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Abstract
Background:Congenital heart defects (CHDs) are the most common birth anomalies worldwide, with a
substantial but incompletely characterized genetic contribution. Coarctation of the aorta (CoA) is a common
CHD for which the diagnostic yield of comprehensive genomic testing remains insufficiently defined.

Methods:In a single-center Swedish cohort, 19 pediatric patients with CoA with or without associated aortic
arch hypoplasia, bicuspid aortic valve, or additional simple CHDs, and no prior genetic diagnosis were
prospectively enrolled at the time of surgical repair and underwent whole-genome sequencing (WGS).

Results:WGS identified pathogenic or likely pathogenic variants in 3/19 patients (16%), and genetic variants of
uncertain significance were identified in 3/19 patients (16%). Thus, genomic findings were reported in 6
patients (32%) overall, although only the pathogenic or likely pathogenic variants were considered diagnostic.
Several identified diagnoses had not been suspected based on clinical assessment alone, highlighting the
limited sensitivity of phenotypic evaluation during early infancy.

Conclusions: The proportion of genetically explained CoA in this surgically treated cohort supports the
consideration of genetic testing, particularly in individuals with CoA accompanied by other congenital cardiac
defects or extracardiac manifestations. Importantly, an underlying genetic disorder may be present despite the
absence of overt clinical signs during infancy. Recognition of this possibility should encourage thorough
phenotypic assessment and expanded clinical evaluation to identify potential genetic syndromes. Early genetic
diagnosis may improve clinical management, surveillance, and genetic counseling for affected families.

Introduction
Congenital heart defects (CHDs) represent the most prevalent birth defects globally, affecting approximately
10–12 per 1,000 live births [1,2]. These anomalies encompass a spectrum from simple lesions to severe,
complex malformations. The etiology of CHD is multifactorial, involving both environmental and genetic
components. In cohorts comprising individuals with diverse types of CHD, genetic etiologies are identified in
approximately 20–25% of cases[3-5]. However, the genetic basis of many CHDs remains incompletely
characterized, contributing to diagnostic uncertainty and potentially missed opportunities for personalized
clinical care. 

Coarctation of the aorta (CoA) is a common form of CHD, characterized by an abnormal narrowing of the
aortic isthmus at the site of insertion of the ductus arteriosus, frequently accompanied by aortic arch
hypoplasia[6], bicuspid aortic valve (BAV), variable degrees of hypoplasia of left sided structures or other types
of CHD such as ventricular septal defects (VSD)[7]. With an incidence of approximately 1 in 2,500 live births,
CoA accounts for 6–8% of all CHDs and exhibits a male predominance [8,9]. Untreated neonatal critical CoA
carries a particularly high risk of mortality [10]. Neonatal presentations of CoA comprise 60% of cases, while
the remainder are often diagnosed later due to unspecific symptoms [11]. According to recent Swedish data
spanning 2020-2024 CoA was operated in the neonatal period (first month of life) in 62% due to severe
presentation (https://www.swedcon.ucr.se/). CoA can be categorized as either syndromic or non-syndromic.
Syndromic cases are associated with an underlying genetic syndrome and often additional extracardiac
features, whereas non-syndromic cases occur in the absence of a recognized syndromic diagnosis.

Page 3/16



Genetic analysis strategies for CHD are heterogeneous, both across and within healthcare institutions.
Currently, a minority of patients with CoA in Sweden are referred for genetic counseling and genetic testing is
typically performed only if there is a clinical suspicion of a co-existing genetic syndrome. Genetic testing has
become an increasingly important component of the evaluation of CHD, with a higher rate of identifying a
causative genetic background in syndromic than in isolated CHD [12,13].

Recent advancements in genetic testing have demonstrably impacted patient care and outcomes in CHD.
Recommendations from the American Heart Association (AHA), endorsed by the American Academy of
Pediatrics, highlight the necessity of establishing a precise genetic diagnosis to identify pathology in other
organ systems, information of prognosis, determine the risk of recurrence, and provide guidance for screening
family members at elevated risk [2,18]. Several recent studies in patients with CHD have demonstrated that
abnormal genetic test results are correlated with worse surgical outcomes [19-21]. 

Subsequent investigations have confirmed that use of broad genetic testing methodologies enhances the
identification of genetic disease, thereby deepening clinical understanding of the patient’s condition and
prognosis [22]. Rapid whole genome sequencing leads to changes in clinical management as confirmed
genetic diagnosis frequently provides actionable information that directly influences treatment decisions. This
includes clarifying disease prognosis, identifying syndromic conditions requiring additional organ-specific
surveillance, guiding or modifying surgical and intensive care strategies, and in some cases avoiding invasive
or non-beneficial interventions when the underlying condition is known to have a poor prognosis or limited
therapeutic options. In other cases, it enables targeted monitoring for known complications associated with
the genetic disorder, thereby refining and personalizing patient care19. However, Diab et al. estimated that a
specific molecular diagnosis remains elusive in up to 55% of affected individuals of CHD. This observation
supports a multifactorial model in which chromosomal abnormalities, copy number variants, de novo
mutations, inherited variants, and gene–environment interactions collectively contribute to disease
pathogenesis [23].

