heart disease: a primer for the pediatric neuropsycholo-
gist. Child Neuropsychol. 2018;24(7):859–902. https://doi.org/10.1080/09297049.2017.1373758 PMID: 28874075

	 6.	 Trivedi A, Browning Carmo K, Jatana V, James-Nunez K, Gordon A. Growth and risk of adverse neuro-developmental outcome in infants with 
congenital heart disease: a systematic review. Acta Paediatr. 2023;112(1):53–62. https://doi.org/10.1111/apa.16564 PMID: 36203274

	 7.	 Omann C, Kristensen R, Tabor A, Gaynor JW, Hjortdal VE, Nyboe C. School performance is impaired in children with both simple and complex 
congenital heart disease. Front Pediatr. 2023;11:1073046. https://doi.org/10.3389/fped.2023.1073046 PMID: 36911031

	 8.	 Sood E, Newburger JW, Anixt JS, Cassidy AR, Jackson JL, Jonas RA, et al. Neurodevelopmental outcomes for individuals with congenital heart 
disease: updates in neuroprotection, risk-stratification, evaluation, and management: a scientific statement from the American Heart Association. 
Circulation. 2024;149(13):e997–1022. https://doi.org/10.1161/CIR.0000000000001211 PMID: 38385268

	 9.	 Bolduc M-E, Dionne E, Gagnon I, Rennick JE, Majnemer A, Brossard-Racine M. Motor impairment in children with congenital heart defects: a 
systematic review. Pediatrics. 2020;146(6):e20200083. https://doi.org/10.1542/peds.2020-0083 PMID: 33208496

	10.	 Fourdain S, St-Denis A, Harvey J, Birca A, Carmant L, Gallagher A, et al. Language development in children with congenital heart disease aged 
12-24 months. Eur J Paediatr Neurol. 2019;23(3):491–9. https://doi.org/10.1016/j.ejpn.2019.03.002 PMID: 30954376

	11.	 Gonzalez VJ, Kimbro RT, Cutitta KE, Shabosky JC, Bilal MF, Penny DJ, et al. Mental health disorders in children with congenital heart disease. 
Pediatrics. 2021;147(2):e20201693. https://doi.org/10.1542/peds.2020-1693 PMID: 33397689

	12.	 Holst LM, Kronborg JB, Jepsen JRM, Christensen JØ, Vejlstrup NG, Juul K, et al. Attention-deficit/hyperactivity disorder symptoms in children with 
surgically corrected Ventricular Septal Defect, Transposition of the Great Arteries, and Tetralogy of Fallot. Cardiol Young. 2020;30(2):180–7. https://
doi.org/10.1017/S1047951119003184 PMID: 31928549

	13.	 Bellinger DC, Wypij D, Rivkin MJ, DeMaso DR, Robertson RL Jr, Dunbar-Masterson C, et al. Adolescents with d-transposition of the great arteries 
corrected with the arterial switch procedure: neuropsychological assessment and structural brain imaging. Circulation. 2011;124(12):1361–9. 
https://doi.org/10.1161/CIRCULATIONAHA.111.026963 PMID: 21875911

	14.	 Heye KN, Knirsch W, Latal B, Scheer I, Wetterling K, Hahn A, et al. Reduction of brain volumes after neonatal cardiopulmonary bypass surgery in 
single-ventricle congenital heart disease before Fontan completion. Pediatr Res. 2018;83(1–1):63–70. https://doi.org/10.1038/pr.2017.203 PMID: 
29278641

	15.	 Billotte M, Deken V, Joriot S, Vaksmann G, Richard A, Bouzguenda I, et al. Screening for neurodevelopmental disorders in children with congenital 
heart disease. n.d. https://doi.org/10.1007/s00431-020-03850-x/Published

	16.	 Sarrechia I, Miatton M, De Wolf D, François K, Vingerhoets G. Neurobehavioural functioning in school-aged children with a corrected septal heart 
defect. Acta Cardiol. 2013;68(1):23–30. https://doi.org/10.1080/ac.68.1.2959628 PMID: 23457906

