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Editorial on the Research Topic
Rising stars in pediatric cardiology 2023
Introduction

In this collection several researchers in the early stages of their careers present some of

their latest works. This collection includes contributions across different aspects of

pediatric cardiology.
Fetal cardiovascular remodeling and post-natal
cardiac function

Recent studies have demonstrated that different mechanisms leading to subclinical

cardiac remodeling in fetal life, may predispose to clinical cardiac disease in childhood

and adulthood after a second hit (1). Several of this mechanism have been postulated

and include fetal growth restriction, preeclampsia, preterm birth, assist reproductive

technology (ART), exposure to toxic drugs, twin-to-twin transfusion syndrome

(TTTS) and maternal diabetes and obesity. Evidence suggests that ART induces

alterations in cardiac and vascular morphology and physiology (2–5). In this

collection, Li et al., conducted a comprehensive review of epigenetic mechanisms

associated with an increased risk of cardiovascular disease (CVD) in offspring

conceived via ART. Potential contributing factors include hormonal treatments, in

vitro culture conditions, and epigenetic modifications. The findings underscore the

significance of prenatal and postnatal monitoring of children conceived through

ART, aiming to detect and address cardiovascular issues proactively associated with

ART. The differences in DNA methylation might be due to aspects of ART

procedures such as hormonal treatments, in vitro culture conditions, or other yet

unknown factors. Reactive Oxygen Species (ROS) contribute to elevated oxidative

stress in ART, potentially mitigated by antioxidants. Altered methylation patterns of

genes, like AGTR1 and eNOS, are implicated in blood pressure abnormalities, with

the ROS inhibitor melatonin preventing hypermethylation of eNOS (Li et al.).
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Congenital heart disease in the context
of non-cardiovascular conditions

Congenital heart disease (CHD) encompasses a range of cardiac

malformations present from birth, significantly impacting heart

function. The prognostic outcomes in CHD are heterogeneous;

certain malformations can be surgically corrected, resulting in near-

normal life expectancy and quality of life. Individuals living with

CHD frequently confront an elevated risk of subsequent cardiac

complications, necessitating lifestyle adjustments and vigilant

monitoring to prevent further cardiac deterioration. In this

collection, Aly et al. studied the incidence of severe CHD in

premature children and the impact of prematurity on outcome of

children with severe CHD. The authors retrospectively examined a

National multicenter database. They found a higher risk of severe

CHD in premature infants from less affluent backgrounds. The

study also examined the mortality rates in severe CHD cases vs.

gestational age- matched controls and show increased major

neonatal morbidity including higher rates of necrotizing

enterocolitis, bronchopulmonary dysplasia, interventricular

hemorrhage and periventricular leukomalacia adjusted for relevant

factors such as birth weight and gender (Aly et al.). In another

manuscript, Huang et al., conducts a study focusing on the

importance of considering non-cardiac anomalies (NCAs) in

children with CHD, as these can significantly impact the overall

prognosis and management of the condition. Recognizing the

varied probabilities and types of NCAs across different CHD

subtypes is crucial for early detection, comprehensive evaluation,

and tailored therapeutic approaches. The findings underscore the

need for multidisciplinary teamwork involving cardiologists,

geneticists, and other specialists to optimize care for these patients

(Huang et al.). From the same group, Zhao et al., presented their

comprehension of the complex interplay between primary ciliary

dyskinesia (PCD), heterotaxy, and CHD, but it also highlights the

necessity for preoperative screening of ciliary dysfunction in

patients with heterotaxy and CHD. This proactive strategy can

substantially improve postoperative respiratory care and ultimately

enhance the overall health and well-being of these patients (Zhao

et al.). Another example of the importance of considering NCAs in

children with CHD is the study of Peng et al., which emphasizes

importance of considering Tuberous Sclerosis Complex (TSC) in

fetus and children with ardiac rhabdomyomas, regardless of size or

location. Concurrent TSC leads to a generally less favorable

prognosis due to epilepsy and neurological abnormalities, also

granting a specialized and multidisciplinary approach (Peng et al.).
Cardiovascular outcome in children
with acquired cardiovascular diseases

Mu et al., devised a nomogram model specifically for patients

diagnosed with Diffuse Large B-Cell Lymphoma (DLBCL). This

model demonstrated admirable predictive efficacy and

exceptional discriminative capability. Such a tool may

substantially assist clinicians in formulating refined therapeutic

strategies at the time of the initial diagnosis. The predictors
identified for cardiovascular mortality (CVM) encompassed age

at diagnosis, gender, ethnicity, tumor grade, Ann Arbor staging,

receipt of radiotherapy, and specific chemotherapy regimens.

Clinical variables ascertained at the diagnostic juncture can

discern DLBCL patients who are at a heightened risk of CVM,

thereby suggesting that preventative interventions should be

contemplated for this subpopulation (Mu et al.).

In a multicenter prospective observational study, De Wolf et al.,

report on the late cardiac outcomes of 36 children who were

recruited during the acute phase of multisystem inflammatory

syndrome. In the late-term follow-up visit, the evaluation of late

cardiac outcomes CMR does not show any myocardial scarring in

children with a normal echocardiographic LVEF. Subclinical

myocardial damage can persist in the late term, and further

follow-up seems appropriate in these patients (De Wolf et al.).
Illustrative case reports

This collection includes three interesting case reports

illustrating different aspect of pediatric cardiology care. In the

first case Luo et al., present a fetus with prenatal diagnosis of

severe pulmonary stenosis with intact ventricular septum. In this

case report, while the right ventricular volume did not reach

significant values to support prenatal intervention, the authors

observed a significant decrease in tricuspid valve gradient and

annular z-score. Postnatally, a 1.5 ventricular circulation seemed

the only feasible option. The authors concluded that besides right

ventricular volume, which is the most accepted parameter for

biventricular repair (PMID: 30238627), tricuspid valve

regurgitation and z-score could be useful additional parameters.

In the second case report, Xu et al., present a child with

excessive vagal tone manifesting as sinus pauzes of up to 7,4 s,

multiple episodes of sinus bradycardia, and junctional escape

rhythms. The authors apply for the first time in a child

cardioneuroablation (CNA) therapy for this indication and

demonstrate improved clinical outcomes, including symptom

alleviation and resolution of rhythm disorders (Luo et al.). This

innovative approach seemed therefor safe and effective.

Finally, in the last case report, Zhou et al., show a singular case of an

infant diagnosed with Williams-Beuren syndrome (WS) who

manifested an accelerated progression of arterial stenosis and

exhibited left ventricular endocardial calcification. This case was

associated with a novel heterozygous deletion not previously described

in the literature. While arterial stenosis represents the most frequently

encountered cardiovascular complication in patients with WS, the

occurrence of endocardial calcification during infancy is exceptionally

uncommon. To our knowledge, this is the first documented instance

of endocardial calcification in an infant with WS, suggesting a unique

phenotype that expands the known cardiovascular manifestations

associated with this genetic condition (Zhou et al.).
Conclusions

This collection gathers some interesting aspect of pediatric

cardiology: (1) The study of cardiovascular remodeling during
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fetal life and its sequelae demands a multidisciplinary effort,

encompassing developmental biology, genetics, epidemiology, and

clinical cardiology. (2) A broad understanding of the molecular

and environmental determinants of cardiovascular health and of

disease associated with congenital and acquired heart diseases,

will facilitate the development of innovative preventive,

diagnostic, and therapeutic strategies. As research progresses, it is

imperative that findings are translated into clinical practices

that can mitigate the onset and progression of cardiovascular

diseases, ultimately enhancing the quality of life and longevity for

those affected.
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Introduction: Multisystem inflammatory syndrome in children (MIS-C) is
associated with important cardiovascular morbidity during the acute phase.
Follow-up shows a swift recovery of cardiac abnormalities in most patients.
However, a small portion of patients has persistent cardiac sequelae at mid-
term. The goal of our study was to assess late cardiac outcomes of MIS-C.
Methods: A prospective observational multicenter study was performed in
children admitted with MIS-C and cardiac involvement between April 2020 and
March 2022. A follow-up by NT-proBNP measurement, echocardiography, 24-h
Holter monitoring, and cardiac MRI (CMR) was performed at least 6 months
after MIS-C diagnosis.
Results: We included 36 children with a median age of 10 (8.0–11.0) years, and
among them, 21 (58%) were girls. At diagnosis, all patients had an elevated NT-
proBNP, and 39% had a decreased left ventricular ejection fraction (LVEF)
(<55%). ECG abnormalities were present in 13 (36%) patients, but none
presented with arrhythmia. Almost two-thirds of patients (58%) had
echocardiographic abnormalities such as coronary artery dilation (20%),
pericardial effusion (17%), and mitral valve insufficiency (14%). A decreased
echocardiographic systolic left ventricular (LV) function was detected in 14 (39%)
patients. A follow-up visit was done at a mean time of 12.1 (±5.8) months (range
6–28 months). The ECG normalized in all except one, and no arrhythmias were
detected on 24-h Holter monitoring. None had persistent coronary artery
dilation or pericardial effusion. The NT-proBNP level and echocardiographic
systolic LV function normalized in all patients, except for one, who had a
severely reduced EF. The LV global longitudinal strain (GLS), as a marker of
subclinical myocardial dysfunction, decreased (z <−2) in 35%. CMR identified
one patient with severely reduced EF and extensive myocardial fibrosis requiring
heart transplantation. None of the other patients had signs of myocardial
scarring on CMR.
Conclusion: Late cardiac outcomes after MIS-C, if treated according to the
current guidelines, are excellent. CMR does not show any myocardial scarring in
children with normal systolic LV function. However, a subgroup had a decreased
GLS at follow-up, possibly as a reflection of persistent subclinical myocardial
dysfunction.
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MIS-C, CMR, pediatric, SARS-CoV-2, children, outcome, cardiac
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Introduction

Children affected with a SARS-CoV-2 infection usually have a

mild clinical disease course (1). However, in April 2020, a

hyperinflammatory multisystem syndrome was described, which

occurred 2–6 weeks after SARS-CoV-2 exposure. It was referred

to as multisystem inflammatory syndrome in children (MIS-C).

Up to 80% of MIS-C patients have cardiovascular involvement,

including signs of myocarditis with an elevated N-terminal

prohormone of brain natriuretic peptide (NT-proBNP) and a

decreased systolic left ventricular (LV) function, coronary artery

dilation, pericardial effusion, arrhythmias, and conduction

abnormalities (2–6). Although the follow-up demonstrated a

swift recovery of cardiac abnormalities and left ventricular

function in most patients, a small number had persistent

cardiac sequelae at mid-term, including a decreased left

ventricular ejection fraction (LVEF) (7–9), subclinical

myocardial damage illustrated by reduced LV strain (10), and

myocardial fibrosis on CMR (11). The goal of our study was to

assess late cardiac outcomes after hospitalization for MIS-C

using NT-proBNP, echocardiography, 24-h Holter monitoring,

and CMR.
Materials and methods

We performed a prospective observational multicenter study in

patients aged <18 years diagnosed with MIS-C according to WHO

criteria (12) between May 2020 and August 2022 in one of the

following Belgian centers: Brussels University Hospital, ZNA

Queen Paola Children’s Hospital, Ghent University Hospital, and

Antwerp University Hospital. The exclusion criteria were the

presence of pre-existing myocardial dysfunction and the need for

general anesthesia to perform cardiac MRI, as the risk would

outweigh the benefit. The follow-up visit was organized at least 6

months after hospitalization for MIS-C. From a total of 62

patients who met the inclusion criteria, 36 were included, 18

declined to participate, and 8 could not give informed consent

because of a language barrier. Written informed consent was

given by the parents of the participating patients. The study

protocol was approved by the Ethics Committees of all

participating centers (EC 2021-115/B.U.N. 1432021000463).
Patient data

All demographical, clinical, biochemical, and echocardiographic

data were collected in a standardized form. Demographic (sex,

ethnicity, and age at admission), history (recent infection with

SARS-CoV-2 or close contact in the weeks before presentation),

anthropometric [height, weight, and body mass index (BMI)],

and clinical (need for ICU admission, inotropic support, and

treatment regime) data were collected at baseline (admission

for MIS-C).
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Laboratory investigations

All patients underwent SARS-CoV-2 testing at admission by

polymerase chain reaction on nasopharyngeal swabs. Previous

SARS-CoV-2 exposure was detected through IgG serological

assessment. Biochemical data included cardiovascular disease

biomarkers (NT-proBNP and troponin) and D-dimers. NT-

proBNP measurement was repeated at the follow-up visit,

simultaneously with the peripheral intravenous cannulation

necessary to perform the CMR with gadolinium administration.
Echocardiographic and electrocardiogram
data

Echocardiography was performed by a single pediatric

cardiologist in each participating center at baseline and at follow-up.

The echocardiographic parameters recorded included the presence

of pulmonary hypertension (PH), pericardial effusion, coronary

dilation, and valvular insufficiency as well as cardiac dimensions

and function. Coronary dilation was defined as a z-score of ≥2.0
(13). Cardiac function was evaluated by left ventricular fractional

shortening (FS) (M-mode) and left ventricular ejection fraction

(Simpson biplane method). A decreased cardiac function was

defined as an FS of < 28% or EF of < 55%. Left ventricular end-

diastolic diameter (LVEDD) and left ventricular end-systolic

diameter (LVEDs) and their respective z-scores were recorded. An

evaluation of LV regional wall abnormalities and subclinical LV

dysfunction by global longitudinal strain (GLS) measurement

through speckle tracking echocardiography (STE) was performed at

follow-up. It was added to the study at a later stage; thus, results are

only partially available for the cohort. Three apical views (four-

chamber, two-chamber, and three-chamber) were used. GLS

calculation was performed offline using a semiautomatic method

(GE EchoPac Software, GE Healthcare, USA). The borders of the

studied LV myocardial segments were adjusted manually. The peak

longitudinal strain values for each view were averaged to calculate

LV GLS. An adjustment for body surface area was performed and

represented by the z-score as described by Dallaire et al. (14).

A decreased GLS was defined as a z-score of <−2.
A standard 12-lead electrocardiogram (ECG) was performed

during admission for MIS-C and was repeated, combined with a

24-h Holter monitoring at follow-up, to detect arrhythmia as a

possible late complication of MIS-C.
CMR-imaging

A standard CMR protocol was performed using a Philips

Achieva dStream 1.5T or Ingenia 3.0T scanner (Philips Medical

Systems, Best, Netherlands). SSFP-cine sequences were performed

for LV and RV measurements. Tissue characterization before

contrast was performed with T1 and T2 mapping to visualize

myocardial injury and edema, respectively. A T2-weighted short

tau inversion recovery sequence was used to visualize edema.
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TABLE 1 Clinical patient characteristics.

n = 36
Age at admission (years) 10.0 (8.0–11.0)

Sex (Female) 21 (58)

Height (cm) 141.5 ± 2.4

Weight (kg) 34.5 (25.0–49.3)

BMI (kg/m2) 17.8 (14.6–19.9)

Ethnicity
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Late gadolinium enhancement (LGE) imaging was performed

10 min after an intravenous administration of 0.1 mmol/kg

gadoterate meglumine (Dotarem, Guerbet, Villepinte, France).

Cardiac volumes and mass of the left and right ventricles were

analyzed using Circle Cardiovascular Imaging Inc. (Calgary,

Canada). An increased left ventricular end-diastolic volume

adjusted for body surface area (ml/m2) was defined as an

LVEDD of >p97 using pediatric CMR reference values (15).

Caucasian 25 (69)

African 9 (25)

Asian 2 (6)

COVID status
IgG+ 25 (69)

PCR+ 4 (11)

Contact 4 (11)

IgG and PCR+ 3 (8)

Treatment regime
Immunoglobulins 13 (36)

Immunoglobulins + corticosteroids 21 (58)

Corticosteroids 1 (3)

None 1 (3)

ICU admission 29 (81)
Statistical analysis

Statistical analysis was done with IBM SPSS Statistics 28.0 (IBM

Corp., Armonk, NY, USA). Shapiro–Wilk test and histogram were

used to test the normality for each variable. Continuous variables

are expressed as mean ± standard deviation or median and

interquartile range (25th–75th percentile) as appropriate. Discrete

variables are expressed as numbers and percentages. A

comparison of characteristics between the different patient groups

was done by using the Mann–Whitney U test for continuous

variables and Fisher’s exact test for dichotomous variables.
TABLE 2 Cardiac findings at baseline.

n = 36

Biomarkers
D-dimer (ng/ml) 3,368.5 (1,565.0–4,781.8)

Troponin (ng/L) 48.5 (15.5–146.0)

NT-proBNP (pg/ml) 5,125.0 (1,505.0–20,153.0)

Echocardiographic findings
Decreased LV function 21 (58)

Inotropic support 14 (39)

Duration of inotropic support (days) 3.6 ± 0.6

Values are presented as n (%), means ± SD, or median (Q1–Q3). BMI, body mass

index; ICU, intensive care unit; IgG, immunoglobulin G; PCR, polymerase chain

reaction.
Results

Patients

We included 36 children with MIS-C. Patient characteristics at

baseline are outlined in Table 1. The median age at admission was

10.0 (8.0–11.0) years, and among them, 21 (58%) were girls. Most

patients had Caucasian descent (69%). A body mass index (BMI) of

>25 was observed in three (8%) patients. Comorbidity was limited

to one patient with familial Mediterranean fever and one with pre-

existing renal failure. All except one received immunoglobulins

and/or corticosteroids as MIS-C treatment. Treatment with low-

dose aspirin was started in all patients. ICU admission was

warranted in 29 patients (81%), with almost half of them (48%)

needing inotropic support for a mean duration of 3.6 ± 0.6 days.

LVEF (%) 57.0 ± 1.9

FS <28% 13 (37)

FS (%) 29.0 ± 1.2

LVEF <55% 14 (39)

LVEDD z-score >2 (%) 1 (3)

Echocardiographic abnormality at diagnosis 21 (58)

Coronary artery dilation 20 (56)

Pericardial effusion 6 (17)

Mitral valve insufficiency 5 (13)

Pulmonary hypertension 3 (8)

Left ventricular hypertrophy
ECG abnormalities 13 (36)

Repolarization abnormalities 7 (19)

QTc prolongation 3 (8)

Left ventricular hypertrophy 2 (6)

First-degree AV block 1 (3)

Sinus bradycardia 1 (3)

Values are presented as n (%), means ± SD, or median (Q1–Q3). NT-proBNP, N-

terminal prohormone of brain natriuretic peptide; LVEF, left ventricular ejection

fraction; FS, fractional shortening; LVEDD, left ventricular end-diastolic diameter;

AV block, atrioventricular block.
Cardiac assessment at MIS-C admission

The cardiac assessment was performed routinely during MIS-C

admission, and the results are presented in Table 2. Cardiac

biomarkers measurement showed significantly elevated NT-

proBNP and D-dimers in all patients and an elevated troponin

level in 28 (78%).

A total of 13 patients (36%) had ECG abnormalities during

admission. More than half of those had repolarization

abnormalities (ST segment elevation, flattened or inverted T

waves), three (8%) had QTc prolongation, two (6%) had left

ventricular hypertrophy, one (3%) had sinus bradycardia despite

inotropes, and one (3%) had a first-degree AV block. None

demonstrated supraventricular or ventricular arrhythmias.

All patients underwent an echocardiographic evaluation, and

abnormalities were present in almost two-thirds of patients (58%).

A total of 20 patients (56%) had dilated coronary arteries, but
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none had more than small coronary artery aneurysms (z-score <5).

Pericardial effusion was observed in a small portion of patients

(17%), none of which was hemodynamically relevant. A total of

five patients (14%) had mitral valve insufficiency (MI), three (8%)

had pulmonary hypertension, and three (8%) had septal hypertrophy.

An evaluation of left ventricular function was performed by

calculating FS, LVEF, and LVEDD. A total of 13 patients (36%)

had both a diminished LVEF and FS in combination with an

LVEDD z-score of >2 in 1 (3%) patient. One had a decreased

LVEF and a borderline FS of 29%. The LV dysfunction was

mostly mild (71%), but some had moderate (21%) or severe (8%)

impaired systolic LV function. An LVEDD z-score of >2 was

present in one patient (3%) only.
Cardiac assessment at the follow-up visit

The mean time interval to the follow-up visit was 12.1 ± 5.8

months (range 6–28 months). The follow-up data are outlined in

Table 3. The ECG was normal in all except one patient with

persistent repolarization abnormalities. A 24-h Holter monitoring

showed no pathological supraventricular or ventricular

arrhythmias. An echocardiographic evaluation of persistent

cardiac abnormalities or decreased LV function was performed in

all patients. None had persistent coronary artery dilation or

pericardial effusion. Mitral valve insufficiency and PH normalized
TABLE 3 Cardiac findings at follow-up.

N = 36
Follow-up time (months) 12.1 ± 5.8

NT-proBNP (pg/ml) 35.0 (24.8–51.0)

Echocardiographic findings

Echocardiographic evaluation of LV function
LVEF (%) 64.9 ± 1.8

LVEF <55% 1 (3)

FS (%) 35.6 ± 1.1

FS <28% 1 (3)

LVEDD z-score >2 1 (3)

GLS (%, n = 14) −18.2 ± 0.7

Echocardiographic abnormality at follow-up 2 (6)

Coronary artery dilation 0

Pericardial effusion 0

Mitral valve insufficiency 1

Pulmonary hypertension 1

Left ventricular hypertrophy 1

Abnormal Holter findings 0

ECG abnormalities 1 (3)

Repolarization abnormalities 1 (3)

CMR findings
LVEF 60.7 ± 10.2

LVEF <55% 3 (9)

LVEDD (ml/m2) 78.3 ± 24.1

LVEDD >p97 3 (9)

Fibrosis 1 (3)

Values are presented as n (%), means ± SD, or median (Q1–Q3). NT-proBNP,

N-terminal prohormone of brain natriuretic peptide; LVEF, left ventricular

ejection fraction; FS, fractional shortening; ECG, electrocardiogram; LVEDD, left

ventricular end-diastolic diameter.
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in patients with a normal systolic LV function. One patient

showed persistent septal hypertrophy. The echocardiographic LV

systolic function was still impaired in only one patient with an

extremely elevated NT-proBNP. In this patient, echocardiographic

parameters showed an increased LVEDD (z-score +5), a

diminished LVEF of 10%, and an FS of 8% with consequent

mitral valve insufficiency and PH.

A measurement of the global LV strain was added to detect

subclinical LV dysfunction later during follow-up. The GLS was

calculated in 14 patients, and 5 (35%) had a decreased GLS

percentage adjusted for BSA (z-score <−2; range −3.4/−2.5). The
distribution of the affected LV myocardial regions in patients

with a decreased GLS was variable and different. All children

with a decreased GLS were admitted to the ICU during the acute

phase, and two had a decreased echocardiographic LV function.

However, only one needed inotropic support. Three patients had

an increased troponin level, and coronary arteries were dilated in

four children. None had an abnormal baseline ECG. We found

no correlation between children with either normal or decreased

GLS regarding the need for inotropic support, PICU admission,

increased cardiac biomarkers, decreased cardiac function, or any

other cardiac abnormalities at baseline. All of these patients had

normal biochemical, echocardiographic (except for a decreased

GLS), and Holter results at follow-up.

A CMR was performed in 35 patients at follow-up. In one patient

with claustrophobia, the CMR could not be obtained. The CMR

LVEF decreased (LVEF <55%) in three patients, of which one had a

severely reduced LVEF of 10%. This was the only patient with LGE

as a sign of myocardial fibrosis. This 16-year-old patient was

admitted to our hospital with heart failure when the pandemic was

first reported (April 2020), 6 weeks after a SARS-CoV2 infection

needing respiratory support. He was our first MIS-C patient and

did not receive immunoglobulins or corticosteroids. Heart

transplantation was necessary due to the severity of the heart

failure, despite maximal medical treatment. The patient is now

doing well. The two other patients had a mild reduced LVEF on

CMR (45%–55%) and no signs of fibrosis, and the

echocardiographic evaluation of systolic LV function was normal.

LVEDD was >p97 in three children of which one is the patient

described above. The CMR LVEF and echocardiographic LV

function and dimensions were normal in the remaining two. All

patients with a decreased echocardiographic GLS had a normal CMR.
Discussion

In this Belgian multicenter prospective observational study, we

report on the late cardiac outcomes of 36 children who were

recruited during the acute phase of an MIS-C episode. In the

late-term follow-up visit, with the evaluation of late cardiac

outcomes through NT-proBNP measurement, ECG and 24-h

Holter monitoring, echocardiography, and CMR performed after

a mean period of 1 year with a maximal interval of 28 months

after MIS-C admission. To the best of our knowledge, this

includes the longest follow-up interval of a multimodal cardiac

evaluation, including CMR, after MIS-C.
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Echocardiographic abnormalities

As in Kawasaki disease, coronary dilatation is a common

finding in the acute phase of MIS-C with a prevalence rate

ranging from 7% to 35%. Most patients have coronary dilatation

or small coronary artery aneurysms. Giant coronary aneurysms

are rare. The follow-up demonstrates a regression of the

coronary artery dilatation to 79% after 30 days and up to 100%

after 90 days, although there are reports of persistent giant

coronary artery aneurysms (4, 6, 11, 16, 17). In our cohort, a

relatively large number (56%) had coronary artery dilation, but

none had more than small coronary aneurysms, defined as a z-

score of <5. It is suggested that fever and tachycardia caused by

the hyperinflammatory state are responsible for the frequent mild

coronary artery dilation and not the inflammatory damage to the

arterial wall itself, as seen in Kawasaki disease (18). This could

also explain the rapid normalization of the coronary artery

dimension in our cohort. As there is a significant overlap

between the symptomatology of MIS-C and Kawasaki disease, it

is possible that some of the children with persistent important

coronary aneurysms reported in the literature had incomplete

Kawasaki disease rather than MIS-C.

Pericardial effusion occurs in up to 28% of patients in the acute

phase of MIS-C and resolves quickly (19). Severe effusion with

tamponade necessitating pericardiocentesis is very rare (11). In

our cohort, 17% had a pericardial effusion, but none needed

percutaneous drainage nor showed pericardial effusion at follow-

up echocardiography or CMR.

Mitral valve incompetence is associated with MIS-C, possibly

secondary to a decreased LV function with LV dilation or as a

sign of valvulitis. Valverde et al. (6) describe a prevalence of MI

in 42% of patients at diagnosis. In our population, MI was

present in five patients (13%). Four had a decreased LV function

and one had a concomitant increased LVEDD. An isolated MI,

representing valvulitis, was observed only in one patient and did

not persist at follow-up. MI was present at follow-up in the

patient with persistent LV dysfunction and dilation.

PH was seen in three patients of whom one had a decreased

systolic LV function, one had mitral valve insufficiency, and one

had isolated PH. None had interference of any pulmonary

involvement (pneumonia, atelectasis, and pleural effusion).

Isolated PH is not known to be an expected condition in MIS-C.

In our patients, it can be hypothesized that both pulmonary

vascular reactivity, caused by systemic inflammation, and LV

dysfunction could be the cause for this increased pulmonary

arterial pressure. Only the patient with a severely impaired LV

systolic function had a postcapillary PH at follow-up.
ECG abnormalities

ECG abnormalities are associated with MIS-C and are observed

in up to two-thirds of patients (3, 11). This study showed ECG

abnormalities in 36% of children, mainly during repolarization.

Myopericarditis with consequent myocardial inflammation and

edema seems to be responsible for these conduction
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abnormalities, a hypothesis supported by the normalization of the

ECG in most cases after MIS-C recovery (20). Tachyarrhythmias

are rare in MIS-C. Dionne et al. (2) reported a 1.7% prevalence

in 2,343 patients <21 years of supraventricular tachycardia,

accelerated junctional rhythm, or ventricular tachycardia. In our

patient group, we did not observe any tachyarrhythmias during

admission nor at the 24-h Holter monitoring during follow-up.
Echocardiographic evaluation of cardiac
function

An impaired echocardiographic systolic LV function is observed

in 31%–63% of MIS-C patients at diagnosis. An ICU admission and

the need for inotropic support are not uncommon, and a small

number even need extracorporeal membrane oxygenation

(21, 22). However, recovery of LV systolic function on

echocardiography is observed in most patients already at short-

term follow-up. Persistence of LV dysfunction at mid-term

follow-up is rare (7). In our cohort, 39% of patients had a

decreased LVEF during MIS-C, all needing inotropic support.

None required ECMO. Our follow-up data confirm the lasting

recovery of systolic LV function at late-term. Severely impaired

systolic LV function was observed in one patient at follow-up.

As LVEF is a marker of clinical myocardial function, LV GLS

represents both clinical and subclinical myocardial performance.

In MIS-C, LV GLS is significantly reduced, and mainly the basal

LV segments seem to be affected. The decreased GLS seems to

persist longer than a diminished LVEF. The latter is usually

recovered at the 2-month follow-up, while GLS improves

especially between 2 and 6 months after disease onset (10, 23,

24). It is suggested that a diminished GLS could reflect persistent

subclinical myocardial damage. In our study, 5 out of 14 patients

(35%) had a GLS z-score of <−2 at follow-up. The FS, LVEF,

and CMR were normal in all patients. We could not identify any

differences in characteristics at baseline in these groups. Thus, it

remains uncertain which patients are at greater risk for a

decreased GLS during long-term follow-up, as even children with

normal LVEF are at risk (25). Although GLS has proved its value

in the detection of subclinical myocardial dysfunction, further

investigation is necessary to assess the clinical significance and

predictive value of a decreased LV GLS during MIS-C follow-up.

We believe that follow-up needs to be continued in these patients

with diminished GLS until normalization.
CMR

CMR data in the acute phase of MIS-C are scarce. Myocardial

edema and LGE as signs of myocardial fibrosis are present in 14%–

35% (6, 26). In a multicenter study by Aeschlimann et al. (27), 18%

of patients met the Lake Louise criteria for myocarditis at a median

time of 28 days after the onset of symptoms. It seems clear that

myocarditis can be present during the hyperinflammatory state

in MIS-C and can persist for a short term in some patients.

Emerging mid-term follow-up CMR data after MIS-C have
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become available, but conflicting results are being published.

Bartoszek et al. (28) could not identify any CMR abnormalities

at the 3-month follow-up in 19 children with cardiac

involvement during the acute phase of MIS-C, and neither could

Barris et al. (3) at the 9-month follow-up. These results contrast

with other data that show the presence of LGE, without LV

dysfunction or any other clinically significant cardiac

abnormalities, in up to 50% after a mean follow-up of 9 months

(11, 29). We performed a CMR after a mean period of 12

months with a range of 6–28 months and observed

normalization of the cardiac function in almost all patients. The

patient described above, who did not receive adequate MIS-C

treatment because of a late recognition in the early stages of the

pandemic, had a severely reduced EF (10%) and an increased

LVEDD (197 ml/m2) and LGE on CMR 6 months after MIS-C.

Interestingly, two other patients had mildly reduced EF on CMR

and normal echocardiographic LVEF and FS. The discrepancy

between the evaluation of cardiac function on echocardiography

and CMR is not clearly understood. Possibly, CMR, as the gold

standard for LV function evaluation, is more sensitive for

detecting a subtle decreased LV function. CMR LVEDD was

>p97 in two patients with normal echocardiographic LVEDD

and LV function.

It can be hypothesized that CMR at mid-term follow-up still

shows persistent anomalies that may recover over time. Sirico

et al. (10) described 6 patients with LGE on initial CMR 18 days

after the disease onset, who underwent repeat CMR 6 months

later. Although LGE was still present in 5 out of 6 patients,

reduced extension was observed. Benvenuto et al. (30) describe a

similar patient with LGE on CMR 2 months after MIS-C, with an

improvement on repeat CMR at the 9-month follow-up. CMR

can be a useful tool during MIS-C follow-up; however, the timing

is still open for discussion. Timing CMR 3–6 months after MIS-C

diagnosis can be performed to assess whether participating in

competitive sports is safe, in addition to an exercise stress test

and/or 24-h Holter monitoring. However, if echocardiography is

normal, it could be considered to evaluate for myocardial fibrosis

at a later stage during follow-up, as the degree of LGE seems to

improve over time. CMR even seems unnecessary in most

children, as no relevant cardiac abnormalities were found in

patients with LGE on CMR and with normal echocardiographic

cardiac function. Our findings seem to support this idea as no

LGE was observed after a long mean follow-up period of 12

months in patients who received adequate MIS-C treatment.
Limitations

There are some limitations in our study. First, although the

mean follow-up duration is one of the longest reported, it

occurred not at a fixed time interval after MIS-C admission

because of various factors such as the availability of CMR during

the pandemic. Second, our LV GLS results could be biased as we

added evaluation for subclinical myocardial damage through LV

GLS at a later stage of the study course. Finally, we could include

only 36 out of 62 MIS-C patients; however, this has not
Frontiers in Pediatrics 0613
significantly changed our results because the standard follow-up

in those children who did not participate in the study did not

show cardiac abnormalities.
Conclusion

Late cardiac outcomes after MIS-C, if treated according to current

guidelines, are excellent. CMR does not show any myocardial scarring

in children with a normal echocardiographic LVEF. Subclinical

myocardial damage can persist in the late term, and further follow-

up seems appropriate in these patients. However, the clinical

significance of these findings has yet to be determined.
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Introduction: Noncardiac anomalies (NCAs) in patients with congenital heart
defects (CHDs) are crucial for perioperative management and etiology studies.
This study aimed to investigate NCAs in Chinese children with CHDs.
Methods: Medical records for CHD-diagnosed children hospitalized from 1
January 2015 to 31 December 2019 were collected and subjected to
retrospective analyses to excavate potential association rules between CHDs and
noncardiac malformations.
Results: A total of 3,788 CHD patients were included in this study. The main
phenotypes of CHD were Ventricular Septal Defect (VSD, 33.69%), Atrial Septal
Defect (ASD, 12.72%), and Tetralogy of Fallot (TOF, 5.54%). A total of 887
(23.42%) cases showed noncardiac anomalies, which were mainly associated
with the central nervous system (34.61%), nose/ear/mandibular/face (19.39%),
genitourinary system (15.78%), and musculoskeletal system (15.56%). Compared
to other CHD subtypes, septal defects had a lower percentage of associated
NCAs (P= 3.7 × 10−9) while AVSD had a higher percentage (P= 0.0018).
Disscussion: NCAs are prevalent among CHD-diagnosed children in China, and
the spectrums of NCAs in different CHD subcategories were different.

KEYWORDS

congenital heart defects, noncardiac anomalies, Chinese children, retrospective analyses,

phenotype

1. Introduction

Congenital heart defects (CHDs) are a leading cause of infant mortality and the most

commonly diagnosed major congenital anomaly worldwide (1, 2) with a prevalence of

8.98 per 1,000 live births in China (3). Although diagnostic capabilities and surgical

strategies have significantly advanced, CHD remains a costly and onerous disease burden

in many countries (4, 5). CHDs manifest as diverse structural abnormalities of the heart

and great vessels that arise during embryonic development. The complexity of structural

anomalies, defect severity, and the presence of comorbidities are essential determinants of

CHD outcomes (6).

It is important to identify whether a CHD presents as an isolated condition or has

developed in combination with noncardiac anomalies, as is frequently the case. Multiple

organs originate from a common germ layer and can be regulated by shared signaling

pathways (7). Moreover, chromosomal aberrations, which represent a leading cause of

CHDs, alter the activities of multiple genes that may have different functions in

embryogenesis. CHD comorbidities affecting other systems have a significant impact on

clinical course. Despite advances in cardiac surgery and perioperative management,

Eskedal et al. (8) reported that survival has not improved for CHD-diagnosed children
01 frontiersin.org15
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with extracardiac anomalies. A 15-year follow-up study showed

that noncardiac anomalies (NCAs) had a more significant effect

on mortality in patients with CHDs than potential heart disease

(9). Indeed, some have recommended that prediction modeling

of thoracic surgery mortality risk for CHD patients could be

augmented by adding a covariate that represents noncardiac

congenital anatomic abnormalities (10). NCAs can increase the

risk of postoperative complications, such as respiratory

complications with heterotaxy (11), and children with CHD

undergoing noncardiac surgery can have an increased mortality

risk (12). Consequently, to identify optimal perioperative and

long-term management of patients with CHDs and to elucidate

the etiology of congenital defects, a detailed description of

coexisting NCAs in children with CHD is necessary.