The objective of this study was to examine the prevalence and spectrum of genetic etiologies in children with
CoA and to evaluate the diagnostic utility of  WGS in a well-characterized Swedish cohort. The aim was to
better understand the prevalence of genetic etiologies in children affected by CoA, to further improve clinical
management, surveillance, and genetic counseling for affected families. 

Material and methods
The study was approved by Swedish Ethical Review Authority (Dnr 2015/883–31/4; Dnr 2016/389–31; Dnr
2025/03605-01). Material was obtained through the Swedish National Biobank for Congenital Heart Disease
Consortium (SNAB-CHD). The legal guardians of the children included in this study signed an informed
consent for the donation of the removed tissue and blood for research purposes and for storage in the national
biobank of congenital heart disease in Sweden (www.snab-chd.se).

Patients

The patients were recruited between April 2016 - May 2021 at Skane University Hospital Lund, one of the two
tertiary centers for pediatric heart surgery in Sweden. In the present study 21 pediatric patients scheduled for
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surgery at Pediatric Heart Center Lund of CoA donated blood samples for research. 

Inclusion criteria comprised isolated CoA, with or without associated aortic arch hypoplasia, BAV, VSD, mild
aortic stenosis (AS), atrial septal defect, or patent ductus arteriosus. Patients with CoA associated with critical
AS, aortic atresia, Shone complex, borderline left heart structures, hypoplastic left heart syndrome or other
complex congenital heart defects were excluded. Of the 21 enrolled patients, two were excluded from the final
analysis. One patient had severe cardiac anomalies requiring Rastelli procedure, and one patient emigrated
and lacked sufficient clinical follow-up data. The final study cohort therefore consisted of 19 patients. Clinical
follow-up spanned 4.6-7.9 years (mean 5.9 years ±1.14SD). This cohort has previously been included in studies
investigating gene expression in aortic tissue obtained during surgical repair [14].

Genetic analysis

Whole genome short read sequencing was performed on DNA extracted from buffy coats obtained from the
SNAB-CHD biobank. Sequencing was performed at NGI (National Genomics Infrastructure, Sweden) using
SMARTer Thruplex DNA library preparations sequenced on Illumina NovaSeq S4-300. Bioinformatic analysis
was performed using DRAGEN v4.0 and variant filtering and ranking were performed using Emedgene v.35
(Illumina), where the software’s AI was supplied with the HPO term HP:0001680 “Coarctation of aorta”. Variant
interpretation was performed according to ACMG criteria by clinical laboratory personnel with expertise in
cardiogenetic analysis[15].

Clinical data

To describe the clinical phenotype, data was extracted from the medical record of the patient from the
referring hospital during 2025 (Table 1). Clinical data was structured into categories containing cardiac
diagnosis, complications, onset of disease and extracardiac morbidity. There was a variety in the age of
presentation. Three patients were diagnosed prenatally with coarctation of the aorta by ultrasound. Nine
patients were neonates (<28 days of age), four were infants (28 days to 1 year), and three were older than one
year at the time of surgery. Birth weights did not differ significantly from the Swedish median birth weight. The
median birth weight in the cohort was 3,350 g, and gestational age ranged from 36+5 weeks to 42 weeks.
Patient 16 showed significant growth restriction, with a height of −2 standard deviations. No cases of
microcephaly were observed in the cohort.

According to information obtained from the medical records, none of the patients had a documented family
history of a genetic syndrome or congenital heart disease.

Results
Among the 19 included patients, pathogenic or likely pathogenic findings were identified in three patients
(16%): one with 16p11.2 duplication syndrome and two with Kabuki syndrome associated with variants in
KDM6A or KMT2D. Three additional patients carried variants of uncertain significance (VUS) in MAF, KMT2D,
and SMAD6. Thus, genomic findings were reported in 6 patients (32%) overall, although only the pathogenic or
likely pathogenic variants were considered diagnostic. 

Pathogenic/Likely Pathogenic variants
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Two patients (Patients 16 and 18) were found to harbor pathogenic variants consistent with a molecular
genetic diagnosis of Kabuki syndrome. Kabuki syndrome is primarily caused by pathogenic variants in KMT2D
(Kabuki syndrome type 1) or KDM6A (Kabuki syndrome type 2), both of which encode epigenetic regulators
involved in histone modification and transcriptional control during embryogenesis, including cardiac
development.

Patient 16 carried a pathogenic KDM6A canonical splice site variant, predicted to lead to exon skipping of exon
26 and frameshift, consistent with Kabuki syndrome type 2 (OMIM #300867). This patient exhibited a complex
phenotype including CoA, AS, BAV, VSD, hypotonia, immune deficiency, skeletal abnormalities, and chronic
bronchitis. 