	17.	 Hövels-Gürich HH, Konrad K, Skorzenski D, Nacken C, Minkenberg R, Messmer BJ, et al. Long-term neurodevelopmental outcome and exercise 
capacity after corrective surgery for tetralogy of Fallot or ventricular septal defect in infancy. Ann Thorac Surg. 2006;81(3):958–66. https://doi.
org/10.1016/j.athoracsur.2005.09.010 PMID: 16488701

https://doi.org/10.1001/jamacardio.2018.2009
http://www.ncbi.nlm.nih.gov/pubmed/30027209
https://doi.org/10.1002/uog.22167
http://www.ncbi.nlm.nih.gov/pubmed/32770678
https://doi.org/10.1161/CIRCULATIONAHA.115.019881
http://www.ncbi.nlm.nih.gov/pubmed/27185022
https://doi.org/10.1002/uog.70107
http://www.ncbi.nlm.nih.gov/pubmed/41118659
https://doi.org/10.1080/09297049.2017.1373758
http://www.ncbi.nlm.nih.gov/pubmed/28874075
https://doi.org/10.1111/apa.16564
http://www.ncbi.nlm.nih.gov/pubmed/36203274
https://doi.org/10.3389/fped.2023.1073046
http://www.ncbi.nlm.nih.gov/pubmed/36911031
https://doi.org/10.1161/CIR.0000000000001211
http://www.ncbi.nlm.nih.gov/pubmed/38385268
https://doi.org/10.1542/peds.2020-0083
http://www.ncbi.nlm.nih.gov/pubmed/33208496
https://doi.org/10.1016/j.ejpn.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30954376
https://doi.org/10.1542/peds.2020-1693
http://www.ncbi.nlm.nih.gov/pubmed/33397689
https://doi.org/10.1017/S1047951119003184
https://doi.org/10.1017/S1047951119003184
http://www.ncbi.nlm.nih.gov/pubmed/31928549
https://doi.org/10.1161/CIRCULATIONAHA.111.026963
http://www.ncbi.nlm.nih.gov/pubmed/21875911
https://doi.org/10.1038/pr.2017.203
http://www.ncbi.nlm.nih.gov/pubmed/29278641
https://doi.org/10.1007/s00431-020-03850-x/Published
https://doi.org/10.1080/ac.68.1.2959628
http://www.ncbi.nlm.nih.gov/pubmed/23457906
https://doi.org/10.1016/j.athoracsur.2005.09.010
https://doi.org/10.1016/j.athoracsur.2005.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16488701


PLOS One | https://doi.org/10.1371/journal.pone.0341135  March 25, 2026 11 / 11

	18.	 Sarrechia I, Miatton M, François K, Gewillig M, Meyns B, Vingerhoets G. Neurodevelopmental outcome after surgery for acyanotic congenital heart 
disease. 2015. https://doi.org/10.1016/j.ridd.2015.07.004

	19.	 Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor JW, et al. Neurodevelopmental outcomes in children with congenital heart 
disease: evaluation and management: a scientific statement from the American Heart Association. Circulation. 2012;126(9):1143–72. https://doi.
org/10.1161/CIR.0b013e318265ee8a PMID: 22851541

	20.	 Paladini D, Alfirevic Z, Carvalho JS, Khalil A, Malinger G, Martinez JM, et al. ISUOG consensus statement on current understanding of the asso-
ciation of neurodevelopmental delay and congenital heart disease: impact on prenatal counseling. Ultrasound Obstet Gynecol. 2017;49(2):287–8. 
https://doi.org/10.1002/uog.17324 PMID: 27891680

	21.	 Danish Health Authority. Guidelines for fetal diagnostics - prenatal information, risk assessment, counsel-
ing and diagnostics; 2017:5. Available from: Https://WwwSstDk/-/Media/Udgivelser/2020/Fosterdiagnostik/
Retningslinjer-for-FosterdiagnostikAshx?La=da&hash=406318312FADFC9ED6973ABFDEE02F772DC8DC0E

	22.	 Vedel C, Hjortshøj TD, Jørgensen DS, Tabor A, Rode L, Sundberg K, et al. Prevalence of chromosomal disorders in cases with congenital 
heart defect: registry-based study from Denmark between 2008 and 2018. Ultrasound Obstet Gynecol. 2023;61:40–8. https://doi.org/10.1002/
UOG.26075