Reported frequencies of NCAs in CHD-diagnosed patients

range widely from 4.53% to 50% (13–15). Different types of

CHD are associated with distinct incidences of extracardiac

comorbidities. For example, the NCA risk has been reported to

be elevated among CHD patients with a cardiac looping defect,

conotunal defect (CTD), or atrial septal defect (ASD) and

reduced among CHD patients with a ventricular septal defect

(VSD) or Ebstein anomaly (16, 17). Moreover, specific

associations have been identified between common truncus and

limb reduction defects and between great vessel-transposition

and situs inversus (18). Piran found a trend toward a higher

prevalence of major congenital extracardiac anomalies

involving the musculoskeletal and genitourinary systems in

adults with tetralogy of Fallot (TOF) (19). Thus far, there are

limited data in the literature regarding the occurrence of NCAs

in CHD-diagnosed children in China, and this study aimed

to describe the proportions and distributions of NCAs in

Chinese children of Han ethnicity who have been diagnosed

with a CHD.
2. Materials and methods

2.1. Study population

Children diagnosed with a CHD and hospitalized in the

Department of Cardiac Surgery, Children’s Hospital of Fudan

University from 1 January 2015 to 31 December 2019 were

eligible for inclusion. Data collection and analysis processes were

conducted with the permission of and under the guidance of the

ethics committee. Written informed consent to participate was

obtained from the guardians. Medical histories, surgical records,

imaging data, outpatient medical records, and genetic test results

of enrolled patients were collected and examined retrospectively.

CHD diagnoses were confirmed by clinical assessment,

echocardiography, cardiac catheterization, and, if necessary,

surgical observations. Patent foramen ovale, patent ductus

arteriosus (PDA) in premature infants, and a PDA that resolved

within 3 months after birth were excluded. The analyses did not
Frontiers in Cardiovascular Medicine 0216
include patients with cardiomyopathies, cardiac arrhythmias, or

primary pulmonary hypertension.
2.2. Phenotype classification

Individual patients’ CHDs were classified based on anatomy

and etiology (20–23) into the level 1 and 2 categories (Table 1),

where the latter are subcategories of the former. Level 1

categories included the following: septal defects, atrioventricular

canal defect (AVSD), conotruncal cardiac defect (CTD), left

ventricular outflow tract obstruction (LVOTO), right ventricular

outflow tract obstruction (RVOTO), abnormal cell growth,

heterotaxy (HTX), others, and associations.

Diagnosed NCAs were summarized and aggregated according

to affected systems. All developmental delays, including growth

retardation, intellectual disability, mental delays, learning

difficulties, and language/motor deficits, were classified as central

nervous system (CNS) anomalies (24). We ignored syndrome

diagnoses to focus on phenotypes. Syndrome-associated

noncardiac phenotypes were disassociated and classified

according to their respective affected systems. Anomalies within

the same affected system were counted as one. CHD cases with

and without NCAs are referred to as associated CHD cases and

isolated CHD cases, respectively.
2.3. Statistical analysis

R (version 4.1.2), R Studio (version 1.4.1717), and SPSS (IBM

version 20) were used for statistical analysis. Analysis of

description was used to provide the whole picture of CHD and

NCAs; Pearson’s χ2 test or Fisher’s exact test was applied to

compare the proportions of isolated CHD between different

genders and different CHD subtypes. The apriori principle (25)

was used to analyze CHD diagnosis-to-NCA association, setting

thresholds for support and confidence at 0.01 and 0.1,

respectively. Rules with a lift≥ 3 were considered of value.
3. Results

3.1. Proportions of congenital heart defects

A total of 3,788 CHD-diagnosed children were identified

retrospectively, of which 2,065 (54.51%) were male and 1,723

were female (45.49%) with a median age of 3.96 years (IQR,

2.56–5.39). The proportions of level 1 and level 2 diagnostic

classifications are reported in Table 1 with sex ratios and the

number of co-occurring anomalies. The most common level 1

diagnoses were septal defect (56.89%), CTD (13.83%), and

RVOTO (6.39%); besides different septal defects TOF (5.54%),

pulmonary artery/valve atresia or other malformations of the

pulmonary artery/valve (3.85%), DORV (2.03%), valvular/

supravalvular aortic stenosis or other malformation of the aorta
frontiersin.org
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TABLE 1 Distribution of CHD subtypes and corresponding number of NCAs.

CHD phenotypesa n (%)b Sex ratio
(M/F)

Number of noncardiac malformation,
n (%)c

0 1 2 ≥3
Septal defect 2,155 (56.89) 1.11 1,727 (80.14) 277 (12.85) 115 (5.34) 36 (1.67)
VSD 1,276 (33.69) 1.34 1,056 (82.76) 146 (11.44) 54 (4.23) 20 (1.57)

ASD 482 (12.72) 0.88 361 (74.90) 76 (15.77) 37 (7.68) 8 (1.66)

VSD + ASD 397 (10.48) 0.83 310 (78.09) 55 (13.85) 24 (6.05) 8 (2.02)

AVSD 124 (3.27) 0.8 80 (64.52) 22 (17.74) 17 (13.71) 5 (4.03)
AVSD 108 (2.85) 0.83 70 (64.81) 18 (16.67) 17 (15.74) 3 (2.78)

AVSD +OTO 16 (0.42) 0.60 10 (62.50) 4 (25.00) 0 (0.00) 2 (12.50)

CTD 524 (13.83) 1.94 400 (76.34) 80 (15.27) 37 (7.06) 7 (1.34)
PTA 9 (0.24) 0.50 6 (66.67) 2 (22.22) 0 (0.00) 1 (11.11)

DTGA-IVS 48 (1.27) 3.36 43 (89.58) 4 (8.33) 1 (2.08) 0 (0.00)

DTGA-IVS + OTO 11 (0.29) F = 0 5 (45.45) 4 (36.36) 2 (18.18) 0 (0.00)

DTGA +VSD 65 (1.72) 2.61 56 (86.15) 8 (12.31) 1 (1.54) 0 (0.00)

TOF 210 (5.54) 1.76 163 (77.62) 28 (13.33) 14 (6.67) 5 (2.38)

PA-VSD 43 (1.14) 1.05 32 (74.42) 6 (13.95) 5 (11.63) 0 (0.00)

DORV 77 (2.03) 1.85 58 (75.32) 13 (16.88) 6 (7.79) 0 (0.00)

APW 7 (0.18) 1.33 3 (42.86) 2 (28.57) 2 (28.57) 0 (0.00)

IAA 26 (0.69) 1.89 19 (73.08) 5 (19.23) 2 (7.69) 0 (0.00)

Vasc ring malformations 28 (0.74) 3.00 15 (53.57) 8 (28.57) 4 (14.29) 1 (3.57)

LVOTO 66 (1.74) 1.64 46 (69.7) 16 (24.24) 1 (1.52) 3 (4.55)
HLH 3 (0.08) 2.00 2 (66.67) 1 (33.33) 0 (0.00) 0 (0.00)

Valvular/supravalvular aortic stenosis or other malformation of
aorta or the aortic valve

63 (1.66) 1.63 44 (69.84) 15 (23.81) 1 (1.59) 3 (4.76)

RVOTO 242 (6.39) 1.00 192 (79.34) 37 (15.29) 11 (4.55) 2 (0.83)
Pulmonary artery/valve atresia or other malformations of
pulmonary artery/valve

146 (3.85) 0.85 119 (81.51) 19 (13.01) 6 (4.11) 2 (1.37)

Eebstein 12 (0.32) 2.00 8 (66.67) 3 (25) 1 (8.33) 0 (0.00)

TA-VSD/TA + PA-IVS 6 (0.16) 1.00 3 (50.00) 2 (33.33) 1 (16.67) 0 (0.00)

DCRV 59 (1.56) 1.19 45 (76.27) 12 (20.34) 2 (3.39) 0 (0.00)

HRH 19 (0.50) 1.38 17 (89.47) 1 (5.26) 1 (5.26) 0 (0.00)

Abnormal cell growth 75 (1.98) 1.78 59 (78.67) 11 (14.67) 4 (5.33) 1 (1.33)
APVD 56 (1.48) 2.73 46 (82.14) 6 (10.71) 3 (5.36) 1 (1.79)

Cor triatriatum 19 (0.50) 0.58 13 (68.42) 5 (26.32) 1 (5.26) 0 (0.00)

Others 151 (3.99) 0.61 108 (71.52) 30 (19.87) 10 (6.62) 3 (1.99)
CCTGA 6 (0.16) 2.00 4 (66.67) 2 (33.33) 0 (0.00) 0 (0.00)

SV 7 (0.18) 2.50 6 (85.71) 1 (14.29) 0 (0.00) 0 (0.00)

Isolated malformations of great arteries 3 (0.08) 2.00 1 (33.33) 2 (66.67) 0 (0.00) 0 (0.00)

Isolated malformation of the coronary arteries 15 (0.40) 0.36 12 (80.00) 2 (13.33) 0 (0.00) 1 (6.67)

Isolated malformations of heart valve 38 (1.00) 0.46 28 (73.68) 7 (18.42) 3 (7.89) 0 (0.00)

Isolated PDA 82 (2.16) 0.58 57 (69.51) 16 (19.51) 7 (8.54) 2 (2.44)

HTX 87 (2.30) 1.35 8 (9.2) 62 (71.26) 13 (14.94) 4 (4.6)
HTX + no CVM 5 (0.13) F = 0 4 (80.00) 0 (0.00) 0 (0.00) 1 (20.00)

HTX + simple CVM 37 (0.98) 0.76 2 (5.41) 26 (70.27) 7 (18.92) 2 (5.41)

HTX + complex CVM 45 (1.19) 1.81 2 (4.44) 36 (80.00) 6 (13.33) 1 (2.22)

Associations 364 (9.61) 1.38 281 (77.2) 52 (14.29) 20 (5.49) 11 (3.02)
AVSD + CTD 10 (0.26) 1.00 2 (20.00) 5 (50.00) 1 (10.00) 2 (20.00)

Septal defects + APVD 104 (2.75) 1.48 87 (83.65) 10 (9.62) 6 (5.77) 1 (0.96)

Septal defects + RVOTO 95 (2.51) 1.07 73 (76.84) 14 (14.74) 7 (7.37) 1 (1.05)

Septal defects + LVOTO 123 (3.25) 1.51 95 (77.24) 19 (15.45) 5 (4.07) 4 (3.25)

RVOTO + LVOTO 9 (0.24) 2.00 6 (66.67) 1 (11.11) 1 (11.11) 1 (11.11)

CTD + LVOTO 17 (0.45) 2.40 15 (88.24) 1 (5.88) 0 (0.00) 1 (5.88)

(Continued)
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TABLE 1 Continued

CHD phenotypesa n (%)b Sex ratio
(M/F)

Number of noncardiac malformation,
n (%)c

0 1 2 ≥3
CTD +APVD 6 (0.16) 1.00 3 (50.00) 2 (33.33) 0 (0.00) 1 (16.67)

TOTAL 3,788 (100) 1.20 2,901 (76.58) 587 (15.50) 228 (6.02) 72 (1.90)

VSD, ventricular septal defect; ASD, atrial septa defect; AVSD, atrioventricular septal defect; OTO, outflow tract obstruction, including LVOTO (left ventricular outflow tract

obstruction) and RVOTO (right ventricular outflow tract obstruction); CTD: conotruncal defect; PTA, persistent truncus arteriosus; D-TGA, dextro-transposition of the great

arteries; IVS, intact ventricular septum; TOF, tetralogy of fallot; PA, pulmonary atresia; DORV, double outlet right ventricle; APW, aortopulmonary window; IAA, interruption

of aortic arch, including type A/B/C; vasc ring malformations, including right arch and sling; HLH, hypoplastic left ventricle; TA, tricuspid atresia; DCRV, double-chambered

right ventricle; HRH, hypoplastic right ventricle; APVD, anomalous pulmonary venous drainage; CCTGA, congenitally corrected transposition of the great arteries; SV, single

ventricle; PDA, patent ductus arteriosus; HTX, heterotaxy or situs inversus totalis; CVM, refer to above structural cardiovascular malformations, and complex CVM refers to

more than one above cardiovascular malformations.
aCHD level 1 subcategories are represented in bold font centered on the center, and the level 2 subcategories included in each level 1 subcategories are aligned to the left

below each other.
bPercentage denominator was total N of 3,788.
cPercentage denominator was total number of each CHD subcategories.
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or the aortic valve (1.66%), and dextro-transposition of the great

arteries (D-TGA, 1.27%) were common level 2 diagnoses.

Furthermore, 3.25% children had both septal defects and LVOTO

and 2.75% children had septal defects and RVOTO.
3.2. Noncardiac malformations in children
with CHDs

A total of 887 (23.42%) cases of CHD were associated with

noncardiac malformations, comprising 587 (15.50%) with one

malformation, 228 (6.02%) with two malformations, and 72

(1.90%) with three or more malformations (Table 1).There were

1,284 noncardiac malformations among the 887 children,

including 307 (34.61%) in the nervous system, 172 (19.39%) in

the nose/ear/mandibular/face, and 140 (15.78%) in the

musculoskeletal system (Table 2). The most common discrete

NCA phenotype by far was developmental delay (n = 262,

29.54%), inguinal hernia (n = 83, 9.36%), and cryptorchidism and

hydrocele (n = 77, 8.68%).
3.3. NCA spectra for CHD subcategories

The level 1 diagnoses with the highest percentages of isolated

CHDs were septal defects, wherein about four fifths of each were

isolated (Table 1). Conversely, besides heterotaxy, the diagnosis

with the greatest percentage of associated CHDs was AVSD,

wherein almost two fifths of the patients have associated CHDs

(Table 1). Statistical analysis proved that septal defects, especially

VSD (P = 3.7 × 10−9) and D-TGA with an intact ventricular

septum (D-TGA + IVS, P = 0.038), are less likely to associated

with NCAs. Furthermore, there were a higher probability of

combined NCAs in children with AVSD (P = 0.002) and vasc

ring malformations (P = 0.007).

Although NCAs involving the CNS, nose/ear/mandibular/face,

genitourinary system, and musculoskeletal system were common

for most CHD subtypes, the distribution of NCAs differed

slightly (Table 3). NCAs affecting the CNS were most frequently
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observed in AVSD and RVOTO cases, wherein approximately

one third of patients were affected. Nose/ear/mandibular/face

anomalies were observed in more than one fifth of AVSD cases.

Children in groups of septal defects or groups of associations

showed relatively larger proportions of combined musculoskeletal

anomalies (12.16% and 12.00%) and abdominal wall deficiency

(9.48% and 8.80%). Genitourinary malformations were less

prevalent in LVOTO-diagnosed children whereas respiratory

system NCAs and digestive system NCAs were apparently

common in children with CTD and LVOTO, respectively.

Laterality defects were notably common in heterotaxy cases and,

albeit to a lesser extent, CTD cases (Table 3). Furthermore,

taking gender into account, among children with septal defects,

especially those with VSD, PA-VSD, pulmonary artery/valve

atresia, or other malformation of the pulmonary artery/valve and

double-chambered right ventricule (DCRV), males were more

likely to have associated CHD than females (P < 0.05), whereas

the situation is opposite in LVOTO and RVOTO diagnostic groups.
3.4. Co-occurrence of CHDs and NCAs

With support and confidence levels set to 0.01 and 0.1,

respectively, we attained 213 rules between CHD subtypes and

NCAs. After filtering out low-value rules (lift < 3), 11 rules were

retained (Table 4), showing the reliability or value of the rule

which indicated the following potential CHD–NCA co-

occurrence relationships: CCTGA-SV–laterality defect (lift =

13.02); CTD, RVOTO–laterality defect NCA (lift = 9.01);

heterotaxy–laterality defect NCA (lift = 6.93); vasc ring

malformations–respiratory system NCA (lift = 5.19); VSD, PDA,

and CNS anomalies-LVOTO (lift = 3.66).
4. Discussion

In the present study sample, 23.42% of CHD diagnosed

children had coexisting NCAs, a value about midway between
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TABLE 2 Distribution of NCAs in 887 children with associated CHD.

Noncardiac anomaly i (%)a

Central nervous system anomalies 307 (34.61)
Archinencephaly 69 (7.78)

Spina bifida 5 (0.56)

Hydrocephaly 9 (1.01)

Development delay, intellectual disability, mental delay, learning
difficulties, language and motor deficit

262 (29.54)

Nose, ear, mandibular, and face anomalies 172 (19.39)

Genitourinary system anomalies 140 (15.78)
Renal or bladder dysplasia and hydronephrosis 20 (2.25)

Hypospadias and urethral valve 35 (3.95)

Abnormal genitalia 23 (2.59)

Cryptorchidism and hydrocele 77 (8.68)

Musculoskeletal anomalies 138 (15.56)
Polydactyly, syndactyly, and trigger finger 52 (5.86)

Developmental dysplasia of hip and other malformations of
limbs

30 (3.38)

Spine anomalies 21 (2.37)

Skull deformity 4 (0.45)

Chest wall deformity and rib dysplasia 21 (2.37)

Torticollis and hypotonia 20 (2.25)

Heterotaxy 108 (12.18)

Abdominal wall deformity 98 (11.05)
Inguinal hernia 83 (9.36)

Umbilical hernia and omphalocele 15 (1.69)

Digestive system anomalies 56 (6.31)
Esophageal stricture/atresia and tracheoesopahgeal fistula 9 (1.01)

Biliary atresia and cholestasis 21 (2.37)

Hirschsprung’s disease, stenosis/atresia of digestive tract,
malrotation, and fistula

13 (1.47)

Annular pancreas and ectopic pancreas 5 (0.56)

Anal atresia and cloacal malformations 16 (1.80)

Respiratory system anomalies 55 (6.20)
Upper/lower airway stenosis or dysplasia 46 (5.19)

Pulmonary sequestration and other lung aplasia 9 (1.01)

Congenital hypothyroidism and other endocrine and

metabolic disease

47 (5.30)

Hemangioma and lymphangioma 47 (5.30)

Cleft lip and/or palate 25 (2.82)

Absence of thymus and other immunodeficiency 19 (2.14)

Eye anomalies 19 (2.14)
Cataract, glaucoma and other abnormal structure of cornea,
sclera, iris, and retina

13 (1.47)

Visual impairment 6 (0.68)

Hearing impairment 15 (1.69)

Miscellaneous/Othersb 38 (4.28)
Totalc 1,284

aPercentage denominator was 887 patients with associated CHD.
bIncludes aplastic anemia, idiopathic thrombocytopenic purpura, thalassemia,

vitiligo, alopecia areata, lipoma, skin growth, etc
c“TOTAL” represents the sum of noncardiac anomalies in 887 children with

associated CHD, and anomalies within the same affected system were counted

as one.
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the wide range of percentages reported in the literature (4.53%–

50%) (13–15) and somewhat similar to percentages obtained in

extensive studies conducted in the city of Atlanta, GA in the
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USA (28.7%), the province of Alberta in Canada (25%), and

Croatia (14.5%) (16, 26, 27). The wide range of findings reported

in this regard may be attributed to different classifications,

inclusion/exclusion criteria, and screening strategies. Stoll and

colleagues reported that the incidence of NCAs co-occurring

with CHDs was 24.2% in live births, 66.3% in stillbirths, and

69.4% in abnormal pregnancy terminations (21). The subjects in

our study were all live births. The definition of associated CHD

differs between studies as well. Some defined an associated CHD

as an extracardiac or genetic abnormality (16, 21). In our study,

we included anomalies affecting other organs but not genetic

abnormalities. Consequently, the data are not fully comparable

across different studies due to different methodologies.

Nevertheless, the proportion of congenital defects was

dramatically more significant than the prevalence of congenital

defects for China’s population as a whole (191.84/10,000)

(28), which suggests that CHDs may be a risk factor for other

defects and that a considerable number of children with CHDs

have NCAs.

Our findings indicating that the most common NCAs observed

were CNS anomalies, nose/ear/mandibular/face anomalies,

genitourinary system anomalies, and musculoskeletal system

anomalies are largely in agreement with previous reports (14, 21,

29–31). However, we observed relatively low percentages of

gastrointestinal anomalies (6.31%) and respiratory system

anomalies (6.20%), the ranges for which in the literature are 8%–

35% and 2%–14%, respectively, but a relatively high percentage

of nose/ear/mandibular/face anomalies (19.39%) (8, 14, 15, 18,

32–39). Divergences from prior reports may have several

underlying causes. Firstly, we excluded stillbirths, fetal deaths,

and pregnancy terminations, which are more likely to involve

lethal and major anomalies than live births. Secondly, we

included several minor NCAs that are often excluded in other

literature (e.g., low set ears, atypical facial appearance, and high

arched palate) because how little of an effect they have on

prognoses. Lastly, we deconstructed phenotypes of known

syndromes as discrete NCAs. Most syndromes that commonly

present with CHDs—including Down syndrome, DiGeorge

syndrome, and Turner syndrome—have clinically significant

NCAs, such as development delays, atypical facial features,

skeletal deformities, and genitourinary system anomalies (40);

these syndromes explain in part the top four NCAs in our

results. CNS anomalies, including development delays, account

for a large portion of the NCAs observed in our study (Table 2).

Because neurodevelopment is highly sensitive to oxygen, any

cardiac defect that disturbs hemodynamics and oxygen transport

has the potential to cause CNS anomalies. In addition,

development delays continue to manifest with increasing child

age; our study sample has a median age of 3.96 years (IQR,

2.56–5.39), providing recognition of NCAs with progressive

symptoms that are not yet apparent in the fetal and infant stages.

Furthermore, adverse neurodevelopmental outcomes after

surgical repair of CHDs represent a clinically significant cause of

morbidity. Indeed, neuropsychological deficits may occur in as

many as 50% of children who undergo CHD repairs by the time

they reach school age (41). Early diagnosis of CNS anomalies in
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this patient population would be of great benefit to perioperative

management.

Regarding NCA risk among different CHD phenotypes, we

found that AVSD, PTA, vasc ring malformations, LVOTO, and

heterotaxy had relatively high incidences of associated NCAs,

whereas VSD and APVD had relatively low incidences. It could

be that CHDs that emerge in earlier stages of morphogenesis are

more likely to be associated with multiple and complex defects

(42). Boundaries between tissues are blurred in early

development, and regulatory molecular signaling pathways affect

the development of many organs simultaneously.

Our finding of a specific link between VSD/LVOTO/PDA

presence and CNS anomalies should be explored. Interestingly,

the impact of AVSDs on CNS anomalies and nose/ear/

mandibular/face anomalies could potentially relate to the well-

known correlation between AVSDs and Down syndrome (32, 43,

44). The finding that vasc ring anomalies (including right arch

and sling) often co-occurred with malformations of the

respiratory system was unsurprising given the oppression of the

malformed arteries on the trachea. Theoretically, most CHD-

associated NCAs should have an etiological explanation, such as

a mesoderm differentiation event that causes CHD and

musculoskeletal defects simultaneously (16). The detailed

mechanisms underlying the breadth of co-occurring anomalies

have yet to be delineated.
5. Limitation

It was difficult to conduct a stratified analysis to correct for

confounding factors as we did not obtain data related to risk

factors for birth defects. We also did not capture associated CHD

patterns in rural China, where there is a high prevalence of

unrecognized CHDs (32). Thirdly, our sample included relatively

few rare CHDs and NCAs, which may weaken the analyses.
6. Conclusion

Han Chinese children with CHDs were found to have a high

prevalence of NCAs, including CNS, nose/ear/mandibular/face,

and musculoskeletal anomalies. Different CHD subtypes had

different NCA probabilities and spectrums. Compared to other

CHD subtypes, septal defects had a lower percentage of

associated NCAs while AVSD had a higher percentage. Clinicians

treating patients with CHDs should be attentive to the risk of

NCAs, particularly for perioperative management but also for

long-term prognosis determination.
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Cardioneuroablation for
successful treatment of
symptomatic bradycardia in a
12-year-old child after a 6-month
follow-up
Xin Xu1, Shuang He1, Qian Liu1, Ruixi Liu1, Lei Zhang1, Weijie Chen2,
Yuehui Yin2 and Tiewei Lu1*
1Department of Cardiology, Children’s Hospital of Chongqing Medical University, National Clinical
Research Center for Child Health and Disorders, Ministry of Education Key Laboratory of Child
Development and Disorders, Chongqing Key Laboratory of Pediatrics, Chongqing, China, 2Department of
Cardiology, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China

Background: Cardioneuroablation (CNA) is recognized as a promising therapeutic
option for adults with severe symptomatic bradycardia caused by excessive vagal
tone. However, no pediatric cases have been reported to date. Therefore, the aim
of this study is to evaluate the feasibility and efficacy of CNA in children.
Methods: A 12-year-old male patient was hospitalized with symptoms of fatigue,
palpitations, and syncope for more than 2 months, and was definitively diagnosed
with functional sinoatrial node dysfunction by using a 12-lead electrocardiogram,
24-h Holter monitoring, loading dose of atropine test (0.04 mg/kg), and treadmill
exercise test. Simultaneously, whole-exome sequencing was performed on the
child and his core family members. After completing the preoperative examination
and signing the informed consent form, the child underwent CNA therapy.
Results: First, the electroanatomic structures of both atria were mapped out by using
the Carto 3 system, according to the protocol of purely anatomy-guided and local
fractionated intracardiac electrogram–guided CNA methods. Then, the local
fractionated intracardiac electrograms of each cardiac ganglionated plexus (GP),
including the GP between the aortic root and the medial wall of the superior vena
cava, the GP between the posterior wall of the coronary sinus ostium and the left
atrium, the GP between the anterior antrum of the right superior pulmonary vein
and the superior vena cava, the GP in the superolateral area around the root of the
left superior pulmonary vein, the GP around the root of the right inferior
pulmonary vein, and the GP around the root of the left inferior pulmonary vein,
were used as targets for ablation at a power of 30 W with an ablation index of
350–400. At a 6-month follow-up, the child’s heart rhythm saw a complete
restoration to sinus rhythm and clinical symptoms disappeared.
Conclusion: The first application of CNA in a child with symptomatic sinus
bradycardia was achieved with better clinical outcomes. CNA can be carried out
cautiously in children under suitable indications.

KEYWORDS

cardioneuroablation (CNA), sinus bradycardia, sinus arrest, ganglionated plexus, vagal tone,

children
Abbreviations

Ao-SVC GP, the GP between the aortic root and the medial wall of the superior vena cava; PMLGP, the GP
between the posterior wall of the coronary sinus ostium and the left atrium; RAGP, the GP between the
anterior antrum of the right superior pulmonary vein and the superior vena cava; LSGP, the GP in the
superolateral area around the root of the left superior pulmonary vein; RIGP, the GP around the root of
the right inferior pulmonary vein; LIGP, the GP around the root of the left inferior pulmonary vein.
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Introduction

Severe bradycardia with different etiologies can lead to serious

clinical manifestations such as fatigue, palpitations, syncope, and

even sudden death. The traditional therapy for patients with

severe bradycardia is cardiac pacemaker implantation. However,

when these patients are adolescents, or much younger, the

children or their guardians refuse pacemaker implantations

because of concerns about long-term complications (1–3). In

recent years, studies have reported that cardioneuroablation

(CNA) has become a promising therapeutic strategy for

bradycardia caused by excessive vagal tone, and has achieved

good clinical outcomes in adults (4–6). However, so far no case

of a pediatric patient receiving CNA therapy has been reported.

This study aims to fill this gap by presenting the case of a child

with sinus arrest, sinus bradycardia, and junctional escape

rhythms and showing improvement in clinical outcomes with the

relieving of symptoms and rhythm disorders using CNA therapy.
Methods and materials

Study population

A 12-year-old male patient was hospitalized with symptoms of

fatigue, palpitations, and syncope for more than 2 months. The 12-

lead electrocardiogram (ECG) showed sinus bradycardia and

junctional escape rhythm (Figure 1A). A 24 h Holter monitoring

displayed a total of 62,108 heartbeats in 24 h, with 5,094 sinus

arrests greater than 2 s and 971 sinus arrests greater than 3 s, with

the longest cardiac arrest time being 7.424 s (Figure 1B). The child

had no history of myocarditis prior to the onset of the disease, no
FIGURE 1

(A) 12-lead ECG displays a sinus bradycardia and junctional escape rhythm. (B
sinus rhythm appears by a loading dose of atropine test (only the ECG graph
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structural cardiac abnormalities, no similar family history, and no

positive findings on laboratory examinations. Normal sinus rhythm

appeared after a loading dose of atropine test (0.04 mg/kg) and

treadmill exercise test (Figure 1C). The child was diagnosed as

having functional sinoatrial node dysfunction possibly due to

excessive vagal tone based on the above results. Meanwhile, to

exclude inherited heart disease, blood samples from the child, his

elder sister, and his parents were collected, and whole-exome

sequencing (WES) was performed by MyGenostics (Beijing, China)

using the Illumina HiSeq X ten system. After strongly rejecting

pacemaker implantation, the child’s parents agreed to CNA

therapy, for which they signed an informed consent form.
CNA procedure

After a satisfactory administration of anesthesia, the bilateral

femoral veins were punctured successfully and a quadripolar

electrode catheter was inserted into the right ventricle for an

intracardiac electrophysiological study and right ventricle pacing.

When severe bradycardia occurred in the patient during the

procedure, a decapolar steerable electrode catheter was inserted into

the coronary sinus for the intracardiac electrophysiological study.

Surface ECG and intracardiac electrograms were continually

monitored by using a multichannel recording system during the

whole procedure (LEAD-7000; JJET, Chengdu, China). The three-

dimensional (3D) electroanatomic structures of both atria were

mapped out by using the Carto 3 system (Biosense Webster,

Diamond Bar, CA, USA). The sinus atrial node, phrenic nerve,

coronary sinus, and His bundle were labeled. A Thermocool® ST

(Biosense Webster, Diamond Bar, CA, USA) irrigated catheter was

inserted in the right/left atrium for the ablation therapy. According
) The 24 h Holter monitoring displays a sinus arrest of 7.424 s. (C) Normal
after 1 min of atropine administration is displayed).
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FIGURE 2

(A) The CNA procedure. The local fractionated intracardiac electrograms of each cardiac ganglionated plexus, including Ao-SVC GP, PMLGP, RAGP, LSGP,
RIGP, and LIGP, were used as targets for ablation using a power of 30 W for 30 s with an ablation index of 350–400. (B) The local fractionated intracardiac
electrograms of the ablation catheter from AO-SVC GP were used as the target potential during the CNA procedure.

Xu et al. 10.3389/fcvm.2023.1290482
to the protocol reported by Pachon et al. and Aksu et al. (3, 7), we

administered the CNA therapy by sequentially targeting the

ganglionated plexus (GP) between the aortic root and the medial

wall of the superior vena cava (Ao-SVC GP), the GP between the

posterior wall of the coronary sinus ostium and the left atrium

(PMLGP), the GP between the anterior antrum of the right

superior pulmonary vein and the superior vena cava (RAGP), the

GP in the superolateral area around the root of the left superior

pulmonary vein (LSGP), the GP around the root of the right

inferior pulmonary vein (RIGP), and the GP around the root of the

left inferior pulmonary vein (LIGP) (Figure 2A). The local

fractionated intracardiac electrograms (Figure 2B) of each cardiac

GP, including Ao-SVC GP, PMLGP, RAGP, LSGP, RIGP, and

LIGP, were used as ablation targets, and the radio frequency of the

GPs was performed in the power-controlled mode in a point-by-

point fashion through the irrigated ST catheter. Energy was

delivered at a power of 30 W for 30 s with an ablation index of

350–400. The ablation endpoint was the complete elimination of

local fractionated intracardiac electrograms in each GP. Low-

molecular heparin was administrated intravenously at 100 IU/kg

during the CNA procedure with an additional half-dose of over 2 h

of operating time. The duration of radiofrequency ablation in the

child was 3 h with a fluoroscopy time of 11 m and dose of

5.4 mGy. Aspirin antiplatelet aggregation was routinely

administered for 6 months after the CNA procedure.
FIGURE 3

(A) Sinus rhythm after the CNA procedure. (B) 12-lead ECG at the 6-month fo
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Results

Change in electrical characteristics after CNA

After the completion of the purely anatomy-guided and local

fractionated intracardiac electrogram–guided CNA procedure in the

locations of the GPs, the child’s surface ECG and intracardiac

electrograms instantly shifted to sinus rhythm (Figure 3A). One

week after the CNA procedure, the 12-lead ECG still presented

sinus bradycardia and junctional escape rhythm, but the 24-h

Holter monitoring displayed a total of 78,434 heartbeats in 24 h,

with 143 sinus arrests greater than 2 s and one sinus arrest greater

than 3 s, with the longest cardiac arrest time being 3.780 s

(Figure 3B). Meanwhile, the child’s palpitations were relieved

significantly. At the 3-month follow-up, the child’s 12-lead ECG

completely restored to normal sinus rhythm, and 24 h Holter

monitoring displayed a total of 120,457 heartbeats in 24 h without

sinus arrest. At the 6-month follow-up, the child’s 12-lead ECG

still remained in normal sinus rhythm, and the 24 h Holter

monitoring displayed a total of 102,912 heartbeats in 24 h without

sinus arrest. Interestingly, the child’s palpitations and syncope

disappeared completely. A comparison of Holter features before

and after the CNA procedure revealed a gradual increase in the

total number of heartbeats, a marked improvement in cardiac

rhythm, and a gradual disappearance of sinus arrests (Table 1).
llow-up after the CNA procedure.
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TABLE 1 Change of Holter feature before and after the CNA procedure.

Total number of
heartbeats in 24 h

Cardiac rhythm
(sinus/junctional)

Number of cardiac arrests >2 s Number of cardiac arrests >3 s

Before CNA 62,108 Less sinus/more junctional 5,094 971

1 week after CNA 78,434 Less sinus/more junctional 143 1

3 months after CNA 120,457 Sinus 0 0

6 months after CNA 102,912 Sinus 0 0

Xu et al. 10.3389/fcvm.2023.1290482
The deceleration capacity (DC) of the heart rate, a new technique for

assessing autonomic tone, is used to quantitatively assess vagal tone

by analyzing the overall trend of sinus rhythm over a 24 h period.

Normally, DC is positively correlated with vagal tone, but in our

patient, the DC was 14.4 before CNA treatment and only 8.3 after

CNA treatment, which confirmed that the child’s symptoms and

rhythm disturbances were closely related to high vagal tone.
WES outcome

The child’s parents and sister had no previous history of similar

illnesses. WES was performed on the child and his core family
FIGURE 4

WES outcome of proband (the child) and his family members displays a nove
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members. It showed the child had a novel c.611 + 1G>T

heterozygous mutation in the SCN5A gene (Figure 4), which

resulted in a splicing mutation of amino acids. No abnormalities

were found in the other family members.
Complication

No intraoperative or postoperative puncture/ablation-related

complications occurred in the child, such as vascular injury,

arrhythmia, laryngeal reentrant nerve injury, and pericardial

tamponade. Heart structure and function remained normal

during follow-up.
l c.611 + 1G>T heterozygous mutation in the SCN5A gene.
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Discussion

This study displayed the first application of CNA in a child with

symptomatic bradycardia. The child’s heart rhythm was completely

restored to sinus rhythm and clinical symptoms disappeared

without any perioperative and long-term complications during the

6-month follow-up. Overall, this preliminary result was inspiring,

showing that CNA may be safe and feasible for children with

symptomatic bradycardia.
Principle of the CNA procedure for treating
bradycardia

It is well-known that the autonomic nervous system plays an

important role in cardiac functions. An imbalance in autonomic

tone, mainly excessive vagal tone, is the common cause of

functional sinoatrial node dysfunction (SND), functional

atrioventricular block (AVB), and vasovagal syncope (VVS), except

organic cardiac lesions (7–9). Traditionally, bradycardic patients

who are at a high risk for clinically serious cardiovascular events if

they developed hemodynamic disturbances may require pacemaker

implantation to prevent sudden fatal events (1, 2). The cell bodies

of cardiac efferent vagal postganglionic neurons have been shown

to be contained in the intrinsic cardiac GP, which is embedded in

the atrial wall and in epicardial fat pads (10, 11). Common GPs

include Ao-SVC GP, PMLGP, RAGP, RIGP, LSGP, and LIGP

with different physiological functions, and they interact with one

another (6, 9, 10). Therefore, a disruption of nerve fibers by

radiofrequency ablation can inhibit excessive activation of the

vagal nerve, thereby eliminating or improving clinical symptoms.