Patient 17 harbored a likely pathogenic truncating variant in KMT2D variant, consistent with Kabuki syndrome
type 1 (OMIM #147920), and presented with multiple cardiac anomalies, psychomotor developmental delay,
and syndromic features. 

Patient 8 was diagnosed with a 16p11.2 microduplication syndrome (OMIM #614671), a recurrent copy
number variant associated with neurodevelopmental disorders, developmental delay, and variable congenital
anomalies. In this case, the duplication was identified prenatally in the context of polyhydramnios rather than
suspected CHD. The patient presented CoA and BAV, along with recurrent coarctation. 

Variants of Uncertain Significance (VUS)

Three patients (Patients 10, 14, and 18) carried variants classified as VUS, including changes in MAF, KMT2D,
and SMAD6:

Patient 10 had a missense variant in MAF (c.137G>T, (p. Cys46Phe)). The variant is not present in the healthy
population and in silico algorithms predict a deleterious effect on gene function (REVEL 0.864, AlpaMissense
0.9951). Several other missense variants in the vicinity have been reported in association with Ayme-Gripp
syndrome [OMIM #601088], which is not classically associated with CoA or CHD. The variant was linked to
CoA through the analysis software’s AI phenotype prediction.

Patient 14: had an in-frame variant in KMT2D (c.11151_11153dup,(p.Glu3718dup)). KMT2D is associated with
Kabuki syndrome type 1 (OMIM #147920) which can present with CoA. In addition, this gene has been
implicated in isolated CoA[16].  The variant is predicted to lead to the duplication of one amino acid and is
present in one individual in the healthy population (gnomADv4.2). While pathogenic variants in this gene have
been established to be associated with Kabuki, there is evidence that some variants may be associated with
CHD – in the Human Gene Mutation Database (HGMD database), over 600 variants, the majority missense,
have been reported as possibly disease causing for CHD.

Patient 18 was found to have a missense variant in SMAD6 (c.548T>C (p.Leu183Pro)). SMAD6 is associated
with Aortic valve disease 2 [OMIM # 614823] and is strongly linked to CHDs including BAV and CoA. This
variant is present in 7 healthy individuals in gnomAD v4.2, all from the non-Finnish European population. In
silico algorithms suggest deleterious effect on gene function (REVEL 0.925, AlphaMissense 0.9966). While
mainly truncating variants in this gene have been established as disease causing, some missense variants,
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including variants in the same exon as the variant identified in this patient, have been reported as disease-
causing for CHD[17].

Table 1. Patient characteristics and genetic findings. ADHD – Attention Deficit Hyperactivity Disorder, AS –
aortic stenosis, ASD – atrial septal defect, AVSD – atrioventricular septal defect, BAV – bicuspid aortic valve,
CoA – coarctation of the aorta, MV – mitral valve, PgE – Prostaglandin E2, Re-CoA – recurrent coarctation of
the aorta, URI – upper respiratory tract infection, VSD – ventricular septal defect, VUS – variant of unknown
significance. Variant nomenclature using MANE transcripts.
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Patient
 

Cardiac
diagnosis

Compli-
cations

Time of
diagnosis,
medication

Co-Morbidity Genetic findings Interpretation

Pat 1 CoA, BAV None Neonatal,
PgE

None None -

Pat 2 CoA, BAV, AS Re-CoA Neonatal,
PgE

ADHD None -

Pat 3 CoA,
muscular
VSD

None Infant,
None

Asthma None -

Pat 4 CoA, VSD Re-CoA Neonatal,
None

None None -

Pat 5 CoA None Neonatal,
PgE

Celiac
disease

None -

Pat 6 CoA, BAV None Infant,
None

None None -

Pat 7 CoA, BAV None Neonatal,
PgE

None None -

Pat 8 CoA, BAV Re-CoA Neonatal,
PgE

Asthma,
 Recurrent
URI

16p11.2
micro-duplication
Prenatal diagnosis

Pathogenic
Chromosome
16p11.2
duplication
syndrome
(OMIM
#614671)

Pat 9 CoA,
Subvalv. AS

Re-CoA Neonatal,
PgE

Esofageal,
Atresia, anal
atresia,
(VACTERL),
Asthma,
GERD

None -

Pat 10 CoA, BAV None Neonatal,
PgE

Asthma MAF
c.137G>T
p.Cys46Phe

VUS

Pat 11 CoA, PDA None Infant,
None

Mild sensori-
neural
hearing
defect

None -

Pat 12 CoA,
intermediary
AVSD,
spontaneous
VSD closure,
double
orifice MV

None Infant,
None

None None -

Pat 13 CoA, BAV,
Hypoplastic
aortic arch,
ASD

None Neonatal,
PgE

Asthma None -
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Pat 14 CoA Re-CoA Neonatal,
PgE

None KMT2D
c.11151_11153dup
p.Glu3718dup

VUS

Pat 15 CoA None Neonatal,
PgE

None None -

Pat 16 CoA, BAV,
AS,
muscular
VSD

Re-CoA Neonatal,
PgE,

Hypotonia,
immune
deficiency,
skeletal
abnormality,
chronic
bronchitis

KDM6A
c.3892+1G>T
p.?

