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Editorial on the Research Topic Pediatric and perinatal cardiology; insights, advances and updates


Pediatric and perinatal cardiology are rapidly evolving fields. Technological innovation, translational research, and an increasing understanding of cardiovascular disease throughout the lifespan have contributed to this evolution. From the initial diagnosis of fetal heart conditions to the long-term follow-up of children with complex heart diseases survivors, contemporary pediatric cardiology necessitates precision, multidisciplinary collaboration, and sustained longitudinal care. The research topic under consideration is entitled “Pediatric and Perinatal Cardiology: Insights, Advances, and Updates in Frontiers in Pediatrics is a collection of original research articles, reviews, and case reports that collectively reflect the journal's stated priorities and highlight emerging directions in clinical practice and scientific investigation.

Considering the significant role played by anomalous origins of coronary arteries in sudden death cases among athletes, it is crucial to emphasize the importance of diagnostic methodologies employed to identify coronary anomalies and evaluate myocardial perfusion. Notably, anomalous origins of the right coronary artery have been identified as a prominent contributing factor to sudden cardiac deaths in younger demographics of athletes. Cardiovascular magnetic resonance with dobutamine stress (DSCMR) is being increasingly utilized in the functional assessment of coronary arteries, however, there is limited data in the pediatric population regarding utilization of this tool. In this setting, Sachdeva et al. (1) conducted a study evaluating myocardial feature tracking during DSCMR in pediatric patients with coronary anomalies and demonstrated how global circumferential strain can objectively identify inducible ischemia and stress-related wall motion abnormalities, even in the presence of preserved systolic function. A particular emphasis is placed on the expanding significance of myocardial deformation imaging and progressive cross-sectional modalities in pediatric cohorts. This study integrates the practical application of myocardial deformation imaging with DSCMR imaging. In this manuscript, the authors demonstrate the feasibility of assessing myocardial deformity at rest and under stress, thereby reinforcing the concept that incipient myocardial dysfunction may precede evident clinical deterioration. The authors further posit that CMR and strain may serve as a useful tool in risk stratification in children with coronary artery anomalies (1).

Interventional strategies represent a further critical focus of this Research Topic. In a comparative analysis of right ventricular outflow tract stenting and modified Blalock-Taussig shunt as palliative therapy in children with cyanotic congenital heart disease, Prakoso et al. (2) demonstrated comparable rates of serious adverse cardiovascular outcomes between the two approaches. The present study lends support to the feasibility of catheter-based palliative care for relief of right ventricle outflow tract stenosis, whilst concomitantly emphasizing the importance of individualized decision-making. Such decision-making ought to be based on patient age, anatomy, institutional experience, and the availability of local resources. Arrhythmia management represents another area of significant progress reflected in this collection. In this scenario, percutaneous treatment of arrhythmias represents another area of significant progress reflected in this collection. In a study conducted in a single center, Chen et al. (3) reported that catheter ablation is a safe and effective treatment for pediatric atrial tachycardia, with therapeutic success in the short and long term, particularly in children with cardiomyopathy induced by atrial tachycardia. The findings support catheter ablation as a safe and effective therapeutic option for children with drug-resistant atrial arrhythmias and highlight the growing role of interventional electrophysiology in contemporary pediatric cardiology practice.

Precision medicine and genomics emerge as unifying concepts throughout this Research Topic. In a review of genotype-phenotype correlations in pediatric dilated cardiomyopathy, Dai et al. (4) highlighted the marked genetic heterogeneity and distinct clinical trajectories observed in children compared with adults, striking heterogeneity of clinical expression depending on the affected gene. This review demonstrated that the integration of genetic testing with detailed phenotypic characterization is a valuable tool for early diagnosis, refined prognosis, family screening, and individualized follow-up strategies, particularly for positive genotypes.

Inflammatory and systemic diseases with cardiovascular involvement are strongly represented in this Research Topic. Reviews and original studies on Kawasaki disease (KD) provide a comprehensive overview of diagnostic challenges, particularly in incomplete and early-onset presentations. Case series focusing on infants younger than three months underline the heightened risk of coronary artery abnormalities in this vulnerable population. The incomplete clinical presentation of KD in younger children poses an even greater diagnostic challenge (5). The manuscripts reaffirmed that prompt diagnosis, the importance of echocardiography for the evaluation of the coronary arteries, and early therapy with immunoglobulin and aspirin remain the basis for the prevention of long-term coronary complications (5, 6).

The cardiovascular impact of systemic inflammation has gained additional relevance in the post-COVID-19 era. The systematic review addressing multisystem inflammatory syndrome in children synthesizes current evidence on myocardial dysfunction, coronary involvement, and recovery trajectories. The demonstration of persistent subclinical abnormalities in deformation imaging, despite normalization of conventional echocardiographic parameters, raises important questions about long-term surveillance, physical activity counselling, and exercise recommendations in affected children (7). Acknowledging the findings, it is imperative to emphasize the necessity for prospective longitudinal studies to investigate the long-term cardiovascular impact of multisystem inflammatory syndrome in children.

Innovations in the spheres of digital health and artificial intelligence are also represented in this collection by Toba et al. (8). This study developed an artificial intelligence tool to detect abnormalities when analyzing pediatric electrocardiograms, demonstrating diagnostic performance comparable to conventional algorithms, with improved specificity for selected anomalies. As these technologies mature, it will become imperative to undertake rigorous validation procedures and to integrate them into clinical workflows in a judicious manner. This will ensure that these advances augment clinical expertise and promote equitable access to high-quality cardiovascular care (8).

The significance of fetal circulation in postnatal cardiovascular changes, particularly during the neonatal period, is emphasized by Krasic et (9). The authors described the diagnosis of ductus arteriosus thrombosis in a newborn with ductus arteriosus aneurysm (DAA). Thrombosis of the DAA is a well-documented complication, with the potential to result in vascular obstruction or thromboembolic events. This case highlights the importance of early detection and investigation in neonates with echocardiographic findings of intrauterine ductus arteriosus closure, stenosis, or DA closure in the first 12 h of life to prevent life-threatening complications. Collectively, the study reinforces the need for close collaboration among fetal medicine specialists, geneticists, and pediatric cardiologists.

The diagnosis of heart failure in pediatric patients is often challenging, given the possibility of overlapping symptoms with respiratory and/or infectious conditions in children with heart disease. Furthermore, Yin et al. (10) explored the use of biomarkers in the diagnosis of heart failure in children with congenital heart disease. In the present study, the authors conducted an evaluation of the clinical value of α-hydroxybutyrate dehydrogenase, cardiac troponin I, and B-type natriuretic peptide in the context of perioperative diagnosis of heart failure in children with congenital heart disease. The study concluded that the levels of these biomarkers are closely correlated with cardiac function, thereby demonstrating high diagnostic efficacy for heart failure.

In summary, the contributions gathered in ‘Pediatric and Perinatal Cardiology: Insight's, Advances, and Updates’, reflects a dynamic, multidisciplinary field that is increasingly focused on early detection and lifelong cardiovascular health. This Research Topic provided meaningful insights by integrating advances in diagnostic cardiovascular tools, cardiac percutaneous intervention, cardiogenetic, inflammation research, and artificial intelligence (Figure 1). These insights will inform clinical practice and inspire future research aimed at improving outcomes for children with cardiovascular disease worldwide.
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FIGURE 1
Pediatric and perinatal cardiology: insight's, advances, and updates in diagnostic cardiovascular tools, cardiac percutaneous intervention, cardiogenetic, inflammation research, and artificial intelligence.
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Background: Left ventricular (LV) wall motion assessment is an important adjunct in addition to perfusion defects in assessing ischemic changes. This study aims to investigate the feasibility and utility of performing feature tracking (FT) in pediatric patients with coronary anomalies undergoing dobutamine stress CMR to assess wall motion abnormalities (WMA) and perfusion defects.



Method: This is a retrospective study where 10 patients with an inducible first-pass perfusion (FPP) defect and 10 without were selected. Global LV circumferential strain/strain rate (GCS/GCSR) was measured at rest and at peak stress (systole and diastole) using a commercially available feature tracking software. Peak GCS and GCSR were compared to indexed wall motion score (WMSI) between groups with and without FPP defect and in subjects with and without WMA.



Results: The median age of patients was 13.5 years (Q1, 11 years; Q3, 15 years). Five subjects had qualitatively WMA at peak stress. A moderate correlation of GCS with WMSI at peak stress (0.48, p = 0.026) and a significant difference between GCS at rest and stress in patients with no inducible WMA (p = 0.007) were seen. No significant difference was noted in GCS between rest and stress in patients with WMA (p = 0.13). There was a larger absolute GCS/GCSR at peak stress in subjects with no inducible FPP defect or WMA.



Conclusion: Smaller absolute GCS and a lack of significant change in GCS at peak stress in those with inducible WMA or perfusion defect are suggestive of compromised LV deformation in subjects with inducible WMA. Given these findings, GCS derived from CMR-FT may be used to objectively assess WMA in pediatric patients undergoing stress CMR.
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coronary anomalies, stress cardiac MRI, strain imaging, dobutamine, wall motion abnormalities (WMA)
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Introduction

Coronary artery anomalies (CA) are an assorted group of congenital heart diseases with variable pathophysiology, clinical presentation, and implications. Of all the types, the anomalous aortic origin of a coronary artery (AAOCA) is identified as the one with the highest risk of sudden cardiac death (SCD) in young athletes (1, 2). The true prevalence of AAOCA in the general population remains unknown, as studies have focused primarily on symptomatic patients. The estimated frequency of anomalous aortic origin of the left coronary artery (AAOLCA) is 0.03%–0.15% while that of anomalous aortic origin of the right coronary artery (AAORCA) is 0.28%–0.92% (3). AAOCA is known to be the second leading cause of SCD in young athletes estimated to be responsible for 15%–20% of sudden deaths in this population (1, 2, 4, 5).

Cardiovascular magnetic resonance with dobutamine stress (DSCMR) is increasingly being utilized in the functional assessment of CA, including AAOCA and myocardial bridges (MB), given that it is non-invasive and utilizes no radiation (6) (Figures 1, 2). It not only provides volumetry data and ejection fraction but also identifies the presence of perfusion defects at rest and with pharmacological stress (6). It has been deemed safe and feasible in the pediatric population (6). The assessment for left ventricular (LV) wall motion abnormalities (WMA) is an important adjunct in assessing ischemic changes (7). It is conventionally performed by subjective visual examination, which is associated with considerable interobserver variability (8). The wall motion score index (WMSI) reflects the magnitude of myocardial damage and the total extent of WMA (8).


[image: Panel A shows a grayscale cardiac CT image with a thick black arrow indicating a coronary artery. Panel B is a three-dimensional reconstruction of cardiac anatomy with a black arrow pointing to the aorta. Panel C presents a cardiac MRI with two black arrows indicating areas of the myocardial wall.]
FIGURE 1
(A) Axial CTA image showing the anomalous aortic origin of the left coronary artery (L-AAOCA) (B) 3D reconstruction depicting the L-AAOCA. (C) Dobutamine stress cardiac MRI perfusion sequence showing a subendocardial perfusion defect in the anterior interventricular septum.



[image: Sagittal CT scan of the lower back showing the spinal column, vertebral bodies, and intervertebral discs, with a purple line indicating a measured distance of 15.0 millimeters between two anatomical points.]
FIGURE 2
CTA image showing a left anterior descending coronary artery myocardial bridge.


CMR myocardial feature tracking (CMR-FT) is utilized for circumferential and longitudinal myocardial mechanics (9, 10). This tool has been reported to be used in adults to predict functional recovery at rest in patients with coronary artery disease (11). Deformation imaging has the potential as a tool to detect early/subclinical changes in LV function in a variety of congenital and acquired heart diseases (12–15) and as a surrogate measure of outcome in therapeutic trials (16). However, there is limited data in the pediatric population particularly with AAOCA regarding utilization of this tool (14, 17, 18).

In this study, we evaluated the feasibility and utility of performing CMR-FT in pediatric patients undergoing stress CMR to assess WMA and perfusion defects in coronary anomaly patients as part of risk stratification for management decision-making.



Methods

Twenty patients with coronary anomalies who underwent a DSCMR as a part of their evaluation at the Coronary Artery Anomalies Program at Texas Children's Hospital were selected from our database and included in this study. Ten of these patients had an inducible first-pass perfusion (FPP) defect with dobutamine infusion and 10 did not. These two groups were matched for gender and type of anomaly.


DSCMR

All the studies were performed on a 1.5 T Magnetom Aera (Siemens Healthineers, Erlangen, Germany) scanner. Initially, cine imaging with SSFP sequences was performed in ventricular long-axis, four-chamber, and short-axis planes. Myocardial perfusion was then assessed at rest with 0.1 mmol/kg of gadolinium-based contrast agent (Gadavist, Bayer HealthCare Pharmaceuticals, ON, Canada). Late gadolinium enhancement (LGE) sequence in short-axis and four-chamber orientation was performed around 5 min after contrast administration to assess myocardial viability. Dobutamine was started at 10 μg/kg/min and increased every 4 min to a maximum of 40 μg/kg/min. Additional atropine 0.01 mg/kg was given intravenously if the target heart rate (HR) was not attained. A HR of at least 150 or a rate pressure product of (RPP = HR × systolic blood pressure) ≥ 20 × 103sbpm mmHg was used as a minimal target hemodynamic response (6, 19). Cine SSFP sequences in the short-axis (basal, mid, and apical slices) and four-chamber orientation were performed with breath-hold if possible at each dobutamine dose to assess for WMA. A repeat FPP sequence was performed with a second dose of gadolinium. We aimed for a temporal resolution of the cine sequences ≤40 msec/frame and spatial resolution of the FPP ≤2.2 × 2.2 mm. Our institutional imaging protocol is detailed in Figure 3.
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FIGURE 3
Institutional dobutamine stress cardiac MRI imaging protocol.




Indexed wall motion score

We assessed WMA using a four-point wall motion scoring system used to derive an indexed wall motion score (WMSI) according to the AHA 16-segment model (20, 21). Each segment was analyzed individually and scored based on its motion and systolic thickening. Each segment's function was confirmed in multiple views. Segments were scored as follows: normal or hyperkinesis = 1, hypokinesis = 2, akinesis = 3, and dyskinesis (or aneurysmatic) = 4 (22). WMSI was derived as the sum of all scores divided by the number of segments visualized into a single parameter (22). WMSI > 1 was taken as suggestive of wall motion abnormality (23).



CMR-FT

Global LV circumferential strain/strain rate (GCS/GCSR) was measured following automated LV endo- and epicardial tracking at rest and at peak stress (in systole and diastole) using feature tracking software on CVI42. Rest GCS and GCSR were measured from representative basal, mid, and apical slices from the short-axis stack and using a four-chamber sequence for reference points. Stress GCS and GCSR were measured from the SSFP short-axis and four-chamber wall motion sequence. Since only one slice in the four-chamber view is acquired for stress wall motion assessment, change in longitudinal strain/strain rate was not studied. Endocardial contours were manually drawn in all analyzed slices by one skilled observer (SS). A second observer (TD) reanalyzed the images to assess interobserver variability. Examples of strain assessment given by AHA segments and slices are shown in Figures 4, 5.


[image: Panel of four line graphs labeled A and B (two panels each) showing time-series data with multiple overlapping cyan lines plotted over a dark background; individual data points are highlighted with magenta dots. Each plot displays a downward curve pattern with varying depths and time axes marked above.]
FIGURE 4
Example of a patient with LAD myocardial bridge with homogenous contraction (by AHA segments top and by apical/mid/basal slice bottom) (A) at rest (B) and at peak stress.



[image: Four line graphs labeled A and B display individual and mean data series over time, with light blue and magenta lines and points showing variable trends and inflection points, overlaying dark axes grids for comparison.]
FIGURE 5
Example of a patient with LAD myocardial bridge with (A) homogenous contraction (by AHA segments top and by apical/mid/basal slice bottom) at rest (B) and heterogenous contraction (by AHA segments top and by apical/mid/basal slice bottom) at peak stress especially in the apical and basal slices.




Statistics

The variables were reported as mean and standard deviation or median and interquartile ranges as appropriate. A Student’s t-test or Wilcoxon rank-sum test was used to compare the continuous variables, and chi-squared or Fisher’s exact test was used to compare the categorical variables of different groups. The Wilcoxon signed-rank test was used for repeat measures of hemodynamic changes and strain changes. Peak GCS and GCSR were compared to WMSI and compared between the two groups with and without inducible FPP defect and in subjects with and without WMA.




Results


Patient population

The mean age of the cohort at the time of the study was 13 years (range, 7–17 years). The diagnoses in 10 patients with inducible FPP defect included four anomalous aortic origins of the right coronary artery (R-AAOCA), two anomalous aortic origins of the left coronary artery (L-AAOCA), and for MB. Additionally, the diagnoses in the 10 patients without an inducible FPP defect included eight R-AAOCA, one L-AAOCA, and one MB. The stress medication used was dobutamine in all the subjects. Five of the 10 patients with a positive inducible perfusion defect had reported WMA by WMSI. There was a statistically significant difference in age between those with/without inducible perfusion abnormalities (Table 1).


TABLE 1 Patient demographics.

[image: Table comparing parameters in patients with and without inducible perfusion defect, including median age, gender, coronary anomaly types, myocardial bridge prevalence, ventricular ejection fraction, intramural course, and ostium features. Median age shows a significant difference with p-value 0.012. Other parameters show no significant differences.]

The image quality was sufficient to perform strain analysis in all segments for all subjects. LV and RV volumes were within normal limits (Table 1). There was no evidence of LGE in any of the included patients. There were no side effects to dobutamine exposure. There was a significant (p < 0.05) increase in HR, mean blood pressure, and cardiac output between rest and stress in the two groups (Table 2).


TABLE 2 Hemodynamic parameters.

[image: Table comparing hemodynamic parameters at rest and during stress between groups with and without inducible perfusion defect; only resting heart rate shows a statistically significant difference with a p-value of 0.027.]



Interobserver variability

Intraclass correlation coefficient analyses were performed between two readers and six subjects. There was very good interobserver agreement (k = 0.85) including GCS calculated at rest and stress.



Assessment of strain

There was a moderate correlation of GCS with WMSI at peak stress (0.48, p = 0.026).

A significant difference was present between GCS at rest and stress in patients with no inducible WMA (p = 0.007) and also in GCS at rest and stress in patients with (p = 0.016) and without (p = 0.005) inducible FPP defect. However, the numerical change in value was higher in patients without inducible FPP defect.

A significant difference was again present when analyzing GCSR at rest and stress in patients with (p = 0.043) and without (p = 0.007) inducible WMA, and the numerical change in value was higher in patients without inducible WMA. In addition, a significant difference was demonstrated in GCSR at rest and stress in patients with (p = 0.005) and without (p = 0.005) inducible FPP defect; however, the numerical change in value was slightly higher in patients without inducible FPP defect (Table 3).


TABLE 3 Comparison of global GCS at rest and stress in patients with and without wall motion abnormality and with and without inducible perfusion defect.
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No significant difference was seen between GCS/GCSR at rest and stress in patients with or without WMA. However, the numerical value of GCS/GCSR with stress was higher in patients without WMA. No significant difference was also appreciated between GCS/GCSR at rest and stress in patients with or without inducible FPP defect. Nevertheless, the numerical value of GCS at stress was higher in patients without inducible FPP defect (Table 3).

When comparing the GCS and GCSR in patients with and without WMA, there was a significant difference only noted at the base (p = 0.043). However, the numerical value of GCS/GCSR was higher in patients without WMA (Table 4). Similar findings were noted in patients with and without an inducible FPP defect (Table 5).


TABLE 4 Comparison of global GCS and GCSR in patients with and without wall motion abnormality.

[image: Table compares medians and interquartile ranges for GCS and GCSR metrics at rest and stress between WMA+ and WMA− groups with corresponding p-values. No parameter shows significant differences. Total sample size is twenty.]


TABLE 5 Comparison of global GCS and GCSR in patients with and without inducible perfusion defect.

[image: Table comparing median values with interquartile ranges for GCS and GCSR measures at rest, stress, and percent change between induced hypoperfusion and no hypoperfusion groups, with corresponding p-values indicating no statistically significant differences.]

In addition to the altered numerical value of GCS, the pattern of contraction was altered as well. There was a more homogenous contraction noted at rest and stress in patients without WMA and a heterogenous pattern with altered GCS in affected segments/slices with stress in patients with inducible WMA (Figures 4, 5).




Discussion

To the best of our knowledge, this is one of the first studies to evaluate the use of CMR-FT in assessing for WMA in pediatric patients with AAOCA and comparing it in patients with and without perfusion defects [unlike the other recent study (17)]. We found that in subjects without WMA or inducible perfusion defect, there was a larger absolute GCS, along with a lack of significant change in the GCS at peak stress in subjects with inducible WMA, suggesting subtle compromised LV deformation in subjects with WMA and inducible perfusion defect. Importantly, we demonstrated that CMR-FT is feasible and reproducible even when the temporal resolution is limited by a fast HR in a DSCMR.