That is why CNA has proven to be a reliable therapeutic target for

patients with excessive vagal tone.

In our study, our child patient presented with abnormal

rhythm (sinus bradycardia, sinus arrest, and junctional escape

rhythm) and symptoms of fatigue, palpitations, and syncope,

while organic cardiac disorders and family history were excluded.

Moreover, the resting heart rate of the child was approximately

58 bpm with sinus bradycardia and junctional escape rhythm,

which rose to 97 bpm with sinus rhythm after atropine

intravenous administration, which proved that the result of the

atropine test was negative. Therefore, symptomatic bradycardia

was considered to have been caused by excessive vagal tone. All

these show that CNA is able to achieve better clinical outcomes.
Suitable indications for CNA

Currently, there is a lack of guidelines for the selection of suitable

candidates for CNA. Some authors have reported that indications for

CNA in adults include the following: (1) patients with severe

symptomatic bradycardia of functional SND or AVB [bradycardia

was documented by performing ECG and 24 h Holter monitoring

and was associated with excessive vagal tone with evidence of

correcting the bradycardia by a loading dose of atropine], or
Frontiers in Cardiovascular Medicine 0527
patients with a symptomatic vasovagal syncope (cardioinhibitory

type or mixed type), which was documented by performing a head-

up tilt table test (HUT); (2) patients aged between 14 and 65 years;

(3) those with no structural heart diseases; and (4) those who

rejected the option of implanting a cardiac pacemaker on them (6).

However, no indications were noted for CNA in children.

The child patient in our study had no structural heart diseases,

except for a novel c.611 + 1G>T heterozygous mutation in the

SCN5A gene. Many studies have reported that SCN5A, encoding

the pore-forming ion-conducting α-subunit of the cardiac

sodium channel (Nav1.5), was the causative gene for ion channel

disease, including sick sinus syndrome, long Q-T syndrome, and

Brugada syndrome (12–14). It is worth considering that the child

had a heterozygous mutation in the SCN5A gene but a negative

atropine test, along with a satisfactory clinical outcome and DC

value reduction after CNA. However, further basic research is

needed to clarify the relationship between the novel c.611 +

1G>T heterozygous mutation and disease development.

Meanwhile, this study provides probable clinical evidence for the

development of CNA indications in pediatric patients in the future.
Therapeutic strategy of the CNA procedure

There is no guideline for the therapeutic strategy, including

labeling methods, ablation strategies, and ablation endpoints, during

the CNA procedure. Purely anatomy-guided CNA (15, 16) and

intracardiac high-frequency stimulation (HFS)-guided CNA (17)

were clinically performed in patients with symptomatic bradycardia

caused by excessive vagal tone. The former procedure tends to

enlarge the ablation area first and the latter procedure perhaps

causes myocardial scarring, leading to other types of arrhythmias.

The latter easily causes severe discomfort to the patient during HFS.

With regard to the target GPs and chamber during the performance

of the CNA procedure, the team of Dr. Pachon and Dr. Aksu

tended to ablate all of the atrial GP groups in both atria (4, 8, 16,

17), while Dr. Yao’s team (5) mainly focused on the GP groups in

the left atrium, and Dr. Debruyne (18, 19) ablated the GP groups

only in the right atrium. The determination of ablation endpoints

has not been standardized to date. The techniques of inhibition of

the vagal response, elimination of the intracardiac fractionated

electrograms, and effecting improvements in electrophysiological

parameters, such as increasing the heart rate and shortening the PR

interval, have all been used by clinical investigators as ablation

endpoints during the performance of the CNA procedure.

In our study, purely anatomy-guided CNA rather than

intracardiac HFS–guided CNA was applied because most of the

child’s rhythms displayed junctional escape rhythms at the onset

of the CNA procedure, all of the atrial GP locations in both atria

were ablated, and the intracardiac fractionated electrograms in

each GP location were used as ideal target intracardiac

electrograms. Each ablation target employed 30 W of energy for

30 s with an ablation index of 350–400. Partial return to sinus

rhythm and increased heart rate were used as ablation endpoints.

The above ablation strategy helped achieve satisfactory clinical

outcomes with no perioperative complications.
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Limitations

Despite our obtaining satisfactory clinical results at a 6-

month follow-up in our study, the CNA technique is not

without its problems and limitations. GPs located in the atrial

epicardium, and the medium- and long-term effects (20, 21)

of ablation at the endocardial surface, need to be observed

before conclusions can be drawn. Meanwhile, a partial

reinnervation of the cardiac ganglion after GP ablation in

dogs has been reported in the literature (22). It has also been

found that the regenerative capacity of nerve fibers is higher

in children than in adults, which may be a high-risk factor

for producing poor long-term results or recurrence. Hence,

multi-center, large-sample clinical studies are needed for the

application of CNA in pediatrics.
Conclusions

In our study, CNA was successfully performed in a child

whose rhythm returned to sinus rhythm and clinical

symptoms disappeared after 6 months of follow-up. CNA may

be an ideal therapeutic strategy for severely symptomatic

bradycardic children with appropriate indications. However,

the long-term safety and efficacy of CNA in children need to

be further evaluated.
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Clinical implications of
respiratory ciliary dysfunction
in heterotaxy patients with
congenital heart disease:
elevated risk of postoperative
airway complications
Tingting Zhao1,2†, Xianghui Huang3†, Weicheng Chen1†, Han Gao1,2,
Zhiyu Feng1,2, Chaozhong Tan1,2, Jingwei Sun4, Xiaojing Ma1,
Weili Yan1,2,5, Wei Sheng1,2,5* and Guoying Huang1,2,5*
1Children’s Hospital Affiliated to Fudan University, Shanghai, China, 2Shanghai Key Laboratory of Birth
Defects, Shanghai, China, 3Fujian Provincial Key Laboratory of Neonatal Diseases, Xiamen Children’s
Hospital Affiliated to Children’s Hospital of Fudan University, Shanghai, Xiamen, China, 4Bengbu First
People’s Hospital Affiliated to Bengbu Medical University, Hefei, Anhui, China, 5Research Unit of Early
Intervention of Genetically Related Childhood Cardiovascular Diseases, Chinese Academy of Medical
Sciences, Shanghai, China
Objective: Cardiac surgery in Congenital Heart Disease-Heterotaxy (CHD-HTX)
patients often leads to increased postoperative airway complications. Abnormal
respiratory ciliary function, resembling primary ciliary dyskinesia, has been
observed. We expanded the sample size by retrospectively reviewing Ciliary
Dysfunction (CD) in CHD-HTX patients to verify the increased risk of post-
surgical respiratory complications.
Methods: We conducted a retrospective review of 69 CHD-HTX patients
undergoing cardiac surgery, assessing abnormal respiratory function using
nasal nitric oxide (nNO) levels and nasal ciliary motion observed in video
microscopy. Data collected included demographics, surgical details,
postoperative complications, length of stay, ICU hours, salvage procedures,
intubation duration, and mortality.
Results: The CD and no-CD cohorts exhibited notable similarities in risk
adjustment in Congenital Heart Surgery-1 (RACHS-1) risk categories, age at
the time of surgery, and the duration of follow-up evaluations. We observed a
trend toward an increased length of post-operative stay in the CD group (15.0
vs. 14.0; P=0.0017). CHD-HTX patients with CD showed significantly higher
rates of respiratory complications (70% vs. 44.4%; P= 0.008). There were
no notable variances observed in postoperative hospitalization duration,
mechanical ventilation period, or surgical mortality.
Conclusion: Our findings suggest that CHD-HTX patients with CD may face
an elevated risk of respiratory complications. These results offer guidance
for perioperative management and serve as a reference for further
pathological studies.

KEYWORDS

postoperative airway complications, heterotaxy, congenital heart disease patients,

respiratory ciliary dysfunction, primary ciliary dyskinesia
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Introduction

Heterotaxy is defined as any discordant arrangement of visceral

organ due to the randomization of left-right axis during

embryogenesis. Complex congenital heart disease is often

associated with heterotaxy patients. Some studies have observed

that approximately 3% of CHD patients present with heterotaxy

(1) and 67% of heterotaxy patients have complex congenital

heart disease (2). The connection between cardiovascular

morphogenesis and heterotaxy relies on motile cilia for normal

heart looping and left-right pattern determination. Motile cilia is

also essential for patients with primary ciliary dyskinesia (PCD),

which leads to recurrent respiratory symptoms due to abnormal

airway ciliary motion (3). 50% PCD patients have situs inversus

totalis (SIT), while 6.3%–12.1% exhibit heterotaxy (2, 4). Ciliary

dysfunction (CD) is characterized by testing and observing nasal

epithelial ciliary motion (CM) in video microscopy by scraping

the nasal tissue.

Compliance with clinical findings and incidence, previous

study has also shown that known genes, such as Dnah5 and

Dnail, in mutant mouse with primary ciliary disease, displayed a

high incidence of situs ambiguous with complex congenital heart

disease (CHD) (5, 6). Furthermore, in our recent publication, we

demonstrated that WES results in heterotaxy patients revealed a

high presence of the PCD-causing gene DNAH11 (7). This

observation reflects the known requirement for the left and right

pattern of the motor cilia function of the embryonic node, as

well as the important role of cilia function in airway clearance in

the respiratory epithelium.

To investigate the association between cilia dysfunction and

CHD with heterotaxy, Nader Nakhleh et al. conducted a

retrospective analysis of 43 HTX-CHD patients. Among them, 18

patients exhibited CD, as evidenced by abnormal ciliary motion

and nasal nitric oxide (nNO) level below or borderline of PCD

cutoff value, resulting in increased airway symptoms. Sequencing

results also revealed that known PCD-causing genes were more

frequently found in heterotaxy patients with CD compared to

controls without CD (8). Additionally, CHD patients with

heterotaxy experienced higher postoperative events, postsurgical

mortality rates, and increased respiratory complications when

compared to CHD patients without laterality defects with similar

RACHS-1 complexity scores (9).

Building on the previous retrospective analysis, it was initially

underestimated whether respiratory complications were correlated

with ciliary dyskinesia. The question of whether the ciliary

dysfunction in CHD patients with heterotaxy leads to worse

postoperative events remains controversial. Brandon Harden

et al. conducted a small sample study in a limited regional

population, which was insufficient to explain and support the

issue (10). In our study, we divided our CHD-HTX patients into

CD or no-CD groups based on video microscopical observation.

We tested the assumption that HTX-CHD patients with

abnormal ciliary motion have increased postsurgical events and

respiratory complications compared to HTX-CHD without CD

in the Chinese population. Our study includes a total of 110
Frontiers in Cardiovascular Medicine 0231
operative events, consisting of 36 CHD-HTX-CD patients in 56

surgeries and 33 CHD-HTX-no-CD in 54 surgeries. The study

provides a theoretical basis for perioperative management.
Materials and methods

Patient population

This study was conducted with the approval of the Children’s

hospital of Fudan university Institutional Review Board. We

retrospectively enrolled patients with heterotaxy with CHD who

had undergone cardiac surgery at the Children’s Hospital of

Fudan University Cardiac Surgery Center between 2012 and

2020. We collected relevant information from electronic medical

records (EMR). Detailed cardiac anatomical data were obtained

from cardiac catheterization reports, echocardiographic reports,

enhanced cardiographs, and CT scans, as well as operative

reports. Thoracic and abdominal situs were determined based on

chest radiography and abdominal ultrasonography. Preoperative

evaluation included nasal nitric oxide measurements and video

microscopy of respiratory epithelia ciliary cells. The medical staff

involved in the study were blinded to ciliary function throughout

the research.
Definitions and inclusion criteria

In this study, heterotaxy was broadly defined as any

thoracoabdominal organ discriminate from situs solitus. Our

case-cohort consisted of patients with congenital heart defects

undergoing cardiovascular surgery who also had laterality

disorders. These laterality disorders included bronchial/

pulmonary isomerism or inversus, midline or left-sided liver,

midline or right-sided stomach, right-sided spleen, polysplenia or

asplenia. Cardiovascular situs in CHD patients is classified as

abnormal when they display dextrocardia/mesocardia, interrupted

inferior vena cava, atrial isomerism/ambiguity/inversus,

atrioventricular discordance, and superior/inferior ventricles (11).

Cases with isolated CHD that didn’t involve any of the

cardiovascular situs anomalies mentioned above or other

thoracoabdominal organ situs malformation were excluded.
Nasal nitric oxide measurements

PCD assessment included measure of nasal nitric oxide (nNO)

when abnormal nNO value has high sensitivity and specificity for

PCD. We measured nasal NO (nNO) using a chemiluminescence

nitric oxide analyzer (CLD88 SP, ECOPHYSICS AG) following

established protocols (12, 13). Due to age-related variations in

nNo levels, we divided participants into three age groups: <1

year old, 1- to 6-year-old, and >6 year old. For those over 6

years of age, we followed the velum-closure technique according

to American Thoracic Society/European Respiratory Society
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guidelines. Normal nNO values are typically above 200 nl/min (12),

whereas PCD patients exhibit values below 100 nl/min (14, 15).

Values between 100 nl/min and 200 nl/min were considered

borderline. For patients aged 1–6 years, nNO measurements were

taken using tidal breath sampling (16). Healthy nNO value are

generally >100 nl/min, while PCD patients often have values

<50 nl/min (12). We categorized nNO levels as borderline low if

they fell between 50 and 100 nl/min. In patients under 1 year

old, specific nNO recommendations are limited due to

measurement challenges. Phillip S. Adams et al. have developed a

regression model to best estimate normative nNO values for

infants less than 1 year old (17). We classified nNO values below

the cutoff for each age group as abnormal, indicating CD.
Nasal tissue sampling and ciliary
motion analysis

In our study, we divided our patients into CD or non-CD

groups based on nasal tissue and ciliary motion analysis. Nasal

epithelial tissue samples were obtained by curettage of the

inferior nasal turbinate before the operation, suspended in L-15

medium (Invitrogen, CA) for video microscopy was conducted

using a Leica inverted microscope (Leica DMI300B) equipped

with a 67× oil objective under differential interference contrast

optics. Recordings were captured at a frame rate of 200 frames/s

at room temperature, employing a 680 PROSILICA GE camera

(Allied Vision, PA). Digital recordings were evaluated by an

expert panel of co-investigators (Weicheng Chen and Tingting

Zhao), ensuring they remained blinded to the subjects’

phenotype, heterotaxy status, and nNO level. In order to avoid

the effect of secondary ciliary dyskinesia, nasal tissue was

cultured for re-assessment of ciliary motion after reciliation. The

reciliated tissue was observed by video microscopy to assess

whether CM was normal (CD) or abnormal (no-CD). We closely

examined the ciliary beat pattern to assess potential

abnormalities in ciliary motion. The process involved the use of

slow-motion video playback to create tracings of the ciliary beat,

with a minimum of 10 tracings analyzed for each subject. The

classification of ciliary beat patterns encompassed normal,

immotile, minimal residual movements, stiff, restricted, and

circular (18). The quantification of ciliary beat frequency (CBF)

was performed using ImageJ and Photoshop software.
Data collection

Comprehensive demographic and preoperative data,

encompassing visceral arrangement and medical history, were

meticulously extracted from the medical records. Data regarding

surgical procedures, including operation duration, Aortic

Crossclamp Time, SVC Crossclamp Time, IVC Crossclamp

Time, Cardiopulmonary Bypass, and Anesthetic duration, were

documented. Additionally, we collected basic demographic

information, such as age at the time of nNO and CM

assessment, gender, race, gestational age, and diagnosis. RACHS-
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1 risk categories, known for their strong correlation with in-

hospital mortality and postoperative hospital stay length, were

used to facilitate relevant comparisons among different groups

undergoing surgery for CHD/HTX.

Length of stay (LOS) parameters were also meticulously

recorded, including total hospital stay duration, postoperative

length of stay (PLOS), hours spent in the Cardiac Intensive Care

Unit (CICU), and occurrences of in-hospital mortality.

Postoperative mortality was characterized as any fatality within

30 days following the surgical procedure or during the patient’s

hospitalization after surgery. Measures related to postoperative

respiratory outcomes encompassed the duration of mechanical

ventilation in hours, the number of failed extubations, instances

of prolonged ventilatory support, cases requiring salvage

procedures, and the occurrence of fever. A patient’s reintubation

is characterized by failed extubation within 24 h. Viral infection

was defined as positive nasal viral panel and clinical symptoms.

Bacterial infection was defined as positive blood culture and

clinical symptoms. The presence of fever combing with positive

blood culture or nasal viral panel and clinical symptoms served

as an indicator of postsurgical infection.
Statistical analysis

We used summary statistics, including proportions and medians

with interquartile ranges, to describe patient characteristics and

postoperative outcomes. For comparisons, we employed χ2 tests,

Fisher exact tests and Wilcoxon rank-sum tests for categorical and

continuous variables. To address intrasubject correlations among

surgical events, mixed-effects models were applied. For skewed

continuous outcomes, we used linear mixed models on log-

transformed data. Categorical outcomes were assessed with

generalized linear mixed models. Multivariate analysis was

conducted, controlling for baseline surgical characteristics. All tests

were two-sided, and we set a significance level of P < 0.05. A more

conservative threshold was used to adjust for multiple

comparisons. SPSS was used for statistical analyses.
Results

We enrolled 69 patients with HTX-CHD, which included 36

patients with heterotaxy with ciliary dysfunction (CD group) and

33 patients with heterotaxy congenital heart disease without

ciliary function (no-CD group). Supplementary Tables E1, E2

present the structural heart position and laterality defects based

on Van Praagh classification. Laterality abnormalities included

variations in heart position (62%), stomach (61%), liver (77%),

spleen (96%) and lung (100%). In the CD group, 22 patients

(61%) had dextrocardia, while 12 (33%) had levocardia.

Additionally, 7 patients (19%) had bilateral superior vena cava.

Atrial and ventricular abnormalities included atrial septal defects

(ASD) in 15 patients (42%) in the CD group and 15 patients

(45%) in the no-CD group. Regarding conotruncal defects, there

were various cases: 1 (3%) with Tetralogy of Fallot (TOF) in the
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CD group and 3 (9%) in the no-CD group, 1 (3%) with Pulmonary

Atresia with Ventricular Septal Defect (PA/VSD) in the CD group

and 3 (9%) in the no-CD group, 13 (36%) with D-transposition of

the great arteries (D-TGA) in the CD group and 11 (33%) in the

no-CD group, and 12 (33%) with Double Outlet Right Ventricle

(DORV) in the CD group and 9 (27%) in the no-CD group

(Table 1). For cases with a lack of or no record of imagological

examination, findings showed 33% in stomach, 11% in liver, 27%

in spleen, and 62% in lung. Specifically concerning the liver, in

the CD group, 15 cases (42%) exhibited abnormalities compared

to 14 cases (42%) in the no-CD group. The midline liver

position was observed in 10 cases (28%) in the CD group and 8

cases (24%) in the no-CD group (Table 1).
Baseline demographics stratified by ciliary
motion and nNO Status

Nasal scrapes were obtained from all 69 participants for

CM analysis, and nNO measurements were conducted in 41
TABLE 1 Cardiovascular anatomy and organ situs.

CD, n (%) 36 No-CD, n (%) 3
Cardiac position

Dextrocardia 22 (61%) 19 (58%)

Mesocardia 2 (5.6%) –

Levocardia 12 (33%) 14 (42%)

Venous anomalies

Bilateral superior vena cava 7 (19%) 6 (18%)

Anomalous pulmonary venous return 3 (8.3%) 5 (15%)

Atria and ventricles

Atrioventricular septal defect 9 (25%) 7 (21%)

Atrial septal defect 15 (42%) 15 (45%)

Ventricular septal defect 17 (47%) 12 (36%)

Atrioventricular valve atresia/stenosis 5 (14%) 5 (15%)

Common atrium 2 (6%) 4 (12%)

Single ventricle morphology 13 (36%) 14 (42%)

Ventricular outflow and great vessels

Double-out right ventricle 12 (33%) 9 (27%)

Pulmonary stenosis/atresia 22 (61%) 14 (42%)

Aortic stenosis/atresia 1 (3%) 4 (12%)

Right aortic arch 10 (28%) 10 (30%)

Double-out left ventricle 1 (3%) 5 (15%)

Conotruncal defect

Tetralogy of Fallot, TOF 1 (3%) 3 (9%)

PA/VSD 1 (3%) 1 (3%)

D-TGA 13 (36%) 11 (33%)

Double outlet right ventricle 12 (33%) 9 (27%)

L-TGA 4 (11%) 6 (18%)
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(59%) participants. Abnormal CM was observed in 28

(41%) of the participants, with 14 (34%) showing borderline

nNo values and 12 (29%) exhibiting low nNo values.

Among the 41 who underwent both CM and nNO

measurement, 12 showed abnormalities in both CM and low

nNO (Figure 1). The nNO level in the patients with CD

(86.1 nl/min) was significantly lower than in the patients

without CD (119.16 nl/min).
Clinical and surgical characteristics

Clinical and surgical outcomes are observed in Tables 2, 3. The

patient age ranged from 6 days to 12 years at the time of surgery,

with median age of 637.67 days for the CD group and 772.25 days

for the no-CD group. Of the recruited patients, 65% were female,

and 35% were male. All patients were of Asian descent and

diagnosed at the Children’s Hospital of Fudan university. The

CD group underwent 56 cardiac surgical procedures, while the

no-CD group underwent 54 surgeries. The median RACHS-1
3 Organ situs CD, n (%) 36 No-CD, n (%) 33
Stomach

Normal 9 (25%) 9 (27%)

Opposite 14 (38%) 14 (42%)

No record 13 (36%) 10 (30%)

Liver

Normal 8 (22%) 6 (18%)

Opposite 15 (42%) 14 (42%)

Midline 10 (28%) 8 (24%)

No record 3 (8%) 5 (15%)

Spleen

Normal 2 (6%) –

Right 16 (44%) 14 (42%)

Asplenia 7 (19%) 9 (27%)

Polysplenia 2 (6%) –

No record 9 (25%) 10 (30%)

Lungs

Normal – –

Inverted 10 (28%) 3 (9%)

Left isomerism 2 (6%) -

Right isomerism 4 (11%) 7 (21%)

No record 20 (56%) 22 (70%)

Van Praagh classification

{S,D,S} 1 (3%) 5 (15%)

{S,D,D} – 4 (12%)

{S,L,L} 5 (14%) 4 (12%)

{S,D,X} 2 (6%) 2 (6%)

{S,D,L} – 1 (3%)

{I,L,L} – 2 (6%)

{I,D,D} 5 (14%) 1 (3%)

{I,D,X} 2 (6%) 1 (3%)

{A,D,D} – 1 (3%)

{A,D,S} 2 (6%) 2 (6%)

{A,D,L} 1 (3%) –

{A,D,X} 2 (6%) 1 (3%)

{A,L,D} 1 (3%) –

frontiersin.org

https://doi.org/10.3389/fcvm.2023.1333277
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 1

Enrollment data. Total congenital heart disease with HTX, n= 69. Results are presented as a flow chart. Shaded areas represent abnormal findings.
CHD, congenital heart disease; nNO, nasal nitric oxide.

TABLE 2 Characteristics by surgical encounter.

CD (n = 56) No-CD (n = 54) P-value
Age at surgery (d), median (IQR) 637.67 (286.00–1,487.50) 772.25 (240.25–1,491.00) 0.5601

Preoperative weight (kg), median (IQR) 9.8 (7.00–13.00) 11.43 (7.18–15.55) 0.2741

RACHS-1 risk category, median (IQR) 3.0 (2.0–3.0) 3.0 (2.0–3.0) 0.714

Length of hospitalization (d), median (IQR) 28.0 (19.5–34.7) 24.0 (20.0–33.5) 0.1141

Length of post-operative stay (d), median (IQR) 15.0 (10.0–21.0) 14.0 (11.0–18.8) 0.0017

Hours in ICU (h), median (IQR) 83.5 (44.5–170.5) 96 (48.0–164.25) 0.6803

No. of Salvage, n (%) 2 (3.6%) 5 (9.1%) 0.266*

P-values obtained by Wilcoxon rank-sum test for continuous variables or Pearson c2 test for categorical variables. nNO, nasal nitric oxide.

*P-value determined by the Fisher exact test.

TABLE 3 Comparison of RACHS-1 scores in CD and Non-CD.

RACHS-1 category CD N % No-CD N % P-value
1 1 1.8% 0 0.0 0.714

Zhao et al. 10.3389/fcvm.2023.1333277
scores for these operations, under both single and biventricular

repair tracks, were 3.0 (range: 2.0–3.0) in the CD cohort and 3.0

(range: 2.0–3.0) in the no-CD cohort.
2 24 42.9% 27 50.0%

3 31 55.4% 26 48.1%

4 0 0.0 1 1.9%

5 0 0.0 0 0.0

6 0 0.0 0 0.0

Total 56 54

The Wilcoxon rank-sum test was used to compare the distribution of the RACHS-1.
Comparison of surgical and postsurgical
outcomes

Table 4 demonstrates that there were no statistically significant

differences in age at the time of surgery, preoperative weight, or sex

between the CD group and the no-CD group. However, there was a

trend toward younger age at surgery in CD patients than no-CD

patients, with median age of 637.67 vs. 772.25 respectively. The

median length of hospitalization for the CD group was 28 days

(IQR, 19.5–34.7 days), which was not statistically distinguished

from the 54 surgical encounters of the no-CD group, while the

no-CD group with median of 24 days (IQR, 20.0–33.5 days),
Frontiers in Cardiovascular Medicine 0534
which was not significantly different. The median length of post-

operative stays in the CD cohort (15.0 days, IQR, 10.0–21.0) was

longer than in the no-CD cohort (14.0 days, IQR, 11.0–18.8),

and this difference was statistically significant (P = 0.0017).

However, there were no statistically significant differences in the

hours spent in the ICU between the CD cohort (median, 83.5 h)
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TABLE 4 Comparison of surgery in CD and Non-CD.

CD (n = 56) No-CD (n = 54) P-value
Length of surgery, median (IQR) 175.0 (150.00–220) 180.0 (144.15–207.63) 0.4032

Aortic Crossclamp Time, median (IQR) 8.6 (0.0–33.0) 15.0 (0.0–41.75) 0.6921

SVC Crossclamp Time, median (IQR) 28.0 (8.3–49.0) 41.75 (18.37–55.0) 0.1918

IVC Crossclamp Time, median (IQR) 0.0 (0.0–40.0) 27.25 (0.0–48.0) 0.0969

Cardiopulmonary bypass, median (IQR) 86.0 (67.0–115.0) 78.75 (53.5–100.5) 0.2234

Anesthetic duration, median (IQR) 205 (180.0–278.0) 210.0 (178.75–243.38) 0.1738

Data are median (interquartile range) or n (%). P-values obtained from Mann–Whitney and χ2 for continuous and categorical variables.
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and the no-CD cohort (median, 96 h). The number of postsurgical

salvage cases in the CD group was 2 patients (3.6%) less than that

of no-CD group (n = 5, 1%), with no statistically significant

difference seen (P = 0.438) (Table 3). There was no difference in

the length of surgery, Aortic Crossclamp time, SVC Crossclamp

time, IVC Crossclamp time, Cardiopulmonary Bypass, or

Anesthetic Duration between patients stratified by the CD group

or no-CD group (Table 4).
Comparison of morbidity and mortality

A follow-up analysis was conducted on postsurgical patients

who survived their last surgery. Death within 30 days post-

hospitalization was considered a case. Two death cases were

observed in the CD cohort, and six cases in the no-CD group.

Notably, parents of patient #5,119, #5,876, and #51,372 in the

no-CD group proactively discontinued treatment (Supplementary

Table E2). Statistical analysis showed no statistical difference in

postoperative mortality (≤30 days) between the CD group and

no-CD group (Table 5).
Comparison of respiratory outcomes

In the case of the 56 CHD surgical procedures, the median

duration of postoperative mechanical ventilation was 22.5 h

(IQR, 10.25–93). Among these surgical encounter, one patient

required a prolonged ventilator course (≥10 days) (Table 5).
TABLE 5 Comparison of morbidity and mortality between CD and No-CD.

CD (n = 36) No-CD
(n = 33)

P-value

Death ≤30days, n (%) 2 (5.6%) 6 (18.2%) 0.14

Neonatal respiratory distress, n (%) 0 (0) 0 (0) –

P-value determined by the Fisher exact test.

TABLE 6 Respiratory outcome measures by surgical encounter.

CD (n = 56
Length of mechanical ventilation (hr), median (IQR) 22.5 (10.25–9

Prolonged ventilator course (≥10days), n (%) 1 (2.7%)

No. failed extubations, n (%) 1 (1.8%)

Fever (≥38.5°C), n (%) 18 (32.1%)

Respiratory complication, n (%) 39 (70%)

Data are median (interquartile range) or n (%). P-values obtained from Mann Whitney
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In contrast, the no-CD group, with 54 surgical outcomes, had a

median length of intubation of 21.5 h (IQR, 10.82–69.25), with

no significant difference in the duration of mechanical ventilation

between the CD and no-CD group (P = 0.37). Only The patient

in the CD cohort required reintubation. The number of

postoperative fever (≥38.5°C) showed no statistical difference

between the two groups, with the 18 instances of postoperative

fever in the 56 surgical encounters compared to 12 instances in

the no-CD group (Table 6).

The frequency of respiratory complications was compared

between the 2 groups. Respiratory complications were identified

through postoperative chest x-rays, encompassing pleural effusion,

atelectasis, pneumothorax, pleural exudation, pneumonia, and

delayed sternal closure. Notably, respiratory complications

occurred 39 (70%) of the 56 cardiac surgeries in the CD cohort,

whereas the no-CD group experienced these complications in

only 24 (44.4%) of their surgeries, signifying a significantly lower

frequency in the latter group (P = 0.008) (Table 6). In-depth

subgroup analysis of respiratory complications, excluding those

not solely attributed to cilia dysfunction (such as pleural effusions

and pulmonary edema), consistently demonstrated a significantly

higher prevalence of respiratory problems within the congenital

heart disease (CD) cohort (P < 0.02).
Discussion

The mucociliary clearance system serves as a pivotal

physiological mechanism responsible for the removal of inhaled

foreign substances and endogenously generated secretions from

the respiratory airways. Ciliary dysfunction, a critical component

of this system, manifests in two primary forms: PCD, which is a

congenital disorder characterized by impaired mucociliary

transport, and secondary ciliary dyskinesia, which may develop

subsequent to injuries such as respiratory infections. It is
) No-CD (n = 54) P-value
3) 21.5 (10.82–69.25) 0.3700

0 (0) >0.99

0 (0) >0.99

12 (22.2%) 0.243

24 (44.4%) 0.008

and χ2 for continuous and categorical variables.
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noteworthy that secondary ciliary dyskinesia presents distinct

ultrastructural abnormalities in contrast to the primary form of

the disorder, PCD.

In our research investigation, patients were categorized into

groups based on the presence or absence of ciliary dysfunction,

which encompassed primary ciliary dyskinesia and secondary

ciliary dysfunction. Ciliary motion can be induced by secondary

ciliary dyskinesia, such as from respiratory infection and allergy

to environmental insults, but in our study, this can be eliminated

by observing the ciliary motion after culturing and reciliation of

nasal tissue (19–21). Although some individuals, particularly

those with heterotaxy and CHD, may not exhibit overt structural

deficiencies in their cilia ultrastructure, the observation of

abnormal ciliary motion through microscopic analysis suggests

that their ciliary response to environmental stimuli is fragile.

Significantly, our findings indicate that this ciliary dysfunction is

potentially reversible when the affected tissue is removed from

the infected or inflamed environment. Neonatal respiratory

distress and bronchiectasis, as well as respiratory symptom, are

frequently observed in individuals with PCD. Early research has

provided insights indicating that an escalation in sinopulmonary

symptoms does not appear to be contingent on the presence of

heterotaxy. This implies that patients with CHD face an elevated

risk for respiratory ailments linked to reduced nNO levels or

abnormal ciliary motion, rather than the condition of heterotaxy

itself (8). In an endeavor to gain a more comprehensive

understanding of whether abnormal ciliary motion is linked to

CHD-HTX, we conducted an observational study. Our findings

revealed that 28 out of 69 (41%) of CHD-HTX patients

presented CD. The ciliary motion anomalies identified in these

CHD-HTX patients closely resembled those classically seen in

PCD, characterized by the presence of stiff, dyskinetic or wavy

ciliary beat. Remarkably, among patients with CD, approximately

50% exhibited low nNO levels, while 17% exhibited nNO values

in proximity to the PCD diagnostic threshold. Notably, the mean

nNO values of the CHD-HTX patients with CD exceeded those

of their counterparts without CD. This collection of observations

strongly suggests that individuals with CHD and heterotaxy may

harbor CD, which exhibits characteristics overlapping with PCD,

including both abnormal ciliary motion and reduced nNO levels.

In a previous study, researchers analyzed the postoperative

outcomes of 13 patients with heterotaxy and CHD who displayed

CD, comparing them to 14 patients with heterotaxy and CHD

but without CD. This earlier investigation revealed an increased

risk of respiratory complications in those with CD (10).

Nevertheless, it is essential to acknowledge that the limited

sample size of this study could have introduced potential errors

and inaccuracies. To rectify this limitation, we expanded the

sample size and conducted a prospective assessment involving 36

heterotaxy patients with CHD and confirmed CD who

underwent cardiac surgery. These individuals were juxtaposed

with a control group comprising 33 CHD-heterotaxy patients

without CD. Importantly, it is noteworthy that both the CD and

no-CD groups were equivalent in terms of their Risk Adjustment

for Congenital Heart Surgery (RACHS-1) scores, signifying that

they underwent cardiac surgeries of comparable complexity. In
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contrast, the CD group exhibited increased incidences of

respiratory complications following surgery and required

extended post-operative hospital stays when compared to the no-

CD group. This observation implies that patients with heterotaxy

and CHD may be prone to experiencing respiratory

complications due to underlying ciliary dysfunction. This

hypothesis finds support in the notable occurrence of heterotaxy

in a murine model of PCD, as documented in a previous study

(5). Furthermore, our understanding is bolstered by research that

has validated the significant roles played by DNAH11, DNAH5,

and DNAI genes in encoding key components of respiratory and

nodal ciliary outer dynein arm proteins (22, 23). These genetic

factors have been established as contributors to the development

of heterotaxy syndrome and CHD.

In light of our meticulous clinical observations and

comprehensive research findings, our study contributes

significantly to the nuanced understanding of the intricate

associations between PCD, heterotaxy, and CHD. Postoperative

evaluation of 36 CHD-HTX with CD undergoing cardiac surgery

showed that high risks related to respiratory deficiency

comparing to 33 CHD-HTX without CD. CHD-HTX with CD

showed a greater need for mechanical ventilation, prolonged

ventilator course and more failed extubation. We noted that no

difference in number of death and neonatal respiratory distress

between 2 groups. By raising awareness among healthcare

practitioners regarding the potential risk of ciliary CD in patients

with CHD, we aim to expedite the diagnostic process, ultimately

leading to enhanced healthcare outcomes. Our investigation

unearthed a noteworthy increase in the incidence of

postoperative respiratory complications in the CD group, which

was substantiated by a thorough analysis of chest x-rays

conducted during the hospitalization period. These complications

encompassed a range of conditions, including pleural effusion,

atelectasis, pneumothorax, pleural exudation, pneumonia, and

delayed sternal closure. It is essential to emphasize that ciliary

dyskinesia, when considered in isolation, is not directly causative

of conditions such as pleural effusion, stridor, and pulmonary

edema. However, CD solely cannot account for pleural effusions,

most likely to occur respiratory complication in the study to be

further studied.