Pathogenic
Kabuki
syndrome 2
(OMIM
#300867)

Pat 17 CoA, BAV,
aortic arch
hypoplasia,
VSD, double
orifice MV

None Neonatal,
PgE

Psychomotor
development
delay,
syndromic
features

KMT2D
c.213C>A
p.Cys71Ter

Likely
pathogenic
Kabuki
syndrome 1
(OMIM
#147920)

Pat 18 CoA,
muscular
VSD

None Infant, PgE,
Milrinone
post op

Hemangioma,
asthma,
hearing loss

SMAD6
c.548T>C
p.Leu183Pro

VUS

Pat 19 CoA, BAV None Neonatal,
PgE

None None -

 

Discussion
In this cohort, 19 patients with CoA were genetically evaluated, all of whom had undergone surgical repair, and
only the patient with 16p11.2 duplication syndrome had a genetic diagnosis or suspicion of a genetic variant at
the time of surgery. Of note, this patient was diagnosed due to prenatal polyhydramnios and not because of
suspicion of CHD. Potentially clinically relevant genetic findings were identified: three patients had established
genetic diagnoses, with pathogenic or likely pathogenic variants consistent with a syndromic disorder. An
additional three patients harbored VUS. 

Two individuals received a molecular genetic diagnosis of Kabuki syndrome, and an additional patient
harbored a VUS in a Kabuki syndrome-associated gene. Kabuki syndrome is a heterogeneous genetic disorder
characterized by multiple congenital anomalies, including distinctive facial dysmorphism, postnatal growth
deficiency, and mild-to-moderate intellectual disability[24]. Kabuki syndrome is a rare genetic condition with an
estimated prevalence of approximately 1 in 32,000 live births[24]. Clinical suspicion is typically raised by a
combination of five cardinal features, including the characteristic ocular phenotype with long palpebral
fissures and broad, arched eyebrows with lateral sparseness[25,26]. However, establishing a clinical diagnosis
in infants under 1 year of age is often challenging, as the phenotype may still be subtle or incompletely
developed [25]. Kabuki is prone to both missed diagnosis and misdiagnosis. Today, patients typically receive a
clinical diagnosis at age 3-5 years of age and often a molecular/genetic confirmation even later[27,28].
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Kabuki syndrome is strongly associated with CHD, reported in up to 60% of affected individuals, with left-sided
obstructive lesions such as CoA and septal defects being among the most frequent cardiac
manifestations[26,29]. This finding supports the notion that CoA is not solely an isolated structural anomaly
but may represent part of a broader genetically mediated developmental phenotype. The enrichment of left-
sided defects in individuals with pathogenic or likely pathogenic variants reinforces the importance of
incorporating genetic evaluation into the clinical assessment of patients with CoA.

One of the included patients was diagnosed with a 16p11.2 microduplication syndrome; a recurrent copy
number variant associated with neurodevelopmental disorders, developmental delay, and variable congenital
anomalies[30]. In this case, the duplication was identified prenatally in the context of polyhydramnios rather
than suspected CHD. There are only a few reports linking 16p11.2 duplication to CHD, and the proportion of
individuals with both the 16p11.2 duplication syndrome and CHD is relatively low. However, isolated cases
have been described, predominantly involving VSD and transposition of the great arteries[31-33].This case
illustrates that clinically relevant genomic abnormalities may be detected incidentally and may not initially be
suspected based on cardiac phenotype alone. It also supports the concept that broader genetic screening in
CHD populations may uncover syndromic diagnoses that would otherwise remain unrecognized.

In our cohort, three patients carried variants classified as VUS, including changes in MAF, KMT2D, and SMAD6.
VUS findings represent a major interpretative challenge in clinical genomics[15], particularly in CHD, where
gene–disease associations are still evolving. Although these variants cannot currently be classified as
pathogenic, they may still be biologically relevant and warrant careful clinical and genetic re-evaluation. Of
particular interest is SMAD6, a gene involved in BMP/TGF-β signaling pathways that are critical for left
ventricular outflow tract development. Previous studies have implicated SMAD6 variants in left-sided
obstructive lesions, including CoA, suggesting that even VUS in this gene should be interpreted in the context
of the clinical phenotype and may require re-evaluation as new evidence emerges[17,34].

Similarly, KMT2D variants located outside well-established functional domains can be difficult to interpret,
particularly in the absence of a full syndromic phenotype. Collectively, these findings underscore the
importance of periodic reanalysis of genomic data as variant classification systems and gene–disease
associations continue to evolve [35].