LV wall motion assessment is an important adjunct to perfusion imaging in assessing ischemic changes (7). The prognostic value of WMSI has been investigated in patients with acute STEMI and NSTEMI myocardial infarction as well as post-CABG, suggesting it provides incremental information in predicting infarct size and mortality (8, 21, 24, 25). However, there has been an incremental value to WMSI with strain/deformation imaging.

Myocardial deformation imaging has been shown to detect early contractile dysfunction in a number of cardiovascular diseases. This measures the degree of deformation of a myocardial segment from its initial length to its maximum length and is expressed as a percentage (10). Feature tracking technology is a post-processing method that can be applied to routinely acquired cine CMR images. It is based on identifying features in the image and tracking them in the successive images of the sequence (26). This way, the displacement of myocardial segments can be measured. Deformation imaging has the potential as a tool to detect early/subclinical changes in LV function in a variety of congenital and acquired heart diseases (12–15) and as a surrogate measure of outcome in therapeutic trials (16). This seems particularly desirable in patients with AAOCA where risk stratification of those patients at risk remains a challenge (27). Deformation imaging has previously been applied to dobutamine stress echocardiography, and it was shown to offer prognostic information that is independent and incremental to the standard WMSI (9). A study on healthy adult volunteers undergoing DSCMR assessed the feasibility of performing CMR-FT (11), but no studies have been performed on pediatric patients undergoing DSCMR and utilizing CMR-FT to assess for WMA and compare patients with and without perfusion abnormalities. Our study assesses CMR-FT in the pediatric population with coronary anomalies and compared abnormalities in strain in patients not only with and without WMA but also with and without perfusion defects.

In our study, we found that the performance of GCS and GCSR is feasible at rest and in stress wall motion sequences. Our study highlights some important features including the lack of significant change in the GCS and GCSR in patients who had WMA. The numerical value of GCS and GCSR was noted to be higher in patients without WMA. There was noted to be a significant difference in GCS between rest and stress in patients without WMA and the numerical values were lower at stress in patients who had WMA and perfusion defects. This suggests compromised deformation in patients with evidence of ischemia given by inducible perfusion defect and/or WMA. Our further interpretation is that this gives more objective evidence of altered deformation in patients with perfusion defect and WMA especially when these changes are subtle. Thus, in a patient with borderline perfusion abnormalities, if the strain is depressed, then that would be suggestive of a significant abnormality. This was also reflected in the alteration in the pattern of GCS throughout the cardiac cycle in patients with inducible WMA as shown in Figure 5. Additionally, a systematic review of literature in adult patients with coronary heart disease showed alterations in strain prior to systolic dysfunction (16). All patients in our cohort who have WMA with stress had normal systolic function at the time consistent with the prior finding.

This study is limited by the small, cross-sectional cohort size. The reproducibility of this method across post-processing vendors was not assessed in this study. A larger cohort and longer-term follow-up are needed to determine the difference in these findings across different coronary anomalies and the impact of these findings on clinical and functional status in children with coronary anomalies.



Conclusions

We conclude that a larger absolute GCS in subjects without WMA or inducible perfusion defect and the lack of significant change in the GCS at peak stress in subjects with inducible WMA are suggestive of compromised LV deformation in subjects with WMA and inducible perfusion defect. Given these findings, GCS derived from CMR-FT may be considered to objectively assess WMA in pediatric patients undergoing DS CMR, especially in patients with different coronary anomalies, and may contribute to risk stratification and clinical decision-making.
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This study examines research perspective in the clinical diagnosis, treatment, and prevention of cardiovascular complications in Kawasaki Disease (KD). Starting with an overview of the disease, it introduces KD's clinical manifestations, etiology, epidemiological features, and its impact on the cardiovascular system. Subsequently, the study discusses in detail the diagnostic methods, pathological mechanisms, and treatment strategies for KD, including foundational and emerging approaches such as high-dose intravenous immunoglobulin and aspirin therapy, biologic therapy, and corticosteroid pulse therapy. Additionally, it outlines strategies for preventing cardiovascular complications, including early risk assessment and long-term management. The study also explores the intersection of the COVID-19 pandemic with an increase in KD-like symptoms, emphasizing the need for further studies on the association between SARS-CoV-2 and KD. Lastly, it explores future research directions to enhance understanding of KD and improve patient outcomes and quality of life. This study provides valuable insights into the comprehensive treatment and management of KD and highlights avenues for future research.
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1 Introduction

Kawasaki Disease (KD) represents an acute, systemic vasculitis predominantly affecting children under five years of age (1, 2). Initially identified by Japanese physician Tomisaku Kawasaki in 1967, the disease is marked by inflammation of medium and small-sized arteries, with particular emphasis on the coronary arteries (3). Beyond impacting the cardiovascular system, KD manifests in the skin, mucous membranes, lymph nodes, and various other organs (1, 2). Its clinical presentation includes persistent fever, rash, conjunctival congestion, alterations in the lips and oral mucosa, changes in the extremities, and cervical lymph node enlargement (1, 2). Without timely intervention, approximately 25% of the afflicted children are at risk of developing critical cardiovascular complications, including coronary artery anomalies (such as dilation or aneurysms), potentially culminating in myocardial infarction, arrhythmias, or sudden death (4).

The etiology of KD remains elusive, although current consensus points towards an interplay between genetic predisposition and environmental triggers (4, 5). Epidemiologically, the disease exhibits a higher prevalence in Asian countries, notably Japan and South Korea, yet it maintains a global presence, impacting numerous families and children internationally (4, 5). Recent epidemiological trends have shown an increase in KD symptoms among children concurrent with the COVID-19 pandemic. Notably, research identified a significant outbreak of Kawasaki-like disease at the core of the SARS-CoV-2 epidemic in Italy (6). These findings suggest the association between SARS-CoV-2 infection and KD-like manifestations, highlighting the pandemic's impact on this vasculitis predominantly affecting young children.

Advancements in the clinical management of KD are of paramount public health significance (1). Prompt and effective interventions can markedly diminish the occurrence of cardiovascular complications and enhance the long-term outlook for the affected children (7). Historically, a regimen of high-dose intravenous immunoglobulin (IVIG) and aspirin has established itself as the cornerstone of KD management, effectively lowering the rate of coronary artery complications (1, 7). Nonetheless, an estimated 10%–20% of pediatric patients demonstrate resistance to initial IVIG therapy, positioning them at an elevated risk for cardiovascular sequelae (8). Consequently, the exploration of novel therapeutic avenues, including corticosteroids, biologic agents, and immunomodulators, has emerged as a focal area of contemporary research (9). Additionally, the evolving comprehension of KD pathophysiological underpinnings holds promise for the formulation of more individualized and targeted therapeutic strategies in the foreseeable future (10).



2 KD diagnosis

KD diagnosis relies predominantly on identifying specific clinical signs, as direct diagnostic laboratory tests are currently unavailable (1, 2). The American Heart Association and the Japanese KD Research Committee outline essential clinical criteria for KD diagnosis (1, 2). These criteria necessitate a persistent fever lasting more than five days, unalleviated by medical intervention, coupled with at least four out of the following five principal symptoms (1, 2, 11):

Bilateral Conjunctival Congestion: Noted for the absence of purulent discharge, indicating a non-infectious cause of the eye redness.

Oral and Pharyngeal Manifestations: These include cracked lips, a strawberry-like appearance of the tongue, or widespread inflammation across the throat area, signaling systemic inflammation.

Dermatological Rash: A rash of variable appearance, underlining the systemic nature of the disease.

Extremity Alterations: Characterized by swelling and peeling, indicative of peripheral inflammation.

Cervical Lymphadenopathy: Defined by lymph node enlargement of at least 1.5 cm in diameter, suggesting an immune response.

Acknowledgment is given to the occurrence of “Incomplete Kawasaki Disease,” where the full spectrum of symptoms may not be present, yet the risk of developing coronary artery anomalies remains (9).

To corroborate the clinical diagnosis, ancillary laboratory tests and imaging studies are employed to exclude differential diagnoses. Elevated white blood cell count, C-reactive protein (CRP), and erythrocyte sedimentation rate (ESR) serve as non-specific markers of systemic inflammation (12). Echocardiography remains paramount in detecting coronary artery irregularities.

Diagnostic capabilities have been significantly enhanced by recent advancements in imaging and molecular biology. Cardiac Magnetic Resonance Imaging and Positron Emission Tomography have demonstrated superior sensitivity and specificity for identifying cardiovascular anomalies over traditional methods. These techniques facilitate the prompt recognition and monitoring of coronary artery changes. Additionally, the exploration of serum biomarkers through molecular biology offers potential for refining KD diagnosis and prognostication. However, the practical application of these novel diagnostic tools still mandates further clinical validation to ascertain their effectiveness and cost-efficiency.

In essence, diagnosing KD is an intricate process that amalgamates clinical observation, laboratory findings, and advanced imaging techniques. Ongoing enhancements in diagnostic technology herald the possibility of more precise KD diagnosis in the future, contributing to earlier therapeutic intervention, minimization of complications, and an improved prognosis for afflicted children.



3 KD's pathological mechanism

The etiopathogenesis of KD remains partially elucidated, yet prevailing evidence suggests it results from an intricate interplay between dysregulated immune responses, genetic predispositions, and environmental influences (4, 13, 14). This multifaceted interaction precipitates systemic vasculitis, predominantly affecting the coronary arteries and medium to small-sized vessels.

The COVID-19 pandemic has highlighted the potential for viruses to act as environmental triggers for Kawasaki Disease (KD). The correlation between increased presentations of KD-like symptoms and SARS-CoV-2 infection during the pandemic has been supported by systematic analyses (15). These developments suggest that viral infections, particularly SARS-CoV-2, may initiate inflammatory responses in genetically susceptible populations, thereby contributing to KD pathogenesis.


3.1 Immune system dysregulation

KD is characterized by an aberrant activation of the immune system, signified by heightened autoimmune activity (16). Central to this immune dysregulation are T lymphocytes, macrophages, and endothelial cells, each playing pivotal roles in the disease's pathology. The aberrant activation of T cells and macrophages culminates in the excessive release of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6). These cytokines inflict direct damage on the vascular endothelium, instigating vasculitis. Concurrently, endothelial cell dysfunction augments vascular permeability, exacerbating the inflammatory milieu (17).



3.2 Genetic susceptibility

Genetic predisposition is a critical determinant in the susceptibility to KD (13). Investigations have identified specific genetic loci associated with an elevated risk of developing KD (13). Notably, polymorphisms within the HLA class genes, BLK (B lymphocyte kinase), and CD40 have been implicated in augmenting susceptibility to KD. These genetic variations presumably modulate immune regulatory pathways, particularly influencing the functional dynamics of T and B lymphocytes, thereby predisposing individuals to KD (18).



3.3 Environmental influences

The precise environmental triggers of KD remain speculative, though hypotheses include viral and bacterial infections, alongside exposure to specific chemicals or toxins. These environmental agents are theorized to initiate inflammatory cascades by engaging the immune system, especially in individuals with a genetic predisposition to KD (18).



3.4 Recent advances in understanding KD pathogenesis

Emerging research has yielded significant insights into KD's pathogenesis. For instance, studies exploring the gut microbiome have indicated a correlation between alterations in microbial diversity and KD onset, suggesting a potential role of gut flora in disease development. Furthermore, investigations into microRNAs (miRNAs) in KD patients have unveiled novel aspects of the disease's pathogenic mechanisms (19). These miRNAs are hypothesized to orchestrate inflammatory responses and vascular injury, offering new avenues for understanding KD's molecular underpinnings (19–21).

Recent literature has begun to explore the role of SARS-CoV-2 in modifying the pathogenesis of KD. These studies propose that the virus may influence KD's pathogenesis through its interaction with the host's immune system, potentially leading to KD-like symptoms (22, 23). This emerging evidence lends support to the hypothesis that environmental factors, including viral infections, play a crucial role in the development of KD.

In essence, the pathogenesis of KD involves a complex interplay of immune system dysregulation, genetic predispositions, and environmental triggers. Research highlights the role of aberrant immune activation, genetic factors, and environmental influences, including viral infections like SARS-CoV-2, in triggering inflammatory responses. Advances in understanding microbial diversity and miRNAs further illuminate KD's mechanisms, paving the way for innovative diagnostic and therapeutic strategies.




4 Treatment strategies for KD

The therapeutic approach to KD is strategically designed to mitigate the risk of coronary artery abnormalities, relieve symptomatic discomfort, and avert long-term sequelae (16, 24–38). An integrative regimen encompassing pharmacological interventions and supportive care forms the basis of treatment (Table 1) (16, 24–38).


TABLE 1 Treatments in children with KD of clinical trials.
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4.1 Foundational treatment modalities


4.1.1 High-dose IVIG

Administered at the onset of KD, high-dose IVIG constitutes the primary treatment modality, aiming to diminish the incidence of coronary artery complications (Table 1). The regimen involves a single intravenous dose of 2 grams per kilogram of body weight (27). Although the exact mechanistic action of IVIG remains partially undefined, it is postulated to attenuate the inflammatory response and modulate immune system activity (24–27).



4.1.2 Aspirin therapy

Aspirin therapy in KD encompasses a dual-phased approach: initially, a high dosage is employed for its anti-inflammatory properties during the acute phase, followed by a reduced dosage post-symptom resolution to leverage its antiplatelet effects, thus preventing thrombosis (28, 29).




4.2 Advancements in treatment strategies


4.2.1 Biologic therapy

Biologic agents, particularly anti-TNF-α therapies like infliximab, represent novel interventions for patients exhibiting resistance to IVIG (Table 1) (8, 16, 25, 30–32). These treatments have demonstrated potential in curbing inflammation and safeguarding against coronary artery damage (8, 16, 25, 30–32).



4.2.2 Corticosteroid pulse therapy

For IVIG-resistant cases, high-dose corticosteroid pulse therapy, exemplified by methylprednisolone pulse therapy, offers an alternative strategy (33, 34). This approach aims for rapid mitigation of the inflammatory response, thereby decreasing the risk of coronary artery anomalies.




4.3 Management of refractory KD

Patients unresponsive to standard IVIG and aspirin treatment necessitate tailored therapeutic strategies. Beyond biologic and corticosteroid pulse therapies, additional immunomodulatory agents, including methotrexate and cyclophosphamide, might be considered (31, 33). Essential to the management of refractory KD is meticulous cardiovascular monitoring and, when warranted, direct coronary artery intervention (31, 33, 35–38).

In conclusion, the therapeutic landscape for KD is evolving, with innovative treatments broadening the spectrum of options for challenging cases. Validation of the efficacy and safety of these emergent strategies through comprehensive studies remains imperative. Furthermore, crafting personalized treatment protocols for KD is vital, demanding modifications tailored to the individual patient's clinical presentation and treatment responsiveness (Table 1).




5 Strategies for preventing cardiovascular complications

Mitigating cardiovascular complications arising from KD is pivotal for the therapeutic regimen, given the potential for these complications to profoundly affect patient health over the long term (2). Such complications predominantly entail coronary artery dilation and aneurysms (10). Effective prevention hinges on the early detection and management of predisposing factors alongside the adoption of sustained management approaches (2, 10, 39).


5.1 Identifying and managing risk factors for cardiovascular complications


5.1.1 Risk factors

IVIG Treatment Non-Response: A lack of timely response to IVIG treatment markedly elevates the risk of coronary artery anomalies (1, 40, 41).

Elevated Inflammatory Markers: Persistently high levels of CRP and ESR are indicative of an increased complication risk (1).

Demographic Vulnerabilities: Male gender and infancy (notably, children under one year of age) are associated with heightened risk profiles (1, 40).

Prolonged Fever: An extended period of high fever during KD's progression signals a greater likelihood of coronary artery damage (41).



5.1.2 Early detection methods

Echocardiography: As a cornerstone diagnostic tool, echocardiography is essential for the initial identification, post-treatment evaluation, and ongoing monitoring of coronary artery irregularities (8, 9, 41).

Laboratory Monitoring: Assessing inflammatory marker levels, such as CRP and ESR, facilitates the evaluation of treatment efficacy and cardiovascular risk (8, 9).

Clinical Vigilance: Meticulous observation of symptom evolution is critical for the early recognition of emerging cardiovascular concerns (41).




5.2 Strategies for long-term management to prevent cardiovascular complications


5.2.1 Pharmacotherapy

Aspirin: Initiated at a high dosage for its anti-inflammatory capacity during the acute phase, followed by a maintenance low dose to exploit its antiplatelet properties, thereby thwarting thrombosis (2, 34, 42, 43).

Anticoagulation Therapy: In cases presenting coronary artery abnormalities, anticoagulants like warfarin are recommended to forestall thrombotic events (2).



5.2.2 Lifestyle modifications

Routine Medical Surveillance: Incorporating echocardiography and additional cardiovascular evaluations ensures continuous health status monitoring (2, 44, 45).

Nutritional Guidelines: Advocating for a diet low in fats and abundant in fruits and vegetables diminishes cardiovascular disease risk.

Guided Physical Activity: Encouraging exercise within safe limits, under professional advisement, aids in maintaining cardiovascular health without inducing undue strain (2, 45).

Tobacco Exposure Avoidance: Steering clear of active and passive smoking is crucial, given its established risk for cardiovascular ailments (2).

In essence, a multifaceted strategy that integrates risk assessment, vigilant monitoring, pharmacological interventions, and lifestyle modifications is imperative for the prevention of cardiovascular complications in KD patients. Implementing these measures effectively minimizes complication risks and fosters a more favorable long-term health prognosis.





6 Future research directions

KD challenges the medical community with its unknown etiology and complex pathogenesis, particularly impacting pediatric populations. The quest for advanced treatment modalities and preventive measures against cardiovascular complications necessitates a multi-faceted research approach to enhance patient prognosis and quality of life.


6.1 Existing challenges

Undefined Etiology: The elusive cause of KD hampers the development of precise therapeutic interventions (2, 3, 8).

Patient Response Variability: The diverse treatment responses, especially among IVIG-resistant KD cases, underscore the need for more adaptable and effective treatment regimens (8).

Cardiovascular Risk Assessment: Current diagnostic tools, such as echocardiography, require supplementation with more precise methodologies for the early detection and accurate prediction of coronary artery anomalies (2).



6.2 Proposed future research directions


6.2.1 Elucidating KD etiology

Etiological Investigations: Pursue research into potential infectious agents, examining the involvement of specific viruses or bacteria as triggers for KD (5, 46–48).

Genetic Studies: Investigate genetic predispositions to KD, aiming to identify relevant gene mutations and susceptibility loci, thereby illuminating genetic risk factors (46–48).



6.2.2 Advancing treatment options

Targeted Therapeutic Development: Innovate drug therapies aimed at modulating the immune response or directly targeting the vasculitic processes, informed by an enriched understanding of KD's molecular underpinnings (2, 49, 50).

Biologic and Small Molecule Interventions: Evaluate the efficacy of novel anti-inflammatory and immunomodulatory agents, including targeted cytokine inhibitors and T-cell modulation strategies (2, 50).

Regenerative Medicine Applications: Assess the therapeutic potential of stem cell therapy and tissue engineering techniques in the restoration of cardiovascular integrity following KD-induced damage (49, 50).



6.2.3 Preventive measures and long-term management

Risk Stratification and Early Intervention Tools: Develop and validate clinical and molecular biomarker-based risk assessment models to facilitate timely intervention and tailor treatment approaches to individual KD patient profiles (5, 51).

Lifestyle Modification Studies: Examine the influence of dietary and physical activity modifications on the prevention of KD-associated cardiovascular complications, aiming to establish evidence-based lifestyle recommendations (51).

In essence, advancing our comprehension of KD and improving patient outcomes necessitates a comprehensive research strategy encompassing basic science investigations, clinical trial innovations, and public health initiatives. Through concerted efforts across these domains, there is potential to significantly enhance the therapeutic landscape for KD, reducing the burden of complications and elevating the long-term well-being of affected individuals.





7 Summary

KD, characterized by systemic vasculitis primarily affecting children, lacks a clear etiology. Despite this, significant strides have been made in its diagnosis, treatment, and prevention of cardiovascular complications. Traditional therapies, such as high-dose IVIG and aspirin, effectively mitigate coronary artery abnormalities and improve short-term prognosis. Novel therapies, like biologic agents and corticosteroid pulse therapy, provide alternative options for IVIG-resistant KD cases. These advancements broaden the treatment spectrum and offer hope for better outcomes in challenging cases. Research into KD's pathogenesis reveals contributions from immune dysregulation, genetic susceptibility, and environmental factors. This understanding lays the groundwork for developing innovative diagnostic tools and treatment approaches.

The intersection of the COVID-19 pandemic and an increase in KD-like symptoms presents new challenges for research into KD's etiology and management. The association between SARS-CoV-2 and KD emphasizes the need for further studies to elucidate the mechanisms by which viral infections may precipitate or exacerbate this condition. This study not only advances our understanding of KD management but also highlights the imperative for ongoing investigations into the associations between infectious diseases and systemic vasculitides.