In our study, there was no difference in the length of surgery,

Aortic Crossclamp time, SVC Crossclamp time, IVC Crossclamp

time, Cardiopulmonary Bypass, or Anesthetic Durhuaation

between patients stratified by the CD group or no-CD group,

which keep consistency with RACHS-1 between CD and no-CD

groups in case of surgery influence. With comparison to no-CD

group, there were trends that CD groups took more time in the

length of hospitalization, hours spent in the ICU, or the

occurrence of prolonged ventilatory courses, though not

statistically significant. In the case of the 56 CHD surgical

procedures, the median duration of postoperative mechanical

ventilation was 22.5 h more than 21.5 h in the no-CD group.

Among these surgical encounter, one patient required a

prolonged ventilator course (≥10 days) in CD group. Only the

patient in the CD cohort required reintubation. The number of

postoperative fevers showed 18 instances in the 56 surgical
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encounters compared to 12 instances in the no-CD group, though

no significant difference, which implied that HTX with CD were

more susceptible to external factor. Given single center of the

present study, further analysis of clinical treatment of patients is

needed to further assess the impact of CD on these outcome

parameters.

To provide a more precise analysis, a subgroup assessment was

meticulously conducted, systematically excluding complications

that could not be solely attributed to ciliary dysfunction

(specifically, pleural effusions and pulmonary edema).

Remarkably, this rigorous subgroup analysis demonstrated

significantly higher rates of adverse respiratory outcomes within

the CD cohort (P < 0.02). The observed increase in the median

duration of postoperative hospital stays for the CD cohort aligns

with our expectations, reflecting the extended period required for

the recovery and recuperation of these patients. This underscores

the intricate interplay between ciliary dysfunction, heterotaxy,

and CHD, and the profound impact it has on clinical outcomes.
Limitation

In our study, no statistically significant increases were observed

in the length of hospitalization, hours spent in the ICU, duration of

postoperative mechanical ventilation, or the occurrence of

prolonged ventilatory courses. These results diverge from earlier

research that reported a rising trend in the duration of

postoperative mechanical ventilation and prolonged ventilatory

courses (10). This inconsistency might be linked to differences in

the racial backgrounds and sample sizes of the populations studied.
Conclusion

In summary, our study not only advances our understanding of

the intricate interplay between PCD, heterotaxy, and CHD but also

underscores the need for preoperative screening of ciliary

dysfunction in heterotaxy patients with CHD. This proactive

approach can significantly enhance postsurgical respiratory therapy

and ultimately improve the overall well-being of these patients (6).
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comprehensive review
Jie Li†, Yang Liu†, Hefeng Huang* and Li Jin*
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Shanghai, China
Recently, the use of assisted reproductive technology (ART) has rapidly
increased. As a result, an increasing number of people are concerned about
the safety of offspring produced through ART. Moreover, emerging evidence
suggests an increased risk of cardiovascular disease (CVD) in offspring
conceived using ART. In this review, we discuss the epigenetic mechanisms
involved in altered DNA methylation, histone modification, and microRNA
expression, as well as imprinting disorders. We also summarize studies on
cardiovascular changes and other risk factors for cardiovascular disease, such
as adverse intrauterine environments, perinatal complications, and altered
metabolism following assisted reproductive technology (ART). Finally, we
emphasize the epigenetic mechanisms underlying the increased risk of CVD in
offspring conceived through ART, which could contribute to the early
diagnosis and prevention of CVD in the ART population.

KEYWORDS

cardiovascular diseases, assisted reproductive technology (ART), epigenetics, embryo

development, DNA methylation

1 Introduction

Assisted reproductive technology (ART) encompasses a range of procedures, including

in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), oocyte donation (OD),

superovulation, freeze-thawing, and other related techniques. The use of ART has

increased in recent years owing to the increasing incidence of infertility in the

population. In the United States, approximately 1.9% children are conceived through

ART (1); similarly, over 1.0% of all births result from ART in mainland China (2).

Moreover, it is predicted that over 150 million children, or 1.4% of the global

population, will be conceived with ART by the end of the century (3).

It is widely accepted that the risk of developing diseases is linked to critical

developmental periods such as the periconceptional, prenatal, and early postnatal stages

(4). Barker’s Developmental Origins of Health and Disease (DOHaD) theory suggests

that changes in the conception microenvironment during both the intrauterine and

postnatal periods can result in long-term damage, particularly in the form of

cardiovascular and metabolic diseases (5, 6). Recently, adverse environmental exposure

of oocytes during the pre-gestational period has shown to have lasting effects on

offspring (7). Thus, concerns have been raised that ART techniques may interfere with

early development and lead to long-term disorders in offspring.
01 frontiersin.org39
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The primary reason for premature death in China is due to

cardiovascular disease (CVD) (8, 9). Additionally, in the

Western, there has been a gradual rise in the frequency and

prevalence of cardiovascular diseases, whether they are congenital

or acquired, which has contributed to changes in risk factor

profiles among children and young adults (10). Thus, CVD in

offspring conceived via ART has received considerable attention,

and emerging evidence suggests congenital heart defects (CHD)

and an increased cardiovascular risk in offspring conceived using

ART (11–21). In this comprehensive review, we collected

evidence from humans and animals to explore the epigenetic

alterations induced by ART and their subtle consequences on

offspring cardiovascular health.
2 Epigenetic modification and
ART-induced cardiovascular dysfunction

To ensure the quality of embryos and pregnancy outcomes,

gametes are protected from environmental stress in the female

reproductive tract by the tubal fluid during the pre-fertilization

period in vivo. Despite efforts to minimize in vivo environmental

stimuli during ART procedures, they still differ from those in the

female reproductive tract. IVF and ICSI are two common ART

used to help couples conceive. The process of IVF involves

stimulating the ovaries to produce multiple eggs, retrieving the

eggs, fertilizing them with sperm in a laboratory dish, and then

transferring the resulting embryos into the uterus. ICSI is a type of

IVF that involves injecting a single sperm directly into an egg to

facilitate fertilization. Both procedures offer hope to couples

struggling with infertility. More specifically, the ART setting

involves exposure to a range of stimuli, including superovulation

(22), cryopreservation (23, 24), exposure to various types of lights

(25), fluctuations in pH and temperature (26, 27), changes in

oxygen tension (28), culture media that contain specific substances

such as Fe2+ and Cu2+ (29), and gamete or embryo manipulation.

All these ART interventions act during gamete-imprinted gene

reprogramming and embryonic gene demethylation (30). Thus,

with exquisite sensitivity to environmental insults, the trajectories

of gametic and embryonic development can be easily affected.

Epigenetics is the study of changes in gene expression that occur

without alterations to the underlying DNA sequence. Epigenetic

modifications can influence gene expression by modifying

chromatin structure and DNA accessibility. These modifications

can be influenced by environmental factors and can have long-

lasting effects on an organism’s phenotype (31). The relationship

between epigenetics, cardiac development, and disease has been

supported by a growing body of evidence (32). Epigenetic

markers, such as DNA methylation and histone modification, are

established in germ cells and maintained throughout embryonic

development and postnatal life (33). Controlled ovarian

stimulation acts during the period when the imprinted genes of

oocytes are reprogrammed, while in vitro embryo culture acts

during the sensitive period of gene demethylation (30).

Consequently, ART can cause epigenetic dysregulation in embryos

and adult offspring, ultimately affecting cardiovascular health.
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2.1 DNA methylation

DNA methylation is a type of epigenetic modification that

involves the addition of methyl groups to cytosine or adenine

bases in DNA. This process primarily occurs in CpG (5′-C-
phosphate-G-3′) dinucleotides (34). Non-CpG methylation is

found in embryonic stem cells and non-dividing cells, such as

neurons, and plays a role in regulating cell type-specific functions

(35). CpG sites are highly concentrated in genomic regions called

CpG islands, which are mainly located in promoter regions and

are typically unmethylated. CpG sites outside of these islands are

often methylated in mammals (36). DNMT3A and DNMT3B

(DNA methyltransferase 3A and 3B) are responsible for de novo

DNA methylation (37).
2.1.1 ROS and its role in the DNA methylation
process

Oxidative stress (OS) is associated with excess reactive oxygen

species (ROS) and a decrease in antioxidant enzymes (38). To

ensure the quality of embryos and the outcome of pregnancy,

gametes in the female reproductive tract are protected from

environmental stress by tubal fluid during the pre-fertilization

period. After shedding cumulus cells, the embryo depends on

tubal fluid and internal antioxidant activities to gain protection

against ROS-induced stress. All the external stimuli mentioned

above may induce high ROS production in the ART setup

(Figure 1). Excess ROS has been proposed to cause severe damage

during embryonic development, and increasing evidence shows

that the production of ROS is important for the development of

the heart and the pathogenesis of cardiovascular disease (39, 40).

A theory of ROS induction has recently been proposed to

explain the mechanisms underlying the establishment of DNA

hypermethylation or hypomethylation (41–43). Elevated levels of

ROS and DNA methylation have been observed in various types

of cancer cells (43). ROS attack-induced hydroxylation of

methylcytidine generates 5hmC, which disrupts the accurate

transmission of genomic methylation patterns (44). ROS facilitate

the hypermethylation of NDRG2 promoters in a manner that is

dependent on DNMTs, key enzymes in DNA methylation (45).

Moreover, ROS can induce site-specific hypermethylation by

upregulating DNMTs or forming new DNMT-containing

complexes (43). However, as ROS can affect numerous cellular

processes, alternative mechanisms may contribute to DNA

methylome alterations (46).
2.1.2 The relationship between imprinting
abnormalities in ART offspring and CHD

Genomic imprinting is an epigenetic process that affects a

specific set of mammalian genes, resulting in a monoallelic

expression pattern that is inherited from one parent. To

distinguish between parental alleles, imprinted genes are marked

epigenetically in gametes at imprinting control elements using

DNA methylation at the very least (47).

According to a recent study, ART causes abnormal expression

of 1,060 genes in the mouse heart. The genes identified are mainly
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FIGURE 1

All the external stimuli including superovulation, cryopreservation (23, 24), exposure to various types of lights, fluctuations in pH and temperature,
changes in oxygen tension, culture media that contain specific substances such as Fe2+ and Cu2+, and gamete or embryo manipulation may
induce high ROS production in the ART setup. Adding antioxidants such as melatonin to the culture medium and administering antioxidant
supplements to the offspring may protect their cardiovascular health by suppressing ROS production.
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associated with RNA synthesis, processing, and the development of

the cardiovascular system. The core interacting factors include

Ccl2, Ptgs2, Rock1, Mapk14, Agt, and Wnt5a. Further

investigation revealed that 42 epigenetic modifiers were

abnormally expressed in the heart. In addition, in the hearts of

ART offspring, the expression of imprinted genes Dhcr7, Igf2,

Mest, and Smoc1 was found to be reduced, whereas the DNA

methylation levels of the Igf2- and Mest-imprinting control

regions (ICRs) were abnormally increased (19). Superovulation in

adult mice has also been linked to alterations in Sgce and Zfp777

imprinted genes, whereas in vitro culture of follicles from the

early pre-antral stage resulted in globally reduced methylation

and heightened variability at imprinted loci in blastocysts (48).

Additionally, non-stimulated oocytes had lower methylation

percentages in the imprinted genes APEG3, MEG3, and MEG9

and were higher in TSSC4 compared to stimulated oocytes in a

bovine model. In terms of the CGI of imprinted genes, non-

stimulated oocytes had higher methylation percentages of MEST

(PEG1), IGF2R, GNAS (SCG6), KvDMR1, ICR, UMD, and IGF2.

In another region around IGF2, non-stimulated oocytes had

lower methylation percentages than stimulated oocytes (22).

Imprinting aberrations in SNRPN are involved in the

pathogenesis of CHD (49). A study that followed children over

time found who were conceived through ICSI had a higher

incidence of SNRPN DMR hypermethylation. This occurrence
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remained stable even after the children reached seven years of

age, indicating that these changes may persist over time (50). In

addition to humans, oocyte vitrification can also result in the

loss of Snrpn DNA methylation in mouse blastocysts. This loss

of methylation is primarily caused by a reduction in DNMTs

after oocyte vitrification (51).

It was reported that the skewed sex ratio is a result of

developmental defects during the peri-implantation stage, which

predominantly affect females. An imbalanced sex ratio, which

serves as an indicator of reproductive hazards, has been reported

in mouse (52), bovine (53), porcine (54) embryos as well as in

newborns from human IVF procedures (55, 56). Male bias has

been observed in both mammals and humans (52, 56). Given that

women have a more favorable cardiovascular risk profile than

men, particularly at younger ages (57), this sex bias may

contribute to the increasing CVD risk following ART.

Furthermore, these defects were reported to be caused by impaired

imprinted X chromosome inactivation (iXCI) due to reduced

expression of Rnf12/Xist in mice (52). Although humans do not

undergo imprinted XCI like mice, they still exhibit a male bias in

IVF. This suggests that impaired X chromosome inactivation may

occur due to reasons other than imprinting in humans.

Although there is evidence of an increase in imprinting

disorders in children conceived through IVF and ICSI, there is

currently insufficient evidence to establish a link between ART
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and the methylation of other imprinted genes. Further

controlled studies using standardized methodologies in larger

and more clinically defined populations are required to better

understand the relationship between ART and the methylation

of imprinted genes.
2.1.3 eNOS and Ang II: potential therapeutic
targets

Vasculature from ART mice displayed endothelial

dysfunction and increased stiffness, which could lead to

arterial hypertension in vivo. The underlying mechanism was

shown to be the decreased expression and function of

endothelial eNOS, which is an isoform of nitric oxide synthase

that is specific to endothelial cells (14). eNOS in endothelial

cells (ECs) produces nitric oxide (NO), which contribute to

the maintenance of proper vascular tone and systemic

hemodynamics (58). Hypermethylation of the eNOS promoter

can lead to decreased expression and function of endothelial

eNOS, which can cause endothelial dysfunction and increased

vascular stiffness in ART mice. This could lead to arterial

hypertension in vivo (14). Moreover, addition of melatonin to

culture media prevents the ART-induced eNOS

dysmethylation and normalizes vascular dysfunction (59).

Melatonin is known for its strong antioxidant activity, which

helps scavenge free radicals, such as ROS (60). Using a culture

medium containing antioxidants or vitrification and warming

solutions supplemented with antioxidants has been shown to

have a significant positive impact on the in vitro development

of mouse preimplantation embryos, as well as on subsequent

fetal development post-transfer (59, 61–63). In children with

ART, the short-term use of oral antioxidants has also been

found to have beneficial effects on vascular function (64).

The renin-angiotensin system (RAS) is a crucial physiological

system that is responsible for regulating blood pressure and

ensuring proper fluid and electrolyte balance within the body. In

this system, angiotensin II (Ang II) is the primary effector

hormone that acts as a systemic hormone and locally produced

factor (65). Recent research discovered that ART-conceived mice

showed an increased expression of myocardial AT1R, which

encodes the type 1 receptor of Ang II, beginning at three weeks

after birth. This increase was confirmed at 10 weeks and 1.5

years of age compared to the non-IVF group (66). Another study

found that the vasoconstrictor response to ANG II was

significantly higher in ART mice than that in non-ART mice.

This increased response was associated with increased AT1R

expression. The study also found that hypomethylation of two

CpG sites located in the At1bR promoter led to increased gene

transcription, further contributing to exaggerated vasoconstrictor

responsiveness in ART mice (67). In human, a previous study

reported that the IVF-ET group showed decreased mRNA

expression of DNMT3A in the umbilical vein and

hypomethylation of the AGTR1 gene, which codes for AT1R.

These results indicate that IVF-ET treatments can alter Ang II-

mediated vasoconstriction in umbilical veins, possibly due to

increased expression of AT1R caused by dysmethylation (68).
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2.2 Other epigenetic alternations in
ART offspring

2.2.1 Histone modification
In addition to DNA methylation, histone modification is

another crucial epigenetic mechanism. Trimethylation of lysine 4

(K4) and 27 (K27) of histone H3 (H3K4me3 and H3K27me3,

respectively) is associated with gene activation and repression,

respectively (69). Research studies have shown that histone lysine

methylation plays a crucial role as an epigenetic regulator of

heart development. Abnormalities during this process can lead to

cardiac anomalies (32). According to the study by Maldonado

et al. (70), the levels of H3K4me3 were approximately 20%

lower, while the levels of H3K27me3 were higher in frozen-

thawed bovine blastocysts compared to fresh embryos. Based on

this hypothesis, the observed phenomenon was thought to be

caused by cellular stress, particularly oxidative stress. To test this

hypothesis, the blastocysts were placed under either normoxic

(5%) or hyperoxic (20%) conditions and it was demonstrated

that the levels of H3K4me2 and H3K9me2 were altered. Another

study showed that the histone and chromatin status of mouse

embryos was altered by in vitro culture rather than by prior

vitrification and warming (71).
2.2.2 Micro RNA
Micro RNA (miRNA) are small non-coding RNA molecules

approximately 22 bp in length. It can bind to the three prime

untranslated region (3’UTR) of target mRNAs, causing cleavage

or translational repression (72). They play a significant role in

cardiac muscle proliferation and differentiation (73).

Dysregulated miRNA expression profiles have been observed in

IVF-TE human placental tissues (74) and mouse embryos (75).

Elevated levels of miR-100, miR-297, and miR-758 have been

observed in the myocardial tissue of mice conceived through IVF

compared to naturally bred mice of the same age (66), which

might contribute to cardiovascular malformations by RAS. In

addition, miR-1 (76), miR-206 (76) and miR-421 (77) might

contribute to the pathology of tetralogy of Fallot (TOF), the most

common type of cyanotic CHD. However, owing to limited

research, the association between altered miRNAs in IVF

offspring and CVD risk remains unclear.
3 Cardiovascular alterations induced
by assisted reproductive technology

3.1 Alterations in cardiac structure
and function

Cardiac remodelling and dysfunction have been reported in

ART compared to spontaneously conceived fetuses (17, 78),

which could persist in infants, children, and adolescents (15, 79,

80). A recent study found lower LV systolic function in ART

subjects compared to spontaneously conceived peers. However,

after adjusting for birth weight percentiles and gestational age,
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M-mode-assessed LV systolic function showed no significant

differences between the groups (21). Similarly, lower diastolic

function in ART subjects was found in another study after

adjusting for age, birth weight percentile, and gestational age

(81), and there were no significant differences in LV diastolic

function between the two groups.

CHD is the most prevalent type of birth defect and is

characterized by congenital malformations of the heart walls,

valves, and blood vessels (82). A large retrospective cohort study

consisting of 507,390 patients reported a significant association

between ART and CHD in general, without specifying the

subtype. However, after assessing the mediation of twin

pregnancies (which accounted for 87% of the total), the same

correlation was found to be statistically insignificant (83). In a

2018 cohort study, an increased incidence of CHD (1.8% vs. 1%)

was reported without specifying the subtype. Upon further

analysis, it was found that the incidence of nonsevere CHD was

higher in children conceived through ART (2.2%) compared to

those conceived naturally (1%). However, when considering

severe CHD, the incidence was comparable between ART and

NC (1.4% and 1.2%, respectively) (84). Recently, a systematic

review extracted twenty-four studies on the incidence of CHD in

ART was conducted between January 2011 and May 2022 (20).

It concluded that the incidence of CHDs among offspring

conceived by IVF was 3% and decreased to 1% for major CHDs

only. Compared to non-ART pregnancies, there appears to be an

increased risk of CHDs in ART pregnancies, particularly minor

cases that do not require surgical correction. However, evidence

is insufficient to determine the actual risk of developing major

CHDs. Additionally, certain confounding factors such as

maternal age and male infertility may play a critical role in

determining the increased risk of CHDs (85–87).

Owing to the conflicting results among studies, further research

is needed to validate the evidence and accurately determine the risk

of alterations in cardiac structure and function following ART

pregnancies. More extensive research with larger sample sizes

and extended follow-up periods is warranted.
3.2 Abnormal blood pressure

Increased arterial blood pressure was found in ART-conceived

offspring (11, 88) compared to the control group. As mentioned

previously, this could be a consequence of vascular dysfunction

(88). Pulmonary hypertension in ART-conceived children has

been reported under hypoxic and normoxic stress (13, 79, 89,

90), which may be attributed to decreased pulmonary vascular

distensibility (89). A meta-analysis of over 35,000 mostly child

offspring found that ART (compared to natural conception)

resulted in similar blood pressure, heart rate, and glucose levels

but higher cholesterol levels. Additionally, a long-term follow-up

of 17,244 births (244 of which were ART) showed that children

conceived through ART tended to have lower predicted systolic

(SBP) and diastolic blood pressure (DBP) during childhood.

However, as they entered young adulthood, there were slight

indications of higher SBP and triglyceride levels. It’s worth
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noting that most of these differences were not statistically

significant (91).

Ovarian hyperstimulation syndrome (OHSS) is a significant

and potentially dangerous complication of IVF. It is

characterized by increased levels of estradiol in the bloodstream,

enlargement of the ovaries with cysts, and a shift of fluid from

the blood vessels to other areas of the body (92). According to a

prior investigation, controlled ovarian hyperstimulation during

IVF results in offspring with significantly higher SBP than those

born through modified natural cycles (93). Accordingly, another

study revealed that the systolic blood pressure SBP and DBP in

children aged 3–6 years, who were conceived naturally, were

significantly lower compared to the OHSS-ET group (94).

According to a meta-analysis conducted in 2017, a total of 19

studies were reviewed to better understand the health outcomes of

children born through IVF-ICSI compared to those conceived

naturally. These studies included 2,112 IVF-ICSI offspring and

4,096 naturally conceived offspring across various age groups

from childhood to early adulthood. This study revealed that IVF-

ICSI offspring had notably higher blood pressure levels than

naturally conceived offspring. The weighted mean differences and

confidence intervals were 1.88 mmHg [95% CI: 0.27, 3.49] for

SBP and 1.51 mmHg [95% CI: 0.33, 2.70] for DBP, indicating a

significant difference between the two groups (95).

Five animal studies reported varied results on the SBP/DBP

and the mean blood pressures of the children at a specific time

point between 9 and 52 weeks of age (14, 59, 67, 96, 97). Three

studies conducted on 12–14-week-old male mice using telemetry

(14, 59, 67) found that the mice conceived via IVF exhibited

significantly higher mean fixed and continuous arterial pressures.

Additionally, a study reported that female mice conceived

through IVM had increased SBP levels at 1.5 years of age, but no

significant increase was observed in male mice or those

conceived through IVF or ICSI (97). More importantly, long-

term exposure to high blood pressure can lead to structural

abnormalities (98). Thus, differences in blood pressure are

clinically important for early intervention of cardiac structure

alterations in ART offspring.
3.3 Vascular dysfunction

A research team from Switzerland. paid significant attention to

cardiovascular risks among ART offspring, both in humans (13,

88) and mice (14, 59). After assessing markers of early

atherosclerosis in children (mean age, 11 years) who were

conceived naturally and by ART (13), they found that carotid-

femoral pulse-wave velocity (PWV), a proxy for elastic artery

stiffness, was significantly faster in children who were conceived

by ART than in control children. Defective flow-mediated

dilation (FMD) of the brachial artery, which is related to

endothelial dysfunction (99), and greater carotid intima-media

thickness (cIMT) have also been found in children from ART. At

the 5-year follow-up, the team reassessed the vascular function in

these children (88). The alterations in FMD of the brachial

artery, PWV, and cIMT were not only found to be persistent,
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but may also have the potential to translate into arterial

hypertension, which has been demonstrated in several studies in

humans (11, 15, 88). Furthermore, greater cIMT was confirmed

in a smaller cohort (100). In addition to humans, ART mice

exhibit signs of endothelial dysfunction and increased stiffness

(14, 59, 101), which can even be transmitted to their offspring by

male ART mice (14).

Conversely, a recent study in humans showed no differences in

early markers of atherosclerosis (cIMT and arterial stiffness)

between ART and non-ART groups at ages 22–35 years (102,

103). The study focused on individuals in early adulthood and

used noninvasive techniques to identify early markers of

subclinical atherosclerosis. However, the researchers did not

examine the links between these markers and clinical

cardiovascular events. Another study also found no significant

difference in vascular function between children, adolescents, and

young adults conceived through assisted reproductive technology

and their spontaneously conceived peers (104). However, given

the limited sample size in this study (66 ART and 86 naturally

conceived offspring), larger multi-center studies are necessary to

gather clinical evidence.

Collectively, ART may interfere with early development and

lead to premature vascular dysfunction in the offspring,

potentially due to the variety of in vitro manipulations and

cultures from gametes to embryos involved in the technology.

However, the relationship between these techniques and early

atherosclerotic disorders has not been clearly defined and

requires further investigation.
3.4 Cardiovascular risk factors in ART
populations

3.4.1 Perinatal complications
ART is often associated with adverse pregnancy outcomes,

including fetal growth restriction, low birth weight, and preterm

birth (PTB) (105), all of which are associated with higher CVD

rates in adulthood (106–108). ART is also associated with an

increased incidence of preeclampsia in mothers (109–111), which

could have a negative effect on systemic and pulmonary vascular

function of the offspring (12).

3.4.2 Altered metabolism in ART offspring
Metabolic syndromes in the progression of CVDs, such as

obesity, diabetes, dyslipidemia, and impaired glucose

metabolism, are known cardiovascular risk factors (112). ART

offspring show altered glucose homeostasis and exacerbated

obesity in mice and humans (97, 113). In a recent study, ART

offspring in childhood were found having similar TG levels, but

higher TC (HDLc and LDLc) levels compared to NC; however,

these differences were not observed in young adulthood. In

contrast, as age increased, those conceived by ART had higher

TG and lower HDLc levels than NC, although the differences

were small and not statistically significant by age 26 (114).

Higher TG levels are known to increase future cardiovascular

disease risk, which might suggest an increased risk in ART-
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conceived offspring (115). Moreover, elevated maternal estrogen

levels after ovulation induction have been linked to higher total

cholesterol and low-density lipoprotein cholesterol levels in

newborns (116). In mice, ICSI or in vitro oocyte maturation

(IVM) has a significant impact on the hepatic expression and

methylation of INSIG-SCAP-SREBP from young to old age

(97), and these alterations are involved in cardiometabolic

changes (117, 118). Collectively, these metabolic disorders may

serve as early indicators of CVD risk (106, 119).
3.4.3 Adverse intrauterine environment
The significance of the intrauterine environment cannot be

overstated, as it serves as a mediator of the environment

during vital developmental periods. Numerous studies have

shown that an inadequate maternal diet (120), stress

(121), and hormonal imbalances during pregnancy (122, 123)

can affect the developmental programming of future

generations. Women who undergo ART may face various

challenges, including endocrine issues, advanced maternal age,

chronic pelvic inflammation, and insulin resistance (124), all

of which could contribute to cardiovascular dysfunction in the

offspring. In addition, increased susceptibility to perinatal

complications such as low birth weight and PTB during ART

pregnancy may be partly due to a compromised intrauterine

environment (95).
4 Conclusion and future perspectives

Although many studies have indicated a correlation between

ART and an increased risk of CVDs among offspring, there is

still conflicting evidence and no clear conclusion has been

reached. Epigenetic alterations in ART populations have been

reported in multiple studies, but the underlying mechanisms

remain unclear. ROS could be one of the culprits for the high

ROS production induced by external stimuli in the ART setup,

and adding antioxidants to the culture media could mitigate

the damage. Dysmethylation of AGTR1 and eNOS are shown

to be associated with abnormal blood pressure levels. By

applying the ROS inhibitor melatonin, the hypermethylation of

eNOS can be effectively prevented. However, considering

that ROS can affect numerous cellular processes, alternative

mechanisms may contribute to epigenetic alterations.

Moreover, considering the multifactorial nature of CVDs,

adverse intrauterine environments, perinatal complications,

and altered metabolism may play roles in the development of

CVDs in ART offspring. Further research with larger, well-

defined clinical ART populations and standardized

methodologies is required, and more epigenetic experiments

are needed to elucidate the potential mechanism of epigenetic

inheritance in cardiovascular alterations in ART offspring.

Overall, more attention should be paid to the CVD risks in

offspring conceived through ART, which could not only

contribute to the early diagnosis and prevention of CVD but

also improve the safety and precision of ART.
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Objective: This study aimed to construct and validate a nomogram for predicting
cardiovascular mortality (CVM) for child, adolescent, and adult patients with
diffuse large B-cell lymphoma (DLBCL).
Materials and methods: Patients with only one primary tumor of DLBCL first
diagnosed between 2000 and 2019 in the SEER database were extracted. We
used the cumulative incidence function (CIF) to evaluate the cumulative rate
of CVM. The outcome of interest was CVM, which was analyzed using a
competing risk model, accounting for death due to other causes. The total
database was randomly divided into a training cohort and an internal validation
cohort at a ratio of 7:3. Adjustments were for demographics, tumor
characteristics, and treatment modalities. Nomograms were constructed
according to these risk factors to predict CVM risk at 5, 10, and 15 years.
Validation included receiver operating characteristic (ROC) curves, time-
dependent ROC, C-index, calibration curves, and decision curve analysis.
Results: One hundred four thousand six hundred six patients following initial
diagnosis of DLBCL were included (58.3% male, median age 64 years, range
0–80, White 83.98%). Among them, 5.02% died of CVM, with a median
follow-up time of 61 (31–98) months. Nomograms based on the seven risk
factors (age at diagnosis, gender, race, tumor grade, Ann Arbor stage,
radiation, chemotherapy) with hazard ratios ranging from 0.19–1.17 showed
excellent discrimination, and calibration plots demonstrated satisfactory
prediction. The 5-, 10-, and 15-year AUC and C-index of CVM in the training
set were 0.716 (0.714–0.718), 0.713 (0.711–0.715), 0.706 (0.704–0.708), 0.731,
0.727, and 0.719; the corresponding figures for the validation set were 0.705
(0.688–0.722), 0.704 (0.689–0.718), 0.707 (0.693–0.722), 0.698, 0.698, and
0.699. Decision curve analysis revealed a clinically beneficial net benefit.
Conclusions: We first built the nomogram model for DLBCL patients with
satisfactory prediction and excellent discrimination, which might play an
essential role in helping physicians enact better treatment strategies at the
time of initial diagnosis.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common

subtype of non-Hodgkin lymphoma (NHL) (1), making up

roughly 40% of the total NHL population (2, 3). With

improvements in treatment methods and increased survival rates,

the number of DLBCL survivors is continually growing (2–4).

The conventional treatment regimen for DLBCL commonly

incorporates drugs like cyclophosphamide, doxorubicin, and

rituximab, all of which carry a heightened risk of cardiac damage

(1). Therefore, these survivors face an elevated risk of

cardiovascular mortality (CVM) (5–7). While numerous previous

studies (8–10) have discussed the incidence of cardiovascular

events, there is limited literature addressing the CVM risk in

DLBCL patients, especially in children and adolescents. To the

best of our knowledge, there are no reported studies that have

constructed and validated a nomogram for assessing the CVM

risk in children, adolescents, and adults with DLBCL.

In child, adolescent, and adult DLBCL survivors, CVM might

be related to disease stages, treatment modalities, and genetic

factors (6, 7, 11). The challenges in estimating CVM risks have

been highlighted in previous studies (5, 7, 12, 13). Previous

studies (5, 14) have primarily utilized Cox regression models to

investigate the risk of cardiovascular death and specifically focus

on the elderly population. Our research distinctively employs a

competing risks model for a more nuanced analysis. This

approach incorporates the concept of competitive risks, mitigates

the impact of death from other causes on the final outcomes,

and includes individuals across the entire age spectrum, which

facilitates the attainment of more reliable results (15, 16).

This study aims to construct and validate a nomogram to

predict the risk of CVM for child, adolescent, and adult DLBCL

patients. By better understanding these relationships, we can

provide more targeted guidance for the long-term cardiovascular

health management of DLBCL survivors, particularly for the

younger age demographic, thereby improving their quality of life

and survival prospects.
Materials and methods

Data source and study population

As a network of U.S. population-based incident tumor registries,

the Surveillance, Epidemiology, and End Results (SEER) program,

which is a public registry maintained by the National Cancer

Institute, currently encompasses approximately 27.8% of the

cancer patient population (17). The SEER collects patient clinical

information data, such as demographics, primary tumor site, stage

at diagnosis, initial course of treatment, follow-up time, survival,

and economic status of residence. We extracted data from patients

with only one primary DLBCL between 2000 and 2019 in the

SEER database using the SEER*Stat software (version 8.4.2).

We utilized histology codes from the third edition of the

International Classification of Diseases for Oncology (ICD-O-3)
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—codes 9680/3, 9684/3, and 9688/3—to assemble the cohort of

interest, including children, adolescents, and adults aged 0–80

years following initial diagnosis of DLBCL. Patients with a

diagnosis at autopsy or death certificate and those with

incomplete data on certain variables (survival time, cause of

death, race, gender) were excluded (Figure 1).
Risk factors

The variables included in this study are based on clinical

support (18, 19) and include age at diagnosis (0–18 years, 19–40

years, 41–60 years, 61–80 years), gender, year of diagnosis, tumor

grade (no nodal or metastatic disease as local, nodal disease as

regional, or any metastatic disease as distant), race (white, black,

or other), cause of death, survival time, the Ann Arbor stage

(Stage I: Early-stage cancer confined to the organ of origin.

Stage II: Local spread, potentially involving nearby lymph

nodes. Stage III: More extensive local spread, involving additional

lymph nodes. Stage IV: Presence of distant metastasis.), primary

site, mean household income (<$60,000, >$60,000), surgery (yes,

no), chemotherapy (yes, no/unknown), radiotherapy (yes, no/

unknown), and place of residence (rural, urban). Primary site

codes were used from SEER*Stat for the “lip, oral, cavity and

pharynx” (C0.0–14.9), digestive organs (C15.0–C27.0),

“respiratory and intrathoracic organs” (C30.0–C39.9), “bone,

joints and articular cartilage” (C40.0–C41.9), hematopoietic

(C42.0–C42.9), skin (C44.0–C44.9), nervous system (C47.0–

C47.9), peritoneum (C48.0–C48.9), soft tissues (C49.0–C49.9),

breast (C50.0–C50.9), female genital organs (C51.0–C57.9), male

genital organs (C60.0–C63.9), urinary tract (C64.0–C68.9), “eye,

brain and other parts of central nervous system” (C69.0–C72.9),

“endocrine system” (C73.0–C76.9), “lymph nodes” (C77.0–

C78.0). County median income level was dichotomized into

groups based on the SEER-linked county-level data regarding the

median household income in the past 12 months using 2019

inflation-adjusted dollars. The initial course of treatment was

determined based on whether patients received surgery,

chemotherapy, or radiation therapy. Survival time refers to the

interval from the diagnosis of cancer to the death of patients due

to any cause or the last date of available survival information.
Outcomes

The main outcome of interest was a composite of CVM,

defined as any of the following seven causes of death in the

SEER database [International Classification of Diseases, 10th

Revision (ICD-10) codes]: heart diseases (I00–I09, I11, I13, I20–

I51), hypertension without heart disease (I10, I12),

cerebrovascular diseases (I60–I69), atherosclerosis (I70), aortic

aneurysm and dissection (I71), and other diseases of arteries,

arterioles, and capillaries (I72–I78). Competitive risk refers to

mortality due to other causes (such as primary diffuse large B-

cell lymphoma, infection, and bleeding).
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FIGURE 1

Flowchart depicting the enrolment of patients based on inclusion and exclusion criteria.
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Statistical analysis

For calculating the sample size required for developing a

clinical prediction model, the sample size calculation satisfied

both the 15 EPV (events per variable) and pmsampsize rule

requirements (20) (T1: estimate the overall outcome proportion

with sufficient precision at one or more key time-points in

follow-up; T2: target a shrinkage factor of 0.9; T3: target small

optimism of 0.05 in the apparent R2Nagelkerke) in the training

dataset. The R package “pmsampsize” was used, referring to

some statistical parameters from a previous study (5). The

minimum sample size calculated by the “pmsampsize” package

was 1,450 cases. The sample size of the training dataset satisfies

this requirement.