One of the three VUS was identified in MAF, a gene with uncertain and limited evidence for association with
CHD. MAF encodes a BZIP transcription factor primarily implicated in ocular development, with its strongest
established phenotype being congenital cataracts[36]. While MAF has been included in some CHD gene
panels, robust gene–disease association with cardiac defects has not yet been established, and current
resources classify it as having limited or no definitive evidence for CHD causality. Consequently, a VUS in MAF
should be interpreted with caution and requires careful clinical correlation, including evaluation for ocular
anomalies and other features of the MAF-associated phenotype. As with other genes with emerging or
uncertain CHD associations, periodic re-evaluation of this variant is warranted as gene–disease evidence
accumulates, and classification criteria evolve.

Given the difficulties in prenatal detection of CoA and the limited use of prenatal WES/WGS in routine clinical
practice, some underlying monogenic or syndromic disorders may escape prenatal diagnosis. These
considerations provide rationale for postnatal genetic assessment of patients with CoA, especially in cases
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diagnosed postnatally or when the phenotypic presentation evolves during infancy and childhood[39,40].
 Against this background, and in line with emerging evidence on the heterogeneous genetic architecture of
CoA and other congenital heart defects[19,37,38], the systematic use of comprehensive genomic testing, such
as WGS, may be justified in children undergoing surgery for CHD, including CoA. 

However, implementing routine broad genomic testing such as WGS in pediatric cardiology also presents
important challenges. These include the interpretation of VUS, the need for continuous reclassification of
genetic findings, and the psychological and ethical implications of incidental findings. Furthermore, effective
integration of genomic testing requires multidisciplinary collaboration, including pediatric cardiologists, clinical
geneticists, molecular geneticists, and genetic counselors. Such collaboration is essential to ensure
appropriate pre-test counseling, informed consent, and accurate post-test interpretation for patients and their
families. 

Notably, neither patient with Kabuki syndrome was clinically suspected to have the disorder before genetic
testing. This likely reflects the well-recognized difficulty of establishing a clinical diagnosis during early infancy,
when the characteristic craniofacial features are incompletely developed and neurodevelopmental
manifestations have not yet emerged. As CoA repair is frequently performed in the neonatal period, reliance on
clinical examination alone may fail to identify syndromic disease. These findings illustrate the complementary
value of genomic testing in uncovering clinically occult genetic disorders.

An interesting observation in the present study is that two of the three pathogenic genetic findings were
Kabuki syndrome. Although the sample size is small and no prevalence estimate can be made, this suggests
that clinicians should maintain a particularly high index of suspicion for Kabuki syndrome in infants presenting
with CoA, especially when additional left-sided obstructive lesions or extracardiac findings are present.

Study Strengths and Limitations

One of the limitations of this study was a small sized patient cohort compared to the prevalence of CoA, and
this was due to the available material. The follow-up time for outpatients was variable and thus it is possible
that some patients may develop a phenotype during future development. Further studies in larger CoA cohorts
are required to replicate and validate the findings of this study.

Strengths in this study were comprehensive genetic analysis investigating a well characterized clinical patient
cohort enabling genotype-phenotype correlation.

Conclusion
In this cohort of children undergoing surgical repair for coarctation of the aorta, WGS identified a molecular
genetic diagnosis in 16% of patients, including syndromic conditions that had not been suspected clinically.
These findings support the use of genetic testing in patients with CoA, particularly when accompanied by
additional cardiac defects or extracardiac features, and highlight the limitations of relying solely on phenotypic
assessment during infancy
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VSD – Ventricular Septal Defect 

VUS – Variant of Uncertain Significance

WES-Whole Exome Sequencing

WGS – Whole Genome Sequencing

Declarations
We declare that there are no conflicts of interest. This manuscript has not been published and is not under
consideration for publication elsewhere. All authors have contributed to the work and have approved the final
version for publication. All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by Rada Ellegård, Erik Green, Cecilia Gunnarsson, Antheia Kissopoulou,
Eva Fernlund, Constance Weismann, Ida von Konow, Kalliopi Kazamia, Torsten Malm, Anneli Norden Björnlert
and Hanna Klang Årstrand. The first draft of the manuscript was written by Erik Green and all authors
commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Funding
This research was funded by ALF Grants, Region Östergötland, grant number RÖ-974174, RÖ-966451,
RÖ-417841, RÖ-392391. Medical research council of Southeast Sweden, grant numbers FORSS-937721,
FORSS-982242, FORSS-941313, FORSS-909301. The Swedish Heart Lung Foundation, grant number 20220418.

Author Contribution
CG, EF, TM and RE conceptualized the study. TM and IK aided in material aqusition. RE, HKÅ, and ANB
performed data analysis and interpretation. EG, EF and CW compiled clinical data. CG and RE coordinated the
project. RE, CG and EG wrote the original manuscript draft. All authors participated in manuscript editing and
reviewed the manuscript.