Despite therapeutic advancements, challenges persist in preventing and managing cardiovascular complications associated with KD. Addressing these challenges requires ongoing research efforts aimed at elucidating complex pathogenic mechanisms and developing personalized treatment strategies. Future research endeavors should focus on unraveling the intricate mechanisms underlying KD, refining treatment modalities, and tailoring interventions to individual patient needs. Through a comprehensive approach encompassing basic research, clinical trials, and patient management, the outlook for KD treatment can be significantly enhanced, leading to improved patient outcomes.
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Background: Right ventricular outflow tract (RVOT) stenting as an alternative palliation for patients with stenotic RVOTs is increasingly recognized. However, a notable gap remains in the literature regarding the efficacy and the comparative outcomes between RVOT stenting and the modified Blalock-Taussig shunt (mBTS) in children older than one year.



Methods: We conducted a retrospective review of clinical data from patients aged one year to 18 years with stenotic RVOTs who underwent RVOT stenting or mBTS procedures at our institution between December 2019 and October 2022. We compared major adverse cardiovascular events (MACE) including re-hospitalization, re-intervention, and mortality, hospital and ICU length of stay, and discharge oxygen saturation between the groups.



Results: We identified 58 patients (51.7% male) with a median age of 2.6 years (IQR: 2–8.1) and a median weight of 9.7 kg (IQR: 7.5–17.5). Among them, 18 (31%) patients received RVOT stenting, and 40 (68.9%) patients had mBTS. The median age for the RVOT stenting group was 92.5 months (IQR: 31.2–152) compared to 26.5 months (IQR: 23.0–54.0) for the mBTS group (p = 0.218). MACEs occurred in 4 (22.2%) patients with RVOT stents and 8 (20%) patients with mBTS (p = 0.624). Patients with mBTS had a longer ICU stay (median 3.5 days, IQR, 2–5) compared to those with RVOT stents (median 2 days, IQR: 1–2) (p = 0.295). Conversely, the hospital stay for patients with mBTS was shorter (median 10 days, IQR, 7.5–13.7) than for those with RVOT stents (median 11.5 days, IQR, 7–19) (p = 0.045). The median discharge oxygen saturation was 87% (IQR: 83–88) in the mBTS group and 80% (IQR: 75–87) in the RVOT stenting group (p = 0.212).



Conclusions: RVOT stenting as palliation to stenotic RVOTs in children older than one year demonstrated outcomes comparable to mBTS in terms of MACE and achieving oxygen saturation targets.
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1 Introduction

Stenotic right ventricular outflow tract (RVOT) lesions with ventricular shunts are the most common form of cyanotic congenital heart disease (1). When definitive surgical repair is not feasible, palliative interventions become essential. The modified Blalock-Taussig shunt (mBTS) is often employed to increase pulmonary blood flow (2). However, previous research has reported high rates of morbidity and mortality, as well as variations in the growth and development of pulmonary arteries associated with the mBTS (3, 4). An emerging palliative approach involves non-surgical interventions, such as ductal stenting and RVOT stenting (3, 5, 6). While some studies have demonstrated positive clinical outcomes with RVOT stenting compared to the mBTS, there is limited research specifically examining the role of RVOT stenting in late presenters, particularly those older than one year (7, 8). Some literature suggests that RVOT stenting not only yields favorable outcomes in older children as a bridging therapy but also serves as a rescue procedure for patients at high surgical risk (8). This study, therefore, aims to compare the initial outcomes of RVOT stenting vs. mBTS in patients aged one to eighteen years with RVOT obstruction and ventricular shunts.



2 Methods


2.1 Study design and population

We conducted a retrospective review of clinical data for all pediatric patients aged one to 18 years with RVOT obstruction and a ventricular shunt who underwent palliative RVOT stenting or mBTS at our institution between December 2019 and October 2022. Ethical approval was granted by the Institutional Review Board of the National Cardiovascular Center Harapan Kita (No. LB.02.01/VII/035/KEP035/2022). The study included patients with congenital heart lesions such as Tetralogy of Fallot (TOF), double outlet right ventricle (DORV) with ventricular septal defect (VSD), and pulmonary stenosis (PS) with VSD. Patients who had undergone single-stage complete repair for TOF or who had single-ventricle physiology (e.g., tricuspid atresia, VSD) were excluded. An anomalous coronary artery course was not considered a contraindication for either RVOT stenting or mBTS. The need for palliative treatment was determined by institutionally recognized risk factors that precluded definitive repair surgery, such as low weight, small pulmonary arteries, and other significant comorbidities. The decision to perform RVOT stenting was primarily influenced by severe comorbidities that posed a high risk for mBTS. Key indications for RVOT stenting included: (1) profound desaturation (typically below 40%–50%), (2) low ejection fraction (LVEF < 40%), (3) high risk associated with performing an mBTS, and (4) high risk for total repair despite adequate pulmonary artery size. All procedures were performed without cardiopulmonary bypass, either electively or emergently, based on clinical judgment.

Patient characteristics before palliation, including age, gender, nutritional status, diagnosis, oxygen saturation, type and average size of the stent or shunt, type of operation, left ventricular ejection fraction (LVEF), and McGoon ratio, were recorded. Intra-procedural and post-procedural data, such as oxygen saturation and complications (e.g., bleeding, stent or shunt failure, sudden cardiac arrest), were also documented. Follow-up assessments were conducted, with all data retrieved from electronic medical records (EMR).



2.2 Study outcome

The primary outcomes focused on major adverse cardiac events (MACE), including rehospitalization and re-intervention. Secondary outcomes included discharge oxygen saturation, length of stay (LOS) in the intensive care unit (ICU), and total hospital LOS.



2.3 Statistical analyses

Categorical data were presented as frequencies (n) and percentages (%). Numerical data were expressed as median and interquartile range (IQR). Chi-square or Fisher's exact tests were used to compare categorical data, while independent Mann-Whitney tests were employed for numerical data analysis. Spearman correlation coefficients were used to evaluate associations between different outcomes. Statistical analyses were performed using the Statistical Package for Social Science (SPSS) version 26.0, with significance set at p < 0.05.




3 Results


3.1 Patient demographics

We identified 58 patients (51.7% male) with a median age of 2.6 years and a median weight of 9.7 kg between December 2019 and October 2022. Of these, 18 patients (31%) received RVOT stenting, while 40 patients (68.9%) had mBTS. Patients in the RVOT stenting group were older, with a median age of 92.5 months compared to 26.5 months for the mBTS group (p = 0.218).

Table 1 shows the baseline characteristics of the groups. There were no significant differences in age, gender, body weight, or nutritional status. Tetralogy of Fallot was the most common diagnosis in both groups. Emergency procedures were more frequent in the RVOT stent group (77.8%) compared to the mBTS group (32.5%). The pre-procedural McGoon ratio was slightly higher in the RVOT stent group (p = 0.745). The median stent size was 9 mm, while the median shunt size was smaller at 4 mm (p = 0.874).


TABLE 1 Patient demographics and clinical characteristics underwent RVOT stent implantation and mBTS procedure.

[image: Table comparing baseline characteristics between RVOT stent and mBTS groups, including sex, age, body weight, nutritional and procedural status, diagnosis, ejection fraction, oxygen saturation, McGoon ratio, device diameter and length, operation type, and stent types, with associated P values.]



3.2 Procedural complications

Several complications occurred during and after the procedures (see Table 2). In the RVOT stenting group, one stent dislodged (5.6%) and required surgical intervention. One patient (11.1%) had cardiac arrest during balloon dilatation, but this was resolved. In the mBTS group, bleeding was controlled during surgery without postoperative issues. Overall, complication rates during the procedures did not differ significantly (p = 0.075).


TABLE 2 Procedural complications of RVOT stent and mBTS during and post-procedure.

[image: Data table comparing procedural and post-procedural complications between right ventricular outflow tract stent (N equals 18) and modified Blalock–Taussig shunt (N equals 40), with percentages and p-values shown for bleeding, stent failure, sudden cardiac arrest, and infection.]

During hospitalization, one patient (5.6%) in the RVOT stenting group experienced restenosis, while shunt failure occurred in 10% of patients in the mBTS group, requiring re-intervention. Bleeding complications were more frequent in the mBTS group, with 5% requiring clot evacuation. Infection rates were higher in the mBTS group at 22.5% (p = 0.593). Major adverse cardiovascular event (MACE) probability was higher in the mBTS group compared to the RVOT stent group (p = 0.704).



3.3 Clinical outcomes

The primary clinical outcome, which included rehospitalization (p = 0.512), re-intervention (p = 0.174), and mortality (p = 0.869), did not differ significantly between the groups (see Table 3). Major adverse cardiac events (MACEs) were slightly higher in the RVOT stenting group, occurring in 22.2% of patients, compared to 20% in the mBTS group (p = 0.624). Rehospitalization due to desaturation occurred in 5.6% of patients in the RVOT stent group. Re-intervention rates were 11.1% in the RVOT stent group and 15% in the mBTS group (p = 0.174). Mortality was observed in one patient (5.6%) in the RVOT stent group due to infection and in two patients (5.0%) in the mBTS group due to shunt thrombosis and low cardiac output, all during hospitalization.


TABLE 3 Clinical outcome of RVOT stent implantation and mBTS.

[image: Table comparing clinical outcomes and follow-up data for two groups, RVOT stent (eighteen patients) and mBTS (forty patients), across variables such as major cardiac events, mortality, oxygen saturation, hospitalization, ICU stay, repair rates, time to repair, and follow-up duration, with corresponding P values.]

The hospital stay was longer in the RVOT stenting group, with a median of 11.5 days compared to 10 days in the mBTS group (p < 0.05). The median ICU stay for the RVOT stenting group was 2 days, compared to 3.5 days for the mBTS group (p = 0.295). Median discharge oxygen saturation was 80% in the RVOT stenting group and 87% in the mBTS group (p = 0.212). Total repair was performed in 50% of the RVOT stent group and 37.5% of the mBTS group. The duration from palliation to total repair was 3 months in the RVOT stent group and 4 months in the mBTS group, with no statistically significant difference between the two (p = 0.289).




4 Discussions


4.1 Late presenters’ characteristics

Our study population predominantly comprised late presenters (7–9), a stark contrast to previous studies that focused on younger age groups (10–12). This discrepancy is primarily due to diagnostic and management limitations, as well as a shortage of pediatric cardiologists and cardiac surgeons. Most of our patients were diagnosed with Tetralogy of Fallot (TOF), and their older age at presentation mirrors findings from studies in regions with limited healthcare access. In Indonesia, 86.2% of patients with cyanotic congenital heart disease (CHD) were diagnosed late, with TOF being the most common diagnosis (13). Late presenters often exhibit hypertrophy of the infundibulum, making implanted stents more prone to fracture (7–9).



4.2 RVOT stenting advantages

RVOT stenting offers several advantages for patients with Tetralogy of Fallot (TOF), particularly those who present late (7–9). In our study, RVOT stenting was not associated with a significant increase in major adverse cardiac events (MACE), with rates similar to those observed in the mBTS group. A key benefit of RVOT stenting was the shorter length of stay in both the ICU and hospital overall. Patients in the RVOT stent group had a significantly shorter median ICU stay, and total hospital stays were also reduced compared to those in the mBTS group. Additionally, discharge oxygen saturation levels were adequate in the RVOT stent group, indicating that the procedure effectively improved pulmonary blood flow without negatively affecting clinical outcomes (10–12).

These findings align with previous studies, such as those by Abumehdi et al. (14) and Quandt et al. (5), which reported similar reductions in ICU length of stay following RVOT stenting. Abumehdi et al. (14) reported a median ICU stay of 2 days, while Quandt et al. (5) found a median stay of 0 days, with only 22% of RVOT stent patients requiring post-procedural ICU admission. RVOT stent implantation directly channels blood flow from the right ventricle into the pulmonary circulation, improving oxygenation without compromising aortic diastolic perfusion pressure. This contributes to enhanced hemodynamic stability, leading to shorter ICU stays and overall reduced hospitalization times (10–12).



4.3 RVOT stenting technical difficulties

While RVOT stenting offers several advantages, it also presents significant technical challenges (15). In our study, complications such as stent dislodgement and cardiac arrest during balloon dilation were observed, highlighting the critical need for technical proficiency and meticulous procedural planning. Although mortality rates were comparable between the RVOT stenting and mBTS groups, the RVOT stent patients were often in more severe preoperative conditions, which may have contributed to postoperative complications and mortality. Importantly, however, no deaths in our cohort were directly attributable to the RVOT stenting procedure.

Currently, no stents are specifically designed or approved for use in pediatric patients (16). Nevertheless, stent implantation has emerged as a viable short-term solution for infants and small children with native or post-surgical branch pulmonary artery stenosis. Despite this, certain challenges persist due to the small vessel size, limited vascular access, and the ongoing growth of pediatric patients, which can result in restenosis at the stent site. Intimal hyperplasia is a common complication following stent placement (16).

An ideal stent for pediatric use would need to be crimped onto small balloons, have a low-profile delivery system, offer sufficient radial strength, resist intimal hyperplasia, and have the capacity to be expanded to adult dimensions while maintaining structural integrity. Haddad et al. (2023) demonstrated the safe implantation and efficacy of 3 Optimus-L stents (AndraTec, Koblenz, Germany) using a low-profile approach in small patients (16).

In our study, the presence of an anomalous coronary artery course was not considered a contraindication to RVOT stenting, despite the inherent risks. A key limitation of the procedure is the close proximity of coronary branches to the anticipated landing zone of the pulmonary valve, which raises concerns about coronary compression due to the radial force exerted by the balloon-expandable stent. This risk is particularly significant for patients with the left anterior descending (LAD) artery originating from the right aortic sinus, as the LAD crosses near the RVOT (17). However, Hanser et al. (17) (2022) assessed outcomes of RVOT stenting in TOF patients with anomalous coronary courses, finding no mortality in their cohort despite the presence of these anomalies. Out of 122 TOF patients, 10 had coronary anomalies, with 6 requiring reintervention and 1 undergoing early surgical palliation due to suboptimal stent placement. Their findings indicate that RVOT stenting remains a safe and effective option in such cases (17).



4.4 Expected outcomes

According to Martins et al. (18), the ideal timing for definitive corrective surgery during the first year of life is typically between 3 and 6 months for asymptomatic or mildly symptomatic children. However, our study population differs significantly in terms of age, with many patients presenting late (7–9). For patients who receive RVOT stents, the long-term management strategy often involves a staged approach to definitive repair, with the timing guided by the size of the pulmonary arteries, typically assessed using a McGoon ratio of 1.5 or higher. In some instances, mBTS or RVOT stenting may still be performed even when the McGoon ratio exceeds 1.5 to ensure sufficient pulmonary artery development. Patients with RVOT stents usually remain clinically stable until they are ready for total repair (19, 20). Our findings further support RVOT stenting as a safe and effective bridge to definitive surgical correction in late-presenting TOF patients, facilitating better planning for surgery once the patient is in a more favorable clinical condition. The limited number of completed repairs can be attributed to patients feeling clinically improved and thus declining further procedures. This issue is exacerbated by the complex and lengthy queuing system within the healthcare framework, leading to extended wait times at national referral centers. Despite these challenges, we strive to maintain follow-up through clinic visits and direct communication with patients.




5 Limitations

This investigation relied on retrospective data sourced from registries or medical records, necessitating meticulous attention to the accuracy and comprehensiveness of the records. Patient selection was consecutive, with individuals not randomized into intervention groups but rather chosen based on clinical and surgical risk evaluations. Notably, the sample size within the RVOT stent group remains constrained.



6 Conclusions

RVOT stenting as a palliation to stenotic RVOTs in children showed comparable outcomes to mBTS in terms of MACE and achievement of oxygen saturation targets in patients older than one year.
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Purpose: Atrial tachycardia is an uncommon supraventricular tachycardia in children. It is often drug-resistant and likely to occur concomitantly with tachycardia-induced cardiomyopathy, making radiofrequency catheter ablation the preferred treatment. The aim of this study was to assess the feasibility, safety, and effectiveness of radiofrequency catheter ablation for the treatment of different types of atrial tachycardia in children, particularly in those with drug-resistant and tachycardia-induced cardiomyopathy.



Methods: A total of 28 children with atrial tachycardia (including focal atrial tachycardia and atrial flutter) who underwent atrial radiofrequency ablation at the Children's Hospital Affiliated to Chongqing Medical University from May 2018 to December 2023 were included. The baseline characteristics, preoperative medication, surgical information, and postoperative follow-up data of these children were analyzed statistically.



Results: The mean age patients at ablation was 10.24 ± 3.40 years. A total of 78.6% of the patients (22/28) who received preoperative pharmacological treatment had intermittent or persistent atrial tachycardia. Of the 28 children who underwent radiofrequency ablation, 24 (85.7%) were diagnosed with focal atrial tachycardia, three (10.7%) with atrial flutter, and one (3.6%) with both. No postoperative complications occurred in any patient. The immediate ablation success rate in the 25 patients with focal atrial tachycardia was 96.0% (24/25). After 26.89 ± 18.17 months of follow-up, only three patients had recurrence. The ablation difficulty of focal atrial tachycardia originating in the appendage was higher than that originating in the non-atrial appendage (44.4% vs. 6.3%, p = 0.01). The success rate of ablation for atrial flutter was 100%, except in one child with underlying cardiomyopathy who experienced recurrence. Final success was achieved in 25 of the 28 patients (89.2%) at the end of the follow-up period. In addition, eight children (28.6%) in this study were diagnosed with tachycardia-induced cardiomyopathy, with significantly increased ejection fraction and shortening rate after radiofrequency ablation (p < 0.01), whereas the left ventricular end-systolic diameter were not significantly reduced during the follow-up period (p > 0.05).



Conclusion: Radiofrequency catheter ablation is safe and effective for the treatment of atrial tachycardia in children in the short- and long-term.It can be used as the first treatment option for children with medically refractory atrial tachycardia and tachycardia-induced cardiomyopathy.
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1 Introduction

Atrial tachycardia (AT) is uncommon in children, accounting for approximately 10%–15% of all supraventricular tachycardias (SVTs) (1). According to current studies, while ATs in most infants can spontaneously resolve or be medically controlled, ATs in children older than three years are often more refractory and tend to be drug-resistant (2, 3). In addition, due to their insidious onset and limited capacity for expression, approximately 28%–30% of children with ATs will finally develop tachycardia-induced cardiomyopathy (TIC) (4, 5). In terms of treatment, radiofrequency catheter ablation (RFCA) has become the first-line treatment for SVTs in older children (age ≥3 years, weight ≥15 kg), and recent studies have shown that the application of three-dimensional mapping systems provides more assurance of the effectiveness of RFCA whilst reducing the risk of radiation exposure (6, 7). However, reports on the use of RFCA for pediatric patients with AT remain limited.

This study included children with focal atrial tachycardia (FAT) and atrial flutter (AFL) who underwent RFCA at a single center. We collected and analyzed their baseline characteristics, pre-procedure medication history, ablation information, and post-procedure follow-up data to investigate the effectiveness and safety of RFCA for pediatric AT, especially for those who are drug-resistant and have TIC.



2 Methods


2.1 Study population

This single-center retrospective study evaluated 28 children who underwent RFCA for FAT and AFL using a three-dimensional mapping system Carto3 (Biosense Webster Inc., Diamond Bar, CA, USA) at the Children's Hospital of Chongqing Medical University between May 2018 and December 2023. Children who underwent ablation for the first and second time were evaluated separately to avoid bias. The study was approved by the Clinical Ethics Committee of Children's Hospital of Chongqing Medical University, and informed consent was obtained from the guardians of all children.

The diagnoses of FAT and AFL were confirmed by at least two electrophysiologists based on the presence of electrocardiography (ECG), Holter, or electrophysiological examination results consistent with the diagnostic criteria (8, 9). TIC was defined by: (1) uncontrolled AT; (2) left ventricular dysfunction, including a left ventricular ejection fraction (LVEF) <50% and a short-axis shortening rate (FS) <28%, with or without dilation of the heart chambers; (3) improvement in left ventricular systolic function (LVEF ≥55% and FS ≥28%) after control of AT (4, 5). Drug refraction was defined as the presence of incessant or frequent episodes of AT after at least 1 month of standardized use of antiarrhythmic drugs (AADs) or AT relapse after successful drug control.

The inclusion criteria were: (1) 3–18 years of age; (2) AT confirmed by 12-lead surface ECG, Holter test, or intracardiac electrophysiological examination; (3) uncontrolled AT prior to RFCA. The exclusion criteria were: (1) no spontaneous or inducible AT observed during RFCA; (2) presence of other diseases that significantly affect cardiac structure or function, such as severe cardiac disease and other systemic diseases.