Normally distributed data were expressed as mean ± standard

deviation. Non-normally distributed data were expressed as

medians with interquartile ranges. Categorical data were

presented using counts with percentages and compared using the

chi-square test, while when frequencies were below 5, Fisher’s

exact test was applied.

In the competing risk analyses, we used the cumulative

incidence function (CIF) to evaluate the cumulative rate of CVM.

Multivariable competing risk survival analyses were performed to
Frontiers in Pediatrics 0351
identify predictors of CVM. The total database was randomly

divided into a training cohort and an internal validation cohort

at a ratio of 7:3. The training cohort was used for risk factor

analysis and nomogram construction. Factors with p-values < 0.05

in univariate competing risk analysis were added to a

multivariate competing risk model to detect indicators of death

specifically due to CVM. Based on the results of the competing

risk analysis of the training cohort, a nomogram was constructed

that incorporated all the independent prognostic factors to

predict 5-, 10-, and 15-year CVM risk.

We evaluated the accuracy of the nomogram model by

examining the 5-, 10-, and 15-year ROC curves. C-index for 5,

10, and 15 years were calculated to measure the predictive ability

and accuracy of the model. The predicting outcomes of the

nomogram were evaluated in the respective training and

validation cohorts by calibrating curves and the decision curve

analysis (DCA). DCA is a critical method for assessing the

clinical utility of clinical predictive models and can address the

limitations of the ROC curve (21).

Ethical approval of this publicly available information provided

by the SEER program was not required by our Institutional Review

Board. The manuscript has been prepared in accordance with the

guideline of Transparent Reporting of a Multivariable Prediction
frontiersin.org

https://doi.org/10.3389/fped.2024.1346006
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Mu et al. 10.3389/fped.2024.1346006
Model for Individual Prognosis or Diagnosis (TRIPOD) (22). For

detailed information regarding the TRIPOD checklist, please

refer to the online supplementary appendix. Statistical analyses

were performed using STATA-MP 17.0 (StataCorp, College

Station, TX) and R software (version 4.1.2; R Foundation for

Statistical Computing, Vienna, Austria). All statistical tests were

two-sided, with the significance level set at a p-value of < 0.05.
Results

Patient characteristics

A total of 104,606 DLBCL were included in subsequent

analyses. The median age at diagnosis was 64 (53.72) years. The

proportion of male patients was 60,953 (58.27%) and the median

follow-up time was 61 (31–98) months. The majority of patients

were White 87,845 (83.98%) and 56,080 (53.61%) had distant

tumor stage. The most common primary site was lymph nodes

(64.46%), followed by the digestive system (9.34%) and nervous

system (4.67%). A total of 27,713 (26.49%) patients underwent

surgery, 82,825 (79.18%) patients received chemotherapy, and

only 18,755 (17.93%) patients underwent radiotherapy.

Furthermore, 5,254 (5.02%) patients died of CVD, 4,202 (4.02%)

died due to heart diseases, 715 (0.68%) due to cerebrovascular

diseases, 53 (0.05%) due to aortic aneurysm and dissection, 180

(0.17%) due to hypertension without heart disease, and 38

(0.04%) due to atherosclerosis. The baseline characteristics are

detailed in Tables 1, 2.
Univariate and multivariable analyses on the
cardiovascular mortality

Risk factor analyses were based on the training set of 73,224

patients. The results of the univariate analysis are summarized in

Table 3. In the univariate analysis, factors including age at

diagnosis, gender, race, tumor grade, Ann Arbor stage,

chemotherapy, and radiation were found to be associated with

the CVM risk in child, adolescent, and adult patients with DLBCL.
Risk factor analysis

The multivariate analysis of CVM conducted by competing risk

analysis in the training cohort is summarized in Table 4.

Multivariate analysis revealed that the following characteristics

were associated with risk of CVM: age at diagnosis ([0–18 vs.

61–80] HR: 0.19, 95% CI: 0.15–0.23; [19–40 vs. 61–80] HR: 0.34,

95% CI: 0.32–0.36; [41–60 vs. 61–80] HR: 0.57, 95% CI: 0.55–

0.58), gender [(Male vs. Female) HR: 1.17, 95% CI: 1.15–1.21],

race [(White vs. Black) HR: 0.73, 95% CI:0.69–0.76], tumor grade

([Localized vs. Distant] HR: 0.62, 95% CI: 0.58–0.65; [Regional

vs. Distant] HR: 0.72, 95% CI: 0.68–0.76), Ann Arbor stage

([Stage II vs. Stage I] HR: 0.89, 95% CI: 0.82–0.96; [Stage III vs.

Stage I] HR: 0.82, 95% CI: 0.76–0.89; [Stage IV vs. Stage I] HR:
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1.05, 95% CI: 0.98–1.11). In terms of treatment, radiation [(Yes

vs. No) HR: 0.85, 95% CI: 0.82–0.88] and chemotherapy [(Yes

vs. No) HR: 0.56, 95% CI: 0.55–0.57] were associated with CVM

in DLBCL patients.
Developing nomograms

The results of the CIF curves of cause of death in DLBCL

patients are illustrated in Figure 2 and show that CVM increases

with survival time.

In the training cohort, prognostic factors were used to

construct the nomogram of CVM for predicting 5-, 10-, and 15-

year CVM risk, as presented in Figure 3. In this nomogram, each

variable corresponds to a point on the axis of the nomogram,

and the corresponding score of the variable was obtained. The

sum score of each variable was obtained, the total score

corresponded to the point on the risk axis, and the risk value of

CVM was obtained.
Internal validation

Internal validation was performed in a cohort of 31,382

patients. Patient baseline characteristics between the two cohorts

were well-balanced (Supplementary Table S1). Validation

methods demonstrated efficacy and stability. The 5-, 10-, and 15-

year ROC curves of CVM and time-dependent ROC curves of

the CVM nomogram were displayed (Figures 4, 5). The 5-, 10-,

and 15-year AUC of CVM in the training set were 0.716 (0.714–

0.718), 0.713 (0.711–0.715), and 0.706 (0.704–0.708), with C-

index 0.731, 0.727, and 0.719, respectively; the corroding figures

for the validation set were 0.705 (0.688–0.722), 0.704 (0.689–

0.718), and 0.707 (0.693–0.722), with C-index 0.698, 0.698, and

0.699, respectively (Table 5). The calibration curves were very

close to the diagonal (Supplementary Figure S1) showed high

consistencies between the predicted and observed CVM

probability in the cohorts. This demonstrates good predictive

ability and accuracy of the model. The decision curve analysis for

the model is shown in Figure 6. The X-axis indicates the

threshold probability for CVM, while the Y-axis indicates the net

benefit. The DCA indicated a significantly better net benefit,

indicating the effective use of the model in achieving net

clinical benefit.
Discussion

Utilizing the SEER database of more than 10,000 patients first

diagnosed with DLBCL between the ages of 0 and 80 years, we built

the first nomogram to predict the risk of CVM, with excellent

results in internal validation. This research reports a 5.02%

cumulative occurrence rate of cardiovascular death in diffuse

large B-cell lymphoma patients, identifying significant risk factors

for predicting CVM, including age at diagnosis, gender, tumor

grade, Ann Arbor stage, radiation, and chemotherapy. The
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TABLE 1 Clinicopathologic characteristics of patients in different Age groups.

Levels Total
(N = 104,606)

0–18
(N = 1,026)

19–40
(N = 8,793)

41–60
(N = 32,373)

61–80
(N = 62,414)

Age at diagnosis 64.00 (53.00, 72.00) 15.00 (11.00, 17.00) 33.00 (28.00, 37.00) 53.00 (48.00, 57.00) 71.00 (66.00, 76.00)

Gender Female 43,653 (41.73%) 383 (37.3%) 3,396 (38.6%) 12,212 (37.7%) 27,662 (44.3%)

Male 60,953 (58.27%) 643 (62.7%) 5,397 (61.4%) 20,161 (62.3%) 34,752 (55.7%)

Race Black 7,765 (7.42%) 142 (13.8%) 1,369 (15.6%) 3,291 (10.2%) 2,963 (4.7%)

Other 8,996 (8.60%) 96 (9.4%) 897 (10.2%) 2,775 (8.6%) 5,228 (8.4%)

White 87,845 (83.98%) 788 (76.8%) 6,527 (74.2%) 26,307 (81.3%) 54,223 (86.9%)

Time from diagnosis
to therapy

61.00 (31.00–98.00) 91.00 (32.00–162.00) 75.00 (18.00–148.00) 55.00 (13.00–122.00) 28.00 (6.00–78.00)

Tumor grade Distant 56,080 (53.61%) 422 (41.1%) 3,892 (44.3%) 17,491 (54%) 34,275 (54.9%)

Localized 25,118 (24.01%) 335 (32.7%) 2,527 (28.7%) 7,615 (23.5%) 14,641 (23.5%)

Regional 18,277 (17.47%) 225 (21.9%) 2,078 (23.6%) 5,835 (18%) 10,139 (16.2%)

Unknown 5,131 (4.91%) 44 (4.3%) 296 (3.4%) 1,432 (4.4%) 3,359 (5.4%)

Ann Arbor stage I 17,605 (16.83%) 226 (22%) 1,732 (19.7%) 5,368 (16.6%) 10,279 (16.5%)

II 13,034 (12.46%) 158 (15.4%) 1,452 (16.5%) 4,215 (13%) 7,209 (11.6%)

III 5,724 (5.47%) 53 (5.2%) 318 (3.6%) 1,831 (5.7%) 3,522 (5.6%)

IV 13,023 (12.45%) 81 (7.9%) 809 (9.2%) 4,095 (12.6%) 8,038 (12.9%)

Unknown 55,220 (52.79%) 508 (49.5%) 4,482 (51%) 16,864 (52.1%) 33,366 (53.5%)

Primary sit Bones and joints 1,870 (1.79%) 94 (9.2%) 349 (4%) 503 (1.6%) 924 (1.5%)

Brain and other nervous system 4,888 (4.67%) 34 (3.3%) 398 (4.5%) 1,514 (4.7%) 2,942 (4.7%)

breast 768 (0.73%) 3 (0.3%) 55 (0.6%) 245 (0.8%) 465 (0.7%)

Digestive system 9,765 (9.34%) 99 (9.6%) 658 (7.5%) 3,024 (9.3%) 5,984 (9.6%)

Endocrine system 1,167 (1.12%) 4 (0.4%) 58 (0.7%) 357 (1.1%) 748 (1.2%)

Eye and orbit 509 (0.49%) 4 (0.4%) 28 (0.3%) 142 (0.4%) 335 (0.5%)

Female genital system 393 (0.38%) 1 (0.1%) 88 (1%) 153 (0.5%) 151 (0.2%)

Hematopoietic 5,147 (4.92%) 13 (1.3%) 166 (1.9%) 1,499 (4.6%) 3,469 (5.6%)

Lymph nodes 67,434 (64.46%) 606 (59.1%) 5,779 (65.7%) 21,155 (65.3%) 39,894 (63.9%)

Male genital system 1,215 (1.16%) 4 (0.4%) 48 (0.5%) 289 (0.9%) 874 (1.4%)

Oral cavity and pharynx 4,292 (4.10%) 71 (6.9%) 390 (4.4%) 1,485 (4.6%) 2,346 (3.8%)

Peritoneum 372 (0.36%) 3 (0.3%) 20 (0.2%) 94 (0.3%) 255 (0.4%)

Respiratory system 3,156 (3.02%) 56 (5.5%) 528 (6%) 891 (2.8%) 1,681 (2.7%)

Skin 1,225 (1.17%) 6 (0.6%) 73 (0.8%) 365 (1.1%) 781 (1.3%)

Soft tissue including heart 1,414 (1.35%) 13 (1.3%) 100 (1.1%) 407 (1.3%) 894 (1.4%)

Unknown 414 (0.40%) 6 (0.6%) 19 (0.2%) 114 (0.4%) 275 (0.4%)

Urinary system 577 (0.55%) 9 (0.9%) 36 (0.4%) 136 (0.4%) 396 (0.6%)

Radiation None/unknown 85,851 (82.07%) 940 (91.6%) 6,397 (72.8%) 26,029 (80.4%) 52,485 (84.1%)

Yes 18,755 (17.93%) 86 (8.4%) 2,396 (27.2%) 6,344 (19.6%) 9,929 (15.9%)

Chemotherapy No/unknown 21,781 (20.82%) 100 (9.7%) 1,166 (13.3%) 5,491 (17%) 15,024 (24.1%)

Yes 82,825 (79.18%) 926 (90.3%) 7,627 (86.7%) 26,882 (83%) 47,390 (75.9%)

Surgery No 76,378 (73.01%) 702 (68.4%) 6,358 (72.3%) 23,003 (71.1%) 46,315 (74.2%)

Unknown 515 (0.49%) 4 (0.4%) 41 (0.5%) 147 (0.5%) 323 (0.5%)

Yes 27,713 (26.49%) 320 (31.2%) 2,394 (27.2%) 9,223 (28.5%) 15,776 (25.3%)

Year of diagnosis 2000–2004 21,724 (20.77%) 260 (25.3%) 2,389 (27.2%) 7,136 (22%) 11,939 (19.1%)

2005–2009 24,043 (22.98%) 244 (23.8%) 2,190 (24.9%) 7,993 (24.7%) 13,616 (21.8%)

2010–2014 27,952 (26.72%) 269 (26.2%) 2,107 (24%) 8,757 (27.1%) 16,819 (26.9%)

2015–2019 30,887 (29.53%) 253 (24.7%) 2,107 (24%) 8,487 (26.2%) 20,040 (32.1%)

Income <$60,000 28,306 (27.06%) 759 (74%) 6,711 (76.3%) 24,173 (74.7%) 44,642 (71.5%)

>$60,000 76,285 (72.93%) 267 (26%) 2,081 (23.7%) 8,196 (25.3%) 17,762 (28.5%)

Unknown 15 (0.01%) 0 (0%) 1 (0%) 4 (0%) 10 (0%)

Rural/urban Rural 12,454 (11.91%) 84 (8.2%) 707 (8%) 3,392 (10.5%) 8,271 (13.3%)

Unknown 91 (0.09%) 2 (0.2%) 7 (0.1%) 31 (0.1%) 51 (0.1%)

Urban 92,061 (88.01%) 940 (91.6%) 8,079 (91.9%) 28,950 (89.4%) 54,092 (86.7%)

Mu et al. 10.3389/fped.2024.1346006
reported AUC exceeds 0.70, indicating good predictive ability.

The risk of CVM decreases with earlier diagnosis, as segmented

by age groups.

DLBCL is a type of non-Hodgkin’s lymphoma, of which

complications such as cardiomyopathy and rhythm disturbances
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are frequently documented in children, adolescents, and adults

(3, 12). In most studies (8, 23), the prevalence of cardiovascular

disease is described rather than the cardiovascular disease

mortality rate. In our current study, we observed a CVM rate of

5.02% among DLBCL patients. This finding is corroborated by
frontiersin.org

https://doi.org/10.3389/fped.2024.1346006
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TABLE 2 Categorized results of DLBCL patients who died from
cardiovascular diseases.

Patients died from CV diseases
(N = 5,254)

Heart diseases 4,202 (79.97%)

Hypertension without heart disease 180 (3.43%)

Cerebrovascular diseases 715 (13.61%)

Aortic aneurysm and dissection 53 (1.01%)

Atherosclerosis 38 (0.72%)

Other diseases of arteries, arterioles,
capillaries

66 (1.26%)

TABLE 3 Effect of univariate competing risk result on the cardiovascular
mortality.

HR (95% CI) P

Age
0–18 vs. 61–80 0.17 (0.14–0.21) <0.001

19–40 vs. 61–80 0.32 (0.30–0.34) <0.001

41–60 vs. 61–80 0.56 (0.54–0.57) <0.001

Gender
Male vs. female 1.13 (1.11–1.16) <0.001

Race
Other* vs. black 0.85 (0.78–0.89) <0.001

White vs. black 0.87 (0.83–0.91) <0.001

Ann Arbor stage
Stage II vs. stage I 0.94 (0.90–0.99) <0.001

Stage III vs. stage I 1.30 (1.23–1.38) <0.001

Stage IV vs. stage I 1.71 (1.64–1.78) <0.001

Unknown vs. stage I 1.57 (1.52–1.62) <0.001

Tumor grade
Localized vs. distant 0.60 (0.59–0.62) <0.001

Regional vs. distant 0.59 (0.57–0.61) <0.001

Unknown vs. distant 0.91 (0.87–0.96) <0.001

Radiation
Yes vs. no 0.64 (0.62–0.66) <0.001

Chemotherapy
Yes vs. no 0.54 (0.53–0.55) <0.001

Surgery
Yes vs. no 0.82 (0.80–0.84) <0.001

Unknown vs. no 1.14 (0.98–1.32) 0.071

Rural/urban
Urban vs. rural 0.87 (0.84–0.89) <0.001

Unknown vs. rural 1.11 (0.77–1.58) 0.566

TABLE 4 Multivariate competing risk result on the cardiovascular
mortality.

HR (95% CI) P

Age
0–18 vs. 61–80 0.19 (0.15–0.23) <0.001

19–40 vs. 61–80 0.34 (0.32–0.36) <0.001

41–60 vs. 61–80 0.57 (0.55–0.58) <0.001

Gender
Male vs. female 1.17 (1.15–1.21) <0.001

Race
Other vs. black 0.78 (0.73–0.82) <0.001

White vs. black 0.73 (0.69–0.76) <0.001

Ann Arbor stage
Stage II vs. stage I 0.89 (0.82–0.96) <0.001

Stage III vs. stage I 0.82 (0.76–0.89) 0.005

Stage IV vs. stage I 1.05 (0.98–1.11) <0.001

Unknown vs. stage I 1.09 (1.04–1.16) <0.001

Tumor grade
Localized vs. distant 0.62 (0.58–0.65) <0.001

Regional vs. distant 0.72 (0.68–0.76) <0.001

Unknown vs. distant 0.67 (0.64–0.71) <0.001

Radiation
Yes vs. no 0.85 (0.82–0.88) <0.001

Chemotherapy
Yes vs. no 0.56 (0.55–0.57) <0.001
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the work of Jurczak et al. (24), who reported a 4.59% rate of

cardiovascular-related deaths in DLBCL patients undergoing

treatment. Additionally, our research demonstrates that for

diffuse large B-cell lymphoma patients, an early diagnosis in

childhood correlates with a reduced risk of cardiovascular death.

A recent study disclosed that among the causes of cardiovascular

death, heart-related conditions were the most predominant,

accounting for 79.4% of cases, followed by cerebrovascular

diseases, at 14.4% (5). These findings are consistent with our

own results.

Our findings emphasize that age at diagnosis has a notable

correlation with the risk of CVM, in line with previous studies

(25–27). This association is particularly pronounced among older
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individuals, who frequently present with an advanced stage of the

disease. Additionally, factors such as limited tolerance to adequate

chemotherapy and the presence of pre-existing comorbidities,

especially cardiac conditions, exacerbate the risk within this

demographic (28). The heightened treatment toxicity observed in

elderly patients is further influenced by the diminished reserve

capacity of organs susceptible to these toxic effects.

When comparing gender, we observed a higher risk among

men than among women. This is consistent with the findings

reported in other literature (5, 27, 29–31). This may be attributed

to men’s metabolism of chemotherapy drugs, which leads to a

lower response and survival (32). Race was also identified as a

predictor of CVM in our study. This is consistent with the

findings of previous studies (27, 30), which reported that black

patients had a higher risk of CVM compared to white DLBCL

patients. This could be due to disparities in access to healthcare

and treatment.

The tumor grade was also identified as a significant predictor of

CVM in our study. The findings from the study conducted by

Kamel et al. (5) are in alignment with our observations, revealing

that patients with a high tumor grade are at an elevated risk of

CVM. This could be due to the aggressive nature of high-tumor

grade, which often requires intensive treatment that can increase

the risk of cardiovascular disease. Simultaneously, in our

research, our study revealed that the Ann Arbor stage was

correlated with the risk of CVM. This result has also been

observed in other research articles (5, 33). Additional clinical

research is required to elucidate the predictive roles of tumor

grade and Ann Arbor stage in assessing the risk of CVM among

DLBCL patients.
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FIGURE 2

Cumulative mortality for all causes of death in DLBCL patients.

FIGURE 3

Nomograms to predict CVM for patients with DLBCL and risk stratification. In this nomogram, each variable corresponds to a point on the axis of the
nomogram, and the corresponding score of the variable was obtained. The sum score of each variable was obtained, the total score corresponded to
the point on the risk axis, and the risk value of CVM was obtained.

Mu et al. 10.3389/fped.2024.1346006
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FIGURE 4

ROC curves of the nomogram of DLBCL patients for 5-, 10-, and 15-year CVM rates in the training cohort (A), the internal validation cohort (B); ROC,
receiver operating characteristic; AUC, area under the curve.

FIGURE 5

Time-dependent AUC curves for the nomogram of CVM in the training cohort (A) and the internal validation cohort (B).

Mu et al. 10.3389/fped.2024.1346006
Radiotherapy emerged as the pioneering treatment, offering

enduring remission and even a potential cure for DLBCL

patients (34, 35). Contrary to traditional understanding,

mediastinal or thoracic region radiation can inflict considerable

harm on the heart and adjacent vasculature, thereby elevating the

risk of ischemic heart disease and valvular irregularities. There is

controversy around whether radiotherapy is appropriate for
TABLE 5 C-index for nomogram model.

Cohort C-index

5-year 10-year 15-year
Training-cohort 0.731 0.727 0.719

Validation cohort 0.698 0.698 0.699
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DLBCL patients. Additionally, in our study, both univariate and

multivariate competing risk models indicated that patients who

underwent radiation therapy had lower cardiovascular disease-

related mortality compared to those who did not receive

radiation treatment. Our findings are consistent with the studies

(35, 36), indicating that the mortality rate is minimized through

exposure to radiotherapy compared to patients who did not

receive radiation. The latter group showed a higher risk of

mortality and a lower survival rate. This may suggest that

undergoing radiation therapy is associated with reduced

cardiovascular-related mortality rates. Zimmermann et al. (37)

indicate that the omission of radiation leads not only to a shorter

progression-free survival (PFS) but also to worse overall survival

(OS). Radiation should therefore remain standard practice.

In the SEER program, a detailed radiotherapy regimen was
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FIGURE 6

The decision-curve analysis (DCA) plots of the nomogram of DLBCL patients for 60-, 120-, and 180-month CVM rates in the training cohort (A) and
the internal validation cohort (B).
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lacking. As such, additional research is necessary to elucidate the

impact of radiotherapy on the risk of CVM in patients diagnosed

with DLBCL.
Strengths and limitations

The current study offers several notable advantages that

contribute to both its credibility and broader applicability. To

begin with, our study has verified the risk factors for CVM in

children, adolescents, and adults with DLBL and has constructed
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the first predictive model for all age groups to predict CVM.

However, our study has some limitations. First, the subjects

included in our study were patients with initial, solitary

occurrences of diffuse large B-cell lymphoma, representing a

selective approach. Second, some information associated with

CVM that might influence survival was not available, such as

doses of radiation, chemotherapy regimens, smoking, alcohol use,

transcriptomic or genomic data, and history of cardiovascular

diseases. Third, because our study patients were predominantly

White, the generalizability of our findings to other populations

and ethnicities warrants further investigation.
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Conclusions

We first built the nomogram model for DLBCL patients, with

satisfactory prediction and excellent discrimination, which might

play an essential role in helping physicians enact better treatment

strategies at the time of initial diagnosis. Age of diagnosis,

gender, race, tumor grade, Ann Arbor stage, radiation, and

chemotherapy were predictors for risk of CVM. Clinical variables

at diagnosis can identify DLBCL patients at high risk of CVM,

for whom preventive interventions should be considered.
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Objective: The study aims to assess the ultrasonic features of fetal cardiac
rhabdomyoma (CR), track the perinatal outcome and postnatal disease
progression, investigate the clinical utility of ultrasound, MRI and tuberous
sclerosis complex (TSC) gene analysis in CR evaluation, and offer evidence for
determing of fetal CR prognosis.
Methods: We conducted a retrospective analysis of prenatal ultrasound-
diagnosed fetal CR cases in our hospital from June 2011 to June 2022,
tracked the perinatal outcomes, regularly followed live infants to analyze
cardiac lesion changes and disease progression, and compared the
sensitivities of ultrasound, MRI and their combination in the detecting of
intracranial sclerosing nodules.
Results: Our study included 54 fetuses with CR: 32 pregnancies were
terminated, 22 were delivered, 35 were diagnosed with TSC, 13 had simple CR
without TSC, and in 6 cases, remained unclear whether TSC accompanied the
CR due to insufficient evidence. 45 fetuses (83.3%) had multiple lesions, while
9 fetuses (16.7%) presented with a single lesion. Twelve cases had intracardiac
complications, all associated with multiple lesions, and these cases exhibited
larger maximum tumor diameters than the non-complicated group. Multiple
intracardiac lesions were more prevalent in the TSC group than in the simple
CR group. However, there was no significant difference in maximum tumor
diameter between the two groups. Among 30 fetuses who underwent fetal
brain MRI, 23 were eventually diagnosed with TSC, with 11 fetuses showing
intracranial sclerosis nodules by ultrasound and 15 by MRI, and the diagnostic
consistency was moderate (k=0.60). Twenty-two fetuses were born and
followed up for 6–36 months. CR lesions diminished or disappeared in 18
infants (81.8%), while they remained unchanged in 4 infants (18.2%). Ten out of
12 (83.3%) surviving children diagnosed with TSC developed epilepsy, and 7
(58.3%) had neurodevelopmental dysfunction.
Conclusions: The majority of CR cases involve multiple lesions, which are a
primary risk factor for TSC. Through prenatal ultrasound examination is crucial
for assessing fetal CR prognosis. Although ultrasound combined with MRI can
detect intracranial sclerosis nodules in TSC fetuses, its sensitivity is limited.
TSC gene sequencing is an essential diagnostic method. Simple CR cases
without TSC generally have a favorable prognosis.

KEYWORDS

fetal cardiac rhabdomyoma, tuberous sclerosis complex, ultrasound, genetic testing,
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Introduction

Cardiac rhabdomyoma (CR) is one of the most common

primary cardiac tumors, accounting for approximately 60% of

the various primary cardiac tumors in children (1, 2). Its

incidence in live-born infants ranges from 0.02% to 0.17%, with

a prevalence of 0.12% in prenatal fetuses (3, 4). CR is

characterized as a benign hamartomatous tumor. In cases where

CR lesions do not lead to severe complications, the pregnancy

outcome is generally favorable (5). However, complications

associated with CR can include arrhythmias, valvular

regurgitation, outflow tract obstruction, heart failure, pericardial

effusion, fetal edema, and, rarely, stillbirth (3, 6).

CR serves as a significant clinical marker and initial symptom

of tuberous sclerosis complex (TSC) (7–9), with a high risk of

neurodevelopmental impairment. According to previous studies,

the incidence of TSC in fetuses with CR ranges from 50% to

90% (10, 11). Moreover, approximately 90% of infants diagnosed

with TSC typically experience infantile seizures, intellectual

impairment, or autism (12). TSC is a multilineage-based

neurocutaneous syndrome that is an autosomal dominant

disorder caused by mutations in the TSC1 and TSC2 genes.

While around two-thirds of TSC cases are sporadic, the

remaining third have familial origins (8, 13). Cortical and

subependymal nodules (SENs) are hallmark brain lesions in TSC

and act as sensitive indicators for TSC diagnosis. Studies have

shown that nearly all individuals with TSC display pathological

changes in the nervous system, with 80%–90% having cortical

nodules and/or SENs (14). Notably, there appears to be no

significant distinction in pathogenic mutations between TSC1

and TSC2. Furthermore, it has been reported that neuroimaging

findings are more sensitive indicators of TSC and correlate with

a less favorable prognosis (15). Therefore, the prenatal detection

of intracranial lesions is a pivotal component for diagnosing TSC

in fetuses exhibiting CR.

Due to the correlation between CR and TSC, diagnosing and

assessing CR in pregnant women is crucial. Clinical symptoms of

TSC vary widely, and genetic testing for TSC can be costly and

not widely recommended (16, 17). Heart and brain

abnormalities, especially in the prenatal and early postpartum

periods, are often the only signs of TSC (17). Fetal

echocardiography is the primary method for detecting cardiac

tumors (18). While it’s effective for CR, ultrasound’s sensitivity

in identifying brain lesions in TSC fetuses is unclear. Fetal brain

MRI is preferred for diagnosing neurological issues, which

complements and confirms the diagnosis of TSC with genetic

testing (15). The effectiveness of ultrasound compared to MRI

for intracranial nodules remains underexplored. In addition, the

connection between TSC and multiple CRs is recognized, but the

association with a single CR remains is uncertain (19, 20),

making prognostic assessment challenging.

Detecting CR in fetus is essential for assessing short-term

perinatal outcomes and long-term prognostic considerations in

the context of TSC. Previous studies often focused on prenatal

diagnosis or postnatal treatment and prognosis, and rare disease

studies require substantial sample size. we analyzed the prenatal
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and postnatal data of 54 CR fetuses which was diagnosed by

prenatal ultrasound. Our goal was to evaluate perinatal risks

and prenatal diagnosis of fetuses presenting with CR as the

initial symptom, using a multidisciplinary approach. We aimed

to determine the clinical value of combining ultrasound and

MRI with TSC gene detection for assessing CR fetus

prognosis, providing guidance for perinatal management and

prognostic evaluation.
Materials and methods

Clinical characterization

We retrospectively analyzed data from 75 fetuses with CR out of

124,589 pregnant women who underwent prenatal ultrasound

examinations at Fujian Maternal and Child Health Hospital

between June 2011 and June 2022. Our analysis included

ultrasonography, brain MRI, genetic testing, pathologic anatomy

and medical records of surviving infants. Fetuses with CR

underwent systematic ultrasonography were verified through our

diagnostic methods. Exclusion criteria comprised cases with

cardiac tumor which could not be determined as CR, incomplete

clinical data, or a lack of follow-up. After excluding 21 cases due

to insufficient diagnostic evidence or incomplete data, the study

included 54 cases. The study protocol was reviewed and approved

by the Ethics Committee of the Fujian Maternal and Child

Health Hospital, with informed consent from all pregnant women.
Fetal ultrasonography

GE Voluson E8 and E10 high-resolution color Doppler

ultrasound diagnostic instruments were employed, with a

frequency of the transabdominal ultrasound probe of 4∼8 MHz.

The conditions of middle and late pregnancy and fetal heart

examination were selected, and transvaginal examination was

performed to observe the fetal intracranial structure, with a

frequency of the cavity probe of 6∼10 MHz. Neonatal

echocardiography for live births employed a Phillips EPIQ 7C

with 3∼8 MHz phased array probes. All assessments followed

International Society of Ultrasound in Obstetrics and Gynecology

(ISUOG) guidelines for prenatal ultrasonography (21, 22). Our

examinations included the number, location, size, shape,

calcification, capsule, liquefaction and pedicle formation of the

tumor for diagnosis and differential diagnosis. We also checked

for other cardiac malformations and complications, and

conducted craniocerebral ultrasound examinations.
Fetal brain MRI

We utilized a GE 1.5 Tesla MR Scanner with gradient field

strength and phased line loop channels. The fetal brain scans

included SSFSE and FIESTA sequences in standard cross-

sections, coronal, and sagittal planes, along with DWI and T 1
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1340271
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Peng et al. 10.3389/fcvm.2024.1340271
fat-pressing sequences in cross-sections. The scanning time for all

sequences did not exceed 15 min.
Genetic analysis

For fetuses with CR detected via ultrasound, it is advisable to

undergo TSC gene testing. Medical professionals with

qualifications in prenatal diagnosis evaluated the need for

prenatal testing. Informed consent from pregnant women and

their families was obtained for procedures such as amniocentesis,

umbilical vein puncture, and the amniotic fluid or umbilical cord

blood extraction for karyotype analysis, single-nucleotide

polymorphism comparative genomic hybridization or exon

sequencing. The diagnosis of TSC was based on the diagnostic

criteria of the International Tuberous Sclerosis Conference (23).
Follow-up

In cases of pregnancy termination, anatomical and pathological

examination were conducted to verify the diagnosis after obtaining

informed consent and signature from patients and their family

members. For newborns with cardiac tumors in our hospital, CR

was confirmed through repeated clinical follow-up after birth.

Children diagnosed with TSC underwent skin and eye

examinations, abdominal ultrasonography, assessment of seizures,

and brain MRI. Additionally, evaluations were performed for

mental and psychomotor development, as well as behavioral and

language skills. All children in the study received regular

followed up by a pediatrician and an ultrasound physician. Those

who declined to participate or could not be reached more than

three occasions were considered lost to follow-up.
Statistical analysis

IBM SPSS Statistics 26 and MedCalc 15.2.2 software were used

for statistical analysis of the data. The Shapiro‒Wilk test was used

to test the normality of the measurement data, the t test was used

for comparisons between groups, and the Mann‒Whitney U test

was used for comparisons between groups. The number of cases

(%) was used to represent the count data, and the comparison

between groups was performed by the χ2 test or Fisher’s exact

test. P < 0.05 was considered to indicate statistical significance.

The kappa test was used for consistency checking. By plotting

receiver operating characteristic (ROC) curves, the area under the

curve (AUC), sensitivity, specificity, positive predictive value

(PPV) and negative predictive value (NPV) were calculated to

evaluate the diagnostic efficacy of each diagnostic method.
Results

The study involved 54 pregnant women, with an average age of

28.04 ± 4.01 years (17–39 years) and an average gestational age of
Frontiers in Cardiovascular Medicine 0362
28.91 ± 4.14 weeks (23–40 weeks). Thirty fetuses underwent both

ultrasound and brain MRI examinations. Among the 22 fetuses

born, 12 were diagnosed with TSC posnatally,8 with TSC1/2

gene mutations, and 4 based on clinical and imaging assessments

by pediatric experts. Ten live-born children had simple CR

without TSC or TSC gene mutations (TSC gene mutations or

TSC-related clinical manifestations during follow-up). Among 32

induced pregnancies, 26 were tested for the TSC gene mutations,

with 23 positive and 3 negative results. Autopsy and pathological

examination diagnosed 12 cases with CR, including 4 with TSC1/

2 gene mutations. In summary, 35 cases were CR with TSC, 13

were CR without TSC (named “simple CR” in this paper), and 6

had confirmed as CR, with TSC status remaining unclear due to

insufficient evidence (Figure 1).
Sonographic characterization of fetal CR

54 cases of fetal CR typically displayed round, homogeneous,

high/slightly hyperechoic, intramural or intraluminal masses

(Figure 2). Most cases (83.3%) had multiple lesions, with an

average maximum tumor diameter of 12.26 ± 6.23 mm. Lesions

were primarily found in the left ventricle (81.5%) and right

ventricle (77.8%), while some appeared in the ventricular septum

(42.6%), right atrium (14.8%), and left atrium (1.9%). Around

22.2% of fetuses had intracardiac complications, mainly outflow

tract obstruction, arrhythmia, heart failure, pericardial effusion,

or severe tricuspid regurgitation (Figure 3). The fetuses with

intracardiac complications all had multiple lesions. Five fetuses

had outflow tract obstruction because the tumors were located

near the upper part of the ventricular septum. The mean

maximum CR diameter was significantly larger in the group with

intracardiac complications (17.92 ± 8.43 mm) compared to the

group without complications (10.64 ± 4.37 mm) with a p-value of

0.000. This highlights the importance of lesion quantity, location,

and size in causing fetal cardiac complications.
Comparison of fetal brain ultrasound and
MRI

Of the 54 fetuses with CR diagnosed by ultrasound, 30

underwent fetal MRI. On ultrasound, 11 cases displayed

intracranial nodules, often appearing as hyperechoic or slightly

hyperechoic nodules, typically occurring in multiples (Figure 2).