	23.	 Mone F, Eberhardt RY, Morris RK, Hurles ME, McMullan DJ, Maher ER, et al. COngenital heart disease and the Diagnostic yield with Exome 
sequencing (CODE) study: prospective cohort study and systematic review. Ultrasound Obstet Gynecol. 2021;57(1):43–51. https://doi.org/10.1002/
uog.22072 PMID: 32388881

	24.	 Ekelund CK, Kopp TI, Tabor A, Petersen OB. The Danish fetal medicine database. Clin Epidemiol. 2016;8:479–83. https://doi.org/10.2147/CLEP.
S99477 PMID: 27822088

	25.	 Squires J, Bricker D, Clifford J, Murphy K, Hoselton R, Potter L. Ages & Stages Questionnaires ® A parent-completed child monitoring system 
THIRD EDITION ASQ-3TM CD-ROM; 2009.

	26.	 Noeder MM, Logan BA, Struemph KL, Condon N, Mueller I, Sands B, et al. Developmental screening in children with CHD: Ages and Stages 
Questionnaires. Cardiol Young. 2017;27:1447–54. https://doi.org/10.1017/S1047951117000415

	27.	 Klamer A, Lando A, Pinborg A, Greisen G. Ages and Stages Questionnaire used to measure cognitive deficit in children born extremely preterm. 
Acta Paediatr. 2005;94(9):1327–9. https://doi.org/10.1111/j.1651-2227.2005.tb02095.x PMID: 16279000

	28.	 Plomgaard AM, Hansen BM, Greisen G. Measuring developmental deficit in children born at gestational age less than 26 weeks using a 
parent-completed developmental questionnaire. Acta Paediatr. 2006;95(11):1488–94. https://doi.org/10.1080/08035250600684438 PMID: 
17062482

	29.	 Statistics Denmark. Classification of Education (DISCED-15); 2015. Available from: Https://WwwDstDk/Extranet/Uddannelsesklassifikation/
DISCED-15Pdf

	30.	 Calderon J, Newburger JW, Rollins CK. Neurodevelopmental and mental health outcomes in patients with fontan circulation: a state-of-the-art 
review. Front Pediatr. 2022;10:826349. https://doi.org/10.3389/fped.2022.826349 PMID: 35356444

	31.	 Eichler A, Köhler-Jonas N, Stonawski V, Purbojo A, Moll GH, Heinrich H, et al. Child neurodevelopment and mental health after surgical ventricular 
septal defect repair: risk and protective factors. Dev Med Child Neurol. 2019;61(2):152–60. https://doi.org/10.1111/dmcn.13992 PMID: 30151966

	32.	 Kaltman JR, Jarvik GP, Bernbaum J, Wernovsky G, Gerdes M, Zackai E, et al. Neurodevelopmental outcome after early repair of a ventricular sep-
tal defect with or without aortic arch obstruction. J Thorac Cardiovasc Surg. 2006;131(4):792–8. https://doi.org/10.1016/j.jtcvs.2005.12.023 PMID: 
16580436

	33.	 Raucher Sternfeld A, Sheffy A, Tamir A, Mizrachi Y, Assa S, Shohat M, et al. Isolated ventricular septal defects demonstrated by fetal echocardiog-
raphy: prenatal course and postnatal outcome. J Matern Fetal Neonatal Med. 2022;35(1):129–33. https://doi.org/10.1080/14767058.2020.1712710 
PMID: 31928261

	34.	 Morgan N, Yang S, Cheng K, Zhou H, Fu F, Lei T, et al. OPEN ACCESS EDITED BY Should prenatal chromosomal microarray analysis be ooered 
for isolated ventricular septal defect? A single-center retrospective study from China. n.d.