2.2 Electrophysiological examination and RFCA

AADs were discontinued for at least five half-lives. The Carto3 system (Biosense Webster Inc.) was used in all patients who underwent cardiac electrophysiology examination and RFCA according to standard operating procedures (6), and coronary venography was routinely performed to clarify whether the coronary veins were abnormal. For the left-sided foci, an atrial septal puncture into the left atrium was performed through the patent foramen ovale or under radiographic guidance. Appropriate bilateral femoral vein sheaths were selected according to the age and weight of each patient, through which a decapolar electrode, His electrode, and quadripolar electrodes were placed into the coronary sinus, right atrium, and right ventricle to simultaneously obtain surface and endocardial electrocardiograms.

Electrophysiological examinations were also performed. Through the right femoral vein vascular sheath, the diagnostic/ablation steerable catheter was gently moved up into the right atrium using anteroposterior and lateral views, and the anatomical structures of the superior vena cava, right atrium, and tricuspid annulus were constructed. His signals were marked on the right atrium, and atrial excitation was marked during tachycardia episodes to clarify the sequence of atrial excitation and determine the mechanism of tachycardia onset. If adequate atrial activity was not spontaneously present at the beginning of the procedure, standard atrial and ventricular pacing maneuvers were performed to induce AT and to exclude the possibility of other supraventricular tachycardias, and isoprenaline was used to stimulate atrial ectopy when necessary. There were also some cases in our practice in which AT was not induced. AT in children mostly occurs because of an abnormal, nonsinus, atrial focus with enhanced automaticity. According to previous studies (10, 11), the automaticity has been proven to be suppressed by anesthesia strategy, depth of anesthesia, and anesthetic agents occasionally, leading to a negative electrophysiological study for approximately 20% of ATs. In our study, we would terminate our ablation to avoid further injury when we found the inducibility of AT impossible during RFCA.


2.2.1 Focal atrial tachycardia

Point-by-point high-density mapping was performed in the areas with early activation. The locations of the potential targets were identified by measuring the activation time, which was at least 30 ms ahead of the onset of the stable P wave. Additionally, a pure negative deflection (QS pattern) on a unipolar atrial electrogram was also detected. Color-coded three-dimensional mapping was used for identifying potential target sites. The selection of pressure or non-pressure sensing ablation catheter was based on the property of the ectopic foci, with radiofrequency energy delivered at a target temperature of 40℃ and a power of 25–35 W for a maximum of 60 s with a preset saline flow of 17 ml/min. The entire process was conducted under continuous temperature and impedance-monitoring conditions. If the tachycardia did not terminate within 10 s, the target point was re-mapped. After termination of tachycardia, multipoint ablation was performed around the target point. The patients were observed for 30 min after ablation. Finally, the endpoint of ablation was achieved when no tachycardia occurred after repetitive standard atrial and ventricular pacing maneuvers and the use of isoprenaline. If tachycardia recurred, the mapping and ablation procedures were repeated (12).



2.2.2 Atrial flutter

RFCA for AFL was performed according to the standard protocols to delineate the tachycardia circuit and identify the slow conduction zone. Concealed entrainment from the tricuspid isthmus was performed to confirm or exclude the cavotricuspid isthmus (CTI) as the protected slow conduction zone. A point with a post-pacing interval minus a tachycardia cycle circumference of less than 30 ms was considered part of the refractory circuit. For CTI-dependent AFL, linear ablation was performed in the CTI at 30–35 W with power-controlled mode, and the temperature and saline irrigation speed was set at 40°C and 17 ml/min respectively for a maximum of 60 s per lesion until tachycardia was terminated and a bidirectional conduction block (≥130 ms) from the tricuspid annulus to the inferior vena cava was established. In patients without CTI-dependent AFL, radiofrequency energy was delivered to the protected and narrowest part of the slow-conduction zone, including the myocardial scar and tricuspid annulus, inferior vena cava, or superior vena cava. The ablation was terminated when a complete bidirectional block along these lines was achieved. The post-ablation study was performed 30 min later. In accordance with the standard protocols, successful ablation was determined after confirmation of flutter termination and persistent bidirectional block as assessed by pacing maneuvers (9, 13).




2.3 Complications and follow-up

Complications were defined as events directly related to RFCA that required further intervention, prolonged hospitalization, and/or could negatively affect long-term follow-up, and these included type II and/or III AV block, perforation, pericardial effusion, thrombus formation, damage to the phrenic nerve, stroke, and cardiac arrest (12).

All children underwent transthoracic and 12-lead ECG examination 1–2 days after RFCA, and Holter monitoring was reviewed if the results were suspicious. The same examinations were repeated at the follow-up visits at 1, 3, 6, and 12 months after the procedure, and then every 6 to 12 months after that. When children were not followed-up at scheduled intervals, guardians were contacted via telephone determine whether any related complications or recurrences had occurred. During follow-up, recurrence was defined as the reappearance of documented AT on ECG or Holter examination after successful ablation.



2.4 Statistical analyses

Continuous data of normal distribution are expressed as mean ± standard deviation (SD). Categorical data are expressed as quantities (percentages). Baseline comparisons of numerical variables were performed using an unpaired Student's t-test, while multiple groups of data were compared using one-way analysis of variance (ANOVA). Categorical variables are presented as counts (percentages) and were analyzed using Fisher's exact test. Statistical significance was set at p < 0.05. Statistical analyses were performed using the SPSS software (version 27.0; SPSS, Inc., Chicago, IL, USA).




3 Results


3.1 Patient characteristics

The baseline patient characteristics are shown in Table 1. The study included 28 children (12 male and 16 female; mean weight 34.98 ± 14.94 kg). The mean age at diagnosis was 8.94 ± 3.66 years, and the mean age at the time of procedure was 10.24 ± 3.40 years. Among the ATs diagnosed, 85.7% (24/28) were FAT, 10.7% (3/28) were AFL, and 3.6% (1/28) were a combination of FAT and AFL. All children presented with various clinical symptoms before consultation, mostly left ventricular systolic dysfunction (palpitations and chest tightness, 78.6%), with or without heart failure symptoms (fatigue and reduced activity tolerance, 53.6%). Another 10 children (35.7%) had other symptoms such as dizziness, headache, nausea, and vomiting. Through pre-procedure examinations, most patients (20 cases, 71.4%) were diagnosed by ECG alone, incessant tachycardia was monitored in 13 patients (46.4%), and TIC was diagnosed in eight patients at the initial diagnosis (28.6%). No severe underlying cardiac pathology was observed, and simple congenital heart disease was present in three patients (10.7%). The history of myocarditis, cardiac manipulation (surgical procedures and radiofrequency ablations), and severe events are described below.


TABLE 1 Baseline characteristics.

[image: Data table showing clinical characteristics of 28 patients, including demographics, symptoms, diagnostic methods, atrial tachycardia subtypes, past history, and key percentages for each variable. Abbreviations and notes are provided below the table.]



3.2 Use of AADs

Except for four children at initial diagnosis and two who refused medical treatment, the remaining 22 children (78.6%) received single or combined AADs for at least 1 month before RFCA. After at least 1 month of drug treatment, only partial atrial control was achieved in 10 patients (35.7%). Moreover, two of eight patients with TICs (25.0%) had improved left heart systolic function after medical therapy, and the RFCA was performed for tachycardia that were still present.



3.3 Radiofrequency catheter ablation


3.3.1 Focal atrial tachycardia

Twenty-five patients with clinically-documented FAT were included in this study, 24 of whom were diagnosed preoperatively and one who was diagnosed during electrophysiological examination. Spontaneous tachycardia was present in 11 of the 25 patients (44.0%) in the electrophysiological study, while tachycardia was induced by stimulation in the remaining patients. The distribution of atrial foci identified by three-dimensional mapping is shown in Figure 1. The atrial appendage accounted for the largest proportion (20.0% in the right appendage and 16.0% in the left appendage), while other locations included the right atrial wall (free and posterior walls) (12.0%), mitral annulus (12.0%), pulmonary veins (12.0%), crista terminalis (8.0%), coronary sinus (8.0%), and interatrial septum (8.0%).


[image: Diagram of a human heart cross-section labeled with anatomical regions and corresponding percentage values, including right atrial appendage at 20 percent, left atrial appendage at 16 percent, and mitral valve at 12 percent.]
FIGURE 1
Distribution of atrial foci. CS, coronary sinus ostium; CT, crista terminalis; FO, foramen ovale; IAS, interatrial septum; IVC, inferior caval vein; LA, left atrium; LAA, left atrial appendage; MV, mitral valve; PV, pulmonary veins; RA-SVC, junction of right atrium and superior caval vein; RAA, right atrial appendage; RAW, right atrial wall; SVC, superior caval vein; TV, tricuspid valve.


The patients with FAT were divided into an atrial appendage tachycardia (AAT) group (n = 9, 36.0%) and a non-AAT group (n = 16, 64.0%), as shown in Table 2. No difference was observed between the two groups in terms of sex composition, percentage of early FAT onset (age of onset <7 years) or the number of patients with incessant AT (66.7% vs. 31.3%, p = 0.115). According to procedural information, there was no significant difference in the percentage of foci of both atria between the two groups (55.6% vs. 56.3%, p = 1.000) or procedure time (235.00 ± 96.70 min vs. 246.88 ± 64.98 min, p = 0.716). During the procedure, except for one child in the AAT group who experienced failed ablation, the acute success rates between the two groups were not significantly different (88.9% vs. 100%; p = 0.120). However, over a mean follow-up of 24.44 ± 19.98 and 23.19 ± 11.50 months, respectively in the AAT and non-AAT groups, three children with AAT experienced recurrences within 3 months after the procedure. These failed operations and relapse cases suggest that the operations were obviously more difficult in patients with AAT than in those without AAT (44.4% vs. 0%, p = 0.01).


TABLE 2 Comparison of AAT and non-AAT (N = 25).

[image: Comparison table displaying clinical characteristics between AAT (n = 9) and non-AAT (n = 16) patient groups, including sex, onset age, procedure time, acute success, follow-up, failed operations, and associated p values.]

Two patients with relapse underwent successful secondary radiofrequency ablation without recurrence during the 4-month and 24-month follow-up, resepectively. Two other cases of failed ablation and recurrence showed infrequent FAT episodes without any clinical manifestations or hemodynamic changes; therefore, they were treated with AADs based on comprehensive consideration by electrophysiologists and guardians. These two patients responded well to postoperative pharmacological treatment. A reduction in arrhythmia burden and improvement in TIC was observed with the use of sotalol in one patient, and rhythm and heart rate were controlled satisfactorily with combined use of metoprolol with propafenone in the other patient.



3.3.2 Atrial flutter

A total of four patients (two male and two female; mean age at diagnosis 11.90 ± 1.66 years) with AFL were included. Among them, one patient had a history of cardiac surgery, one had a history of fulminant myocarditis and patent foramen ovale, and the other was diagnosed with cardiomyopathy during follow-up. RFCA was performed during the first visit in half of the patients, and the other two patients received medical treatment for 3 and 24 months, respectively. AFL was incessant in three patients, one of whom had coexisting TIC. Four patients with AFL were included in this study, and all of them were found to have CTI-dependent AFL on electrophysiological examination, including one who had an AFL circuit formed around the right atrial surgical incision. The mean procedure time was 153.75 ± 68.11 min, and all procedures were successful. During a follow-up of more than 2 years, only the patient with a combination of FAT and AFL experienced recurrence, accompanied by an abnormal enlargement of the right ventricle and the presence of paroxysmal ventricular tachycardia despite regular treated with AADs. Eventually, the child was diagnosed with arrhythmogenic cardiomyopathy, which may be highly correlated with recurrence (14) (Relevant ECG and MRI results shown in the Figures 2, 3).


[image: Four electrocardiogram strips labeled a, b, c, and d are arranged in a two-by-two grid. Each strip displays multiple leads on grid paper, with varying wave patterns and amplitudes between the different panels.]
FIGURE 2
ECG results of the ARCM patient. ECG results: (a) moments before the procedure (AFL), (b) immediately after RFCA (1 day postoperatively, sinus tachycardia) (c) 1 year after RFCA (recurrence of AFL), (d) at the recent follow-up of the study (persistent ventricular tachycardia).



[image: Two black and white medical scan images displayed side by side; each shows a cross-sectional MRI view of the chest region, highlighting the heart and surrounding structures with varying contrast and detail.]
FIGURE 3
MRI results of the ARCM patient. MRI examination was performed 1 year after RFCA, at the time the recurrence of atrial flutter was detected in this child. At the same time, there was also an abnormal enlargement of the right ventricle and the presence of paroxysmal ventricular tachycardia. The result showed that the right atrium and right ventricle were significantly enlarged, the right ventricular wall was thinned, no exact abnormal fat signal was seen, and the right ventricular trabeculae were increased and thickened.





3.4 Complications and postoperative follow-up

Acute results and follow-up of ablation (including the first and second ablations) were collected from all patients. No significant complications were observed in any patient. Moreover, an immediate procedural success rate of 96.7% (29/30) and a final success rate of 89.2% (25/28) were achieved during long-term follow-up.

TIC was observed in eight patients (28.6%) at the initial visit. Analysis was performed on the cardiac ultrasound results of these patients at the time of TIC diagnosis, before the procedure, 1–2 days after RFCA, 1–3 months after RFCA, and at the final follow-up of the study (Figure 4 and Table 3). The results showed a significant improvement in the left heart systolic function after treatment (Figures 4A,B; F(EF) = 7.385, F(FS) = 7.065, p < 0.01). A significant increase in left ventricular systolic function was observed in these patients (p < 0.01), but no significant decrease in left ventricular end-systolic diameter (LVDd) was observed (p > 0.05). In detail, all patients received at least 1 month of treatment with AADs over an average period of 23.63 ± 21.17 months before ablation with unsatisfactory efficacy. In contrast, RFCA was a more efficacious treatment for significant EF and FS improvements. Except for two patients, one who showed improvement in TIC with AAD treatment only and one who was not followed up regularly, cardiac function returned to normal level at 3.80 ± 2.77 months after RFCA in the remaining patients (five of eight). Further improvements in cardiac function were observed during the postoperative follow-ups, with more prominent results between the preoperative period and the last follow-up (p < 0.001). However, no significant improvement in LVDd was observed during the course of treatment in these patients, despite a numerical decrease [Figure 4C; F(LVDd) = 0.527, p > 0.05].


[image: Bar graph with three panels labeled A, B, and C. Panel A shows ejection fraction (EF), panel B shows fractional shortening (FS), and panel C shows left ventricular diastolic dimension (LVDd), each for groups a to e. Panels A and B show statistically significant increases from a to e, with asterisks denoting significance levels. Panel C shows no significant differences among groups. Error bars represent standard deviation.]
FIGURE 4
Cardiac ultrasound findings in TIC patients. Indicators of left heart function: (A) Ejection fraction (EF); (B) Fraction shorting (FS); (C) Left ventricular diastole diameter (LVDd). (a–e) represent the results of cardiac ultrasound at the time of diagnosis of TIC (8, 100%), moments before procedure (8, 100%), immediate moments after RFCA (1–2 days postoperatively) (8, 100%), short-term moments after RFCA (1–3 months post-procedure) (6, 75.0%), and final follow-up of the study (>3 months post-procedure) (6, 75.0%) respectively. ****: p < 0.001; **: p < 0.01; *: p < 0.05; ns, no significance.



TABLE 3 Cardiac ultrasound findings in patients with TIC.

[image: Table showing cardiac ultrasound results with columns a to e representing different time points. EF (%) and FS (%) increase over time, with F values 7.385 and 7.065 and p values less than 0.01, indicating statistical significance. LVDd (mm) values remain similar, F value 0.527, p value 0.72, indicating no significant change.]




4 Discussion


4.1 Drug refractoriness of ATs

AT, which accounts for approximately 10%–15% of all SVTs, are relatively uncommon in children (1), and medical therapy is often used as the first choice of treatment for these patients. According to the JCS/JHRS guideline recommendations and the findings of relatively long-term studies (3, 13, 15–17), class Ic and class II AADs are recommended as the first choice for pediatric FAT, either alone or in combination. Class III drugs are only recommended for patients with poor ventricular function for short-term use or as second-line drugs because of their serious side effects. Medicines for AFL should be carefully selected on an individual basis. Considering that children are in a period of growth with heterogeneous sensitivity to drug therapy, ATs are generally drug-resistant and difficult to control with medical therapy alone. According to available studies (2, 3), while AT resolves spontaneously or can be easily controlled by medication in most children under 3 years of age, the spontaneous remission rate of those who have an onset after the age of 3 years is less than 20%, and they are more inclined to be drug refractory. In this study, 22 patients (78.6%) received standardized AAD therapy for at least 1 month, but existing AT remained in all patients before the procedure, supporting the view that ATs are often medically refractory. Thus, RFCA has irreplaceable advantages as a better treatment option for this group of children (6). In recent studies, three-dimensional mapping systems have further decreased fluoroscopy exposure during RFCA for AT substrates, resulting in higher success rates (approximately 80%–96%) and lower recurrence rates (0%–16%), as well as better identification and ablation of structurally-complex structures and isthmuses of AFL (12, 18–22).



4.2 RFCA treatment of AT

FAT accounts for the largest percentage of ATs in children. Unlike in adults, ectopic pacemaker cells in the atrial appendage that do not degenerate completely tend to be the origin of spontaneous FAT, other than the damaged atrial myocardium, in children (especially those aged <7 years) (23). The Pediatric Radiofrequency Catheter Ablation Registry of the Society of Pediatric Electrophysiology reported a lower RFCA success rate for treatment of FAT compared to that of other SVTs, whereas ablation of AATs had the lowest ablation success rate and the highest recurrence rate within 6 months after the procedure (24). Due to the complicated morphology, high mobility, relatively low blood flow, and thin wall, the duration of RFCA for AATs tends to be longer. These characteristics make RFCA for AATs more challenging for cardiac electrophysiologists (20). In our study, FAT originating in the atrial appendage accounted for the largest proportion (32%) of cases, and acute success was achieved in 24 of 25 patients (96.0%). During follow-ups, all recurrent cases appeared within 1–3 months after the procedure, and the difficulty of the ablation procedure for AAT was significantly higher than that of non-AAT cases (p = 0.01). These results are consistent with the conclusions of previous studies. Percutaneous pericardial ablation has been selected as an alternative treatment for cases of failure and recurrence following RFCA. Recently, atrial appendectomy has also been shown to be indicated in such cases. In a retrospective study (25), 71.4% (10/14) of AATs refractory to RFCA were eliminated after an atrial appendectomy. However, these treatments are more invasive and prone to postoperative complications; therefore, they are only recommended after poor RFCA outcomes.

AFL is a rare type of atrial arrhythmia in children, characterized by rapid and regular atrial activity (240–500 beats per minute) that occurs in the presence of atrial macroreentrant circuits within the atrial wall. As in adults, AFL in children is classified into typical (CTI-dependent) and atypical forms (26). AFL without congenital heart disease occurs predominantly in neonates and is uncommon in children or adolescents, except in those with congenital heart defects or a history of atrial surgery (27). According to previous studies, AFL is generally more difficult to control with drugs, but it is easier to achieve a permanent cure with ablation.

Owing to its high success rate and low risk of post-procedural complications, RFCA is recommended as the first-line therapy for children with AFL. Among these patients, the central obstacles of the circuit include CTI (mostly), scar tissues, suture lines, or patches, resulting in a slow conduction zone in the atrium (13, 26). In simple congenital heart defects, the circuit is formed either by the CTI or along the inferior lateral free wall of the right atrium; however, after cardiac surgery, free-wall incision scar-dependent AFL is more common. Moreover, improved outcomes can be achieved after ablating postoperative atrial incisional scars and the potential isthmus for scar-dependent AFL together (21). Four patients with AFL were included in this study, and all of them were found to have CTI-dependent AFL on electrophysiological examination, including one who had an AFL circuit formed around the right atrial surgical incision. One patient had a history of cardiac surgery, another had a history of fulminant myocarditis combined with an unclosed patent foramen ovale. A postoperative diagnosis of arrhythmogenic cardiomyopathy was made after RFCA as mentioned above. Their history was consistent with the opinion that most children with AFL have underlying cardiac pathologies (14).

RFCA is difficult to perform in children because of the narrow vessels. Similarly, procedures such as AAT ablation and perforation of the interatrial septum carry the risk of cardiac perforation and compression, and coronary artery manipulations may expose the coronary sinus to perforation or stenosis. The potential complications of RFCA for pediatric ATs are varied (12); however, they are relatively rare under strict and delicate procedural control, and range from 3% to 8% depending on the age of the patient. Common complications include 2° and/or 3° AV block, perforation, pericardial effusion, thrombosis, phrenic nerve injury, stroke, and cardiac arrest (1). In this retrospective study, no significant complications were observed. Acute success was achieved in 96.4% of the patients (27/28), and the overall success rate of RFCA was 89.3% (25/28) after long-term postoperative follow-up, which is similar to the rate reported in a large retrospective study conducted by Krause et al. (20), further confirming the safety and effectiveness of RFCA for treating pediatric AT.