Acknowledgement

Page 12/16



The authors want to thank the patients and their legal guardians. Special thanks to research nurse Elin Friberg,
Pediatric Heart Center Lund for assistance. The authors appreciated all support from the steering group of the
national biobank of congenital heart disease in Sweden (www.snab-chd.se). Members of the SNAB-CHD
consortium not named in author list: Gunnar Bergman, gunnar.e.bergman@regionstockholm.se , Department
of Women's and Children's Health, Karolinska Institutet; Britt-Marie Ekman Joelsson, britt-mari.ekman-
joelsson@vgregion.se , Department of Pediatrics, The Institute of Clinical Sciences, Sahlgrenska University
Hospital; Stefan Hallhagen, stefan.hallhagen@vgregion.se , Department of Pediatric Cardiac Surgery,
Sahlgrenska University Hospital; Joanna Hlebowicz Frisén, joanna.hlebowicz@med.lu.se , Department of
Clinical Sciences, Lund University; Annika Rydberg, annika.rydberg@umu.se , Department of Clinical Sciences,
Umeå University; Camilla Segerström, camilla.segerstrom@skane.se , Children Heart Center, Skåne University
Hospital; Amanda Skog-Andreasson, amanda.skog@ki.se , Department of Medicine, Karolinska Institutet; Kiet
Tran, phan.kiet.Tran@skane.se , Children Heart Center, Skåne University Hospital; Christina Christersson,
christina.christersson@akademiska.se, Department of Medical Sciences, Cardiology, Uppsala University; Marie
Wahren-Herlenius, marie.wahren@ki.se , Department of Medicine, Karolinska Institutet.

Data Availability
Raw sequencing data and patient details not included in manuscript are not publicly aailable due to Swedish
GDPR law.

References
1. Bouma BJ, Mulder BJ (2017) Changing Landscape of Congenital Heart Disease. Circ Res 120:908–922

2. Pierpont ME, Brueckner M, Chung WK, Garg V, Lacro RV, McGuire AL, Mital S, Priest JR, Pu WT, Roberts A,
Ware SM, Gelb BD, Russell MW, American Heart Association Council on Cardiovascular Disease in the Y,
Council C, Stroke N, Council G, Precision M (2018) Genetic Basis for Congenital Heart Disease: Revisited:
A Scientific Statement From the American Heart Association. Circulation 138: e653-e711

3. Shikany AR, Landis BJ, Parrott A, Miller EM, Coyan A, Walters L, Hinton RB, Goldenberg P, Ware SM (2020)
A Comprehensive Clinical Genetics Approach to Critical Congenital Heart Disease in Infancy. J Pediatr
227:231–238 e214

4. Geddes GC, Basel D, Frommelt P, Kinney A, Earing M (2017) Genetic Testing Protocol Reduces Costs and
Increases Rate of Genetic Diagnosis in Infants with Congenital Heart Disease. Pediatr Cardiol 38:1465–
1470

5. Ahrens-Nicklas RC, Khan S, Garbarini J, Woyciechowski S, D'Alessandro L, Zackai EH, Deardorff MA,
Goldmuntz E (2016) Utility of genetic evaluation in infants with congenital heart defects admitted to the
cardiac intensive care unit. Am J Med Genet A 170:3090–3097

6. Hoffman JI, Christianson R (1978) Congenital heart disease in a cohort of 19,502 births with long-term
follow-up. Am J Cardiol 42:641–647

7. Gach P, Dabadie A, Sorensen C, Quarello E, Bonello B, Pico H, Hugues N, Petit P, Gorincour G (2016)
Multimodality imaging of aortic coarctation: From the fetus to the adolescent. Diagn Interv Imaging
97:581–590

Page 13/16



8. Egbe A, Uppu S, Stroustrup A, Lee S, Ho D, Srivastava S (2014) Incidences and sociodemographics of
specific congenital heart diseases in the United States of America: an evaluation of hospital discharge
diagnoses. Pediatr Cardiol 35:975–982

9. Pugnaloni F, Felici A, Corno AF, Marino B, Versacci P, Putotto C (2023) Gender differences in congenital
heart defects: a narrative review. Transl Pediatr 12:1753–1764

10. Kenny D, Hijazi ZM (2011) Coarctation of the aorta: from fetal life to adulthood. Cardiol J 18:487–495

11. Samanek M, Voriskova M (1999) Congenital heart disease among 815,569 children born between 1980
and 1990 and their 15-year survival: a prospective Bohemia survival study. Pediatr Cardiol 20:411–417

12. Hitz MP, Dombrowsky G, Melnik N, Vey C (2025) Current and future diagnostics of congenital heart
disease (CHD). Med Genet 37:95–102

13. Slavotinek AM, Thompson ML, Martin LJ, Gelb BD (2024) Diagnostic yield after next-generation
sequencing in pediatric cardiovascular disease. HGG Adv 5:100286