	35.	 Lim JM, Porayette P, Marini D, Chau V, Au-Young SH, Saini A, et al. Associations between age at arterial switch operation, brain growth, and 
development in infants with transposition of the great arteries. Circulation. 2019;139(24):2728–38. https://doi.org/10.1161/CIRCULATION-
AHA.118.037495 PMID: 31132861

	36.	 Kordopati-Zilou K, Sergentanis T, Pervanidou P, Sofianou-Petraki D, Panoulis K, Vlahos N, et al. Dextro-transposition of great arteries and neuro-
developmental outcomes: a review of the literature. Children (Basel). 2022;9(4):502. https://doi.org/10.3390/children9040502 PMID: 35455546

	37.	 Peyvandi S, De Santiago V, Chakkarapani E, Chau V, Campbell A, Poskitt KJ, et al. Association of prenatal diagnosis of critical congenital heart 
disease with postnatal brain development and the risk of brain injury. JAMA Pediatr. 2016;170(4):e154450. https://doi.org/10.1001/jamapediat-
rics.2015.4450 PMID: 26902528

	38.	 Peyvandi S, Xu D, Barkovich AJ, Gano D, Chau V, Reddy VM, et al. Declining incidence of postoperative neonatal brain injury in congenital heart 
disease. J Am Coll Cardiol 2023;81:253–66. https://doi.org/10.1016/j.jacc.2022.10.029

	39.	 Cheong JLY, Mainzer RM, Doyle LW, Olsen JE, Ellis R, FitzGerald TL, et al. Neurodevelopment at age 9 years among children born at 32 to 36 
weeks’ gestation. JAMA Netw Open. 2024;7:e2445629. https://doi.org/10.1001/jamanetworkopen.2024.45629

https://doi.org/10.1016/j.ridd.2015.07.004
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1161/CIR.0b013e318265ee8a
http://www.ncbi.nlm.nih.gov/pubmed/22851541
https://doi.org/10.1002/uog.17324
http://www.ncbi.nlm.nih.gov/pubmed/27891680
Https://WwwSstDk/-/Media/Udgivelser/2020/Fosterdiagnostik/Retningslinjer-for-FosterdiagnostikAshx?La=da&hash=406318312FADFC9ED6973ABFDEE02F772DC8DC0E
Https://WwwSstDk/-/Media/Udgivelser/2020/Fosterdiagnostik/Retningslinjer-for-FosterdiagnostikAshx?La=da&hash=406318312FADFC9ED6973ABFDEE02F772DC8DC0E
https://doi.org/10.1002/UOG.26075
https://doi.org/10.1002/UOG.26075
https://doi.org/10.1002/uog.22072
https://doi.org/10.1002/uog.22072
http://www.ncbi.nlm.nih.gov/pubmed/32388881
https://doi.org/10.2147/CLEP.S99477
https://doi.org/10.2147/CLEP.S99477
http://www.ncbi.nlm.nih.gov/pubmed/27822088
https://doi.org/10.1017/S1047951117000415
https://doi.org/10.1111/j.1651-2227.2005.tb02095.x
http://www.ncbi.nlm.nih.gov/pubmed/16279000
https://doi.org/10.1080/08035250600684438
http://www.ncbi.nlm.nih.gov/pubmed/17062482
Https://WwwDstDk/Extranet/Uddannelsesklassifikation/DISCED-15Pdf
Https://WwwDstDk/Extranet/Uddannelsesklassifikation/DISCED-15Pdf
https://doi.org/10.3389/fped.2022.826349
http://www.ncbi.nlm.nih.gov/pubmed/35356444
https://doi.org/10.1111/dmcn.13992
http://www.ncbi.nlm.nih.gov/pubmed/30151966
https://doi.org/10.1016/j.jtcvs.2005.12.023
http://www.ncbi.nlm.nih.gov/pubmed/16580436
https://doi.org/10.1080/14767058.2020.1712710
http://www.ncbi.nlm.nih.gov/pubmed/31928261
https://doi.org/10.1161/CIRCULATIONAHA.118.037495
https://doi.org/10.1161/CIRCULATIONAHA.118.037495
http://www.ncbi.nlm.nih.gov/pubmed/31132861
https://doi.org/10.3390/children9040502
http://www.ncbi.nlm.nih.gov/pubmed/35455546
https://doi.org/10.1001/jamapediatrics.2015.4450
https://doi.org/10.1001/jamapediatrics.2015.4450
http://www.ncbi.nlm.nih.gov/pubmed/26902528
https://doi.org/10.1016/j.jacc.2022.10.029
https://doi.org/10.1001/jamanetworkopen.2024.45629