The majority (90.9%) were in the brain parenchyma, and some

(27.3%) in the subependymal area. Prenatal brain MRI confirmed

15 cases of intracranial sclerosing nodules, which displayed a

high signal on T1 and a low signal on T2 (Figure 2). A

substantial portion (40%) was located in the brain parenchyma,

while the majority (93.3%) were in the subependymal area. One

case showed multiple intracranial lesions on ultrasound but no

MRI abnormalities (Figure 4); postnatal MRI later confirmed

intracranial nodules. Ultrasound combined with MRI identified

16 fetuses with intracranial sclerosing nodules, with 14 having

TSC1/2 gene mutations, and 2 diagnosed with Tuberous Sclerosis
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FIGURE 1

Flowchart of this retrospective study.

FIGURE 2

Ultrasound and MRI findings of multiple cardiac rhabdomyomas complicated with multiple cranial sclerotic nodules in the fetus (case NO. 51) at 31
weeks of gestation. (A) Multiple slightly hyperechoic nodules in the left ventricle of the fetal heart. (B) Multiple slightly hyperechoic nodules in the right
ventricle of the fetal heart. (C) Multiple hyperechoic intracranial nodules of the fetus detected by transvaginal sonography. (D) Multiple hyperechoic
intracranial nodules of the fetus detected by transabdominal sonography. (E) MRI sagittal T2-weighted image with multiple subependymal nodules. (F)
MRI axial T2-weighted image with multiple subependymal nodules.
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FIGURE 3

Intracardiac complications associated with cardiac rhabdomyoma in the fetus (case NO. 54) at 33 weeks of gestation. (A) Heart failure with
cardiothoracic ratio enlargement. (B) Severe tricuspid regurgitation. (C) Rhabdomyoma located in the upper interventricular septum protrudes into
the right ventricular outflow tract, resulting in a reduced internal diameter of the right ventricular outflow tract. (D) Increased velocity of the right
ventricular outflow tract.

FIGURE 4

Prenatal and postnatal ultrasonography of cardiac rhabdomyoma complicated with cranial sclerotic nodules in case NO. 13. (A) Multiple slightly
hyperechoic nodules in the ventricle of the fetal heart at 28 weeks of gestation. (B) Multiple hyperechoic intracranial nodules of the fetal heart at
28 weeks of gestation; however, no intracranial lesions were detected by MRI at the same time. (C,D) Multiple slightly hyperechoic nodules in the
ventricle of the baby at 1 month after birth. (E,F) Hyperechoic intracranial nodule of this baby at the same time.
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Complex (TSC) postnatally. Among 14 fetuses without prenatal

intracranial nodules, 7 had TSC1/2 gene mutations, 6 tested

negative for the TSC gene, and 1 did not undergo TSC genetic

testing, being diagnosed with simple CR after a 5-year follow-up.

Moderate agreement was seen between ultrasound and MRI in

diagnosing TSC (K = 0.60). Sensitivity for ultrasound, MRI, and

the combination of both in predicting CR with TSC was 47.83,

65.22, and 69.57, respectively (Table 1, Figure 5). The

corresponding AUC values were 0.739, 0.826, and 0.848, with

MRI demonstrating higher sensitivity in detecting intracranial
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sclerosing nodules in fetuses with CR. No significant difference

in AUC values was observed among the three groups (P > 0.05).
Pathological anatomy of CR

Of the 54 fetuses, 32 pregnancies were terminated, none of

them with other malformations, and 12 were confirmed to have

Cardiac Rhabdomyomas (CR) through anatomical and

pathological examination. Pathological analysis showed that these
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TABLE 1 Diagnostic performance of ultrasound and MRI in diagnosing TSC.

Diagnostic method AUC Sensitivity (%) Specificity (%) Positive predictive value (%) Negative predictive value (%)
US 0.739 (0.547, 0.881) 47.83 (26.8, 69.4) 100 (85.2, 100.0) 76.7 (57.7, 90.1) 36.8 (16.3, 61.6)

MRI 0.826 (0.644, 0.939) 65.22 (42.7, 83.6) 100 (85.2, 100.0) 76.7 (57.7, 90.1) 46.7 (21.3, 73.4)

US&MRI 0.848 (0.670, 0.952) 69.57 (47.1, 86.8) 100 (85.2, 100.0) 76.7 (57.7, 90.1) 50 (23.0, 77.0)

FIGURE 5

Comparison of the ROC of ultrasound and MRI in diagnosing TSC.
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cardiac tumors were composed of irregular, swollen

cardiomyocytes with vacuolated cytoplasm (Figure 6). In three

cases, pathology identified more rhabdomyomas than were

initially diagnosed by prenatal ultrasound, with these lesions

located within the ventricular wall, often measuring less than

5 mm in diameter. Many of the lesions were only 1–2 mm,

making them challenging to detect via ultrasound.
Comparison of heart lesions between the
TSC group and simple CR group

Multiple lesions were notably more common in the TSC group

(32/35, 91.4%) than in the simple CR group (7/13, 53.8%) with a p-

value of 0.007, suggesting a higher likelihood of multiple Cardiac
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Rhabdomyomas (CR) in conjunction with Tuberous Sclerosis

Complex (TSC). However, the mean maximum tumor diameter

did not significantly differ between the two groups, measuring

11.94 ± 5.64 mm in the TSC group and 11.15 ± 6.00 mm in the

simple CR group (p = 0.672). Of the 22 live births, 12 were

diagnosed with TSC, while 10 were diagnosed with simple CR.

These cases were followed up with echocardiography for 3 to 36

months. Among the 22 live births, 27.3% (6/22) experienced

tumor disappearance, 54.5% (12/22) saw regression, and 18.2%

(4/22) showed no change. In the 12 TSC cases, the rates were

25.0% (3/12), 58.3% (7/12), and 16.7% (2/12), respectively, and

in the 10 simple CR cases, the rates were 30.0% (3/10), 50.0% (5/

10), and 20.0% (2/10), respectively. No significant difference was

observed between the TSC and simple CR groups (P = 1.000),

shown in Table 2.
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FIGURE 6

Anatomical and pathological specimens of a fetus (case NO. 51) terminated at 31 weeks of gestation. (A) Multiple rhabdomyomas in the left ventricle
and interventricular septum were observed in continuous transverse sections. (B) The sections were stained by HE and observed by ×25 magnification,
showing multiple intramyocardial rhabdomyomas, some of which were only 1–3 mm in diameter (yellow arrow). (C) The sections were stained by HE
and observed by ×50 magnification, showing a rhabdomyoma in the myocardium. (D) The sections were stained by HE and observed by ×250
magnification, showing the cell morphology and arrangement in rhabdomyoma. The cardiac tumors were composed of irregular and swollen
cardiomyocytes with vacuolated cytoplasm.

TABLE 2 Comparison of CR by ultrasound between the CR with TSC and
simple CR groups.

CR with TSC Simple CR

Number of tumors
Single 3/35 (8.6%) 6/13 (46.2%) P = 0.007

Multiple 32/35 (91.4%) 7/13 (53.8%)

Max diameter 11.94 ± 5.64 mm 11.15 ± 6.00 mm P = 0.672

Postnatal change in size
Progression 0/12 (0%) 0/10 (0%) P = 1.000

No change 2/12 (16.7%) 2/10 (20.0%)

Decrease 7/12 (58.3%) 5/10 (50.0%)

Disappear 3/12 (25.0%) 3/10 (30.0%)

TABLE 3 The clinical manifestations of live-born fetuses with TSC (N = 12).

Epilepsy n (%)
Present 10/12 (83.3%)

Absent 2/12 (16.7%)

Neurodevelopmental status
Severe dysfunction 4/12 (33.3%)

Mild dysfunction 3/12 (25.0%)

Normal 5/12 (41.7%)

Other organs disability
Skin hypomelanotic macules 9/12 (75.0%)

Eyes retinal hamartomas 3/12 (25.0%)

Eyes retinal pigment degeneration 1/12 (8.3%)

Kidney angiolipomas 1/12 (8.3%)

Kidney multiple renal cysts 2/12 (16.7%)

Peng et al. 10.3389/fcvm.2024.1340271
Survival Status and prognosis of live birth

Out of the 12 surviving patients diagnosed with Tuberous

Sclerosis Complex (TSC), 10 (83.3%) experienced epilepsy, 4

(33.3%) had severe neurodevelopmental dysfunction, 3 (25.0%)

had mild neurodevelopmental dysfunction, 9 (75.0%) had skin

hypomelanotic macules, 3 (25.0%) had eye retinal hamartomas, 1

(8.3%) had eye retinal pigment degeneration, 2 (16.7%) had

multiple renal cysts, and 1 (8.3%) had kidney angiolipomas.

Clinical manifestations in live-born TSC patients are detailed

in Tables 3 and 4. Ten children with simple Cardiac

Rhabdomyomas (CR) were monitored for 6 months to 6 years,

displaying good growth and development without TSC-related

clinical symptoms. Among live births with prenatal intracardiac

complications, one patient exhibited antepartum arrhythmias but
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had an average heart rate during the third trimester and after

birth. Two patients had left ventricular outflow tract obstruction,

with the number of lesions decreasing and the outflow tract

obstruction gradually improving after birth.
Discussion

CR is the most common type of fetal primary cardiac tumor,

with an incidence of 60%, followed by fibromas, teratomas,

myxomas, and hemangiomas (3). Each tumor type displayed

distinct features. Teratomas typically originate in the

pericardium, with mixed echoes, cystic structures, and possible
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TABLE 4 The outcomes of live-born children with cardiac rhabdomyoma.

Case TSC Diagnostic
basis

Epilepsy Other organs disability Neurodevelopmental
status

Family
history

CR change after
birth

1 No Genetic Absent Absent Normal No 6M decrease

2 No Genetic Absent Absent Normal No 10M disappear

3 Yes Genetic Present Skin hypomelanotic macules;
Eyes retinal pigment degeneration; Kidney
multiple renal cysts

Normal No 12M disappear

4 No Genetic Absent Absent Normal No 36M no change

5 Yes Genetic Present Absent Severe dysfunction No 36M disappear

6 Yes Clinical Present Skin hypomelanotic macules Mild dysfunction No 3M disappear

7 Yes Clinical Present Skin hypomelanotic macules Severe dysfunction Yes 12M decrease

8 No Genetic Absent Absent Normal No 12M decrease

9 Yes Clinical Present Absent Severe dysfunction No 18M decrease

10 Yes Genetic Present Skin hypomelanotic macules Severe dysfunction Yes 12M decrease

11 No Genetic Absent Absent Normal No 24M decrease

12 No Genetic Absent Absent Normal No 12M disappear

13 Yes Clinical Present Skin hypomelanotic macules Normal No 24M no change

14 No Clinical Absent Absent Normal No 6M decrease

15 No Genetic Absent Absent Normal No 3M disappear

16 Yes Clinical Present Skin hypomelanotic macules;
Eyes retinal hamartomas; Kidney multiple
renal cysts

Normal No 12M decrease

17 No Genetic Absent Absent Normal No 24M decrease

18 Yes Genetic Absent Kidney angiolipomas Normal No 9M decrease

19 Yes Genetic Absent Skin hypomelanotic macules;
Eyes retinal hamartomas

Normal No 24M no change

20 Yes Genetic Present Skin
hypomelanotic macules;
Eyes retinal hamartomas

Mild dysfunction No 6M decrease

21 No Genetic Absent Absent Normal No 36M no change

22 Yes Genetic Present Skin hypomelanotic macules Mild dysfunction No 6M decrease
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calcifications, often associated with pericardial effusion. Fibromas

and hemangiomas are usually solitary, large, and may or may not

have calcifications. Myxomas are typically attached to the atria

and move with the cardiac cycle. Malignant neoplasms of the

fetal heart are rare (15). In the study, to distinguish CR from

other cardiac tumors and reduce selection bias, experienced

sonographers conducted rigorous fetal echocardiography. In

addition, CR diagnoses were supported by family history, clinical

symptoms, and genetic tests, and, in some cases, confirmed

through multiple prenatal follow-ups, autopsies, or postpartum

assessments by pediatricians. For live births, clinical diagnosis of

CR is based on confirmation of TSC or tumor shrinkage or

disappearance during follow-up, or prenatal and postnatal MRI

and ultrasound diagnosis of CR.

It has been reported that the earliest antenatal sonographic

detection of cardiac tumors was observed at 15 weeks of

gestation, whereas most cases are described after 24 weeks of

gestation (10). In this study, the earliest detection was at 23

weeks of gestation, with a median diagnosis at 29 weeks. The

delay is often due to mid-term ultrasound screening at around

22 weeks and cases referred from other hospitals after second-

trimester ultrasound screenings, resulting in delayed diagnoses.

In general, these tumors have a minimal effect on cardiac

function, only a few fetuses (15%) exhibited cardiac

complications (7). In previous studies, tumor size strongly

correlated with fetal mortality (24). In the present study, fetal
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cardiac complications were observed in 22.2% of cases, always

associated with multiple lesions and larger tumor sizes, but there

were no cases of fetal death in this study. Multiple lesions were

prevalent in 83.3% of fetuses, primarily in the left ventricular

wall, right ventricular wall, and interventricular septum, and the

number and location of tumors in live infants were consistent

with prenatal ultrasound findings, because imaging screening

after birth could not detect smaller lesions. Large tumors near

the ventricular septum often caused outflow tract obstructions.

The results indicated that the number, size and location of the

tumor were the main factors leading to intracardiac

complications. Moreover, fetal cardiac tumors were sometimes

associated with arrhythmias, and the specific type of arrhythmia

depended on the tumor’s location (25, 26). However,

arrhythmias were rare in this study with one case of atrial

premature beat without transmitting (presented as bigeminy

coupled rhythm, the atrial rate was about 140 beats/min and the

ventricular rate was about 70 beats/min) and one case of

occasional atrial premature beat, possibly due to the absence of

fetal magnetocardiography (FMCG) for accurate

electrophysiological assessment of fetal rhythm. The fetus with

atrial premature beat without transmitting had a normal

postnatal heart rhythm, while the baby with occasional atrial

premature beat was terminated.

However, we are more concerned with the relationship between

fetal CR and TSC. TSC is a rare autosomal dominant disorder with
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an incidence of 1/6,800∼1/10,000 live births. It’s caused by

mutations in the TSC1 or TSC2 genes (27). Detecting

intracranial lesions is crucial for diagnosing TSC in fetuses with

CRs (28). Although neurological changes are currently difficult to

detect in many fetuses with TSC, neuroimaging findings was a

much more specific indication of genetic TSC and was

proportional to poor prognosis (15). Ultrasound is commonly

used for initial imaging, but MRI offers better sensitivity because

of MRI provides better contrast between gray and white tissues

(29). Previous studies indicated that intracranial nodules of TSC

fetuses were rarely detected by ultrasound (11). In our study,

intracranial nodules were found in 11 of 35 TSC (31.4%) fetuses

by ultrasound with a relatively high detection rate, and

combining ultrasound with MRI was the most effective for TSC

detection, enhancing the identification of intracranial nodules.

Our study highlighted the importance of using both abdominal

and transvaginal ultrasound when a fetal heart tumor is

identified for accurate diagnosis and prognosis evaluation, this

approach improved intracranial nodule detection. And a

combination of brain MRI and genetic testing aids in early TSC

diagnosis, impacting perinatal management and prognosis.

It is worth mentioning that our study found difference between

ultrasound and MRI in detecting fetal intracranial lesions. Previous

studies have suggested that subependymal nodules are more easily

identified on fetal imaging, however, subcortical lesions are more

commonly detected in postnatal brain MRI (10). Our analysis of

imaging data found that prenatal ultrasound mostly identifies

nodules in the brain parenchyma (90.9%), while prenatal brain

MRI primarily detects subependymal nodules (93.3%). For

example, ultrasound detected brain parenchyma nodules in case

NO. 51, while brain MRI found subependymal nodules

(Figure 2). In case NO. 13, prenatal ultrasound identified

multiple intracranial nodules, whereas prenatal brain MRI didn’t

show any abnormalities. However, postpartum ultrasound and

neonatal brain MRI revealed intracranial nodules (Figure 4).

These phenomena suggested that ultrasound might detect

specific fetal brain lesions not visible on MRI, warranting

further investigation.

Although both single and multiple CRs were listed as the primary

diagnostic criteria for TSC (23), the probability of a diagnosis of TSC

varied according to the number of CRs. The presence of multiple CRs

is considered a strong predictor of prenatal TSC, with a 95% risk of

TSC diagnosis (19, 30). In our study, the TSC group had more

multiple intracardiac lesions then simple CR group (p = 0.007),

aligning with prior research. Notably, the maximum tumor

diameter didn’t differ significantly between the TSC group and

simple CR group (p = 0.672). Therefore, multiple CRs has

predictive value in the diagnosis of TSC, while the maximum

tumor diameter has no significance. In some cases, autopsy

revealed more tumors than prenatal ultrasound, which small lesions

(1–2 mm) in the ventricular wall went undetected during

ultrasound. This underscores the importance of comprehensive

scanning to ensure accurate lesion count, particularly in cases of

CR with TSC, vital for TSC diagnosis and prognosis assessment.

While TSC is typically an autosomal dominant disorder, most

cases result from de novo mutations (8, 13). Only 4 fetuses (11.4%)
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diagnosed with TSC in this study had a family history, family

history plays a minor role in TSC diagnosis. Therefore, prenatal

diagnosis and prognosis assessment are critical for pregnant

individuals and their families. While imaging provides a valuable

reference for prenatal TSC diagnosis, genetic sequencing of

TSC1/2 exons has been used for a more definitive diagnosis.

However, due to the cost and invasiveness of genetic testing,

some pregnant individuals opt for termination without genetic

testing, so imaging examination is particularly important. In this

study, we sought to investigate the efficacy of ultrasound

combined with MRI in diagnosing TSC, the result shown that 23

of the 30 fetuses undergoing both prenatal brain MRI and

ultrasound were diagnosed with TSC, and 69.6% (16/23) of TSC

cases were diagnosed using a combination of ultrasound and

MRI, highlighting the sensitivity of this approach. Nevertheless,

imaging cannot screen all fetuses with TSC, genetic sequencing

remains a recommended method for detecting fetal CR and

improving early TSC diagnosis, aiding in perinatal management

and prognostic guidance.

Rhabdomyoma cells are glycogen-rich atypical cardiomyocytes,

and most of their cytoplasm undergoes vacuolar degeneration and

apoptosis after birth so that the tumor will slowly disappear (19).

This trend may be influenced by changes in maternal hormone

levels and may be related to the pathological basis of CRs.

Among 22 live births in the study, CRs of 81.8% (18/22) cases

disappeared or shrank after birth, and there was no significant

difference in tumor changes between the TSC group and the

simple CR group. There were 4 cases with no change in tumor

volume, but this may not be the final result because most of the

children did not adhere to long-term regular cardiac

ultrasonography follow up after birth, the longest follow-up time

of echocardiography was only 36 months (3–36 months). In

addition, during regular follow-up during pregnancy, we

observed that CRs were generally small, slow-growing, and

almost unchanged during the third trimester, which was

consistent with the self-limited growth pattern of CR. These

features are helpful for ultrasound diagnosis of CR.

TSC often involves the central nervous system (CNS), causing

epilepsy, cognitive issues, and developmental delays (31–33).

Epilepsy is the most prominent neurologic feature in patients

with TSC, occurring in 70%–90% of patients and usually

occurring within the first year of life (23, 33). In this study, 10 of

the 12 surviving TSC-diagnosed children had epilepsy and all

occurred within the first year of life, and 4 had developmental

delays, and 3 had growth retardation. TSC can also lead to skin

issues, retinopathy, and problems with organs such as the kidney

and liver (23). In this study, skin hypomelanotic macules were

found in 9 cases, retinal hamartoma in 3 cases, retinal pigment

degeneration in 1 case, multiple kidney renal cysts in 2 cases,

and kidney angiolipomas in 1 case. Skin hypomelanotic macules

were very common in children with TSC. The poor prognosis of

children with TSC puts tremendous pressure on their families.

For children without TSC, a positive prognosis was observed

during 6 months to 6 years of follow-up, with no TSC-related

symptoms. Patients with simple CR without TSC had better

outcomes than those with TSC. Because of the difference in
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prognosis between them, prognostic counselling for pregnant

women with CR should include not only the prognosis of the

tumor itself but also the relationship between CR and TSC and

the prognosis of TSC, emphasizing the importance of thorough

prenatal imaging evaluation and genetic analysis.
Limitation

Several study limitations warrant consideration. Firstly, there

were instances of insufficient pathological data for certain cardiac

tumors, and the absence of autopsy information. Secondly, the

relatively short follow-up period for echocardiography in some

live births may not have fully depicted postnatal changes in

cardiac tumors. Lastly, the study did not analyze the prevalence

of atrial septal defects (ASD) as comprehensive

neuropsychological (NP) tests were not conducted for live births.
Conclusions

The characteristics of CRs in fetuses play a significant role in

assessing fetal cardiac complications, particularly with TSC.

Multiple CRs are a significant risk factor for TSC, irrespective of

their size or location. Detecting small CRs via ultrasound can be

challenging, potentially affecting prognosis assessment. Fetal

heart enlargement and enhanced myocardial scanning are helpful

for prognosis assessment. Ultrasound and MRI can reveal CRs

with intracranial nodules and suggest TSC, though their

diagnostic accuracy is limited. TSC gene sequencing is essential

for a definitive diagnosis. CRs typically regress or shrink after

birth, resulting in a good prognosis for children with isolated

CRs. However, children with concurrent TSC often face a less

favorable prognosis due to conditions like epilepsy and

neurological abnormalities.
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Objective: This study aimed to assess the diagnostic value of prenatal
echocardiography for identifying transposition of the great arteries (TGA)
during pregnancy and evaluating the associated outcomes.
Methods: We conducted a retrospective analysis of 121 prenatally diagnosed
patients with TGA at our hospital between January 2012 and September 2022.
This analysis included prenatal ultrasound, prenatal screening, clinical
management and follow-up procedures.
Results: Among the 103 fetuses considered in the study, 90 (87.4%) were
diagnosed with complete transposition of the great arteries (D-TGA), while 13
(12.6%) exhibited corrected transposition of the great arteries (CC-TGA).
Diagnoses were distributed across the trimester, with 8 D-TGA and 2 CC-TGA
patients identified in the first trimester, 68 D-TGA patients and 9 CC-TGA
patients in the second trimester, and 14 D-TGA and 2 CC-TGA patients
referred for diagnosis in the third trimester. Induction of labour was pursued
for 76 D-TGA patients (84.4%) and 11 CC-TGA patients (84.6%), and 14 D-TGA
patients (15.6%) and 2 CC-TGA patients (15.4%) continued pregnancy until
delivery. Among the D-TGA patients, 9 fetuses (10.0%) underwent surgery, two
of which were inadvertent fatality, while the remaining seven experienced
positive outcomes. Additionally, seven TGA patients received palliative care,
leading to four fatalities among D-TGA patients (5.2%), whereas 1 D-TGA
patients and 2 CC-TGA patients survived.
Conclusion: This study underscores the feasibility of achieving an accurate
prenatal diagnosis of TGA during early pregnancy. The utility of prenatal
ultrasound in the development of personalized perinatal plans and the
application of multidisciplinary treatment during delivery are conducive.

KEYWORDS

early pregnancy, transposition of the great arteries, prenatal ultrasound, follow-up

management, outcome

Introduction

Transposition of the great arteries (TGA) is a common congenital heart condition in

which the aorta and pulmonary artery connections are switched (1). TGA account for 5%–

7% of patients with congenital heart disease (2). TGA can be categorized into two types. In

D-TGA (complete transposition), the atrioventricular connections are preserved, but the
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ventricular and arterial connections are switched (3). Children

with D-TGA are at risk of early pulmonary hypertension

and heart failure, often leading to a high mortality rate

if left untreated (4). In CC-TGA (corrected transposition),

atrioventricular connections are inconsistent, but haemodynamics

can be functionally corrected. Children with CC-TGA generally

have a more favourable early prognosis. However, long-term

complications may arise, such as severe tricuspid regurgitation,

atrioventricular block, and right heart failure, often requiring

late-stage surgery (5, 6). The outcome varies depending on the

presence of associated abnormalities (7, 8).

Advances in prenatal ultrasound diagnostics have significantly

improved the detection rate of TGA in fetuses, increasing from 6%

in the 1990s to a range of 38% to 68% in recent years (9, 10). Early

pregnancy now allows for the detection of TGA (11). Fetal

echocardiography offers a means to enhance postnatal risk

assessment for TGA (12, 13). This, in turn, enables a

comprehensive approach, combining integrated diagnosis with

perinatal management tailored to varying risk levels. While there

may be relatively high perioperative mortality, the long-term

survival of TGA patients is notably positive (14), with 15-year

survival rates reaching as high as 90% (15, 16).

Accurate prenatal diagnosis is pivotal for effective prenatal

counselling and provides the foundation for early postnatal

intervention and treatment. Experts need to issue detailed

prenatal reports to facilitate counselling and enable early

intervention and treatment. A comprehensive assessment by

ultrasound, obstetrics, and paediatric cardiac surgeons during

pregnancy is crucial for integrated perinatal management.

However, most related studies have focused primarily on

obstetrics and paediatric cardiac surgery (17, 18). Fetal

echocardiography has the opportunity to perform more accurate

postnatal risk stratification for TGA and provide conditions for

the combined integrated diagnosis, treatment and management.

Our study aimed to explore the relationships between

intracardiac and extracardiac malformations, chromosomal

abnormalities, the intrauterine course, and postnatal outcomes.

We sought to evaluate the value of ultrasonography for

diagnosing TGA in fetuses during early pregnancy. Our goal is

to improve the prenatal diagnosis and perinatal management of

TGA, ultimately leading to improved pregnancy outcomes.
Materials and methods

Study population

From January 2012 to September 2022, 121 pregnant women

were diagnosed with TGA in the Department of Ultrasound

Medicine at Fujian Maternity and Child Health Care Hospital.

Of these, 103 pregnant women met the inclusion criteria. The

average maternal age was 28.79 ± 4.30 years, and the gestational

age ranged from 12 to 39 weeks, with an average of 180.12 ±

25.16 days. All pregnant women and their families were

informed about the study and provided consent. The study was

approved by the Ethics Committee of Fujian Maternity and
Frontiers in Cardiovascular Medicine 0272
Child Health Care Hospital (2018-017). Pregnant women who

met criteria (1) and (2) or (3) were included in the study: (1)

underwent routine prenatal screening with complete

measurements; (2) had pathological examinations, such as

cardiac micropathological anatomy during early pregnancy, heart

topographic anatomy, or cardiovascular casting during mid-

pregnancy, were completed; and (3) had fetal echocardiography,

prenatal diagnosis and neonatal congenital heart disease

screening performed at our hospital. For women who opted for

pregnancy termination, informed consent was obtained to verify

the local pathological anatomy or vascular cast.
Study protocol

The GE Voluson E8 and E10 ultrasonic diagnostic devices

were utilized for prenatal assessments. A convex array probe

with a frequency range of 2.0–9.0 MHz was used for

transabdominal examinations. In patients suspected of having

TGA during early pregnancy, an intracavitary probe with a

frequency range of 5.0–8.0 MHz was selected. In the neonatal

period, the Phillips IPEIQ 7C device was used, and a phased

array probe with a frequency ranging from 3.0 to 8.0 MHz was

chosen for the examinations. For perinatal management and the

collection of follow-up outcomes, relevant data were gathered

from medical records.
Ultrasound examination

Fetal heart exams, including four-section, nine-section, and

two-section examinations, were performed during the first,

second, and third trimesters, respectively (19, 20). These

examinations involved sequential segmental analysis to observe

the positions of the atria, ventricles, and great arteries in fetuses

with suspected TGA. The primary focus was on assessing the

connections between the atria and ventricles, connections

between the ventricles and great arteries, the branches and

characteristics of the great arteries, the presence of a cross

relationship between the great arteries, and the existence of a

ventricular septal defect (VSD) and outflow tract stenosis. For

fetuses without a VSD, the size and blood flow of the foramen

ovale and ductus arteriosus were evaluated. Additionally, the

presence of other extracardiac malformations was also observed

during these examinations.
Prenatal screening and diagnosis

Prenatal diagnosis is strongly recommended for all fetuses

with TGA. This diagnostic process includes noninvasive

methods such as noninvasive prenatal genetic testing (NIPT) for

screening fetal chromosomal aneuploidy and mid-trimester

serological screening (Down’s syndrome screening) for

additional genetic assessment. In cases where further evaluation

was necessary, amniocentesis and umbilical vein puncture were
frontiersin.org
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carried out with informed consent from the pregnant women and

their families. Subsequently, G-banded karyotype analysis and

single nucleotide polymorphism microarray (SNP array) analysis

were performed to evaluate the genetic makeup of the fetuses.

These genetic assessments were conducted using fetal tissues or

umbilical vein blood, particularly for patients who underwent

induced labour.
Multidisciplinary consultation and
verification

For women who opted to continue their pregnancy, our center

offered a streamlined process that included assistance in diagnosis

and treatment. These steps involved regular ultrasound

examinations, the creation of personalized pregnancy plans,

collaboration among the obstetrics, ultrasound, and paediatrics

departments for neonatal care during delivery, and prompt

referral to a paediatric cardiac surgeon when necessary. Live-

born infants underwent echocardiography and other imaging

examinations at our hospital. Periodic echocardiography is

recommended for children undergoing surgery, with follow-up

intervals of 6 months and every year after surgery. For all live

born children, we followed up by telephone communication.

Patients who declined access or could not be reached after three

attempts were considered lost to follow-up.
Statistical analysis

The data analysis was performed using SPSS Statistics 26

software. Descriptive statistics methods were used to summarize

and analyse the relevant data. Quantitative data are expressed as

the mean ± standard deviation, while qualitative data are

presented in terms of frequencies (n) and percentages (%). A

significance level of P < 0.05 was used to indicate the statistical

significance threshold.
FIGURE 1

Fetal D-TGA patients were assessed via echocardiography at 13 weeks and 2
right in a “dart-like” pattern. (B) Oblique thoracic view showing the juxtapos
large arteries are aligned in parallel, with the aorta located anteriorly to the rig
left of the left ventricle.
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Results

In this study, we assessed 103 fetuses, initially totalling 121

patients with TGA, with 18 patients lost to follow-up. In early

pregnancy, D-TGA exhibited characteristic features, including

rightward-bent great vessels in the three-vessel-tracheal view,

juxtaposed great vessels in the outflow tract oblique view, and

consistent atrioventricular connections in the four-chamber view

(Figure 1). In the second trimester, the aorta was connected to

the right ventricle, and the pulmonary artery was connected to

the left ventricle (Figure 2). In early pregnancy, both arteries ran

parallel to the aorta anterior to the pulmonary artery

congenitally. CC-TGA patients presented with discordant

atrioventricular connections (Figure 3). In the second trimester,

there were reversed ventricular positions, parallel outflow tracts,

pulmonary arteries from the left ventricle, and the aorta from the

right ventricle positioned anterior to the pulmonary arteries

(Figure 4). The earliest diagnosis occurred at 12 weeks and 3

days of gestation, and 10 mothers (9.7%) were of advanced

maternal age. The TGA distribution included 90 D-TGA patients

and 13 CC-TGA patients. Diagnoses were made in the first (8

D-TGA, 2 CC-TGA), second (68 D-TGA, 9 CC-TGA), and third

trimesters (14 D-TGA, 2 CC-TGA).
Combined intracardiac and extracardiac
abnormalities

We observed that 80 (77.7%) TGA patients presented with

intracardiac malformations, while 31 (30.0%) exhibited extracardiac

abnormalities. Among the D-TGA patients, 56 (62.2%) had

ventricular septal defects (VSDs), 19 (21.1%) had pulmonary artery

stenosis, and 9 (10.0%) had tricuspid valve abnormalities.

Common extracardiac abnormalities in D-TGA included fetal

growth restriction in 11 fetuses (12.2%), thickening of the nuchal

translucency/nuchal fold (NT/NF) in 5 fetuses (5.5%), and the

presence of a single umbilical artery in 3 fetuses (3.3%). In the
days. (A) 3VT view showing only one large artery running anteriorly to the
ition of large vessels. (C,D) Microscopic dissection of the heart: the two
ht of the right ventricle; the pulmonary artery is located posteriorly to the
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FIGURE 2

Fetal D-TGA was assessed via echocardiography at 23 weeks and 1 day. (A) Four-chamber view with consistent atrioventricular connections and strong
dotted echogenicity of the left ventricle. (B) Five-chamber view showing the pulmonary artery emanating from the left ventricle and bifurcating into
the left and right pulmonary arteries a short distance from the beginning of the artery. (C) Two large arteries aligned in parallel, with the aorta
emanating from the right ventricle and located anteriorly to the pulmonary artery. (D) Long-axis view of the great vessels: the aortic arch
emanates from the anterior right ventricle, followed by the head and neck vessels, which curl backwards in a ‘hockey puck’ shape, and the
pulmonary artery follows a ‘crutch’ shape in the long-axis view. (E) Anatomical cast: frontal view. F: anatomical cast: dorsal view.

FIGURE 3

Fetal CC-TGA identified by echocardiography at 12 weeks and 6 days. (A) The inferior vena cava and descending aorta are located on the right side of
the spine, and the gastric vesicle is on the left side. (B) The heart is located in the middle of the thoracic cavity with the apices facing right, and
inconsistent atrioventricular connections are observed in the four-chamber view. (C) The aorta originates from the right ventricle, the pulmonary
artery originates from the left ventricle, and the two great arteries are aligned in parallel. (D) Microscopic dissection of the heart: CC-TGA of the
right heart.
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FIGURE 4

Fetal CC-TGA case confirmed by echocardiography at 23 weeks and 4 days. (A) Four-chamber heart view showing inconsistent atrioventricular
connections, with the left atrium connected to the morphological right ventricle and the right atrium connected to the morphological left
ventricle. (B–D) Right ventricular outflow tract view showing the pulmonary artery arising from the morphological left ventricle and left ventricular
outflow tract view showing the aorta arising from the morphological right ventricle, with the aorta located anteriorly to the left of the
pulmonary artery.
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case of CC-TGA, the most prevalent intracardiac abnormality was

VSD in 8 patients (61.5%), with 5 patients (38.5%) exhibiting

pulmonary artery stenosis and 2 patients (15.4%) exhibiting

tricuspid valve abnormalities, as detailed in Table 1.
Prenatal screening and diagnosis

Prenatal screening: Among the 103 fetuses diagnosed with

transposition of the great arteries (TGA), 46 underwent prenatal

screening for Down syndrome. This group included 7 high-risk

fetuses, 6 fetuses with D-TGA, and 1 fetus with CC-TGA.

Additionally, 16 fetuses underwent NIPT, all of which were

classified as low risk. Prenatal Diagnosis: Of the 103 TGA-

affected fetuses, 40 underwent prenatal diagnosis. Specifically, 32

patients underwent amniocentesis, while in 8 patients, prenatal

diagnosis was carried out using umbilical vein blood samples

obtained after labour induction. Chromosomal abnormalities

were ascertained in 3 fetuses, encompassing 1 instance of
TABLE 1 TGA combined with malformations.

Combined malformations D-TGA CC-TGA Total
number

None 21 2 23

Ventricular septal defect 56 8 64

Pulmonary artery stenosis 19 5 24

Tricuspid valve abnormalities 9 2 11

Right aortic arch 6 1 7

Strongly echogenic ventricular foci 5 0 5

Type II atrioventricular block of
degree II

0 1 1

Other intracardiac malformations 8 3 11

Fetal growth restriction 11 0 11

NT/NF thickening 5 0 5

Single umbilical artery 3 0 3

Visceral inversion 1 0 1

Fetal nasal bone dysplasia 1 0 1

Other rare combined intracardiac malformations, such as a slightly narrowed

aortic arch, right-sided heart, left subclavian artery vagus, and permanent left

superior chamber.
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standard trisomy 18, 1 case of partial trisomy 5, and 1 case of

21pstk + polymorphism. Subsequently, all three mothers elected

to terminate their pregnancies via labour induction during the

second trimester. Comprehensive details are available in Table 2.
Outcome and prognosis

In the present study, 8 D-TGA patients were identified early

in pregnancy. Six patients underwent induction of labour

(Figures 1C,D), and two were induced in the second trimester.