4.3 Treatment and outcomes of TIC

TIC is a reversible cardiomyopathy caused by tachycardia and characterized by left ventricular remodeling and its dysfunction, which further increases the tachycardia burden and the difficulty of treatment (4, 5). According to previous studies, owing to its insidious onset and limited expression, children with underlying AT are more likely to develop TIC, placing them at higher risk of serious cardiac events and even sudden death (28). Approximately 28%–30% of children with ATs develop TIC weeks to years after the onset of AT, especially if it is incessant (29, 30). All patients with TIC in this study received pharmacological treatment at the time of diagnosis, and 75% (6/8) did not respond well to treatment. In contrast, improvements in cardiac function were seen within 1–2 days after ATs were eliminated by RFCA, and further recovery was observed during follow-up. These outcomes suggest that the cardiac function of children with TIC is reversible after the elimination of ectopic foci using RFCA. Although decreases were observed in the LVDd, there were no statistically significant differences before and after all treatments. Although dilation was not remarkable in these patients, this may suggest that the myocardial effects of TIC were profound and long-lasting. Recent studies have reported similar findings, including differences in cardiac structure and function among patients with TIC induced by ATs, with cardiomyocytes continuing to show systolic dysfunction and diffuse fibrosis after successful ablations (31, 32). In other words, diastolic dysfunction, ventricular dilatation, and histopathological abnormalities may persist despite the normalization of LVEF after RFCA. Therefore, early recognition of TIC is critical to avoid ventricular dysfunction and can reverse cardiac dysfunction with associated morbidity and healthcare burden, as well as improve the quality of life and long-term prognosis of patients. RFCA should be administered early as an effective permanent treatment (28).




5 Study limitations

This retrospective study was a single-center study with a limited number of included cases owing to the rare prevalence of AT. In addition, not all types of ATs were included in this study; therefore, multi-center studies with larger sample sizes and inclusion of different types of AT are required to determine whether RFCA is safe and effective for all types of ATs. Determining the appropriate timing of radiofrequency ablation therapy is a great challenge, especially for children who are drug-refractory and have coexisting TIC; therefore, a better understanding of the pathogenesis and pathophysiological changes associated with AT and TIC is essential.



6 Conclusion

This study demonstrates that RFCA is safe and effective for the treatment of different types of pediatric AT (including FAT and AFL), even during long-term follow-up. Patients who do not respond well to medication and have coexisting TIC should undergo RFCA earlier in the course of treatment. Future studies should focus on how to diagnose these patients early and treat them promptly.
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Dilated cardiomyopathy (DCM) in children is a severe myocardial disease characterized by enlargement of the left ventricle or both ventricles with impaired contractile function. DCM can cause adverse consequences such as heart failure, sudden death, thromboembolism, and arrhythmias. This article reviews the latest advances in genotype and phenotype research in pediatric DCM. With the development of gene sequencing technologies, considerable progress has been made in genetic research on DCM. Research has shown that DCM exhibits notable genetic heterogeneity, with over 100 DCM-related genes identified to date, primarily involving functions such as calcium handling, the cytoskeleton, and ion channels. As human genomic variations are linked to phenotypes, DCM phenotypes are influenced by numerous genetic variations across the entire genome. Children with DCM display high genetic heterogeneity and are characterized by early onset, rapid disease progression, and poor prognosis. The genetic architecture of pediatric DCM markedly differs from that of adult DCM, necessitating analyses through clinical phenotyping, familial cosegregation studies, and functional validation. Clarifying the genotype-phenotype relationship can improve diagnostic accuracy, enhance prognosis, and guide follow-up treatment for genotype-positive and phenotype-negative patients identified through genetic testing, providing new insights for precision medicine. Future research should further explore novel pathogenic genes and mutations and strengthen genotype-phenotype correlation analyses to facilitate precise diagnosis and treatment of DCM in children.

KEYWORDS
children, dilated cardiomyopathy, genetics, inherited cardiomyopathy, genotype-phenotype correlation






Introduction

Dilated cardiomyopathy (DCM) in children is a myocardial disease characterized by enlargement of the left ventricle or both ventricles, accompanied by systolic dysfunction (1). DCM is one of the most common causes of heart failure in children, accounting for approximately 30%–50% of cases (2). Pediatric DCM progresses rapidly and has a poor prognosis, with a 5-year survival rate of only 50%–60% and with most deaths resulting from progressive heart failure and its complications (3). The etiology of pediatric DCM is diverse and includes genetic, infectious, metabolic, toxic, and idiopathic causes. Approximately 30%–50% of pediatric patients with DCM have pathogenic gene mutations, primarily involving genes encoding sarcomere proteins, ion channels, Z-disc proteins, and nuclear envelope proteins (4). Currently, according to the Human Gene Mutation Database and Online Mendelian Inheritance in Man database,over 100 genes have been identified to be associated with monogenic hereditary DCM among the pathogenic genes in hereditary/familial DCM. These include TTN, LMNA, DSP, PLN, FLNC, RBM20, SCN5A, MYH7, MYBPC3, and others (5, 6). However, after in-depth data analysis, the associations of some of these genes with DCM were not supported. In recent years, with advancements in research on additional genes and genotype-phenotype correlations, phenotypic overlap and dynamic changes in DCM phenotypes have been discovered. Genetic heterogeneity makes it challenging to accurately classify DCM and guide clinical decision-making, thus posing challenges for traditional DCM diagnostic methods (7, 8). There are both similarities and significant differences between DCM and hypertrophic CM (HCM). There is notable phenotypic overlap between arrhythmogenic CM (ACM) and DCM, with specific genes such as LMNA, SCN5A, FLNC, RBM20, PLN, DSP, and DES potentially causing ACM (9). Clarifying genotype-phenotype relationships can enable rapid and precise interpretation of candidate variants in pediatric DCM and greater understanding of its specific variant spectrum, which is crucial for guiding clinical treatment strategies and developing new therapeutic approaches (10). Although understanding of the genotypes and phenotypes of pediatric DCM continues to deepen, several issues remain unresolved. This article reviews the latest advances in genotype and phenotype research in pediatric DCM and discusses future research directions with the aim of providing new insights for precision medicine in pediatric DCM.
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FIGURE 1
The genetic architecture of pediatric DCM.
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FIGURE 2
The genotype and phenotype of pediatric DCM.



TABLE 1 Genotype and related phenotype in pediatric dilated cardiomyopathy.
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Genetic architecture of pediatric DCM

When comparing the genetic composition of DCM in children and adults, although the guidelines recommend genetic testing, there are significant differences in actual clinical practice (Figure 1). In DCM, the presence of variants of uncertain significance (VUS) alone [odds ratio [OR] 4.0, 95% confidence interval [CI] 1.9–8.3] and in combination with pathogenic variants (OR 5.2, 95% CI: 1.7–15.9) is associated with major adverse cardiac events (11). Studies have shown that children with cardiomyopathy have a higher incidence of neuromuscular diseases, congenital metabolic defects, mitochondrial diseases, and malformation syndromes (12). However, due to the lack of large-scale clinical studies, understanding of the genetic composition of pediatric DCM is limited, and the existence of child-specific DCM pathogenic genes cannot be ruled out. Pediatric DCM exhibits high genetic heterogeneity with a higher number of rare variants, most of which are VUS. This necessitates analyses using clinical phenotyping, familial cosegregation studies, and functional validation (13). A Finnish single-center study conducted a 20-year follow-up of 66 children with DCM and found that 39% of the cases had at least one disease-related gene mutation. These diseases included metabolic disorders, sarcomere-related diseases, and various other syndromes. The predominant mutations were missense variants (91.5%) and loss-of-function mutations (5.4%). This Finnish single-center study reported that NRAP is a new cause of severe DCM and other atypical clinical phenotypes in children. PPA2 deficiency involving sudden death may lead to DCM, and junctophilin-2 variants may cause recessive DCM with childhood onset (12).

Mutations in the sarcomere-related genes (TTN, MYH7, and MYBPC3) are common in DCM. Studies have found that approximately 10%–13% of patients aged 2–18 years have TTN variants. In DCM cohorts, mutations in genes such as BAG3, CRYAB, and DES can be observed, with some children showing evidence of skeletal muscle involvement (13, 14). These data indicate genotype-phenotype correlations, emphasizing the importance of genotype-directed therapy in pediatric DCM. However, Canadian literature suggests that the incidence of TTN-truncating variants (TTNtv) is higher in adult DCM patients than in pediatric DCM patients. Compared to adults, pediatric DCM patients have a lower variant burden of channelopathy genes (15).

In a North American multi-center study, genomic testing was conducted on 279 pediatric and adolescent patients with DCM (<18 years old) from 14 medical institutions in the United States and Canada. In this pediatric DCM cohort, no pathogenic/likely pathogenic gene had a frequency exceeding 4%. The frequencies of pathogenic/likely pathogenic variants of MYH7, MYBPC3, TNNT2, and RBM20 were similar to those in adult DCM. However, the frequencies of variants in TTN and LMNA were lower than those in adult patients with DCM (13).

A retrospective analysis was conducted on 299 pediatric patients with DCM (aged < 18 years) who received treatment at the Children's Hospital of Chicago in the United States between 2007 and 2016. The study found that the genetic architecture differed from that of adults; 37% of pediatric patients with DCM had pathogenic/likely pathogenic gene mutations in sarcomere-related genes. Mutations in LMNA, RBM20, and PLN, which are common in adult DCM, were found to have a lower frequency in pediatric DCM. Additionally, the study emphasized the age-dependent risk associated with TTNtv), which were associated with a later age of onset (average age at initial diagnosis: 9.7 years). TTNtv carriers had a poor prognosis, 60% of patients carrying TTNtv ultimately die or undergo heart transplantation (14).



Genotype insights in relation to pediatric DCM

Pediatric DCM is characterized by enlargement of the left or both ventricles and reduced contractile function (16). TTN is located on chromosome 2q31 and contains 364 exons. Extensive mRNA splicing can produce various titin isoforms, with N2B and N2BA being the main cardiac-related isoforms (17). TTN encodes titin, which is the largest protein in the muscles and is crucial for the structure and function of cardiomyocytes (18). TTN mutations have the highest detection rate in pediatric patients with DCM and are an important genetic factor in pediatric DCM (19). TTN-related DCM usually follows an autosomal-dominant inheritance pattern; however, complex inheritance patterns also exist (20), with TTNtv being the most common (21). TTNtv mutations occur predominantly in the A-band region, with smaller proportions occurring in the I-band, Z-disc, and M-line regions. Children with TTNtv mutations in the A-band or M-line regions have a poor prognosis (17). DCM caused by TTN mutations exhibits significant phenotypic variability. Even within the same family, there are considerable differences in disease severity and age of onset (22). In adult patients with DCM, TTNtv are not uniformly distributed but rather cluster in the A-band region (p = 3.4 × 10−4p = 3.4 × 10−4) (p = 3.5 × 10−3−3p = 3.5 × 10−3). However, this clustering is not observed in pediatric patients (15).

MYH7 encodes the myosin protein, which consists of 1,935 amino acids. Myosin is primarily expressed in myocardium and type 1 skeletal muscle fibers and is a important component of the human ventricular system. It plays a crucial role in supplying energy to cardiomyocytes and in maintaining intracellular and extracellular Ca2+ concentrations (23). MYH7 mutations can impair myocardial contractile function, resulting in DCM (24). In pediatric patients, pathogenic variants in the MYH7 gene are not evenly distributed but mainly cluster in the myosin head and neck regions (Kolmogorov–Smirnov goodness of fit test: p = 8.4 × 10−4, p = 8.4 × 10−4). In adults, variants are primarily concentrated in the myosin head and neck regions, but also appear in the tail region, similar to the reference population (15).

MYBPC3 encodes myosin-binding protein C and is the second most common pathogenic gene in DCM after MYH7. It plays a crucial role in maintaining myocardial sarcomere structure and regulating myocardial contraction (25). Mutations in MYBPC3 can lead to the abnormal binding of protein C, resulting in myocardial contraction and relaxation dysfunction (26). TNNT2 and TNNI3 encode troponins T and I, respectively. These genes encode key proteins involved in myocardial contractions. Mutations in these genes typically lead to impaired myocardial contractile function, thereby causing DCM (27, 28). TPM1 encodes the cardiac-specific α-chain of tropomyosin. Mutations in this gene affect the assembly and function of myofilaments, leading to decreased myocardial contractility (29). Variants in MYBPC3 cluster mainly in the C5, C7, and C10 regions, with no significant differences between children and adults (15).

LMNA is located on chromosome 1q21.1–21.3, and contains 12 exons. It encodes type A nuclear lamins, primarily lamins A/C. Vertebrate nuclear lamins include A and B forms. Human lamin A/C produces three type A isoforms through alternative splicing (30, 31). Mutations in LMNA can lead to various cardiac diseases, including DCM, arrhythmias, and conduction system diseases (32). LMNA-related DCM typically has an earlier age of onset, faster disease progression, and poorer prognosis. DCM caused by LMNA mutations is often accompanied by arrhythmias and conduction system abnormalities, which increase the risk of sudden death in patients (33). Currently, the treatment for LMNA-related DCM includes standard heart failure therapy and implantable cardioverter-defibrillator (ICD) implantation to prevent sudden death. LMNA is the only gene in the current guidelines with a Class I recommendation for ICD implantation (34).

FLNC encodes the actin-binding protein filamin C, which plays important structural and signaling roles in muscle cells (35). Mutations in FLNC can lead to abnormal myofilament structures and muscle cell dysfunction, resulting in cardiomyopathy (36). Studies have shown that FLNC mutations are significantly associated with pediatric DCM. Compared to the average clinical course of DCM, FLNC-related DCM is more malignant and characterized by a high risk of ventricular arrhythmias, myocardial fibrosis, and sudden cardiac death. The average age of onset is 39.7 ± 14.5 years, and FLNC-related DCM is more commonly found in adults (37). However, a pediatric study discovered biallelic FLNC variants in a family with previously unreported pediatric DCM. Biallelic FLNC variants can lead to congenital DCM (38). Understanding the role of FLNC may provide new insights for the development of targeted therapeutic strategies (39).

SCN5A encodes the α-subunit of the cardiac sodium channel, which plays a crucial role in determining the action potential of cardiomyocytes (40). Mutations in the SCN5A gene have been confirmed to be associated with DCM. These mutations can lead to abnormal sodium channel function, thereby affecting myocardial contraction (41). Pediatric patients with DCM carrying SCN5A mutations may present with symptoms such as ventricular enlargement, reduced contractile function, and arrhythmias (42, 43). Certain SCN5A mutations may also be associated with more severe disease progression and poorer prognosis, emphasizing the importance of early genetic testing (44).

DSP encode desmoplakin, a protein that plays a crucial role in cell-cell junctions. DSP-related DCM typically follows an autosomal dominant inheritance pattern, although autosomal recessive inheritance has also been reported (45, 46). Cardiomyopathy caused by DSP mutations is usually associated with arrhythmogenic right ventricular cardiomyopathy (ARVC) or DCM. DCM caused by DSP mutations may be accompanied by skin and hair abnormalities, such as curly hair and palmoplantar keratoderma (47). Although DSP mutation-related DCM can occur at any age, cases of childhood-onset have been increasingly reported (48).

RBM20 is located on chromosome 10 and contains 14 exons. It encodes a protein of 1,227 amino acids that is primarily expressed in striated muscle, with the highest expression in cardiac muscle and almost no expression in non-muscle tissues. DCM-related RBM20 gene mutations often occur in the arginine/serine-rich (RS) region, leading to loss of function in the expressed protein. Mutations in other regions occur less frequently than those in the RS region but can also reduce RBM20 gene-splicing activity, affecting the expression of regulated genes and leading to DCM (49, 50). Pediatric patients with DCM carrying RBM20 mutations may present with early onset heart failure and arrhythmias, particularly, an increased risk of ventricular arrhythmias (51–53).

Research has shown that most genes primarily cause DCM through autosomal-dominant inheritance patterns. Additionally, there have been a few reported cases of DCM caused by autosomal recessive, X-linked, or mitochondrial inheritance patterns (54).

Various methods have been applied to further explore new pathogenic genes and mutations. Currently, the main gene-testing strategies include: third-generation sequencing (NGS), genome-wide association studies (GWAS), whole-exome sequencing (WES), and whole-genome sequencing (WGS) (55, 56).

NGS is a targeted sequencing method that resolves genomic structural variations and complex regions. Customized DCM gene panels can cover 25–50 known DCM genes, including MYH7, MYBPC3, TTN, and LMNA (57). However, NGS cannot cover all known DCM genes and cannot detect new genes. GWAS can discover new gene loci associated with the disease by analyzing genotype and phenotype data from a large number of samples, but may miss the effects of rare variants (58). WES and WGS can rapidly identify rare pathogenic variants (59). Among these, WES is currently the preferred genetic diagnostic method for hereditary DCM. In addition, traditional methods, such as family linkage analysis, also play an important role in identifying pathogenic genes in familial DCM.



Phenotypic diversity

Pediatric DCM exhibits significant genetic heterogeneity, and its clinical manifestations also show notable heterogeneity. The main phenotypic feature of DCM is myocardial injury, with the most prominent characteristics being significant dilation of the left ventricle or both ventricles and progressive decline in cardiac function (60). Some children experience symptoms of heart failure, including shortness of breath, fatigue, and reduced exercise tolerance (61). Additionally, some children may present with various types of common arrhythmias such as atrial fibrillation and ventricular tachycardia, which can potentially exacerbate symptoms or lead to sudden events (62).

In addition to cardiac manifestations, DCM can lead to multisystem involvement. When the nervous system is affected, it can cause motor disorders and cognitive decline (62). Studies have also found that some patients may exhibit skeletal muscle involvement such as muscle fatigue, weakness, and elevated muscle enzyme levels, providing an important perspective for understanding the role of the muscle-heart axis in hereditary diseases (63). Furthermore, DCM may indirectly affect the endocrine system, particularly through fluid and electrolyte imbalances caused by heart failure (64).

The phenotypic diversity of DCM is reflected in its pathogenic mechanisms, clinical manifestations, genetic background, and treatment responses, making it a complex and variable clinical challenge. Complex regulatory mechanisms underlie this process, such as the influence of genetic modifiers and environmental factors on the phenotype (65). A deeper understanding of the molecular mechanisms underlying the phenotypic heterogeneity of DCM will facilitate the development of targeted therapeutic approaches.



Genotype-phenotype correlation studies

After reviewing a 76-year timeline in relation to studies on DCM-related gene mutations, the discovery of new DCM-related genes, gene-specific DCM outcomes, and insights into variant-environment interactions was found to have significantly advanced this field. The expansion of genomic phenotype analysis and integration of a series of prognostic factors into the variant environment are crucial (65). In Table 1, we summarized genotype and related phenotype in pediatric dilated cardiomyopathy.


Different genotypes have different prognoses

Mutations in different genes can lead to variations in disease progression and prognosis. In pediatric DCM, MYH7-related DCM is characterized by early onset, high phenotypic expressivity, a low incidence of left ventricular reverse remodeling, and frequent progression to end-stage heart failure (66). Truncating mutations in MYBPC3 result in loss of protein function,thereby accelerating the progression of cardiomyopathy, which may be significantly associated with disease severity and early onset (67). Patients with DCM carrying FLNC mutations may exhibit symptoms such as early onset heart failure and arrhythmia (68, 69). TTNtv mutations exhibit incomplete and age-dependent penetrance, with variable prognosis in affected children, reaching 100% penetrance by the age of 70 years; the same mutations have also been detected in unaffected relatives (70). Although TTNtv are less frequently found in pediatric cases, studies have shown a similar prevalence in adolescents and adults, suggesting that multiple clinical and genetic risk factors rather than a single TTNtv are required for its manifestation (71). Hasselberg et al. (33) found that LMNA mutation-related DCM is a highly pathogenic and age-dependent malignant disease, with affected children prone to arrhythmias and sudden death. These patients have a high incidence of adverse cardiac events and rapid disease progression, with some developing arrhythmias before left ventricular systolic dysfunction is observed. This indicates that genotype information can predict the clinical outcomes in affected children, aiding in the development of individualized treatment strategies.



Heterogeneity exists in the same genotype

There may be significant differences in the phenotypic expression even among individuals carrying the same gene mutation. This phenotypic heterogeneity can be caused by various factors including environmental factors, epigenetic regulation, and genetic background (72). For example, Tharp et al. (17) found that the phenotype and severity of DCM are related to the location of TTNtv, with TTNtv mutations frequently occurring in the A-band region. In terms of sex, males carrying TTNtv were found to be associated with more severe clinical phenotypes and adverse clinical outcomes than females. Furthermore, patients with variants in the exon 11 region (c.2721–2760) of RBM20 had a higher probability of developing DCM than those with variants in the exon 9 region (c.1881–1920) (51). Male carriers of RBM20 variants were more likely to progress to end-stage heart failure than female carriers (73). However, sex differences were not significant in pediatric and adolescent cohorts. In addition, chemotherapeutic drugs can induce or exacerbate TTNtv mutation-related DCM in children. Nonsense variants of TTN are more common in patients with DCM, whereas frameshift termination and missense variants are more common in patients with neuromuscular and myocardial skeletal disorders (73).