14. Ellegard R, Malm T, Weismann CG, Fernlund E, Swedish National Biobank for Congenital Heart Disease c,
Norden Bjornlert A, Klang Arstrand H, Ellnebo-Svedlund K, Gunnarsson C (2024) Transcriptome analysis of
the aortic coarctation area. J Mol Cell Cardiol Plus 10: 100094

15. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E, Spector E,
Voelkerding K, Rehm HL, Committee ALQA (2015) Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med 17:405–424

16. Bhatt AB, Lantin-Hermoso MR, Daniels CJ, Jaquiss R, Landis BJ, Marino BS, Rathod RH, Vincent RN, Keller
BB, Villafane J (2022) Isolated Coarctation of the Aorta: Current Concepts and Perspectives. Front
Cardiovasc Med 9:817866

17. Luyckx I, MacCarrick G, Kempers M, Meester J, Geryl C, Rombouts O, Peeters N, Claes C, Boeckx N,
Sakalihasan N, Jacquinet A, Hoischen A, Vandeweyer G, Van Lent S, Saenen J, Van Craenenbroeck E,
Timmermans J, Duijnhouwer A, Dietz H, Van Laer L, Loeys B, Verstraeten A (2019) Confirmation of the role
of pathogenic SMAD6 variants in bicuspid aortic valve-related aortopathy. Eur J Hum Genet 27:1044–
1053

18. Pierpont ME, Basson CT, Benson DW Jr., Gelb BD, Giglia TM, Goldmuntz E, McGee G, Sable CA, Srivastava
D, Webb CL, American Heart Association Congenital Cardiac Defects Committee CoCDitY (2007) Genetic
basis for congenital heart defects: current knowledge: a scientific statement from the American Heart
Association Congenital Cardiac Defects Committee, Council on Cardiovascular Disease in the Young:
endorsed by the American Academy of Pediatrics. Circulation 115:3015–3038

19. Carey AS, Liang L, Edwards J, Brandt T, Mei H, Sharp AJ, Hsu DT, Newburger JW, Ohye RG, Chung WK,
Russell MW, Rosenfeld JA, Shaffer LG, Parides MK, Edelmann L, Gelb BD (2013) Effect of copy number
variants on outcomes for infants with single ventricle heart defects. Circ Cardiovasc Genet 6:444–451

20. Landis BJ, Helm BM, Herrmann JL, Hoover MC, Durbin MD, Elmore LR, Huang M, Johansen M, Li M,
Przybylowski LF, Geddes GC, Ware SM (2022) Learning to Crawl: Determining the Role of Genetic
Abnormalities on Postoperative Outcomes in Congenital Heart Disease. J Am Heart Assoc 11:e026369

21. Landis BJ, Levey A, Levasseur SM, Glickstein JS, Kleinman CS, Simpson LL, Williams IA (2013) Prenatal
diagnosis of congenital heart disease and birth outcomes. Pediatr Cardiol 34:597–605

Page 14/16



22. Helm BM, Hays M, Swaggart KA, Parker CB, Thomas V, Ware SM, Suhrie K (2025) Standardized Criteria for
Genomic Testing in the NICU. Pediatrics 156

23. Diab NS, Barish S, Dong W, Zhao S, Allington G, Yu X, Kahle KT, Brueckner M, Jin SC (2021) Molecular
Genetics and Complex Inheritance of Congenital Heart Disease. Genes (Basel) 12

24. Niikawa N, Matsuura N, Fukushima Y, Ohsawa T, Kajii T (1981) Kabuki make-up syndrome: a syndrome of
mental retardation, unusual facies, large and protruding ears, and postnatal growth deficiency. J Pediatr
99:565–569

25. Adam MP, Banka S, Bjornsson HT, Bodamer O, Chudley AE, Harris J, Kawame H, Lanpher BC, Lindsley AW,
Merla G, Miyake N, Okamoto N, Stumpel CT, Niikawa N (2019) Kabuki Syndrome Medical Advisory B
Kabuki syndrome: international consensus diagnostic criteria. J Med Genet 56: 89–95

26. Niikawa N, Kuroki Y, Kajii T, Matsuura N, Ishikiriyama S, Tonoki H, Ishikawa N, Yamada Y, Fujita M,
Umemoto H et al (1988) Kabuki make-up (Niikawa-Kuroki) syndrome: a study of 62 patients. Am J Med
Genet 31:565–589

27. Carnazzo SM, Balconara D, Caruso F, Caltabiano GM (2025) Comprehensive Clinical and Genetic
Characterization of Kabuki Syndrome: A Case Series Study. J Child Neurol 40:208–217

28. Dortenzio V, Barbaric L, Rosenfeld E, Dechene ET, Gilbert MA, Dulik MC, Rippert AL, Izumi K (2025) Clinical
Characteristics of Patients With Kabuki Syndrome at a Single Tertiary Children's Hospital. Am J Med Genet
A 197:e64003