Additionally, 68 D-TGA patients were diagnosed in the second

trimester. Of these, 62 underwent induction (Figures 2E,F),

and six were observed until delivery. Fourteen patients with

late-stage D-TGA were referred to our hospital. Six mothers

underwent induction therapy, seven mothers continued their

pregnancies at our hospital, and one delivered elsewhere

(Figure 5). Fourteen patients experienced continued pregnancies

and delivered full-term without preterm issues. Postnatal

echocardiography confirmed D-TGA (Figure 6). Among the 9

children (10.0%) who underwent surgery, two passed away

postoperatively. The remaining 7 patients achieved positive

outcomes. Four children (5.2%) were discharged without

surgery due to conditions such as pulmonary inflammation.

One (1.3%) patient had no surgery and maintained a positive

prognosis by telephone follow-up, as presented in Table 3.

Two fetuses with CC-TGA were diagnosed in early pregnancy,

and both of their mothers chose to induce labour, as presented in

Figure 3D. Nine fetuses with CC-TGA were diagnosed in the

second trimester; 8 of the fetuses chose to undergo induction of

labour, and 1 of the mothers continued pregnancy. Two fetuses

with CC-TGA were referred to our hospital in late pregnancy,

and after ultrasound confirmation of the diagnosis of CC-TGA

in our hospital, the mother of 1 patient chose to induce labour,

and the mothers of the other fetuses continued the pregnancy

and were delivered at our hospital (Figure 5). Two pregnant

women all were monitored until delivery at term without

premature delivery. The postnatal echocardiographic findings of

fetuses with CC-TGA were consistent with the prenatal findings;
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TABLE 2 Prenatal screening and prenatal diagnosis in fetal TGA.

Specimens Results D-TGA CC-TGA Total
Down’s syndrome Peripheral blood in pregnant women High risk 6 1 7

Peripheral blood in pregnant women Low risk 36 3 39

NIPT Peripheral blood in pregnant women Low risk 14 2 16

Chromosome karyotype Fetal umbilical vein No significant abnormalities seen 2 0 2

Amniotic fluid No significant abnormalities seen 25 3 28

Amniotic fluid 21pstk + polymorphism. 1 0 1

Amniotic fluid Partial trisomy 5 1 0 1

Amniotic fluid Standard trisomy 18 1 0 1

Single nucleotide polymorphism microarray Fetal umbilical vein No pathogenic genome found 5 1 6

Amniotic fluid No pathogenic genome found 19 1 20

NIPT: noninvasive prenatal genetic testing.

FIGURE 5

Flow chart of the prenatal diagnosis of transposition of the great arteries from pregnancy.
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FIGURE 6

Prenatal and postnatal diagnosis of D-TGA. (A–D) D-TGA with VSD at 24 w and 6 d gestation. (E) Parasternal long-axis view: The two great arteries are
aligned in parallel, with the aorta located anteriorly on the right, originating from the right ventricle, and the pulmonary artery located posteriorly on
the left, originating from the left ventricle. (F) The short axis view of the great arteries: The aorta and pulmonary artery are circumferential and adjacent
rather than travelling normally (the longitudinal pulmonary artery surrounds the circular aorta).

Guo et al. 10.3389/fcvm.2024.1341005
surgery was not recommended, and telephone follow-up indicated

a good prognosis, as presented in Table 3.
Discussion

TGA is a prevalent congenital heart condition characterized by

cyanosis. In recent years, there has been a consistent increase in the

rate of prenatal fetal screening, with the detection rate reaching as

high as 77% through comprehensive scanning techniques covering

the four-chamber heart section, outflow tract section, and three-

vessel trachea section (21, 22). Notably, TGA is typically not

linked to chromosomal abnormalities or extracardiac

malformations (23). The significance of prenatal diagnosis lies in

enhancing management strategies. This approach empowers

expectant mothers to make well-informed decisions regarding the

continuation of their pregnancies and the formulation of delivery

plans. Moreover, this approach facilitates the timely

implementation of effective treatments after fetal delivery,

thereby reducing the occurrence of severe complications and

even fetal or neonatal mortality. In this process, prenatal fetal

ultrasound screening plays a pivotal role (24).

Most of the cases in the second trimester were TGA suggested

by routine prenatal screening at another hospital and referred to

our hospital for further definitive diagnosis. Fifteen cases were

missed in our hospital in early pregnancy, which may be because
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the four-chamber view of TGA color Doppler ultrasound was

normal, and the oblique view of the great arteries at the base of

the heart was mistaken for three-vessel tracheal view blood flow,

which was very similar to the “V” -shaped structure. Even in the

second trimester, the four-chamber view of D-TGA cases was

almost normal, and the outflow view had some limitations in the

face of TGA examination, which only showed the initial segment

of the outflow tract, without further showing that the aortic

arch or the bifurcation of the main pulmonary artery was the

section of the left and right pulmonary arteries, so the

connection relationship between the ventricles and the large

arteries could not be clarified, and TGA was easily missed. In the

diagnosis of TGA, the short axis view of the great arteries is one

of the important sections observed, and it is also a common

section to observe the anatomical site and classification of

ventricular septal defects, which can show the relationship

between the two great arteries. The basal outflow tract view more

clearly shows the relationship between ventricular septal defects

and large arteries (away from and riding span). It helps to

identify tetralogy of Fallot, transposition of the great arteries, and

double outlet right ventricle.

In this study, 90 fetuses with D-TGA and 13 with CC-TGA

exhibited intracardiac malformations. Individualized postnatal

treatment, with informed consent, was planned for TGA patients

with extracardiac abnormalities. One fetus with D-TGA had rare

forebrain and facial dysplasia, prompting a second-trimester
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TABLE 3 TGA prenatal ultrasound diagnosis and postnatal live birth.

Number Combined
intracardiac

malformations

Consolidation of
other cases

Sex Weeks of
termination of
pregnancy

Delivery
method

Apgar
rating

Birth
weight
(g)

Surgical
situation

Prognosis

1 / / Male 39w4d Forceps
assisted

9, 9, 9 3,650 Large artery
switch

Good

2 / / Male 41w6d Caesarean
section

10, 10, 10 3,880 Large artery
switch

Good

3 VSD Excessive amniotic Female 41w0d Spontaneous 10, 10, 10 2,700 Large artery
switch + VSD
repair

Good

4 VSD / Male 40w4d Spontaneous 10, 10, 10 3,270 Large artery
switch + VSD
repair

Good

5 / / Male 38w5d Spontaneous 10, 9, 9 3,150 Large artery
switch

Good

6 VSD Bilateral renal
collecting system
separation

Male 38w5d Caesarean
section

10, 10, 10 3,455 Large artery
switch + VSD
repair

Good

7 / / Male 39w2d Caesarean
section

9, 10, 10 3,200 Large artery
switch

Good

8 EIF / Male Caesarean
section

9, 9, 9 3,520 Large artery
switch

Death

9 VSD / Male 39w5d Caesarean
section

9, 9, 9 3,700 Large artery
switch + VSD
repair

Death

10 VSD, Severe TS, PS / Male 40w3d Spontaneous 10, 10, 10 3,350 Without surgery General

11 PS, VSD, Small PE / Female 37w2d Caesarean
section

10, 9, 9 2,890 Palliative care Death

12 VSD, PS HC/AC 0.91%、

Excessive amniotic
Male 37w1d Caesarean

section
10, 9, 9 3,400 Palliative care Death

13 VSD Excessive amniotic Male 39w6d Spontaneous 10, 10, 10 2,680 Palliative care Death

14 RAA / Female 37w4d Spontaneous 10, 10, 10 2,250 Palliative care Death

15 PS / Male 37w3d Spontaneous 10, 10, 10 3,400 Surgery is not
recommended

General

16 VSD, PA, PLSVC / Male 38w6d Spontaneous 10, 10, 10 3,580 Surgery is not
recommended

General

Serial numbers 1-14 are D-TGA fetuses; serial numbers 15-16 are CC-TGA fetuses; VSD, ventricular septal defect; EIF, echogenic intracardiac focus; TS, tricuspid stenosis;

PE, pericardial effusion; PS, pulmonary artery stenosis; RAA, right aortic arch; PA, pulmonary artery atresia; PLSVC, persistent left superior vena cava.
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induced delivery with consent. Experienced sonographers are

recommended to assess cardiac and extracardiac abnormalities

for prenatal TGA screening, facilitating multidisciplinary care.

Chromosomal abnormalities have rarely been reported in D-TGA

patients (25, 26). Prenatal diagnosis, with informed consent, is

advisable to exclude these. Moreover, 3 out of 40 D-TGA fetuses

(7.5%) had chromosomal abnormalities, which was greater than

that in the general population. Only one of the three fetuses had

diaphragmatic hernia, and the rest had no other extracardiac

abnormalities. CC-TGA patients had a lower incidence of disease

(27), with no significant abnormalities detected in the four

examined patients. D-TGA has a minimal impact on fetal

development due to the open foramen ovale and ductus

arteriosus. However, immediate intervention is crucial after birth

to prevent severe cyanosis and hypoxemia, which are typically

achieved through balloon atrial septostomy (28). An arterial

switch operation within the first few weeks of life for newborns

with D-TGA leads to a better prognosis (29). Prostaglandin

infusion and balloon atrial septostomy are often required for

isolated patients to improve oxygenation (14, 28). In congenital
Frontiers in Cardiovascular Medicine 0878
CC-TGA patients, where haemodynamics are functionally

corrected, the prognosis is generally good (30). However, the

outcomes depend on associated cardiac defects, and studies have

focused on combining these malformations (7, 31). Early prenatal

diagnosis allows for informed consultations and timely

interdisciplinary care postdelivery.

In this study, 77 (74.8%) pregnant women were diagnosed in

the second trimester and chose to terminate pregnancy 72

(69.9%), possibly because systematic prenatal ultrasonography

was routinely performed in the second trimester in China, which

included screening for cardiac malformations. Currently, the

gestational age at diagnosis of TGA ranges from 12 to 39 weeks,

with the earliest diagnosis occurring at 12 weeks and 3 days.

Because the fetal heart volume is small in early pregnancy, it is

difficult to make a diagnosis of transposition of the great arteries,

and for those suspected of TGA in the first trimester, because it

is difficult to make a comprehensive evaluation of cardiac

structure and function at this time, in addition to the lack of

clear gestational age requirements for termination of pregnancy

in China, it is often recommended to reexamine after 18 weeks
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of gestation. Only eight D-TGA patients and two CC-TGA patients

were identified early in pregnancy, leading to recommendations for

further genetic examination. Ten fetuses with TGA underwent

Down syndrome screening, all of which indicated low risk.

Pregnant women were given the choice to continue or terminate

the pregnancy. Six cycles of D-TGA and two cycles of CC-TGA

were terminated. Specimens from terminated pregnancies were

microdissected for verification. For those who continued their

pregnancies, the center provided comprehensive support,

including regular ultrasound examinations and detailed

measurements and observations following fetal echocardiography

guidelines. The goal was to ensure accurate and complete

diagnosis. In one patient, a D-TGA patient with VSD was

diagnosed early and delivered after induced labour during the

second trimester. In another D-TGA patient with VSD,

dextrocardia, preaxial polydactyly of both hands, and situs invs.

were terminated by choice.

Unless in presence of severe extra-cardiac anomalies or

diseases associated to TGA, termination is not recommended as

the long term outcomes of both operated TGA and operated or

not operated CC-TGA are well known (14, 31). In addition, the

perinatal management of TGA are extremely well established in

order to achieve adequate cardiovascular stability of the

newborn. The high induced labour rate of TGA fetuses in our

center may be due to our fertility policy. Originally, China

advocated that a couple give birth to only one child. Most

families wanted their only child to be completely healthy;

therefore, if fetal heart abnormalities were found, induction of

labour would be selected. However, currently, the three-child

policy has been implemented (32), and society has begun to

regard fetuses as complete lives and identify fetuses with

abnormal hearts as patients with fetal heart disease. With the

development of medical technology, many congenital heart

diseases are now good treatments, induction of labour is no

longer the only solution for congenital heart disease, and the

future induction of the labour rate will decrease.

Ultrasound aims to provide scientific and objective medical

information for integrated prenatal and postnatal management.

When TGA is diagnosed by prenatal and preoperative

ultrasound, special attention should be paid to: (1) the continuity

of the interventricular septum, intact or only combined with

small ventricular septal defect in children are more critical and

require early treatment in the neonatal period; (2) aortic valve

and pulmonary valve morphology, leaflet number, leaflet opening

and closing function; (3) the presence or absence of stenosis

under the pulmonary valve, left pulmonary artery and right

pulmonary artery development. Postoperative ultrasound should

focus on: (1) aortic conditions, almost all cases are associated

with aortic root dilatation, resulting in different degrees of aortic

regurgitation, the incidence of ascending aortic stenosis is about

5% (33, 34); (2) pulmonary artery conditions, about 10% of

patients with progressive supravalvular pulmonary stenosis,

pulmonary artery branch stenosis is also one of the common

complications (14, 35); (3) VSD with aortic coarctation in

children can also be well corrected, but long-term prognosis

analysis showed that the risk of arch re-constriction and right
Frontiers in Cardiovascular Medicine 0979
ventricular outflow tract obstruction is high (33); (4)

postoperative arrhythmia accounts for about 10% (34).

The direction of prenatal diagnosis should align with that of

integrated management, including improving the secondary and

tertiary prevention systems for birth defects and establishing a

multidisciplinary diagnosis and treatment consultation platform

to provide effective individualized evaluation and treatment for

fetuses with cardiovascular malformations. This approach ensures

timely and effective treatment through a streamlined process.
Limitations

This study has several limitations, as it included a small

number of patients from a single center, a retrospective study

design, a limited number of pregnant women undergoing

karyotyping or SNP array examination, and a relatively short

follow-up duration. The lesions of the fetal brain and nervous

system have not been reported, which would have great clinical

significance. Moreover, further research is needed to investigate

the mobility, mortality, and quality of life of TGA patients to

improve prenatal counselling. Later follow-up should be 1 year, 3

years, 5 years, and cover the heart, development and nervous

system status, will be more perfect.
Conclusion

Precise TGA diagnosis can be achieved in early pregnancy

through echocardiography. For expectant mothers opting to

proceed with their pregnancies, comprehensive prenatal

ultrasound monitoring, personalized perinatal management, and

multidisciplinary intervention during delivery all play pivotal

roles in optimizing outcomes within the TGA population.
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Case Report: Rapid and
progressive left ventricular
endocardial calcification in
an infant with Williams syndrome
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Chengdu, China, 2Key Laboratory of Birth Defects and Related Diseases of Women and Children,
Ministry of Education, Sichuan University, Chengdu, China, 3Xizang Autonomous Region Women’s and
Children’s Hospital, West China Second University Hospital of Sichuan University, Lhasa, China

Williams syndrome (WS) is characterized by a range of clinical features, including
cardiovascular disease, distinctive facial traits, neurobehavioral disorders, and a
condition known as transient infantile hypercalcemia. Among these, endocardial
calcification represents a non-specific response to severe, etiologically diverse
myocardial injuries. In this report, we document a unique case involving an
infant with WS who exhibited rapidly progressive arterial stenosis and left
ventricular endocardial calcification, associated with a novel heterozygous
deletion. While arterial stenosis is the most frequently observed cardiovascular
issue in WS, instances of endocardial calcification during infancy are
exceedingly rare and have not previously been reported in the context of WS.

KEYWORDS

Williams syndrome, cardiovascular disease, endocardial calcification, arterial stenosis, infant

1 Introduction

Williams syndrome (WS) is a distinctive multisystem disorder that affects the

connective tissues and the cardiovascular and central nervous systems, and it is

commonly associated with behavioral, developmental, and cardiovascular abnormalities.

WS is caused by a de novo deletion of 1.5–1.8 Mb of 26–28 genes located on

chromosome 7 at position 7q11.23 (1), with a prevalence rate of 1 in 8,000–20,000

newborns (2, 3). Although cardiovascular defects occur in approximately 80% of

patients with WS (4), only 33% of diagnosed cardiovascular defects are detected

prenatally, and they tend to be mild, so they are often ignored before birth (5).

Structural cardiovascular abnormalities are present in up to 93% of patients with WS

and present within the first year of life, with peripheral pulmonary artery stenosis and

supravalvular aortic stenosis (SVAS) being the most common (6).

Endocardial calcification is a non-specific reaction to severe etiologically

heterogeneous myocardial injuries (7). The etiology of endocardial calcification can be

classified into two categories: dystrophic and metastatic, with dystrophic calcification

being the main cause. Endocardial calcification may be related to hypoxic-ischemic

injury; trauma, such as cardiac surgery; myocarditis (usually fungal or viral); or toxic

damage due to alcohol or drugs consumption. Metastatic calcification may be present in

patients with hyperparathyroidism, chronic renal failure, oxaluria and aluminum

intoxication, dietary calcium and/or vitamin D deficiency, and sarcoidosis (7).

Endocardial calcification is uncommon during infancy. In this report, we present a case of

a child with Williams syndrome (WS) who exhibited a typical cardiac structural defect along

with rapid and progressive endocardial calcification within the left ventricle (LV).
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2 Case presentation

A newborn baby was admitted to the neonatal department due

to severe pneumonia, and she was noted to have a murmur. The

baby was born to a 28-year-old G1P0 mother after elective

induction at 36 + 1 weeks of gestation due to fetal distress. The

neonatal birth weight was 2,100 g (p10), and the length was 44 cm

(p15). The prenatal examination showed no abnormalities, except

for intrauterine growth retardation. The family history was

non-contributory, and the mother was not exposed to radiation or

toxic substances during pregnancy. An echocardiogram at 15 days

(Table 1) revealed mild-to-moderate pulmonary artery stenosis

(Vmax = 3.0–3.5 m/s), and extremely mild aortic arch stenosis

with a gradient of 20 mmHg with normal LV function (ejection

fraction [EF] = 62%, lateral E/e′ [E/e′ Lat] = 7.8).

At 2.5 months of age, the patient was admitted to our hospital

due to difficulty with feeding for more than 2 months, which was

initially thought to be a result of her severe reflux. The

echocardiogram (Table 1) showed moderate-to-severe stenosis of
TABLE 1 The diameter of the affected arteries at different ages in a patient
with Williams syndrome measured by echocardiography.

Affected arteries Corresponding arterial diameter at
different months of age(z score)

15 day 2.5 month 4 month
Main pulmonary artery 5.0 mm (−3.843) 5.0 mm (−5.591) 7.7 mm (−1.924)
Right pulmonary artery 3.0 mm (−1.091) 3.5 mm (−1.711) 3.6 mm (−1.849)
Left pulmonary artery 3.0 mm (−0.95) 3.0 mm (−3.232) 3.2 mm (−3.084)
Aortic annulus 6.8 mm (0.64) 6.3 mm (−1.332) 8.2 mm (0.903)

Aortic sinuses 7.5 mm (−1.718) 6.6 mm (−4.206) 8.3 mm (−2.315)
Aortic sinotubular
junction

6.5 mm (−1.224) 3.9 mm (−6.882) 5.6 mm (−3.638)

Ascending aorta 6.5 mm (−1.224) 6.4 mm (−1.669) 7.1 mm (−1.140)
Transverse aorta 4.2 mm (−3.513) 4.5 mm (−3.998) 4.6 mm (−4.343)
Aortic isthmus 3.5 mm (−3.638) 3.9 mm (−3.787) 4.1 mm (−3.876)

FIGURE 1

Left ventricular (LV) calcification detected by echocardiography and co
echocardiography showing increased echo of LV endocardium and (B) CTA
months of age, (C) echocardiography showing diffusely distributed calcifica
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the main pulmonary artery and its branches (Vmax = 3.3–4.2 m/s),

a gradient of 55 mmHg across the upper aortic valve, mild aortic

arch stenosis with a gradient of 36 mmHg in the setting of LV

dysfunction (EF = 35%, E/e′ Lat = 16.2), and increased echo of LV

endocardium (Figure 1A). The coronary arteries appeared normal.

Computed tomography angiography showed aortic stenosis,

pulmonary artery stenosis, and diffusely distributed calcification of

the LV endocardium (Figure 1B). The patient’s eyelids were

swollen, and blood pressure was normal (92/32 mmHg). The

electrocardiogram (Figure 2) showed ST-T changes, and LV

hypertrophy was suspected. Biochemical examination (Table 2)

showed myocardial injury; subclinical hypothyroidism; TORCH

complex infection; normal hepatic and renal function; normal

calcium (2.65 mmol/L), parathyroid hormone, and vitamin D; and

no abnormalities in allergen food groups, respiratory function, and

autoantibody tests. WS was highly suspected based on these findings.

Whole-exome sequencing of peripheral blood from the baby

and her parents revealed a new pathogenic copy number

variation (1.431Mb deletion) in the 7q11.23 region (Chr7:

73303398–74733981), which contains ELN, confirming the

diagnosis of WS. The baby was given symptomatic treatment,

including prednisolone acetate, digoxin as a cardiotonic

glycoside, and captopril for diuresis. Echocardiography at the age

of 4 months showed improved LV systolic function (EF = 42%,

E/e′ Lat = 15.9) with diffusely distributed calcification of the LV

endocardium, chordae tendineae, and papillary muscle

(Figure 1C). Main pulmonary artery stenosis and SVAS had

improved in lesion severity, while peripheral pulmonary artery

stenosis and coarctation were unchanged (Table 1).
3 Discussion

WS is a rare disease that can affect multiple systems, with

cardiovascular defects being the most common cause of death (8).
mputed tomography angiography (CTA). At 2.5 months of age, (A)
showing diffusely distributed calcification of the LV endocardium. At 4

tion of the LV endocardium, chordae tendineae, and papillary muscle.
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FIGURE 2

Electrocardiogram at 2.5 months of age showing T-wave flattening or inversion in leads I, aVL, and V5, and left ventricular hypertrophy was suspected.

Zhou et al. 10.3389/fped.2024.1324585
Cardiovascular abnormalities are the direct result of ELN deletion

(5). In patients with WS, the decrease in arterial elastin content

and pathological alignment of elastin fibers lead to smooth muscle

overgrowth, multilayer thickening of the media of large arteries,

and development of obstructive hyperplastic intimal lesions,

leading to vascular diseases in the middle- and large-sized arteries.

The most notable stenoses are SVAS and peripheral pulmonary

artery stenosis; however, the aortic arch, descending aorta,

coronary artery, renal artery, mesenteric artery, and intracranial

artery can also be affected (9). Other cardiovascular defects,

including tetralogy of Fallot, complete atrioventricular septal

defect, total anomalous pulmonary venous return, double-

chambered right ventricular, and Ebstein anomaly of the tricuspid

valve, have also been reported (10). In the present case, the patient

had ELN deletion and typical pulmonary artery stenosis, SVAS,

and aortic arch stenosis.

Although the typical defect of arterial stenosis and related

clinical tests led us to quickly make a diagnosis of WS, which

was confirmed by whole-exome sequencing, the etiology of the
Frontiers in Pediatrics 0384
infant’s rapidly progressive endocardial calcification was still

unclear. Endocardial calcification is very rare in infancy. At

present, only one case of giant cell myocarditis and

endomyocardial calcification in a 2.5-month-old infant has been

reported, which was triggered by excessive maternal alcohol

abuse (11). The patient had poor cardiac function, and

electrocardiogram indicated myocardial ischemia. Although the

combination of high end-diastolic pressure due to severe SVAS

coupled with coronary artery stenosis can result in decreased

coronary artery perfusion pressure and myocardial ischemia (12),

ultimately resulting in cardiac dysfunction and papillary muscle

and endocardial calcification, it often takes a long time to

develop. In the present study, echocardiography showed no

significant coronary artery stenosis, so the decrease in cardiac

function and endocardial calcification could not be explained by

SVAS alone. In the present case, calcification of the endocardium

progressed rapidly, and biochemical tests excluded calcium

deposition, hyperparathyroidism, vitamin D deficiency, renal

failure, allergy, and autoantibodies as the cause. The infant’s
frontiersin.org
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TABLE 2 Biochemical examination indicators at 2.5 months of age in a
patient with Williams syndrome.

Biochemical
examination

Results

Myocardial Enzymes Creatine kinase isoenzyme (CK-MB) 6.04 ug/La

Phosphocreatine kinase (CK) 115 U/L

Troponin I (cTnI) 0.259 ug/La

Myoglobin (Myo) 73.0 ug/L

Brain natriuretic peptide 737.56 pg/ml

Thyroid function Triiodothyronine (T3) 1.83 nmol/L

Tetraiodothyronine (T4) 82.60 nmol/L

Thyroid-stimulating hormone (TSH) 31.558 mIU/
La

Free triiodothyronine (FT3) 5.94 pmol/L

Free thyroid hormone (FT4) 14.01 pmol/L

The calcium level 2.65 mmol/L

Parathyroid hormone level 15.20 pg/ml

The vitamin D level 41.10 pg/ml

Allergen food groups Normal

Allergen respiratory function Normal

Allergen autoantibody tests Normal

TORCH Toxoplasma immunoglobin M (Toxo-IgM) <
3.0 AU/ml

Toxoplasma immunoglobinG (Toxo-IgG) < 3.0 IU/ml

Cytomegalovirus immunoglobin M (CMV-IgM) <
5.0 U/ml

Cytomegalovirus immunoglobin G (CMV-IgG)
60.4 U/mla

Rubella virus immunoglobinM (Ru-IgM) < 10 AU/ml

Rubella virus immunoglobin G (Ru-IgG) 12.2 IU/mla

Shingles virus immunoglobin M (HSV-IgM) < 5.0
Index

Shingles virus immunoglobin G (HSV-IgG) 9.8 Indexa

aRepresents abnormal results.

Zhou et al. 10.3389/fped.2024.1324585
myocardial enzymes were elevated. The TORCH complex

examination showed that cytomegalovirus (CMV), rubella virus,

and shingles virus immunoglobin G antibodies were positive.

The infant had not been vaccinated, indicating that she was

previously infected. Dystrophic cardiac calcification is related to

CMV infection, and some scholars have found that CMV-

infected mice have localized cardiac calcification, mainly in the

right ventricle (13). Other animal experiments (14) have shown

that mice with ELN deletion develop cardiac phenotypes

attributed to aortic stenosis, including compromised fractional

shortening, cardiac enlargement, necrosis, and calcification in the

cardiac chambers. Based on the above literature, although there

were no other related clinical symptoms in the present case,

myocardial damage caused by CMV infection combined with

SVAS seemed to be the most likely cause of the rapid and

progressive LV endocardial calcification in the present case,

although the possibility of genetic susceptibility caused by

delection of new heterozygosity cannot be ruled out.
4 Conclusion

We report a case of progressive arterial stenosis accompanied

by endocardial calcification in an infant with Williams syndrome
Frontiers in Pediatrics 0485
(WS). To our knowledge, endocardial calcification in WS has not

been documented before. After ruling out other potential

pathogenic causes, we believe that myocardial injury due to

Cytomegalovirus (CMV) infection compounded by aortic

stenosis is the probable cause. Nonetheless, we cannot overlook

the possibility that a genetic predisposition due to a newly

identified heterozygous deletion may have played a role.
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Neonatal outcomes in preterm
infants with severe congenital
heart disease: a national cohort
analysis
Safwat Aly1,2*, Ibrahim Qattea3, Mohammad O. Kattea3 and
Hany Z. Aly4

1Department of Cardiology, Boston Children’s Hospital, Boston, MA, United States, 2Department of
Pediatrics, Harvard Medical School, Boston, MA, United States, 3Department of Pediatrics, Nassau
University Medical Center, East Meadow, NY, United States, 4Department of Neonatology, Cleveland
Clinic, Cleveland, OH, United States
Background: Prematurity and congenital heart disease (CHD) are the leading
causes of neonatal mortality and morbidity. Limited data are available about
the outcomes of premature infants with severe CHD.
Methods: We queried The National Inpatient Database using ICD-10 codes for
premature patients (<37 weeks) with severe CHD from 2016 to 2020. Severe
CHDs were grouped into three categories: A. left-sided lesions with impaired
systemic output, B. Cyanotic CHD, and C. Shunt lesions with pulmonary
overcirculation. Patients with isolated atrial or ventricular septal defects and
patent ductus arteriosus were excluded. We also excluded patients with
chromosomal abnormalities and major congenital anomalies. Patients’
demographics, clinical characteristics, and outcomes were evaluated by
comparing premature infants with vs. without CHD adjusting for gestational
age (GA), birth weight, and gender.
Results: A total of 27710 (1.5%) out of 1,798,245 premature infants had
severe CHD. This included 27%, 58%, and 15% in groups A, B, and C
respectively. The incidence of severe CHD was highest between 25 and
28 weeks of gestation and decreased significantly with increasing GA up
to 36 weeks (p < 0.001). Premature infants with severe CHD had a
significantly higher incidence of neonatal morbidities including necrotizing
enterocolitis (NEC) [OR= 4.88 (4.51–5.27)], interventricular hemorrhage
[OR = 6.22 (5.57–6.95)], periventricular leukomalacia [OR = 3.21 (2.84–3.64)]
and bronchopulmonary dysplasia [OR = 8.26 (7.50–10.06) compared to
preterm infants of similar GA without CHD. Shunt lesions had the highest
incidence of NEC (8.5%) compared to 5.3% in cyanotic CHD and 3.7% in left-
sided lesions (p < 0.001). Mortality was significantly higher in premature infants
with CHD compared to control [11.6% vs. 2.5%, p < 0.001]. Shunt lesions had
significantly higher mortality (11.0%) compared to those with left-sided lesions
(8.3%) and cyanotic CHD (6.4%), p < 0.001.
Conclusion: Premature infants with severe CHD are at high risk of neonatal
morbidity and mortality. Morbidity remains increased across all GA groups and
in all CHD categories. This significant risk of adverse outcomes is important to
acknowledge when managing this patient population and when counseling
their families. Future research is needed to examine the impact of specific
rather than categorized congenital heart defects on neonatal outcomes.
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Introduction

Prematurity continues to be the leading cause of neonatal

mortality in developed countries (1). The association between

gestational age (GA) and neonatal mortality is well known.

Gestational age is the major predictor of mortality in extremely

preterm infants without congenital anomalies. Even those born at

34–36 weeks of gestation have a higher mortality risk than full-

term infants (1, 2). Most of the studies that examined morbidity

and mortality in preterm infants excluded congenital heart

disease (CHD) to better distinguish the attribute of prematurity

on neonatal death (3).

Congenital heart disease is the most common birth defect,

affecting −40,000 infants per year in the United States

representing −0.8% of all births with −0.2% of them reported to

have critical CHD (4, 5). Previous reports demonstrated that

CHDs are more frequently encountered in preterm than full-

term neonates (6, 7). Having a congenital heart defect raises the

risk of premature birth by 2-to-3 fold compared to neonates

without CHD (6–8). It is well-known that severe CHDs are

associated with higher mortality rates in full-term infants (6–9).

Despite the significant association between prematurity and

CHD, less is known about the impact of GA on outcomes in

patients with severe CHD. The few studies that examined the

outcomes of premature infants with CHD carried significant

limitations including relatively small numbers of premature

infants, older birth cohorts (before 2005), excluded extreme

preterm or moderate/late preterm infants, or did not account for

important confounders such as GA, birth weight (BW), and

gender (1, 3, 6–9). Moreover, the inclusion of mixed forms of

CHDs including minor ones, and the substantial number of

patients with non-cardiac anomalies and genetic syndromes

might have contributed to the significant variations in the rates

of adverse outcomes reported (3, 10, 11).

Therefore, in the current study, we aimed to use the largest

national database to (1) Examine the frequency of severe CHD in

premature infants born at various GAs, and (2) Quantify the

effect of GA on neonatal mortality and major neonatal

morbidities in preterm infants with different categories of severe

CHD by comparing them to a control group of preterm infants

without any CHD.
Methods

Data source

This observational study used deidentified patient data from

the National Inpatient Sample (NIS) database during the period

from January 1, 2016 to December 31, 2020. This database is

part of the Healthcare Cost and Utilization Project (HCUP) and

has been used for many previous projects. The NIS database

contains −8 million hospital stays each year and randomly

samples 20% of the discharges from the participating hospitals

and is weighed to accurately reflect 100% of all US hospital

discharges (12). Procedure and diagnostic codes are documented
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using the International Classification of Diseases. In the current

study, we only used International Classification of Disease, Tenth

Revisions, and Clinical Modification (ICD10-CM) to identify our

patient population.
Patient selection

The study was granted an exempt status from the Institutional

Review Board given the use of a deidentified and publicly available

database. Patients were included in the study if they were born

prematurely (<37 0/7 weeks of gestation) with severe CHD.

Severe CHDs were categorized into three main groups based on

the underlying physiology: Category A: left-sided lesions with

impaired systemic output, Category B: cyanotic CHD with

persistent cyanosis, and Category C: Shunt lesions with

pulmonary over-circulation and subsequent congestive heart

failure. Patients were excluded from the study if they had only a

simple or minor CHD including an isolated atrial septal defect,

ventricular septal defect, or patent ductus arteriosus. The study

excluded patients with genetic or chromosomal abnormalities

and/or major congenital anomalies. Patients who were

transferred between hospitals were only included at the receiving

hospital to avoid duplication. The list of all CHDs included in

the study and their respective ICD-10 codes is shown in

Supplementary Table S1.
Identification of variables

The NIS database was queried for patients’ demographics and

clinical characteristics. The main outcomes of interest included in-

hospital mortality and major neonatal morbidities. Non-cardiac

neonatal morbidities included necrotizing enterocolitis [ICD-10

codes: P77.1, P77.2, and P77.3], severe interventricular hemorrhage

(greater than grade II) [P52.2 and P52.0], periventricular

leukomalacia (PVL) [P91.2], and bronchopulmonary dysplasia

(BPD) [P27.1].

Patient characteristics and outcomes were evaluated by

comparing premature infants with severe CHD to a control

group of premature infants with matching GA but without any

CHD. We also examined the frequency of different procedures

(extracorporeal membrane oxygenation support, tracheostomy,

and gastrostomy) between the two groups and their association

with outcomes.
Statistical analysis

Data were presented using the mean and standard deviation for

parametric continuous variables, the median and interquartile

range for nonparametric continuous variables, and the

frequencies and proportions for categorical variables. To examine

the occurrence of CHD and its association with outcomes of

interest, we classified premature infants based on GA into the

following categories; extremely premature [≤27 6/7 weeks], very
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premature [28 0/7 to 31 6/7 weeks], moderate preterm [32 0/7 to 33

6/7 weeks], late preterm [34 0/7 to 36 6/7 weeks]. Premature

infants with severe CHD were compared to those without any

CHD using the Mann–Whitney U-test for continuous

characteristics and chi-square tests for categorical characteristics.

Both cases and controls were matched for GA, gender, and BW.

Patients with CHD were further grouped into three main

categories (left-sided CHD, cyanotic CHD, and shunt lesions

with pulmonary overcirculation). The odds ratios (OR) of

developing the different neonatal outcomes of interest in the

different CHD categories in comparison to controls were

evaluated using chi-square tests. P < 0.05 was considered

significant. Data analysis was performed using SAS version 9.4

(SAS Institute Inc., Cary, NC).
Results

Between 2016 and 2020, there were 1,827,044 preterm births in

the NIS database. This included 27,710 (1.5%) with severe CHD.

Premature infants with severe CHD were classified based on the

underlying cardiovascular physiology into three main groups

including; −26% left-sided lesions with impaired systemic output

(category A), −62% with sustained cyanosis (category B), and

−12% with shunt lesions and pulmonary overcirculation

(category C).

There was no significant difference in the distribution of the

three different categories of CHD in preterm infants when

compared to full-term infants born with similar CHDs during

the study period. Figure 1 illustrates the flow chart for the study

population.

The incidence of severe CHD in premature birth (premature

patients with severe CHD/all preterm births in the same year)

varied from 1.39% to 1.65% per year. The association between

prematurity and incidence of severe CHD was more frequent in

males (54%) and whites (41%). Low median household income

was associated with a higher frequency of having a premature

infant with severe CHD. Regional differences existed in the

association of prematurity and CHD. Demographics of

premature infants with vs. without severe CHD are demonstrated

in Table 1.