Genotype and electrocardiogram (ECG) abnormalities

Numerous children with DCM exhibit ECG abnormalities, such as T-wave changes, left bundle branch block, atrioventricular conduction abnormalities, and supraventricular arrhythmias (74). Children with ECG abnormalities have a higher mortality rate. Certain genetic causes of DCM result in malignant arrhythmic phenotypes. Autonomic nervous system imbalance and impaired myocardial repolarization homogeneity are two major underlying mechanisms of arrhythmia in patients with DCM (75). Laminopathies are often associated with prolonged PR intervals on ECG, which are indicators of cardiac conduction disorders. DCM associated with DSP mutations typically has a poor prognosis and may lead to malignant arrhythmias.

Patients with DCM carrying variants of LMNA, PLN, FLNC, and RBM20 have an increased risk of developing arrhythmias. Younger patients with LMNA-related DCM and RBM20-related DCM show increased expression levels of arrhythmia-related cardiomyopathy. LMNA-related DCM exhibits a highly penetrant arrhythmic phenotype accompanied by multiple muscle involvement. Taylor et al. (76) reported that patients with LMNA-related DCM simultaneously experienced muscle involvement and arrhythmias, particularly chronic arrhythmias. LMNA variants account for up to 33% of DCM cases with atrioventricular conduction block (77). Similarly, patients carrying the PLN R14del founder variant typically develop ventricular arrhythmia and end-stage heart failure at a young age (78). Studies have found that left ventricular regional wall motion abnormalities are more common in DSP/FLNC genotypes, and these genotypes cause extensive regional left ventricular damage (79).



Genotyping and neuromuscular diseases

The dilated phenotype is the most common cardiomyopathic manifestation in neuromuscular diseases (1). In pediatric neuromuscular diseases (NMD), particularly in dystrophies, abnormalities in the splicing of the CUG binding protein (CUG-BP) and muscle blind-like protein (MBNL) interfere with cellular signaling, resulting in toxic effects on muscle metabolism and RNA processing. This may cause changes in the cardiac structure and function, potentially resulting in the early onset of dilated cardiomyopathy (DCM) (80). Children with DCM who carry specific genotypes are prone to developing concurrent skeletal myopathies. Relevant neuromuscular symptoms in patients or relatives are important criteria for genetic analysis, because variants of LMNA are associated with DCM related to neuromuscular diseases (limb-girdle muscular dystrophy) (81). Emery-Dreifuss muscular dystrophy (EDMD) is closely related to dilated cardiomyopathy (DCM). In a study of 53 patients, mutations in LMNA were identified as a major cause, with 12 patients exhibiting significant cardiac involvement and 41 exhibiting muscle weakness. Therefore, screening for LMNA mutations is crucial in familial and sporadic cases associated with EDMD and DCM (82).

The impact of TTNtv extends beyond the heart, with 46%–57% of children with DCM and congenital heart disease exhibiting TTN-related neuromuscular diseases of varying severity (83). Sofie et al. (84) found that TTNtv carriers had a higher skeletal muscle fat content than patients with non-TTNtv hereditary DCM. Muscle biopsies in 62% of TTNtv carriers showed characteristics of skeletal muscle involvement, manifesting as well-aligned Z-lines and T-tubules, but with uneven and discontinuous M-lines, accompanied by excessive glycogen deposition. This was surrounded by autophagosomes, lysosomes, and mitochondrial autophagy with abnormal mitochondria, suggesting that patients with DCM with monoallelic TTNtv simultaneously have mild skeletal myopathy. Phenotype overlap may also occur in genes such as DES and LMNA, where DCM may be accompanied by skeletal myopathy (85).




Treatment strategies and future research directions

Over the past few decades, while significant progress has been made in the treatment of DCM, many challenges remain. Transcription factors play a crucial role in dilated cardiomyopathy (DCM),may represent novel therapeutic targets.For instance, GATA4 and MEF2C are involved in the regulation of cardiac remodeling, and changes in their expression may lead to alterations in myocardial structure and function (86). Recent studies have also identified a correlation between mutations in the TBX5 gene and an increased risk of cardiac developmental defects and DCM. Additionally, TBX5 is associated with certain neuromuscular diseases, which often involve cardiac complications, including DCM (87, 88). Cardiovascular magnetic resonance can help identify the subclinical forms of the disease, facilitating a deeper understanding of the diverse phenotypes of DCM (89, 90) and the genes affecting pediatric DCM, with gene therapy offering a potential avenue for treating pediatric DCM (91). Cardiac function can be improved by modifying or replacing pathogenic genes in the cardiomyocytes to restore normal gene function. However, gene therapy is still in its early stages, and more clinical trials are necessary to verify the efficacy and safety of these therapeutic strategies (5).

Personalized medicine is becoming increasingly important in the treatment of pediatric DCM. Studies have indicated that patients with different phenotypes respond differently to specific treatments. For example, Verdonschot et al. (92) found differences in prognoses among different phenotype groups in DCM. Among the four phenotypic groups identified in their study, the arrhythmic group had the poorest prognosis and was highly susceptible to life-threatening malignant arrhythmias. After 12 months of regular drug therapy, 52.5% of patients experienced left ventricular reverse remodeling (LVRR), with the severe systolic dysfunction group showing the highest LVRR rate. Therefore, developing individualized treatment plans based on phenotypes and comorbidities of different patients can significantly improve treatment efficacy and patient quality of life.

Regarding future research directions, efforts should be made to expand sample sizes and establish more extensive genetic and phenotypic databases to achieve comprehensive assessments (93). At the same time, long-term follow-up of patients with DCM is crucial. Simultaneously,long-term follow-up allows for the evaluation of the effect of how different genotypes on disease progression and enables timely adjustments to treatment plans, thereby improving prognosis (94).



Conclusion

Pediatric DCM exhibits significant genetic heterogeneity, with variations in the expression of multiple genes being closely associated with its development in childhood (2). These genes affect myocardial function through different pathways and can lead to diverse clinical phenotypes (65). This variability may result from the combined effects of gene-environment interactions, epigenetic regulation, and other unknown genetic factors (Figure 2). Personalized treatment plans targeting specific genotypes are promising for improving the prognosis and quality of life of affected children. The development of technologies such as GWAS and NGS has considerably advanced understanding of the action mechanisms of pediatric DCM (95). Gene therapy has shown promising results in animal models (96). However, their safety and efficacy require further validation through clinical trials. In the future, large-sample multicenter prospective cohort studies will help deepen the understanding of the genetic mechanisms underlying pediatric DCM.

In conclusion, research on the genotypes and phenotypes of pediatric DCM provides crucial perspectives and information for understanding its pathological mechanisms, thereby offering new hope for children with DCM. However, major challenges remain. We anticipate that as research progresses, these challenges can be addressed with the development of new therapeutic approaches for this complex disease.
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Objective: This study evaluates the clinical value of α-Hydroxybutyrate Dehydrogenase (α-HBDH), Cardiac Troponin I (cTnI), and B-Type Natriuretic Peptide (BNP) in the perioperative diagnosis of heart failure in children with congenital heart disease (CHD).



Methods: A retrospective analysis was performed on data from 107 children with CHD who underwent surgery between March 2022 and March 2023. Patients were categorized based on the European Society of Cardiology (ESC) cardiac function grading into three groups (Grades I–III) and further into heart failure (HF) and non-HF groups. Preoperative and postoperative levels of α-HBDH, cTnI, and BNP were compared across cardiac function grades and HF status. The diagnostic value of these biomarkers was assessed using receiver operating characteristic (ROC) curve analysis.



Results: Preoperative levels of α-HBDH, cTnI, and BNP were significantly higher in the HF group than in the non-HF group (all P < 0.05). These markers also increased with cardiac function severity, being highest in Grade III. Postoperatively, α-HBDH, CKMB, and BNP remained elevated in severe cases, correlating with worsening function (all P < 0.05). The ROC analysis showed that among the preoperative cardiac biomarkers in children with CHD, whether assessed individually or in combination, the combined detection of cTnI and BNP exhibited the highest diagnostic value for perioperative heart failure, with an AUC of 0.883.



Conclusion: In children with CHD, preoperative levels of α-HBDH, cTnI, and BNP during the perioperative period are closely correlated with cardiac function, significantly increasing with the severity of cardiac dysfunction. These biomarkers have important clinical value for diagnosing heart failure, with the combined detection of cTnI and BNP demonstrating the highest diagnostic efficacy.
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1 Introduction

Congenital heart disease (CHD) is one of the most prevalent congenital anomalies in childhood and a leading cause of infant mortality, with an incidence rate in China estimated at approximately 0.8% to 1.2% (1, 2). Despite substantial advancements in surgical techniques and interventional procedures, the prognosis for children with CHD has markedly improved (3). However, those with heart dysfunction or heart failure (HF), especially during the perioperative period, continue to face significant surgical risks and unfavorable outcomes (4). Accurate assessment of cardiac function during the perioperative period is crucial for optimizing treatment plans and enhancing both survival rates and quality of life for these patients. Current clinical approaches for evaluating cardiac function primarily include functional grading, echocardiography, and the measurement of B-type natriuretic peptide (BNP). Recent research has also highlighted the potential of cardiac troponin I (cTnI) and α-hydroxybutyrate dehydrogenase (α-HBDH) as valuable indicators of cardiac function (5). Nonetheless, studies exploring the application of these biomarkers in the perioperative evaluation of cardiac function in children with CHD, particularly in relation to heart failure diagnosis, remain limited. This study aims to investigate the clinical utility of α-HBDH, cTnI, and BNP in assessing cardiac function and diagnosing heart failure in children with CHD during the perioperative period, thereby providing a new reference for the management of these patients.



2 Materials and methods


2.1 Study subjects

This study included 107 children diagnosed with CHD who underwent surgical treatment at the Sichuan Maternal and Child Health Hospital from March 2022 to March 2023. The age of the participants ranged from 1 month to 18 years. The diagnosis of CHD was based on echocardiographic examinations and clinical manifestations within three months prior to admission, in accordance with current clinical diagnostic criteria. Inclusion criteria were: (1) age between 0 and 18 years, with a confirmed diagnosis of CHD; (2) meeting the indications for surgical intervention aimed at correcting CHD; (3) classified as ESC functional class I to III; (4) complete clinical data. Exclusion criteria included: (1) severe liver or kidney dysfunction; (2) presence of Down syndrome or metabolic disorders in children with CHD; (3) history of significant surgery or myocarditis within three months prior to admission; (4) prior history of cardiac surgery. This study was approved by the hospital's medical ethics committee, and informed consent was obtained from the guardians of all participating children.



2.2 Grouping

Based on the European Society of Cardiology (ESC) functional classification and heart failure grading standards (6), children were categorized into three cardiac function groups: Grade I, Grade II, and Grade III. Additionally, they were further divided into heart failure (HF) group and non-heart failure group based on the presence of heart failure prior to surgery.



2.3 Methods

Eligible subjects were identified through the hospital's electronic medical record system, and data on BNP, cTnI, and cardiac enzyme levels were recorded for the three days prior to surgery and on the first postoperative day. Peripheral venous blood samples of 3 ml were collected preoperatively and postoperatively for the assessment of BNP, cTnI, and cardiac enzyme levels using the COBAS C702 fully automated biochemical analyzer. Left ventricular ejection fraction (LVEF) values were obtained via Doppler echocardiography. Comparisons of BNP, cTnI, and cardiac enzyme levels between the three cardiac function groups and between the HF and non-HF groups were conducted, along with correlation analyses.



2.4 Statistical analysis

All data were analyzed using SPSS 26.0 software. Continuous variables were expressed as mean ± standard deviation. Comparisons between two groups were performed using t-tests or Paired t-test, while comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA). Counting data were analyzed using the Chi-squared tests. Receiver operating characteristic (ROC) curves were employed to assess the diagnostic efficacy of the biomarkers for heart failure. A P-value of less than 0.05 was considered statistically significant.




3 Results


3.1 General information

The demographic and clinical characteristics of the study population are summarized in Table 1 and Figure 1. A total of 107 children with CHD were included in the study, categorized into three groups based on cardiac function grades: Grade I (n = 51), Grade II (n = 32), and Grade III (n = 24). There were no significant differences in gender distribution among the three groups (P = 0.920), with males accounting for 41.1% (44/107) and females for 58.9% (63/107). The mean age of the participants was 4.33 ± 4.72 years in Grade I, 4.70 ± 6.04 years in Grade II, and 2.48 ± 0.90 years in Grade III, with no significant differences among the groups (P = 0.228). Similarly, body weight did not differ significantly across the groups (P = 0.228).


TABLE 1 Comparison of general information on cardiac function among three groups.

[image: Data table compares Grade I, Grade II, and Grade III patient groups by gender, age, heart failure, body weight, comorbidities, leukocyte count, and neutrophil count with corresponding F and P values; significant differences appear in heart failure, comorbidities, leukocyte and neutrophil counts.]


[image: ROC curve chart comparing the sensitivity and 1-specificity of seven preoperative cardiac biomarkers and their combinations, with each group represented by a distinct line and a diagonal reference line indicating random performance.]
FIGURE 1
Preoperative ROC curves of α-HBDH, cTnI, and BNP for diagnosing heart failure.


The incidence of HF increased significantly with worsening cardiac function, from 3.9% in Grade I to 15.6% in Grade II and 79.2% in Grade III (P < 0.001). Comorbidities were also more prevalent in patients with higher cardiac function grades. Pulmonary hypertension was observed in 39.2% of Grade I patients, 18.8% of Grade II patients, and 16.7% of Grade III patients (P < 0.001). Arrhythmias were present in 9.8% of Grade I patients, 25.0% of Grade II patients, and 37.5% of Grade III patients (P = 0.012). Laboratory findings revealed that leukocyte and neutrophil counts were significantly higher in Grade III patients compared to Grade I and Grade II patients (P = 0.034 and P = 0.018, respectively).



3.2 Comparison of indicators in children with CHD during the perioperative period across different cardiac function classifications


3.2.1 Preoperative comparison of cardiac function indicators among the three groups

There were no statistically significant differences in preoperative CKMB and LVEF among the three groups (F = 2.847, 1.919; both P > 0.05). However, significant differences were observed in preoperative CK, LDH, α-HBDH, BNP, and cTnI, which increased progressively with the severity of cardiac function (Grade III > Grade II > Grade I) as follows: CK: (164.13 ± 164.696) > (89.19 ± 59.873) > (136.76 ± 74.271); LDH: (419.917 ± 138.554) > (304.391 ± 148.122) > (271.843 ± 66.586); α-HBDH: (331.13 ± 128.707) > (249.13 ± 115.141) > (216.73 ± 58.976); cTnI: (92.871 ± 111.297) > (20.159 ± 26.901) > (11.376 ± 9.076); BNP: (4,960.04 ± 9,696.94) > (750.66 ± 1,577.57) > (283.43 ± 398.37), all P < 0.05. See Table 2.


TABLE 2 Comparison of preoperative indicators among the three cardiac function groups.

[image: Data table comparing preoperative biomarkers CK, LDH, α-HBDH, CKMB, BNP, cTnI, and LVEF across Grade I, II, and III groups with corresponding F-values and P-values indicating statistical significance.]



3.2.2 Postoperative comparison of cardiac function indicators among the three groups

There were no statistically significant differences in postoperative CK, LDH, and LVEF among the three groups (F = 3.256, 3.566, 2.167; all P > 0.05). However, postoperative α-HBDH, CKMB, and BNP levels showed significant differences, increasing with worsening cardiac function (Grade III > Grade II > Grade I): α-HBDH: (622.83 ± 352.279) > (406.72 ± 309.209) > (371.98 ± 201.879); CKMB: (23.836 ± 14.259) > (15.353 ± 12.830) > (11.909 ± 9.191); BNP: (9,445.46 ± 7,463.66) > (6,095.0 ± 5,401.231) > (3,436.48 ± 4,518.17), all P < 0.05. See Table 3.


TABLE 3 Comparison of postoperative indicators among the three cardiac function groups.

[image: Table comparing preoperative cardiac biomarkers and function across Grade I, II, and III groups, showing means and standard deviations, F-values, and P-values for CK, LDH, α-HBDH, CKMB, BNP, cTnI, and LVEF. Significant differences are present for α-HBDH, CKMB, BNP, and cTnI with P-values less than zero point zero zero one.]




3.3 Comparison of preoperative indicators between heart failure and non-heart failure groups in children with CHD


3.3.1 Comparison of various indicators between the preoperative heart failure group and the non-heart failure group

No statistically significant differences were found in preoperative CK and CKMB levels between the heart failure and non-heart failure groups (t = 1.286, 0.401; both P > 0.05). However, significant differences were observed in preoperative LDH, α-HBDH, BNP, cTnI, and LVEF (t = 4.744, 3.889, 2.445, 5.443, −2.325; all P < 0.05), as shown in Table 4.


TABLE 4 Comparison of various indicators between the preoperative heart failure group and the non-heart failure group.

[image: Data table comparing preoperative cardiac and biochemical parameters between heart failure and non-heart failure groups, with columns for t-values and p-values. Significant differences noted for LDH, α-HBDH, BNP, cTnI, and LVEF.]



3.3.2 Comparison of various indicators between the postoperative heart failure group and the non-heart failure group

There were no statistically significant differences in postoperative CK, LDH, cTnI, and LVEF between the groups (t = 2.118, 2.129, 0.385, 2.084, all P > 0.05). However, the differences in postoperative CKMB, α-HBDH, RDWCV, RDWSD, and BNP between the groups were statistically significant (t = 12.946, 11.404, 29.592, 37.00, 14.568, all P < 0.001), as shown in Table 5.


TABLE 5 Comparison of various indicators between the postoperative heart failure group and the non-heart failure group.

[image: Data table comparing heart failure and non-heart failure groups for seven postoperative cardiac markers, including CK, LDH, α-HBDH, CKMB, BNP, cTnI, and LVEF, with t-values and p-values displaying statistical significance in α-HBDH, CKMB, and BNP, where p-values are less than 0.05.]




3.4 Analysis of the diagnostic value of preoperative α-HBDH, cTnI, and BNP for heart failure in children with CHD

ROC curve analysis showed that the areas under the curve (AUC) for diagnosing heart failure using preoperative α-HBDH, cTnI, BNP, α-HBDH combined with BNP, cTnI combined with BNP, and α-HBDH, cTnI combined with BNP were 0.736, 0.873, 0.708, 0.764, 0.883, and 0.864, respectively, with cTnI combined with BNP demonstrating the highest diagnostic value. Table 6 presents these results in more detail.


TABLE 6 Analysis of the diagnostic value of preoperative α-HBDH, cTnI, and BNP for heart failure in children with CHD.

[image: Data table showing diagnostic performance for six indicators. Each row lists indicator name, AUC, 95% confidence interval, optimal cut-off value, sensitivity, and specificity values for various combinations of α-HBDH, cTnI, and BNP.]

For practical applications, a preoperative BNP level of 344.5 pg/ml was associated with a sensitivity of 73.1% and specificity of 74.1% in diagnosing heart failure in children with CHD. Similarly, cTnI levels exceeding 10.7 pg/ml showed superior diagnostic performance, with a sensitivity of 84.6% and specificity of 74.1%. These thresholds highlight the potential for these biomarkers to guide clinical decision-making, particularly in perioperative settings.



3.5 Correlation of preoperative α-HBDH, cTnI, and BNP

Pearson correlation analysis revealed that preoperative cTnI levels were positively correlated with both α-HBDH and BNP (r = 0.297, 0.402; both P < 0.01).



3.6 Changes in cardiac biomarkers and LVEF levels before and after surgery in children with CHD

The postoperative levels of CK, LDH, α-HBDH, CKMB, BNP, cTnI, and LVEF showed statistically significant differences compared to preoperative levels (t = −11.761, −5.716, −7.191, −9.703, −5.745, −7.405, 3.645, all P < 0.05), as shown in Table 7.


TABLE 7 Changes in cardiac biomarkers and LVEF levels before and after surgery in children with CHD.

[image: Table comparing preoperative and postoperative values for seven cardiac and biochemical indicators: CK, LDH, α-HBDH, CKMB, BNP, cTnI, and LVEF. Each indicator lists mean ± standard deviation for both periods, with t-values and P-values indicating statistically significant changes postoperatively, all P-values under 0.001 except α-HBDH at 0.001.]



3.7 Sensitivity analysis and validation of findings

To ensure the robustness of our findings, we performed sensitivity analyses by excluding patients with extreme values (e.g., those with Preoperative BNP levels >19,598 pg/ml or Preoperative cTnI levels >312 pg/ml). The results remained consistent, with no significant changes in the diagnostic performance of α-HBDH, cTnI, and BNP. For example, after excluding patients with extreme values, the AUC for the combined detection of cTnI and BNP decreased slightly from 0.883 to 0.872 (P = 0.456), indicating that our findings are robust to variations in patient selection.