29. Armstrong L, Abd El Moneim A, Aleck K, Aughton DJ, Baumann C, Braddock SR, Gillessen-Kaesbach G,
Graham JM Jr., Grebe TA, Gripp KW, Hall BD, Hennekam R, Hunter A, Keppler-Noreuil K, Lacombe D, Lin AE,
Ming JE, Kokitsu-Nakata NM, Nikkel SM, Philip N, Raas-Rothschild A, Sommer A, Verloes A, Walter C,
Wieczorek D, Williams MS, Zackai E, Allanson JE (2005) Further delineation of Kabuki syndrome in 48 well-
defined new individuals. Am J Med Genet A 132A:265–272

30. Leone R, Zuglian C, Brambilla R, Morella I (2024) Understanding copy number variations through their
genes: a molecular view on 16p11.2 deletion and duplication syndromes. Front Pharmacol 15:1407865

31. Auwerx C, Kutalik Z, Reymond A (2024) The pleiotropic spectrum of proximal 16p11.2 CNVs. Am J Hum
Genet 111:2309–2346

32. Karunanithi Z, Vestergaard EM, Lauridsen MH (2017) Transposition of the great arteries - a phenotype
associated with 16p11.2 duplications? World J Cardiol 9:848–852

33. Vysotskiy M, Zhong X, Miller-Fleming TW, Zhou D, Autism Working Group of the Psychiatric Genomics C,
Bipolar Disorder Working Group of the Psychiatric Genomics C, Schizophrenia Working Group of the
Psychiatric, Genomics C, Cox NJ, Weiss LA (2021) Integration of genetic, transcriptomic, and clinical data
provides insight into 16p11.2 and 22q11.2 CNV genes. Genome Med 13:172

34. Guo R, Duan C, Zarrei M, Reuter MS, Dong R, Zhang G, Yang X, Zhang H, Wang Y, Scherer SW, Liu Y, Gai Z
(2025) Genetic findings of children with congenital heart diseases using chromosomal microarray and
trio-based whole exome sequencing. Sci Rep 15:27312

35. Wang M, Helal S, Torabi-Marashi A, Goodman S, Kallurkar P, Truong TK, Mizrahi-Powell E, Evrony GD,
Chacon-Fonseca I, Valenzuela Palafoll I, Kannu P, Piton A, Chitayat D, Boerkoel CF, Mendoza-Londono R,
Ortigoza-Escobar JD, Kwint M, Rots D, Kleefstra T, Wojcik MH, Scherer SW, Chung H-Y, Ko B, Bjornsson JM,
Harris HT, Choufani JR, Weksberg S R (2026) A next-generation episignature for Kabuki syndrome enables

Page 15/16



fine mapping of the impact of KMT2D variants to inform precision medicine. Am J Hum Genet 113:1233–
1252

36. Chauhan M, Rickels KL, Kurup SP, Bohnsack BL, Ing A, Drackley A, Goetsch Weisman A, Allegreti V, Yap K,
Rathbun P, Skol A, McMullen P, Ralay Ranaivo H, Rossen JL (2026) A Case of Ayme-Gripp Syndromic
Congenital Cataracts and Pigmentary Retinopathy Caused by a Novel MAF Variant in the N-Terminal
Transactivation Domain-A Case Report and Literature Review. Genes (Basel) 17

37. Dong W, Jin SC, Sierant MC, Lu Z, Li B, Lu Q, Morton SU, Zhang J, Lopez-Giraldez F, Nelson-Williams C,
Knight JR, Zhao H, Cao J, Mane S, Gruber PJ, Lek M, Goldmuntz E, Deanfield J, Giardini A, Mital S, Russell
M, Gaynor JW, Cnota JF, Wagner M, Srivastava D, Bernstein D, Porter GA Jr., Newburger J, Roberts AE,
Yandell M, Yost HJ, Tristani-Firouzi M, Kim R, Seidman J, Chung WK, Gelb BD, Seidman CE, Lifton RP,
Brueckner M (2025) Recessive genetic contribution to congenital heart disease in 5,424 probands. Proc
Natl Acad Sci U S A 122:e2419992122

38. Gelb BD (2022) Prospects for precision genetic medicine in congenital heart disease. Curr Opin Genet Dev
77:101983

39. Reilly K, Sonner S, McCay N, Rolnik DL, Casey F, Seale AN, Watson CJ, Kan A, Lai THT, Chung BHY, Diderich
KEM, Srebniak MI, Dempsey E, Drury S, Giordano J, Wapner R, Kilby MD, Chitty LS, Mone F (2024) The
incremental yield of prenatal exome sequencing over chromosome microarray for congenital heart
abnormalities: A systematic review and meta-analysis. Prenat Diagn 44:821–831

40. Shreeve N, Sproule C, Choy KW, Dong Z, Gajewska-Knapik K, Kilby MD, Mone F (2024) Incremental yield of
whole-genome sequencing over chromosomal microarray analysis and exome sequencing for congenital
anomalies in prenatal period and infancy: systematic review and meta-analysis. Ultrasound Obstet
Gynecol 63:15–23

Page 16/16