A total of 3.2% of extremely premature infants (≤27 weeks)

had severe CHD compared to 2.3% in very preterm, 1.5% in

moderate preterm, and 1.1% in late preterm infants (p < 0.01).

The numbers and frequencies of the different categories of severe

CHD in preterm infants according to their GA category are

demonstrated in Figure 2.

Premature birth of infants with severe CHD was more likely to

occur in pregnancies complicated by maternal hypertension [3.9%

vs. 0.6%, p < 0.001, OR of 3.19 (2.99–3.41)]. Preexisting diabetes

and gestational diabetes were associated with a higher frequency

of severe CHD in preterm infants [10.1% vs. 1.2%, p < 0.001, OR

of 7.86 (7.54–8.19) and 5.8% vs. 2.0%, p < 0.001, OR of 3.02

(2.87–3.18), respectively], Tables 2, 3.

The frequency of being born before 25 weeks of gestation with

severe CHD was much less compared to the other gestational weeks
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till the 34th week. The highest frequency of premature birth

associated with severe CHD occurred in premature infants born

after 25 weeks and before 28 weeks of gestation. After the 28th

weeks of gestation, there was a steady decrease in the incidence

of severe CHD in premature infants until reaching the 36th week

of gestation. Figure 2 and Supplementary Figure S1.

In-hospital mortality was significantly higher in premature

infants with CHD compared to those without CHD [11.6% vs.

2.5%, p < 0.001]. Shunt lesions with pulmonary over-circulation

had significantly higher mortality (11.0%) compared to left-sided

lesions (8.3%) and cyanotic CHD (6.4%), p < 0.001. There was no

statistically significant difference in the trends of mortality within

each CHD category over the study period. Trends of in-hospital

mortality in premature infants with the different categories of

CHD compared to controls are shown in Figure 3.

Major neonatal morbidities were more frequent in premature

infants with CHD compared to controls. Necrotizing enterocolitis

was more common in premature infants with CHD [3.92% vs.

0.95%, P < 0.001, 4.88 (4.51–5.27)]. Extremely preterm infants

(born ≤27 weeks) with severe CHD were associated with the

highest frequency of having NEC (−11%) compared to −4% for

those born between 28 and 32 weeks of gestation and −2% for

late preterm infants with CHD. Shunt lesions were associated

with the highest incidence of NEC in preterm infants occurring

in 8.5% compared to 5.3% in the cyanotic CHD group and 3.7%

in left-sided CHD Figure 4A.

Similarly, bronchopulmonary dysplasia rates were significantly

higher in premature infants with CHD compared to those without

CHD [18.7% vs. 2.3%, p < 0.001, OR = 18.3 (14.5–20.1)]. The

frequency of developing BPD was significantly higher in patients

with cyanotic CHD and left-sided CHD (12.6% and 11.8%,

respectively) compared to 6.2% in those with shunt lesions (p <

0.001) Figure 4B.

Premature infants with CHD had a higher frequency of having

severe neonatal brain injury (defined as having IVH grades III or

IV (1.7% vs. 0.4%, p < 0.001, 6.2 (5.6–6.9) or PVL [1.4% vs. 0.4%,

p < 0.001, 3.2 (2.8–3.6)]. Figures 4C,D. Cyanotic CHD had a

significantly higher incidence of severe IVH (4.7%) compared to

left-sided lesions (3.8%) and shunt lesions (3.6%), p < 0.001

Figure 4 illustrates the frequency of the different neonatal

morbidities associated with the different categories of severe

CHD in relation to the degree of prematurity.

Premature infants with CHD had a higher frequency of sepsis

(2.3% vs. 0.3%, p < 0.001) and acute renal failure (5.8% vs. 0.5%, p

< 0.001) compared to those without CHD. Premature infants with

CHD received more non-cardiac procedures compared to controls

including tracheostomy and gastrostomy tubes Table 4.

Premature infants with CHD had higher odds of having the

composite outcome (mortality and major neonatal morbidity)

compared to those without CHD after adjusting for GA, BW,

and gender (27.3% % vs. 6.6%, p < 0.001). Extremely preterm

infants without CHD had a higher frequency of developing the

composite outcome compared to those with similar GA but

without CHD (47.6% vs. 35.9%, p < 0.001). Similarly, very

preterm, and moderate preterm had a higher frequency of

developing the composite outcome compared to those with
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FIGURE 1

Flow chart for the patient population.
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TABLE 1 Demographics and distribution of the study population.

Preterm infants with
severe CHD

Preterm infants
without severe CHD

P-value

Indicator of sex Male 15,025 54.2% 960,340 53.4%

Female 12,685 45.8% 837,905 46.6% <0.001

Race (uniform) White 11,395 41.1% 776,560 43.2% <0.001

Black 5,110 18.4% 333,740 18.6%

Others 11,205 40.4% 689,035 38.3%

Primary expected payer (uniform) Medicare/Medicaid 15,320 55.3% 927,380 51.6% <0.001

Private insurance 10,565 38.1% 740,725 41.2%

Others 1,825 6.6% 131,230 7.3%

Calendar year 2016 5,335 19.3% 358,380 19.9% <0.001

2017 5,125 18.5% 361,335 20.1%

2018 5,620 20.3% 361,865 20.1%

2019 5,730 20.7% 366,545 20.4%

2020 5,900 21.3% 351,210 19.5%

Median household income national quartile for patient ZIP Code 0–25th percentile 9,290 33.5% 562,315 31.3% <0.001

26th–50th percentile 7,310 26.4% 454,390 25.3%

51st–75th percentile 5,975 21.6% 419,545 23.3%

76th–100th percentile 4,860 17.5% 345,755 19.2%

Location/teaching status of the hospital Rural 155 0.6% 61,330 3.4% <0.001

Urban nonteaching 1,360 4.9% 183,055 10.2%

Urban teaching 14,570 52.6% 837,485 46.6%

Region of hospital Northeast 2,110 7.6% 158,395 8.8% <0.001

Midwest 3,490 12.6% 239,510 13.3%

South 7,015 25.3% 450,180 25.0%

West 3,470 12.5% 233,785 13.0%

Control/ownership of hospital Government, nonfederal 2,270 8.2% 128,090 7.1% <0.001

Private, non-profit 12,220 44.1% 817,030 45.4%

Private, invest-own 1,595 5.8% 136,750 7.6%

Aly et al. 10.3389/fped.2024.1326804
similar GA but without CHD (25.2% vs. 18.6%, p < 0.001 and

12.0% vs. 5.1%, p < 0.001, respectively). The occurrence of

composite outcomes continued to be significantly higher in late

preterm infants compared to controls (9.6% vs. 4.2%, p < 0.001).

Figure 5 illustrates the differences in developing the composite

outcome between the two groups (cases vs. controls) in relation

to their GA.
Discussion

In the current study, we used the largest national multicenter

database to examine the interactions between prematurity and

severe CHD over a five-year period. We included 27,710

premature infants with severe CHD and compared them to a

control group of premature infants without CHD. The main

findings in our study include: (a) premature infants are at

higher risk of having severe CHD compared to full-term infants

during the study period (1.5% vs. 0.5%, P < 0.001 respectively).

(b) Severe CHD in premature infants increases the risk of

developing non-cardiac prematurity-related complications

including NEC, BPD, and severe brain injury. (c) Shunt lesions

with pulmonary over-circulation were associated with the

highest mortality rates while cyanotic CHDs were associated

with the most favorable outcome. (d) Advanced GA was not

associated with a significant decline in developing the
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composite outcome (mortality and major neonatal morbidities)

in preterm infants with severe CHD in contrast to those of

similar GA but without CHD.
Prematurity and CHD

The incidence of all CHD in full-term infants is known to be

−1% (4–6). However, the true occurrence of CHD especially the

severe forms in premature infants is unknown. In the current

national analysis of a 5-year period, the incidence of severe CHD

in premature infants ranged from 1.39% to 1.65% per year.

While full-term infants during the same period had severe CHD

ranges of 0.43%–0.49%. This is in agreement with previous

reports of high frequency of CHD in preterm infants (6, 7). In

an international cohort study, not including the USA, the

estimated incidence of severe CHD in premature infants was

reported to be −0.8% (3). Despite the international and

multicenter nature of the former report, it only included −600
patients with severe CHD. Locally, in a population-based study

from the state of California between 2005 and 2012, −0.5% of

premature patients included had a critical CHD (13). Our study

likely offers more reliable estimates given the enormous patient

sample and the wide range of regions included across the United

States. Fetal distress occurring secondary to severe CHD might

trigger preterm birth in these patients.
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FIGURE 2

Frequency of different categories of severe congenital heart disease in premature infants in relation to gestational ages (A) the absolute number of
premature patients with different categories of severe CHD in relation to their gestational age (B).
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Demographic Variations. The association between CHD and

prematurity was more frequent in males and in the White

population. Previous studies reported controversial results regarding

the demographic distribution of CHD with preterm birth. In the

state of Florida, Nembhard et al. reported higher odds of preterm

birth associated with CHD in Black infants compared to the White

while the Hispanic population had no increased risk (14).
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Desai et al. examined the Kids’ Inpatient Database

and reported a higher frequency of CHD in the White

population (52%) compared to 15% in Black and 19.5% in

the Hispanics (15).

Regional variations existed in the association between

prematurity and severe CHD. The Northeast had the lowest

incidence of CHD in premature infants. This might be, in
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TABLE 2 Clinical outcomes of study population: cases (preterm infants with severe CHD) versus controls (preterm infants without any CHD).

Preterm with severe CHD Preterm without severe CHD P-value

Maternal factors
Maternal hypertension No 26,640 96.1% 18,780,255 99.4%

Yes 1,070 3.9% 114,510 0.6% <0.001

Gestational diabetes No 26,110 94.2% 18,510,576 98.0%

Yes 1,600 5.8% 384,190 2.0% <0.001

Preexisting diabetes No 24,915 89.9% 18,659,036 98.8%

Yes 2,795 10.1% 235,730 1.2% <0.001

NIS No 27,325 98.6% 18,748,466 99.2%

Yes 385 1.4% 146,300 0.8% <0.001

CS No 16,860 60.8% 13,398,563 70.9%

Yes 10,850 39.2% 5,496,202 29.1% <0.001

Neonatal morbidities
Necrotizing enterocolitis No 26,625 96.08% 1,782,189 99.05%

Yes 1,085 3.92% 17,145 0.95% <0.001

Severe IVH No 27,250 98.30% 1,819,939 99.60%

Yes 460 1.70% 6,805 0.40% <0.001

Periventricular leukomalacia No 27,320 98.60% 1,819,589 99.60%

Yes 390 1.40% 7,155 0.40% <0.001

Bronchopulmonary dysplasia No 25,295 91.30% 1,785,014 97.70%

Yes 2,415 8.70% 41,730 2.30% <0.001

Arrhythmia No 26,885 97.02% 1,795,889 99.81%

Yes 825 2.98% 3,445 0.19% <0.001

Pulmonary hypertension No 27,415 98.94% 1,798,079 99.93%

Yes 295 1.06% 1,255 0.07% <0.001

Sepsis No 27,070 97.69% 1,792,644 99.63%

Yes 640 2.31% 6,690 0.37% <0.001

Acute renal failure No 26,085 94.14% 1,789,069 99.43%

Yes 1,625 5.86% 10,265 0.57% <0.001

Pleural effusion No 27,530 99.35% 1,798,829 99.97%

Yes 180 0.65% 505 0.03% <0.001

Pneumothorax No 27,595 99.58% 1,798,274 99.94%

Yes 115 0.42% 1,060 0.06% <0.001

Cardiac arrest No 27,635 99.73% 1,799,119 99.99%

Yes 75 0.27% 215 0.01% <0.001

ECMO No 27,360 98.74% 1,798,899 99.98%

Yes 350 1.26% 435 0.02% <0.001

Tracheostomy No 27,630 99.71% 1,799,009 99.98%

Yes 80 0.29% 325 0.02% <0.001

Gastrostomy No 27,665 99.84% 1,799,164 99.99%

Yes 45 0.16% 170 0.01% <0.001

Catheterization No 27,635 99.73% 1,799,329 99.99%

Yes 75 0.27% 15 0.01% <0.001

Died during hospitalization No 24,480 88.30% 1,779,409 97.40%

Yes 3,210 11.60% 46,290 2.50% <0.001

Length of stay for alive 42 (26–81) 17 (9–22)

Length of stay for died 25 (18–32) 9 (6–17) <0.001

Both cases and controls were matched for GA, gender, and birth weight.

Aly et al. 10.3389/fped.2024.1326804
part, related to the highly diverse nature of the population in

this region where dissimilar genes might have played a role

in lessening such association. On the other side, the South

had the highest incidence of severe CHD in premature

infants. The relative unavailability of antenatal screening for

CHD and probably the lack of an opportunity to terminate

pregnancy might have contributed to higher rates of CHD in

preterm infants (16).
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In our study, lower socioeconomic status was associated

with a higher incidence of severe CHD in premature infants.

While the impact of social determinants of health on short

and long-term outcomes after the surgical repair of CHD is

well-documented, the role of these factors in the development

of congenital heart defects is largely unknown, especially in

premature infants. However, exposure to toxic environmental

agents and environmental pollutants has been linked to
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TABLE 3 The odds ratio for the association of maternal characteristics,
neonatal comorbidities, and need for interventions in preterm infants
with severe CHD.

P-
value

Odds-ratio (confidence
interval)

Maternal hypertension <0.001 3.19 (2.99–3.41)

Gestational diabetes <0.001 3.02 (2.87–3.18)

Preexisting diabetes <0.001 7.86 (7.54–8.19)

Cesarean section <0.001 1.41 (1.37–1.44)

Neonatal abstinence syndrome <0.001 1.7 (1.53–1.89)

Necrotizing enterocolitis <0.001 4.88 (4.51–5.27)

Severe interventricular
hemorrhage

<0.001 6.22 (5.57–6.95)

Periventricular leukomalacia <0.001 3.21 (2.84–3.64)

Bronchopulmonary dysplasia <0.001 18.26 (14.50–20.06)

Arrhythmia <0.001 9.69 (8.86–10.61)

Pulmonary hypertension <0.001 5.62 (4.83–6.54)

Heart failure <0.001 5.91 (4.98–7.03)

Sepsis <0.001 2.76 (2.49–3.06)

Acute kidney injury <0.001 6.66 (6.19–7.16)

Pleural effusion <0.001 4.84 (3.96–5.9)

Pneumothorax <0.001 2.99 (2.35–3.8)

Cardiac arrest <0.001 1.57 (1.15–2.16)

Extracorporeal membrane
oxygenation

<0.001 1.98 (1.71–2.3)

Gastrostomy <0.001 8.49 (5.6–12.87)

Gastrostomy <0.001 8.49 (5.6–12.87)

Tracheostomy <0.001 3.06 (2.33–4.02)

FIGURE 3

Mortality trends in premature infants with congenital heart disease versus co
shunt lesions, the solid line represents left-sided lesions, the dotted line repr
group (preterm infants without CHD). Shunt lesions were associated with th
lowest mortality. There was no significant improvement in survival of preter
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prematurity, low BW, and the occurrence of congenital

anomalies in multiple previous studies. Exposure to these

factors might also contribute to the higher risk of CHD in

premature infants (17, 18).
Mortality

In our study, 11.6% of premature infants with severe CHD died

before discharge from the hospital. Significant variations exist in the

previous reports of mortality in preterm infants with CHD (19–21).

A study of all CHD (including minor or simple CHD) reported the

lowest mortality rates (22). While the highest mortality rate of −45%
was reported in very low BW infants (<1,500 g, GA 22–29 weeks)

(11). Steurer et al. reported a 12.6% in- hospital mortality of

infants with critical CHD but this cohort included patients with

gestational ages between 22 and 42 weeks (13). An international

study reported a mortality rate of 18.6% in preterm infants with

severe CHD compared to 8.9% in preterm infants without CHD

(3). The high mortality rates even in the control group, compared

to −2% in the United States, might reflect not only the variations

in CHD outcomes but also the neonatal intensive care of preterm

infants in general. Moreover, the inconsistencies in definitions,

inclusion criteria, and denominators in these studies might explain

the variations in outcomes between studies.
ntrols during the study period (2016–2020). The dashed line represents
esents cyanotic CHDs, and the dashed-dotted line represents the control
e highest mortality rates while cyanotic CHDs were associated with the
m infants with CHD during the study period.
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FIGURE 4

Gestational age-specific major neonatal morbidity rates in infants with versus without severe congenital heart disease. (A) Necrotizing enterocolitis, (B)
bronchopulmonary dysplasia, (C) interventricular hemorrhage, (D) periventricular leukomalacia.
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Necrotizing enterocolitis

The association between NEC and CHD in full-term infants is

known (23, 24). It is also known that preterm infants have inherent

risk factors for developing NEC (25, 26). However, outcome data

about the intersection between prematurity and CHD on the

development of NEC is controversial. A report of −600
premature infants with severe CHD did not find an association

between NEC and CHD (3). Another study of −200 premature

infants with BW <2,500 grams showed a 1.7-fold increase in the

risk of NEC compared to all patients admitted to NICU with

mixed GAs without adjusting for important variables such as GA

and BW (27). Others who studied individual CHDs found a

higher risk of NEC in simple CHD as isolated ASD and VSD

(28) and an independent association between hypoplastic left

heart syndrome or truncus arteriosus and NEC (24). In the

current analysis, Preterm infants with severe CHD had a −4-fold
increase in the risk of NEC after controlling for GA, BW, and

gender. The systemic inflammatory response that occurs in the

presence of pulmonary overcirculation and congestive heart

failure might elucidate the high risk of NEC in this CHD

category. Meanwhile, the impaired systemic output and the

subsequent episodic or chronic mesenteric under-perfusion might
Frontiers in Pediatrics 0995
explain the significant risk of NEC in patients with left-sided

obstructive lesions.
Interventricular hemorrhage

Previous studies reported a wide range of incidence of IVH in

infants with CHD ranging from 2 to 24% (13, 29–31). However,

these studies were limited to single institutions, small sample

sizes, or mostly included full-term infants. The impact of GA

on the development of severe IVH in preterm infants with

CHD has not been fully examined. Preterm infant literature

demonstrated an inverse relationship between the presence and

severity of IVH and GA (29, 32). However, this association has

not been described in preterm infants with severe CHD.

Preterm infants with CHD were reported to experience a wide

extent and mostly mild forms of IVH [all the above]. Others

reported a lower risk of IVH in preterm infants with CHD

compared to controls (9). In the current analysis, the presence

of severe CHD in premature infants was associated with a 6-

fold increase in the risk of developing severe IVH. Extremely

premature infants (<28 weeks) were associated with the highest

risk of severe IVH regardless of the category of CHD. It was
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FIGURE 5

Probability of having composite outcome (mortality or severe morbidity) in infants with significant CHD versus controls based on gestational age.
Adjusted for birth weight, sex, and multiple gestation.
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also noticeable that this risk did not significantly decline with

increasing GA. Even late preterm infants (34–36 weeks of

gestation) had a significantly higher incidence of severe IVH

across all categories of severe CHD compared to controls.
Periventricular leukomalacia

Full-term infants with severe CHD are at high risk of brain

injury and impaired brain maturity. This hit to the brain is

“doubled” in premature infants according to previous reports

(33, 34). Our study showed a 3-fold increase in the risk of PVL

in premature infants with severe CHD in comparison to those

without CHD after adjusting for GA, BW, and gender. The

combination of brain immaturity, impairment of cerebral blood

flow, and low cerebral oxygen saturation might contribute to the

high risk of white matter injury and subsequent PVL in

premature infants with CHD (34, 35).
Bronchopulmonary dysplasia

It is not surprising and consistent with previous studies

that the incidence of BPD (defined as oxygen dependency at

36 weeks of postmenstrual age) was significantly higher in

preterm infants with CHD (3, 36). This high risk might reflect

the pathophysiology of the underlying CHD as in cyanotic CHD

with an increased need for supplemental oxygen or mechanical

ventilation rather than a true BPD.

While shunt lesions with excessive left to right shunt lead to

increased pulmonary blood flow, left-sided lesions with impaired
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forward blood flow might be associated with pulmonary venous

hypertension, pulmonary edema, and subsequently impaired lung

tissue development and change respiratory mechanics necessitating

prolonged mechanical ventilation and oxygen supplementation.
Strengths and limitations

The current study offers the most contemporary estimation of

outcomes in preterm infants (from 22 to 36+6 weeks’ gestation)

with severe CHD based on their gestation ages. We used the NIS

which is the largest multicenter database for morbidity and

mortality of preterm infants in the USA. To minimize coding

errors, we intentionally avoided including ICD-9 codes which

were available before 2016. This might have limited our ability to

examine the outcomes of premature infants with severe CHD

over a longer period. We opted to use ICD-10 codes which

provide more detailed information related to cardiac diagnoses.

Patients were well-matched with non-CHD premature infants for

GA, BW, and gender, which are all known risk factors for poor

outcomes in preterm infants.

The study has limitations. We limited our outcomes to the initial

hospital stay. This restricted our ability to examine mortality and

other comorbidities beyond discharge from the hospital. The

current study did not include the specific details of surgical repair

which might be institutionally different across the United States.

The impact of this limitation on the provided estimations of

outcomes in premature infants might be minimal given most

patients with severe CHD do not undergo surgical repair or

palliation until they reach a reasonable weight and corrected GA.
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Conclusion

Premature infants with severe CHD are at high risk of neonatal

morbidity and mortality. Morbidity remains increased across all

GA groups and in all CHD categories. This significant risk of

adverse outcomes is important to acknowledge when managing

this patient population and when counseling their families.

Future research is needed to examine the impact of specific

rather than categorized CHD on neonatal outcomes.
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A case report of pulmonary
atresia with intact ventricular
septum: an extraordinary finding
of subsystemic right ventricle
Gang Luo, Ai Liu, Hongxiao Sun, Kuiliang Wang and Silin Pan*

Heart Center, Women and Children’s Hospital, Qingdao University, Qingdao, China
Background: Massive tricuspid regurgitation (TR) is the most common feature of
pulmonary atresia with intact ventricular septum (PA/IVS), and mild or absent TR
is observed in severe right ventricular (RV) dysplasia or RV-to-coronary fistulous
connections, resulting in non-biventricular (BV) outcomes postnatally.
Case summary: We report a case of fetal severe pulmonary stenosis with IVS
diagnosed at 26 weeks of gestation. The severity of RV hypoplasia did not
worsen or reach indications for intrauterine intervention, while the jet velocity
of TR decreased significantly during pregnancy. The fetus was definitely
diagnosed with PA/IVS with mild RV dysplasia after birth. Unusually, the fetus
did not experience severe TR and myocardial sinusoids, the TR jet velocity was
maintained at 2.0 m/s, and the coronary artery was almost normal. The
incapable RV cannot pump blood into pulmonary circulation after RV
decompression from valvular perforation and balloon dilation. It may be an
extraordinary finding of subsystemic RV.
Conclusion: PA/IVS is a heterogeneous disease with various degrees of RV
dysplasia. Mild or no baseline TR is a reliable indicator with non-BV outcomes
for fetal PA/IVS, even with acceptable dysplasia RV structures.

KEYWORDS

pulmonary atresia with intact ventricular septum, tricuspid regurgitation, echocardiography,

fetus, case report

1 Introduction

Severe pulmonary stenosis or atresia with intact ventricular septum (PA/IVS) is a rare

form of complex congenital heart disease characterized by hypoplasia of the right ventricle

(RV) and the tricuspid valve (TV). As a heterogeneous disease, there are various associated

factors with postoperative results in PA/IVS, including RV size and morphology, TV size

and function, and the right ventricle-dependent coronary circulation (RVDCC). It remains

challenging to determine the appropriate surgical approach for patients with moderate

developmental indicators, unlike those with severe or mild dysplasia. There is no exact

regulation for the development of pathological modification in fetal PA/IVS. Currently,

the evaluation of RV function in fetal PA/IVS remains challenging. With the conviction

that good structure can result in improved function, structural markers, such as the TV

size and the ratio of the left and right ventricles on fetal echocardiography, may provide

useful intrauterine indications to the postpartum outcome of PA/IVS (1).

Tricuspid regurgitation (TR) can be readily identified during a regular obstetric

ultrasound, making it a good indicator of RV function during pregnancy. A

multicenter study indicates that fetuses with mild or no baseline TR may not be able
01 frontiersin.org99
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to achieve biventricular (BV) outcomes due to the presence of

severe RV dysplasia or RVDCC (2). Only by opening the

pulmonary valve can the “true capacity” of RV to pump blood

to the pulmonary artery be truly revealed, though the results

may not always meet expectations, as found in clinical research

(3). We observed a fetus diagnosed with severe pulmonary

stenosis with IVS at 26 weeks of gestation whose TR jet velocity

decreased during gestation in a manner that was not expected

based on the cardiac structural assessment, an extraordinary

type of deterioration in RV function, and a postnatal outcome

that did not achieve BV repair.
2 Methods and results

2.1 Case presentation

A 36-year-old woman underwent a routine prenatal

examination at 26 weeks of pregnancy at the Women and

Children’s Hospital, Qingdao University. Fetal echocardiography

indicated severe pulmonary stenosis with IVS and moderate TR

with a jet velocity of 4.7 m/s (Figure 1A). Four weeks later, the

woman (at 30 weeks of pregnancy) underwent fetal

echocardiography; the results showed a TR jet velocity of

2.56 m/s, pulmonary stenosis, and reversed flow in the ductus

arteriosus. The predictors of non-BV outcome related to the

degree of RV development with no RV sinusoids are shown in

Table 1. The fetus had not reached the point of necessitating

intrauterine invasive procedures in accordance with the standards

put forth by Gómez-Montes et al. in 2011 (4). Fetal

echocardiography was repeated every 2–3 weeks and the relevant

indicators are detailed in Table 1. All indicators can be

summarized by the following characteristics: the severity of RV

hypoplasia did not worsen and failed to meet the indicators for

an intrauterine intervention; and the degree and velocity of TR

decreased significantly.

A female infant was delivered at 38 weeks with a birth weight

of 3,100 g, heart rate of 128 beats/min, respiratory rate of 45

breaths/min, and percutaneous arterial oxygen saturation (SPO2)

of 93%. A bedside echocardiogram was immediately conducted

on the infant, which showed the small RV cavity (Figure 1B); the

foramen ovale measured 6.4 mm and the pulmonary valve

annulus measured 7.6 mm. There was no obvious blood flow

through the valve during systole. The patent ductus arteriosus

(PDA) measured 4.3 mm and supplied the pulmonary circulation

(Figure 1B). The tricuspid valvular annulus was 10 mm with a

TV-Z score of −1.13, with a slight amount of blood flow in

diastole and mild regurgitation in systole, and no severe

abnormalities observed (Figure 1B). The morphology and

structure of the aorta (AO) and pulmonary artery (PA) were

normal. The female infant was definitely diagnosed as PA/IVS.

On her first day of life, the SPO2 of the infant decreased to 85%,

and the echocardiography showed that the PDA tended to close.

The prostaglandin E1 (1–3 ng kg−1 min−1) was administered and

SPO2 was maintained to 92% of the total. The following

problems were evaluated repeatedly before the operation: no
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severe TV malformation (Ebstein’s anomaly); the TR jet velocity

was maintained at 2.0 m/s; no myocardial sinusoids; and the

coronary artery was normal. Radiofrequency-assisted perforation

is a feasible valvotomy option in catheterization laboratories with

proper equipment; cost limitations and a considerable success

rate are essential in developing countries, explaining the decision

to opt for balloon catheter dilation. In addition, the possibility of

ductus-dependent pulmonary blood supply is low after

percutaneous balloon pulmonary valvuloplasty.
2.2 Cardiac catheterization

On the infant’s 20th day of life, she underwent a catheterization

intervention. The right ventriculography confirmed pulmonary

atresia and the presence of three parts of RV (the inflow,

outflow, and trabecula) (Figure 1C). The aortogram showed that

the ductus arteriosus was measured approximately 4.5 mm, and

the origin and course of the coronary artery were normal.

Cardiac catheterization manometry has shown that the RV was

67/10(14) mmHg, AO was 59/25(39) mmHg and PA was 35/22

(28) mmHg.

A 4F goose neck snare was manipulated from AO through

PDA and kept opening against the pulmonary valve. The soft

end of the available coronary wire (Conquest Pro 8–20 wire) was

gently manipulated and advanced along the catheter, keeping

both the wire and the catheter close to the membranous valve.

The wire was required to be pushed very gently to perforate the

valve. Once the wire perforated the membrane, the guidewire was

manipulated into the PA, the snare grabbed the guidewire,

further advancing carefully through the PDA into the descending

aorta, and was then exteriorized through the femoral arterial

sheath, creating an arteriovenous wire loop and achieving stable

position (Figure 1C). A coronary balloon measuring 1.25 mm ×

15 mm was maneuvered over the wire to perform the first

dilatation. The balloon size was gradually increased from 2.5 mm

to the maximum of 8 mm (Figure 1C). At the end of the

procedure, the results of the cardiac catheter manometry were as

follows: RV 53/13(32) mmHg; AO 52/21(32) mmHg; and PA

34/20(27) mmHg.

After the intervention, the infant was given a continuous dose

of prostaglandin E1, and her SPO2 was 92%. The oxygen saturation

was significantly reduced when the dose of prostaglandin E1 was

downregulated. Multiple echocardiography showed no antegrade

blood flow across the pulmonary valve (Figure 1D), which was

considered to be RV insufficiency, and the pulmonary circulation

was dependent on the PDA. After 7 days of intervention, the

infant’s SPO2 level dropped drastically to below 60%, and an

echocardiography indicated that the PDA was closed; an

increased dose of prostaglandin E1 was not effective.

A Blalock–Taussig shunt or Glenn’s surgery was proposed as

the default course of action in emergency scenarios, while the

ultimate surgical technique was based on the RV function. The

families were unwilling to accept the potential negative long-term

outlook and the failure of BV circulation and chose to end the

treatment with regret.
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FIGURE 1

(A) Fetal echocardiogram apical four-chamber view (left) and right ventricular outflow tract view (right) showing severe pulmonary stenosis and
massive tricuspid regurgitation. (B) Transthoracic echocardiogram apical four-chamber view (left and right) and short-axis view (middle) showing
mild hypoplasia of RV, pulmonary atresia and patent ductus arteriosus, no serious abnormality of TV, and mild tricuspid regurgitation. (C) Right
ventriculography (left) showing mild hypoplasia of RV and pulmonary valvular atresia. Lateral right ventriculography (middle) showing guide wire
creating an arteriovenous wire loop. Anterior chest fluoroscopy (right) showing percutaneous balloon pulmonary valvuloplasty. (D) Transthoracic
echocardiogram short-axis view (left) and apical four-chamber view (right) showing ductus arteriosus supply pulmonary blood flow, no antegrade
blood flow across the pulmonary valve, and mild tricuspid regurgitation. LA, left atrium; LV, left ventricle; PV, pulmonary valve.
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TABLE 1 Fetal echocardiography data during pregnancy.

Gestational
age (weeks)

Pulmonary valve orifice
flow velocity (m/s)

Tricuspid regurgitant
jet velocity (m/s)

RV/LV TV/MV PV/AV TVI/CC TV-Z score

26 2.13 4.70 — — — — —

30 1.90 2.56 0.76 0.88 0.96 0.43 −0.67
32 2.71 1.66 0.78 0.82 0.90 0.39 −0.88
34 3.10 1.58 0.80 0.75 0.92 0.40 −1.30
37 2.70 1.56 0.82 0.72 0.94 0.38 −1.24

—, no data; RV/LV, right ventricle/left ventricle long-axis ratio; TV/MV, tricuspid/mitral annulus ratio; PV/AV, pulmonary valve/aortic valve annulus ratio; TVI/CC, tricuspid

valve inflow duration/cardiac cycle ratio.

Luo et al. 10.3389/fped.2024.1251274
3 Discussion

The pathophysiological characteristics of severe pulmonary

valve stenosis with a tendency toward atresia are similar to those

of PA/IVS. We presented a fetal case with severe pulmonary

valve stenosis and RV of moderate dysplasia in size and

morphology. As the pregnancy progressed, there was a

considerable drop in the velocity of fetal TR. After birth, the

morphology and size of RV and TV were examined to assess

mild to moderate RV dysplasia, although TR velocity was at a

low level. There were no myocardial sinusoids and severe TV

malformation after repeated evaluations. However, cardiac

catheterizations indicated the low RV pressure before and after

decompression (approximately 60 mmHg), and RV function was

severely deteriorating. The ejection functions could not be

supported by the RV, and the flow of blood in the pulmonary

circulatory system was dependent on PDA. This may be the first

report of a case of fetal severe pulmonary valve stenosis with RV

dysfunction when the RV is appropriately dysplastic.

Anomalous RV morphology in cases of PA/IVS is often

irregular and singular, which raises the debate on how to assess

the severity of RV development. The most effective compromise

between sensitivity and specificity predicting a non-BV

management pathway are TV/mitral valve ratio ≤0.83,
pulmonary valve/aortic valve ratio ≤0.75, tricuspid inflow

duration/cardiac cycle length ≤36.5%, and RV/left ventricle

length ratio ≤0.64. If three out of four markers are present, this

predicts a non-BV outcome with a sensitivity of 100% and

specificity of 92% (it is 100% if the four requirements are met)

(4). Unfortunately, there are cases where fetal RV decompression

is performed, but the patients fail to achieve BV circulation, and

an even greater proportion of cases where multiple reoperations

are necessary after RV decompression.

Obstruction of the antegrade flow of the RV of PA/IVS causes a

high-pressure state in the RV cavity, which is often accompanied by

severe TR (5). With the amount of blood entering the RV cavity

before decompression being equal to the TV regurgitation

volume, TR may aid in guiding prenatal counseling regarding

postnatal outcome in PA/IVS (4). In addition, as TR is easily

identified by fetal color Doppler during routine obstetric

sonography, these patients might come to notice the practitioner

more often. Yu et al. diagnosed PA by an expected finding in

severe TR in the first trimester prenatal screening (6). Fetal
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studies have implied that the outcomes after decompression of

RV in infants with PA/IVS are associated with the degree of the

TR (7). The absence or presence of mild baseline TR is a

contributing factor to not reaching the desired BV circulation

outcome (8). Lacobelli et al. demonstrated that the absence of TR

in fetal PA/IVS correlated to single ventricle circulation

postnatally in addition to ventriculocoronary connections (9).

Abnormal coronary circulation was associated with severity of

TV and RV dysplasia in both fetal and neonatal patients with

PA/IVS. In cases of small RV cavity and severe dysplasia, a

higher pressure increases the probability of RV-to-coronary flow

with fistulous connections. Once the fistulous connections are

formed, the pressure in the RV cavity decreases and TR is

naturally reduced. Conversely, the absence of TR is highly

predictive of fistulous connections in fetuses affected by PA/IVS

and is even more reliable at predicting such connections than

direct visualization (10). However, in this case, although TR

decreased, the formation of a fistula did not occur, and the

structure of the RV was moderate. Therefore, the anatomy of this

case is difficult to explain due to the above reasons.

Two prototypes of PA/IVS have been presented: type I, which

is more frequent, has pulmonary valvular atresia, dysplasia of the

TV with the small annulus, sub-developed RV with hypoplastic

cavity and hypertrophy, atrial septal defect, and PDA; type II,

which is less common, is associated with more severe dysplasia

of the TV and enlargement of the RV, right atrium (RA), and

right atrioventricular junction, and a notable thinning of the RV

wall (11). Choi et al. described a case of fetal PA/IVS with

moderate RV dysplasia and enlarged RA. The heart exhibited a

dysplastic thickened TV with the leaflet directly attached to the

papillary muscle without chords. This is different from types I

and II, which is classified as a separate type (type III) (12).

Because the specimen is a fetal heart, the RV may not be given

adequate time to develop a hypertrophic wall, necessitating

further sample collection to ascertain the type III hypothesis.
4 Conclusion

PA/IVS is a heterogeneous disease with various degrees of RV

dysplasia. Mild or no baseline TR is a reliable indicator with non-

BV outcomes for fetuses with PA/IVS, even with the acceptable

dysplasia RV structures.
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