Additionally, we validated our results using alternative statistical methods, such as logistic regression and subgroup analyses based on age (≤ 1 years vs. >1 years) and CHD type (simple type vs. complex type). The diagnostic performance of the biomarkers remained consistent across these analyses, with no significant differences in AUC values (all P > 0.05). Specifically:In the logistic regression analysis, the AUC for the combined detection of cTnI and BNP was 0.879 (95% CI: 0.812–0.946, P < 0.001), which is consistent with the original analysis (AUC: 0.883);In the subgroup analysis by age (≤1 years vs. >1 years), the AUC values were 0.865 (95% CI: 0.790–0.928, P = 0.324) and 0.881 (95% CI: 0.810–0.942, P = 0.287), respectively;In the subgroup analysis by CHD type (simple type vs. complex type), the AUC values were 0.870 (95% CI: 0.795–0.930, P = 0.412) and 0.884 (95% CI: 0.813–0.947, P = 0.376), respectively.

Furthermore, we compared the predictive abilities of α-HBDH, cTnI, and BNP with hemodynamic parameters, such as LVEF. The results showed that the biomarkers had superior predictive value for heart failure compared to LVEF (AUC: 0.883 vs. 0.712, P < 0.05). These validation analyses further confirm the reliability of our findings and their applicability to clinical practice. The detailed results of the sensitivity and validation analyses are presented in Table 8.


TABLE 8 Sensitivity and validation analyses of biomarker diagnostic performance.

[image: Table summarizes analyses comparing AUC, ninety-five percent confidence intervals, and p-values for original analysis, subgroups by age and CHD type, logistic regression, exclusion of extreme values, and LVEF parameter.]




4 Discussion


4.1 Application of cardiac biomarkers in heart failure among children with CHD

HF is a common and serious complication in the perioperative period for children with CHD. International guidelines recommend BNP as an important biomarker for the diagnosis, prognosis, and therapeutic monitoring of both acute and chronic HF (7). As a peptide hormone that reflects myocardial stress, BNP levels are closely related to ventricular pressure and volume load. BNP exerts significant natriuretic, diuretic, vasodilatory, and antihypertensive effects, while counteracting the renin-angiotensin-aldosterone system and endothelin activity, thus regulating blood volume, blood pressure, and electrolyte balance (8). The clinical value of BNP in children with CHD is gaining increasing attention from clinicians. Appropriate BNP concentration ranges are valuable for screening CHD, monitoring disease progression, diagnosing HF, assessing HF severity, evaluating therapeutic efficacy, determining surgical timing in the perioperative period, and predicting prognosis in children with CHD (9).

cTnI, as a highly sensitive marker of myocardial injury, provides an accurate reflection of myocardial damage. Although traditionally used more frequently in the diagnosis of acute coronary syndrome (ACS) (10), cTnI measurements are also of great importance in patients with heart failure. It can be used to monitor and control the onset, progression, and prognosis of chronic heart failure (CHF) (11). Multiple studies have demonstrated the practical utility of cTnI in screening, diagnosing, and assessing postoperative risk in newborns with CHD. These findings emphasize the critical role of cTnI as a key biomarker in monitoring the cardiac health of CHD newborns and predicting postoperative recovery outcomes (12–20).

α-HBDH is an enzyme reflecting myocardial cell damage and is primarily derived from cardiac tissue. When myocardial injury occurs, α-HBDH levels increase, and its activity can be used to assess the degree of damage to these cells. In children with CHD, impaired cardiac function weakens the heart's pumping ability, potentially leading to tissue hypoxia, especially in myocardial tissue and other high-metabolic-demand organs. Therefore, changes in α-HBDH levels can be employed to evaluate cardiac insufficiency (21). Studies have found that serum levels of BNP, cTnI, and α-HBDH increase with the severity of heart function impairment, and all three can serve as indicators of heart failure risk, providing valuable insights for evaluating clinical outcomes in HF patients (22).



4.2 Perioperative changes in cardiac biomarkers in congenital heart disease

This study found that preoperative levels of α-HBDH, cTnI, and BNP in children with CHD were significantly higher than those in the non-heart failure group. Additionally, preoperative cTnI levels were positively correlated with α-HBDH and BNP levels, increasing with higher grades of cardiac dysfunction, a finding consistent with that of Li Jun et al. (23). Postoperatively, α-HBDH and BNP levels were also significantly elevated compared to the non-heart failure group and were positively associated with preoperative cardiac function grades, where higher grades of dysfunction corresponded to greater increases in postoperative biomarkers. Xu et al. (24) similarly demonstrated that plasma BNP concentrations progressively rise with worsening HF. As commonly used biomarkers in cardiac function assessment, BNP and cTnI offer distinct diagnostic insights: BNP primarily reflects ventricular pressure, while cTnI directly indicates myocardial injury. In the diagnosis of CHF, serum BNP and cTnI levels are significantly elevated and closely associated with heart function classification, serving as key indicators for assessing the severity of CHF (25). Therefore, this study confirms the significant clinical value of α-HBDH, cTnI, and BNP as biomarkers for evaluating cardiac function and heart failure severity in children with CHD, particularly in relation to the dynamic perioperative changes tied to cardiac function. These findings provide robust support for the use of these biomarkers in the perioperative cardiac monitoring of CHD.

The study also showed that postoperative levels of cardiac biomarkers were significantly higher than preoperative levels. Additionally, children with CHD with poorer preoperative cardiac function exhibited higher postoperative levels of α-HBDH, CKMB, and BNP, suggesting that the worse the preoperative cardiac function, the more severe the cardiac damage caused by surgery for congenital heart disease. Multiple studies (26, 27) have demonstrated that monitoring CK, CKMB, LDH, and cTnI during congenital heart disease surgery is an effective method for assessing myocardial injury and its severity. Among these, cTnI has been shown to be more accurate in reflecting the extent of myocardial injury compared to CK, CKMB, and LDH, making it an independent marker for evaluating myocardial damage during cardiac surgery. In children with CHD, preoperative levels of BNP, α-HBDH, and cTnI can serve as important indicators of cardiac function and have significant clinical implications for postoperative outcomes and prognosis. Postoperative levels of BNP, CKMB, and α-HBDH can also be used as key indicators for monitoring postoperative cardiac function, myocardial injury, and disease progression (28).



4.3 Comparison of the diagnostic efficacy of α-HBDH, cTnI, and BNP in heart failure Among CHD patients

The results of this study indicate that α-HBDH, cTnI, and BNP all exhibit high diagnostic efficacy in detecting heart failure in children with CHD. Specifically, cTnI demonstrated the highest diagnostic accuracy, followed by α-HBDH, while BNP showed relatively lower diagnostic performance. Further analysis revealed that the combined detection of α-HBDH and BNP, as well as cTnI and BNP, outperformed individual markers. Notably, the diagnostic efficacy of the combined cTnI and BNP detection was the highest, even surpassing the performance of the three markers used together. This is consistent with the findings of Yang Anwei et al. (15), who demonstrated the superior diagnostic value of cTnI combined with BNP in assessing the severity of acute heart failure. Therefore, in clinical practice, the combined detection of cTnI and BNP may provide a more reliable early diagnostic tool for perioperative heart failure in children with CHD (29–32).

BNP is widely recognized for its important role in diagnosing heart failure and assessing prognosis, while cTn detection upon admission is crucial for identifying the underlying cause of acute heart failure and predicting outcomes (33). Several studies (33, 34) have emphasized that the combined use of multiple biomarkers for risk stratification and prognosis in heart failure patients is a critical direction for future research and clinical application. In this study, the diagnostic efficacy of cTnI was superior to the traditional heart failure biomarker BNP. We hypothesize that this may be due to the administration of inotropic agents and diuretics to children with CHD prior to surgery, which could have led to a reduction in BNP levels (35), thereby affecting its diagnostic accuracy. In summary, the assessment of perioperative cardiac function in children with congenital heart disease CHD using biomarkers should take into account multiple test indicators, which is consistent with the emerging trend of multi-biomarker combined evaluation.



4.4 Sensitivity analysis and validation of findings

The sensitivity analyses and validation studies performed in this research underscore the robustness and reliability of our findings. By excluding patients with extreme values (e.g., Preoperative BNP levels >19,598 pg/ml or Preoperative cTnI levels >312 pg/ml), we demonstrated that the diagnostic performance of α-HBDH, cTnI, and BNP remained consistent, with only a slight decrease in the AUC for the combined detection of cTnI and BNP (from 0.883 to 0.872, P = 0.456). This suggests that our results are not unduly influenced by outliers, a critical consideration in clinical practice where extreme values may arise due to measurement variability or unique patient conditions. Furthermore, the consistent diagnostic performance across alternative statistical methods (e.g., logistic regression) and patient subgroups (e.g., age ≤1 years vs. >1 years, simple type vs. complex type CHD highlights the generalizability of these biomarkers in diverse clinical settings.

The superior predictive value of α-HBDH, cTnI, and BNP compared to traditional hemodynamic parameters, such as LVEF (AUC: 0.883 vs. 0.712, P < 0.05), further supports their potential to enhance perioperative risk stratification and early diagnosis of heart failure in children with CHD. These findings align with previous studies advocating for multi-biomarker approaches in heart failure management (15, 34), while extending the evidence base through rigorous sensitivity and validation analyses. However, the retrospective design and limited sample size of our study highlight the need for future prospective, multicenter studies to confirm these results and explore the integration of these biomarkers with other clinical and imaging parameters. In conclusion, our findings reinforce the clinical utility of α-HBDH, cTnI, and BNP as robust diagnostic tools for perioperative heart failure in children with CHD, offering a promising avenue for improving patient outcomes.




5 Limitations and future research directions

While this study provides valuable insights into the diagnostic value of α-HBDH, cTnI, and BNP in children with CHD, it has several limitations that warrant discussion. First, although LVEF did not show significant differences across cardiac function grades, we did not directly compare these biomarkers with traditional hemodynamic indicators (e.g., cardiac output, pulmonary artery pressure, blood oxygen saturation, blood pressure, andelectrocardiogram). Such comparisons are crucial to determine whether biomarkers can complement or outperform hemodynamic parameters in diagnosing and predicting heart failure. Future studies should incorporate these comparisons to evaluate the relative strengths of biomarkers and hemodynamic indicators, potentially leading to a combined approach for improved diagnostic accuracy.

Second, the absence of detailed clinical outcome data, such as mortality, postoperative complications, and the need for mechanical circulatory support, limits our ability to fully assess the prognostic value of these biomarkers. Notably, no deaths and readmissions were reported during the study period, likely due to the relatively short follow-up duration. However, capturing these outcomes is essential for understanding the long-term prognostic utility of α-HBDH, cTnI, and BNP. Future research should include longer follow-up periods and larger, multicenter cohorts to validate the biomarkers' ability to predict adverse clinical events, such as mortality and readmission rates. In conclusion, future studies should aim to further explore the diagnostic and prognostic capabilities of biomarkers by comparing them with traditional hemodynamic indicators. Additionally, incorporating comprehensive clinical outcome data—such as mortality rates, postoperative complications, and long-term follow-up results—would provide a more holistic understanding of their clinical utility.

Finally, establishing clinically relevant thresholds for these biomarkers could significantly enhance their predictive value for adverse events, ultimately improving perioperative management strategies and patient outcomes.

By addressing these limitations, future research can enhance the predictive accuracy of these biomarkers and provide a more robust foundation for their clinical application in children with CHD.



6 Conclusion

In conclusion, this study demonstrates that preoperative levels of α-HBDH, cTnI, and BNP are closely associated with perioperative cardiac function in children with CHD. These levels significantly increase with the severity of cardiac dysfunction. The combined detection of cardiac troponin I and B-type natriuretic peptide showed the highest diagnostic efficacy for perioperative heart failure, highlighting its potential as a reliable diagnostic tool in clinical practice. Future research should focus on validating these findings in larger, multicenter cohorts and exploring the integration of these biomarkers with other clinical and imaging parameters to further enhance their diagnostic and prognostic value.
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Introduction: The diagnostic performance of automated analysis of electrocardiograms for screening children with pediatric heart diseases at risk of sudden cardiac death is unknown. In this study, we aimed to develop and validate a deep learning-based model for automated analysis of ECGs in children.



Methods: Wave data of 12-lead electrocardiograms were transformed into a tensor sizing 2 × 12 × 400 using signal processing methods. A deep learning-based model to classify abnormal electrocardiograms based on age, sex, and the transformed wave data was developed using electrocardiograms performed in patients at the age of 6–18 years during 2003–2006 at a tertiary referral hospital in Japan. Eighty-three percent of the patients were assigned to a training group, and 17% to a test group. The diagnostic performance of the model and a conventional algorithm (ECAPS12C, Nihon Kohden, Japan) for classifying abnormal electrocardiograms were evaluated using the cross-tabulation, McNemar's test, and decision curve analysis.



Results: We included 1,842 ECGs performed in 1,062 patients in this study, and 310 electrocardiograms performed in 177 patients were included in the test group. The specificity of the deep learning-based model for detecting abnormal electrocardiograms was not significantly different from that of the conventional algorithm. For detecting electrocardiograms with ST-T abnormality, complete right bundle branch block, QRS axis abnormality, left ventricular hypertrophy, incomplete right bundle branch block, WPW syndrome, supraventricular tachyarrhythmia, and Brugada-type electrocardiograms, the specificity of the deep learning-based model was higher than that of the conventional algorithm at the same sensitivity.



Conclusions: The present new deep learning-based method of screening for abnormal electrocardiograms in children showed at least a similar diagnostic performance compared to that of a conventional algorithm. Further studies are warranted to develop an automated analysis of electrocardiograms in school-age children.
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1 Introduction

Twelve-lead electrocardiogram (ECG) is presumed to be useful for detecting children who have a variety of pediatric cardiovascular diseases or are at risk for premature sudden cardiac death in childhood (1). In Japan, ECG has been mandated in all students in the first year of elementary school, junior high school, and senior high school since 1995 (1). In the mass screening of heart diseases in school, children who are prompted by school ECG screening to undergo secondary screening or detailed examination are extracted based on the national guidelines (1). ECG-based screening, in fact, contributes to the early detection of children with long QT syndrome, hypertrophic cardiomyopathy, pulmonary arterial hypertension, and ventricular non-compaction and children who are at high risk of sudden cardiac death (2–11). However, the introduction of ECG-based screening as a nationwide population-level healthcare system remains controversial internationally, mainly because of its high resource utilization (3, 5, 12, 13).

Automated analysis of 12-lead ECG is widely used in adults and its diagnostic performance has been shown to be high with minimal resource utilization (14–18). In addition, recent studies have demonstrated the efficacy of deep learning-based analysis of pediatric ECGs in detecting congenital heart defects, left ventricular dysfunction, and long-QT syndrome (19–22). However, limited data are available in growing children with a variety of target heart diseases and the diagnostic performance of commercially-available automated analyzers remains unknown, in part because of the lack of ECGs annotated based on a guideline for screening children and of the rarity of each target disease (23).

In this study, we aimed to develop a deep learning-based algorithm to interpret ECGs in school-age children and to compare the diagnostic performance of the algorithm with a conventional algorithm implemented in an ECG machine.



2 Materials and methods

This study was approved by the Institutional Review Board at Mie University Hospital (H2019-175).


2.1 Patients and ECG data

We included consecutive patients at 6–18 years of age who underwent a 12-lead ECG at Mie University Hospital, a tertiary referral center from January 2003 to December 2006, during which the same ECG recording system was consistently used. The patients were randomly assigned to the training group (83%), which was used for training the deep learning model, and the test group (17%), which was used for evaluation of the model. The study population is summarized in Figure 1.


[image: Flowchart illustrating patient selection and randomization for a study, showing one thousand sixty-two patients assessed, all included, then randomized to training with eight hundred eighty-five patients and evaluation with one hundred seventy-seven patients, with corresponding ECG counts.]
FIGURE 1
Study population. ECG, electrocardiogram.


In terms of ECG data, standard, simultaneous, digital, 10-s, 12-lead ECGs at rest were originally recorded using ECG-1400 (Nihon Kohden, Japan) in the supine position at a sampling rate of 500 samples per second. Digital wave data of ECG were extracted in the format of medical wave recording format encoding rules (http://www.mfer.org/en/index.htm). In addition to the wave data, findings assigned by an automated algorithm (ECAPS12C, Nihon Kohden, Japan) based on Minnesota coding system (24) and the age and the gender were also extracted.



2.2 Interpretation of ECG

As ground truth, ECGs were classified as abnormal when there is a finding included in group A or B in the guideline (1). The findings that were considered abnormal are shown in Supplementary Tables 1–3. All ECGs were interpreted by three board-certified pediatric cardiologists (YM, HS, and HO). When one or more cardiologists considered there was an abnormal finding, the ground-truth diagnosis was determined through discussion by the three cardiologists. During the interpretation process at both stages, the cardiologists had access to the results of automated measurements and diagnoses suggested by the conventional algorithm.

To evaluate the diagnostic performance of the Minnesota coding system-based automated analysis implemented in the ECG machine, Minnesota codes that correspond to the abnormalities included in the group A or B in the guidelines were determined in accordance with guideline (1). The Minnesota codes considered abnormal are shown in Supplementary Table 4. ECGs that had been assigned with these Minnesota codes were considered to be diagnosed as abnormal by the conventional automated algorithm.



2.3 Model architecture

As preprocessing of input data, full-length 10-s 12-lead ECG wave data were analyzed using the Pan-Tompkins algorithm, and wave data between the second QRS wave and the last QRS wave were extracted (25). The wave data in each lead were transformed into amplitude and phase using the Fourier transform and filtered using a low pass filter at a threshold of 50 Hz. The amplitude and phase channels were combined based on the Cabrela format and resized to form a three-dimensional tensor sizing 2 × 12 × 400.

We developed a 21-layer deep convolutional neural network based on the VGG-16 architecture (26). The neural network was designed to have two input layers of the three-dimensional tensor resulting from the preprocessing methods in addition to an input vector for age and sex and to output the probability that an inputted ECG is abnormal. The overview of the preprocessing methods and the deep-learning model is shown in Figure 2, and the architecture of the model is shown in Figure 3.


[image: Flowchart illustrating the process of analyzing 12-lead ECG wave data through signal processing techniques such as Fourier transform, followed by input into a deep convolutional neural network with age and sex, resulting in a probability of abnormality output. Insets depict a sample ECG waveform, two heatmaps showing amplitude and phase for different leads, and a final probability output of ninety-five percent.]
FIGURE 2
Overview of the deep learning-based model. ECG, electrocardiogram.



[image: Flowchart diagram showing the structure of a deep learning model. Transformed wave data enters a VGG16-based CNN with 16 layers, followed by a fully connected layer. Age and sex vector input is merged at a concatenate layer, and the final prediction outputs a single probability value. Input elements are orange, model architecture boxes are blue, and the output is green. A legend at the right explains color coding.]
FIGURE 3
Structural overview of the deep convolutional neural network. CNN, convolutional neural network.


The deep learning-based model was trained using data in the training group. The training data were divided into five subgroups, and five models were trained using k-fold cross-validation at k of five (i.e., each model used one of the five training subgroups for validation and the rest for training). After optimization of the parameters using the training data, the following parameters were used for training: batch size, 32; loss function, binary cross entropy; optimizer, Adam; learning ratio, 1.0 × 10−7. After training for 100 epochs, models that achieved the lowest loss on validation data were used for performance evaluation. The training curves are shown in Figure 4.


[image: Line chart showing training and validation loss across 100 epochs for five different model runs, with training loss consistently decreasing and validation loss flattening or fluctuating, indicating possible overfitting after initial epochs.]
FIGURE 4
Training curves of the deep learning-based model for 5-fold cross-validation.




2.4 Performance evaluation and statistical methods

The performance of the model to detect abnormal ECGs was evaluated using the area under the receiver operating characteristic curve and the decision curve analysis (27). One threshold for classifying an ECG as abnormal was determined based on Youden's index, and the other threshold was determined so that the sensitivity of the deep learning was as high as the conventional algorithm. At the thresholds determined, accuracy, sensitivity, specificity, positive predictive value, and negative predictive value were calculated and the specificity of the deep learning-based model was compared with that of the conventional algorithm at the threshold for the same sensitivity using the McNemar test (28). Data are presented as median and interquartile range for continuous variables when they are not normally distributed based on the Kolmogorov–Smirnov test.



2.5 Visualization

Findings that our model focused on during prediction were visualized by gradient-weighted class activation mapping (grad-CAM) (29). An amplitude channel was produced by using grad-CAM at the 12th convolutional layer of the model and was converted to a heatmap by inverse fast Fourier transform using a phase channel of original ECG data. The heatmap was overlayed on an original ECG wave image to show areas that had influenced the prediction of the model.



2.6 Software

Development and evaluation of the deep learning-based model and statistical analyses were performed using python and its libraries including Keras 2.2.4 with TensorFlow backend, scikit-learn, statsmodels, SciPy, and OpenCV.




3 Results


3.1 Patient characteristics

After excluding three ECGs with corrupted files, a total of 1,842 ECGs performed in 1,062 patients were included in the study. The median age was 11 years (interquartile range, 8–14), and 575 patients (56%) were male. The race of the patients was not recorded, but most (at least 95% or more) were considered to be Asian based on the clinical experience at the center. Of the total ECGs, 1,532 ECGs performed in 885 patients were assigned to the training group, and 310 ECGs performed in the other 177 patients were assigned to the test group. In the test group, 84 ECGs (27%) include one or more abnormal findings as ground truth. Characteristics of ECGs in each group are summarized in Table 1.


TABLE 1 Characteristics of ECG data. The numbers for abnormal ECG findings represent the number of cases in which each finding was present.

[image: Data table comparing baseline ECG findings and demographics between a training group of 1,532 patients and a test group of 310, showing variables such as age, sex, and proportions of specific ECG abnormalities by group, with most percentages similar across groups.]



3.2 Experts' interpretation

The initial interpretations by the three physicians were the same in 222 ECGs (71%). In the 88 ECGs with disagreement, the findings that were incorrectly not assigned by one or more physicians were: ST-T abnormality (34 ECGs, 39%), QRS axis abnormality (11 ECGs, 13%), left ventricular hypertrophy (5 ECGs, 5.7%), incomplete right bundle branch block (5 ECGs, 5.7%), right ventricular hypertrophy (4 ECGs, 4.5%), third-degree atrioventricular block (3 ECGs, 3.4%), supraventricular tachycardia (3 ECGs, 3.4%), complete right bundle branch block (2 ECGs, 2.3%), and Brugada pattern (1 ECGs, 1.1%). The findings that were incorrectly assigned by one or more physicians were: normal (26 ECGs, 30%), ST-T abnormality (16 ECGs, 18%), incomplete right bundle branch block (8 ECGs, 9.1%), Q wave abnormality (5 ECGs, 5.7%), atrial load (5 ECGs, 5.7%), premature atrial contraction (5 ECGs, 5.7%), prolonged QT (5 ECGs, 5.7%), right ventricular hypertrophy (4 ECGs, 4.5%), QRS axis abnormality (2 ECGs, 2.3%), left ventricular hypertrophy (2 ECGs, 2.3%), Brugada pattern (1 ECG, 1.1%), complete right bundle branch block (1 ECG, 1.1%), 1st-degree atrioventricular block (1 ECG, 1.1%), and other rhythm abnormality (1 ECG, 1.1%).



3.3 Performance of the conventional algorithm

The conventional algorithm classified 208 ECGs (67%) as abnormal in the test group. The accuracy, sensitivity, specificity, positive predictive value, and negative predictive value are 0.57 [95% confidence interval (CI), 0.52–0.63], 0.95 (95%CI, 0.93–0.97), 0.43 (95%CI, 0.38–0.49), 0.38 (95%CI, 0.33–0.43), and 0.96 (95%CI, 0.94–0.98), respectively. The accuracy of the conventional algorithm was similar between the ECGs with initial agreement among physicians and those with initial disagreement (0.57 vs. 0.58).



3.4 Performance of the deep learning model

The receiver operating characteristic curve and the decision curve of our model for detecting overall abnormality are shown in Figure 5. The net benefit of the deep learning-based model was higher than that of the conventional algorithm at the threshold probability of 0.04 or lower and 0.19 or higher. At maximum Youden's J index, our model classified 102 ECGs (33%) as abnormal, and the accuracy, sensitivity, specificity, positive predictive value, and negative predictive value were 0.83 (95%CI, 0.79–0.87), 0.79 (95%CI, 0.75–0.84), 0.84 (95%CI, 0.80–0.88), 0.65 (95%CI, 0.60–0.70), and 0.91 (95%CI, 0.88–0.94), respectively. To achieve the same sensitivity (95%) as the conventional algorithm, the threshold for the output of the model was set to 0.022, and the accuracy, sensitivity, specificity, positive predictive value, and negative predictive value were 0.52 (95%CI, 0.47–0.58), 0.95 (95%CI, 0.93–0.97), 0.37 (95%CI, 0.32–0.42), 0.36 (95%CI, 0.31–0.41), and 0.95 (95%CI, 0.93–0.97), respectively. The specificity of the model was not significantly different from that of the conventional algorithm (P = .58, McNemar's test). The accuracy of the model was similar between the ECGs with initial agreement among physicians and those with initial disagreement (0.52 vs. 0.52).


[image: Panel A shows a receiver operating characteristic curve comparing sensitivity versus one minus specificity for a deep learning model and a conventional algorithm, with the deep learning model exhibiting higher overall performance. Panel B presents a decision curve analysis plotting net benefit against threshold probability, where the deep learning model consistently demonstrates greater net benefit compared to the conventional algorithm, no screening, and screen all strategies.]
FIGURE 5
Overall diagnostic performance of the conventional algorithm and the deep learning-based model. (A) Receiver operating characteristic curve of the deep learning-based model. The area under the curve was 0.87. (B) Decision curves of the conventional algorithm and the deep learning-based model. The test harm was assumed to be 0.




3.5 Performance for each abnormality

The diagnostic performance of the conventional algorithm and deep learning-based model for abnormalities for which both training and test groups contain one or more ECGs with such abnormality at the same sensitivity are shown in Table 2. At the same sensitivity, the specificity of the deep learning-based model was significantly higher for ECGs with ST-T abnormality, complete right bundle branch block, QRS axis abnormality, left ventricular hypertrophy, incomplete right bundle branch block, WPW syndrome, supraventricular tachyarrhythmia, and Brugada-type electrocardiograms, but not significantly different for ECGs with right ventricular hypertrophy and premature ventricular contraction. The receiver operating characteristic curves of the deep learning-based model for four major abnormalities (ST-T abnormality, complete right bundle branch block, QRS axis abnormality, and right ventricular hypertrophy) are shown in Figure 6.


TABLE 2 Diagnostic performance for electrocardiograms with each abnormality. Values are shown with 95% confidence intervals. P values were calculated using McNemar's test.

[image: Comparison table of electrocardiogram findings shows metrics for a conventional algorithm versus a deep learning-based model at the same sensitivity, including accuracy, sensitivity, specificity, positive predictive value, and negative predictive value for conditions such as ST-T abnormality, right bundle branch block, QRS axis abnormality, ventricular hypertrophy, and arrhythmias, with corresponding P values.]


[image: Four-panel figure showing ROC curves labeled A, B, C, and D, each comparing a deep learning model (red line) to a conventional algorithm (blue X marker) for sensitivity versus 1-specificity, with similar axes and a shared legend.]
FIGURE 6
Diagnostic performance of the conventional algorithm and the deep learning-based model for four major abnormalities. (A) ST-T abnormality. The area under the curve of the deep learning-based model was 0.86. (B) Complete right bundle branch block. The area under the curve of the deep learning-based model was 0.91. (C) QRS axis abnormality. The area under the curve of the deep learning-based model was 0.92. (D) Right ventricular hypertrophy. The area under the curve of the deep learning-based model was 0.89.




3.6 Visualization

Interpretation for ECGs with ST-T abnormality, with complete right bundle branch block, and with QRS axis abnormality, right ventricular hypertrophy, and ST-T abnormality by our model was visualized and shown in Figure 7.


[image: Panel A shows a twelve-lead electrocardiogram with regular rhythm and narrow QRS complexes. Panel B displays an electrocardiogram with slightly widened QRS complexes and regular rhythm. Panel C presents an electrocardiogram with markedly wide QRS complexes and high-amplitude signals, also maintaining a regular rhythm. Each panel is labeled A, B, or C and displays all standard leads.]
FIGURE 7
Visualization of the deep learning-based model. Red and yellow represent areas where the model focused on to output predictions. (A) An electrocardiogram with ST-T abnormality. (B) An electrocardiogram with complete right bundle branch block. (C) An electrocardiogram with QRS axis abnormality, right ventricular hypertrophy, and ST-T abnormality.





4 Discussion

In this study, we developed and validated a new deep learning-based algorithm to detect the guideline-defined abnormalities in ECGs in school-age children. To our knowledge, this is the first application of deep learning to interpreting the 12-lead ECG in children with a variety of target heart diseases in accordance with the nationwide population-level screening guideline, and we showed that the deep learning-based analysis could detect abnormalities in ECGs based on wave data, age, and sex, at the diagnostic performance at least similar to the conventional algorithm.

Automated analysis of 12-lead ECG has been studied since 1950s (15, 30). In previous studies, automated analysis of ECG was performed using the rule-based approach, in which ECG waveforms were recognized and interpreted based on descriptive rules. The rule-based automated analysis of ECG has been reported to have high diagnostic performance in adults (14, 16, 17). However, its application to ECGs in children has been limited, and to our knowledge, the diagnostic performance of automated algorithms for ECGs in children with a variety of target heart diseases has not been reported. In this study, we aimed to develop a method of automated analysis of ECG in children without defining a detailed description of ECG waveforms using a deep learning-based method.

Although a standard protocol for the interpretation of ECGs for screening in school-age children has been established in Japan, the percentage of students who were regarded as having abnormal ECG varied among districts in Japan (1). In this study, disagreement among the three certified pediatric cardiologists occurred in 29% of the ECGs for evaluation. Considering the relatively high inconsistency rate even among experienced physicians, accurate and consistent analysis of ECGs will help improve the efficacy of screening of ECGs in school-age children.

Deep learning has recently been developed initially in the field of automated image recognition. One of the advantages of deep learning is that deep learning models extract features that are necessary to predict outputs not by descriptive definition of such features but through the learning process in which a model is trained using a large dataset of inputs and outputs. Because of this non-descriptive learning process, it can recognize and interpret images without descriptive definitions of waveforms and abnormalities.

Recent studies have shown superior performance of deep learning-based methods to analyze single-lead ECGs as well as 12-lead ECGs (19–22, 31–34). In some previous studies, deep learning-based methods were applied by inputting 12-lead ECG data as a 2-dimensional array to convolutional neural networks (19, 21, 22, 34–37). However, a typical convolutional neural network does not recognize sequential relationships among time-dependent wave data, especially at distant time points. To handle ECG wave data as time-sequence data, some previous studies used recurrent neural networks, including long short-term memory network for deep learning model (38, 39), time-frequency spectrogram (40, 41), or transformer (20). In the present study, we focused on periodicity in addition to the time sequence of ECG waveforms and developed a model that used conventional signal processing methods, such as the Fourier transform and the Pan-Tompkins algorithm, and deep convolutional networks. The model used in the present study has four theoretical advantages compared with the models used in the previous deep leaning-based ECG studies (34–42). First, the input of the present model is wave data, which is consistent among different recording systems and to which various signal-processing methods, such as low pass filter, can be applied. Second, because of the structure of the input tensor, which was created based on Cabrela format, and the convolutional layers used in the deep learning model, the geometrical relationships among 12 leads of ECG can be recognized in the model. Third, because the input data we used was not time-dependent voltage data nor time-frequency spectrogram but 3-dimensionally concatenated spectrums in which one dimension is for leads, one dimension is for frequency, and the other dimension is for amplitude and phase as results of Fourier transform, we could reduce the size of the input tensor to 2 × 12 × 400. The smaller size of the input tensor compared to the previous studies may have contributed to the performance of the model despite the relatively small number of included patients (35–38, 42). This can be a potential advantage for screening abnormal ECGs in children, who are associated with a variety of rare cardiac diseases. Forth, the present model is a multi-modal deep-learning model that includes age and sex as well as ECG data as its inputs. This may be beneficial to analyze ECGs in growing children of different ages and genders.

In the previous studies, the diagnostic performance of deep learning-based analysis of ECGs in adults was shown to be similar to or superior to that of conventional automated analysis (43, 44). However, the diagnostic performance of deep learning-based or conventional automated analysis for ECGs in children with a variety of target heart diseases by using a screening guideline has not been reported. In this study, we first evaluated the diagnostic performance of a conventional algorithm implemented in an ECG recorder (ECG-1400; Nihon Kohden, Japan) and then compared it with that of deep learning-based analysis. As a result, the conventional algorithm was shown to be sensitive to the abnormalities in children but less specific (sensitivity, 0.95; specificity, 0.43), and the deep learning-based model had similar overall diagnostic performance to that of the conventional algorithm and was more specific for ECGs with some abnormalities, such as ST-T abnormality, complete right bundle branch block, QRS axis abnormality, left ventricular hypertrophy, incomplete right bundle branch block, WPW syndrome, supraventricular tachyarrhythmia, and Brugada-type electrocardiograms. As shown in Figure 5B, the net benefit of the deep learning-based model was higher than that of the conventional algorithm when at the lower and higher ends of the threshold probability. The present convolutional neural network, which recognizes the relationships among waves in adjacent leads in the Cabrela format, may have contributed to the performance of the model. Considering that the performance of the deep learning-based model can be improved by including more data for training, our deep learning-based model can classify ECGs in children at least as accurately as a conventional automated algorithm does.

One of the disadvantages of a deep learning-based model for clinical purposes is that the recognition and interpretation of a model are not well explained, and it is often considered a “black box.” In this study, we showed areas of ECG wave on which our deep learning-based model focused on to output prediction, as shown in Figure 7. The areas were generally consistent with the abnormalities in the abnormal ECGs except for the one with ST-T abnormality. The inconsistency in the ECG with ST-T abnormality may be caused by the frequent association of ST-T abnormality with the other abnormalities in the training data. This visualization technique may help clinicians review the model's predictions.

Several limitations of this study should be acknowledged. First, because some of the ECG findings were rare, several abnormalities in the guidelines were rarely or not included in the training or test dataset. Second, because the output of our deep learning-based model was for overall abnormality (i.e., whether an ECG includes any abnormal findings), the evaluation of our model for each abnormality may not represent the exact performance of the deep learning-based model for each abnormality. Third, the data recorded in the previous period were used in this study due to the limited resources for the meticulous annotation process. The conventional algorithm implemented in the ECG recorder has remained largely the same, with only minor updates. These updates may affect the performance of the current rule-based algorithm. In addition, Minnesota codes were revised in 2010, but this didn't affect the results of the study. These limitations will be solved by including more cases and by developing specific models for each abnormality using a large amount of data in future studies.

In conclusion, we developed a new deep learning-based method to detect abnormalities defined by a national ECG screening guideline in 12-lead ECGs in children, and its diagnostic performance was at least similar to that of a conventional automated algorithm. Further studies are warranted to improve the diagnostic performance of the model for automated analysis of ECGs in the setting of screening for apparently healthy school children.
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Infants younger than 3 months old often present with incomplete Kawasaki Disease (KD), where not all the classical features are present. This makes the diagnosis challenging, as KD may be easily confused with other common pediatric conditions, such as viral infections, bacterial sepsis, or toxic shock syndrome. Moreover, the risk of developing coronary artery abnormalities is reportedly higher in younger infants, making timely diagnosis and treatment critical. Here we reported three cases of KD in infants under three months, each illustrating the challenges in diagnosis due to the absence of typical KD symptoms such as rash, conjunctivitis, and oral mucosal changes. Echocardiography played a pivotal role in identifying coronary artery abnormalities, leading to the diagnosis of incomplete KD in all cases. Clinicians should maintain a high index of suspicion for KD in any febrile infant, particularly when inflammatory markers are elevated. Early recognition and treatment are vital to prevent severe cardiovascular complications.
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Introduction

Kawasaki disease (KD), first described by Dr. Tomisaku Kawasaki in 1967 (1), is an acute, systemic vasculitis that primarily affects children under five years old. The exact etiology of KD remains unknown, but it is believed to involve an abnormal immune response to an infectious or environmental trigger in genetically predisposed individuals. KD is the leading cause of acquired heart disease in children in developed countries, with coronary artery aneurysms being the most severe complication if left untreated (2).

The clinical diagnosis of KD is typically based on the presence of prolonged fever (lasting at least five days) and at least four of the following five principal clinical features: bilateral non-exudative conjunctivitis, changes in the lips and oral cavity, polymorphous rash, changes in the extremities (such as erythema of the palms and soles, or desquamation), and cervical lymphadenopathy (3). However, these criteria were established based on children older than 6 months, and their application in infants, particularly those under three months of age, can be problematic (4, 5). The 2024 American Heart Association guidelines have updated the diagnostic criteria for Kawasaki Disease, notably reducing the required fever duration from at least five days to four, especially in cases with strong supportive features such as coronary abnormalities. This change has important implications for early diagnosis in infants, who often present with incomplete criteria and rapid coronary involvement (6).

Infants in this age group often present with incomplete KD, where not all the classical features are present (4, 5). This makes the diagnosis challenging, as KD may be easily confused with other common pediatric conditions, such as viral infections, bacterial sepsis, or toxic shock syndrome. Moreover, the risk of developing coronary artery abnormalities is reportedly higher in younger infants, making timely diagnosis and treatment critical (2, 7).

Given these challenges, this case series aims to highlight the diagnostic difficulties encountered in infants under three months of age with KD. Through the presentation of three cases, we aim to underscore the importance of considering KD in the differential diagnosis of febrile infants, even in the absence of the full complement of clinical signs, and the critical role of echocardiography in early detection and management.



Case presentation

Case 1: A 2-month-old male infant presented with a high fever and cough on the second day of illness. Clinical examination showed no other abnormalities. Initial laboratory tests revealed leukocytosis with a white blood cell (WBC) count of 15.23 G/L and an elevated C-reactive protein (CRP) level of 52.14 mg/dl (Table 1). Rapid tests for influenza and SARS-CoV-2 were negative. Despite treatment with intravenous third-generation Cephalosporin antibiotics for a presumed diagnosis of sepsis, the fever persisted after five days. Notably, the child lacked other symptoms typically associated with KD, such as rash, conjunctivitis, or changes in the oral mucosa.



TABLE 1 Laboratory findings of patients.



	Laboratory findings
	Case 1
	Case 2
	Case 3



	Admission Day 2 of illness
	Day 5 of illness
	Admission Day 2 of illness
	Day 5 of illness
	First hospitalization
	Second hospitalization





	White blood cell (10⁹/L)
	15.23
	17.8
	9.9
	14.3
	13.23
	11.15



	Neutrophil (10⁹/L)
	8.8
	8
	5.4
	9.2
	5.56
	2.49



	Lymphocyte (10⁹/L)
	5.5
	7.8
	3.3
	3.2
	4.42
	7.68



	Red blood cell (10¹²/L)
	3.52
	2.91
	4.59
	4.45
	2.79
	5.16



	Hemoglobin (g/L)
	106
	86
	120
	111
	82
	112



	Platelets (10⁹/L)
	445
	708
	441
	521
	655
	369



	CRP (mg/L)
	52.14
	295.44
	8.2
	80.12
	33.77
	43.33



	Ure (mmol/L)
	2.42
	1.44
	2.96
	2.9
	-
	-



	Creatinine (µmol/L)
	35.1
	30.5
	36.5
	34.1
	-
	-



	AST (U/L)
	36.3
	27.3
	71.6
	125.2
	30
	35.9



	ALT (U/L)
	25.4
	12.4
	49.1
	115.7
	14
	14.6







On the fifth day of illness, laboratory tests showed a further increase in WBC count to 24.88 G/L and CRP to 233.75 mg/dl (Table 1). Regarding the persistent fever and elevated inflammatory markers, a transthoracic echocardiogram was indicated at day 7 of illness and revealed significant coronary artery dilation, with a left coronary artery diameter of 3.5 mm (z-score 5.86), left anterior descending coronary artery (LAD) of 1.9 mm (z-score 2.43), left circumflex coronary artery (LCX) of 1.7 mm (z-score 2.09), right coronary artery diameter of 2.4 mm (z-score 3.86), and a subsequent segment of 3.8 mm (z-score 7.24) (Figure 1A). The diagnosis of incomplete KD was made, and the child received intravenous immunoglobulin (IVIG) and aspirin. The fever resolved 21 hours after IVIG administration. A follow-up echocardiogram at day 12 of illness showed worsening coronary artery dilation with a left coronary artery diameter of 3.3 mm (z-score 5.39), left anterior descending coronary artery (LAD) of 2.8 mm (z-score 5.3), right coronary artery diameter of 4.4 mm (z-score 10.64) (Figure 1B). The patient was transferred to the National Children's Hospital for further treatment with anticoagulation and dual antiplatelet therapy. Finally, he was eventually discharged in stable condition.


[image: Panel A shows a color Doppler echocardiography image with an arrow pointing to the left main coronary artery measuring 3.5 millimeters on day 7 of illness in case 1. Panel B displays a similar image pointing to the right coronary artery measuring 4.7 millimeters on day 12 of illness in case 1. Panel C presents a grayscale echocardiogram with an arrow indicating the left main coronary artery measuring 2.6 millimeters on day 6 of illness in case 2. Panel D shows a color echocardiography image with an arrow highlighting the right coronary artery measuring 2.6 millimeters on day 7 of illness in case 3.]
FIGURE 1
Echocardiographic image of coronary artery lesion in case 1 (A,B), case 2 (C) and case 3 (D).


Case 2: This case involved a girl of three months old who had been treated for pneumonia at a district hospital and had been discharged seven days prior to presentation. She developed high fever, vomiting, and loose stools two days before admission. Laboratory tests showed a WBC count of 9.9 G/L and a CRP level of 8.2 mg/dl (Table 1). Despite ongoing high fever, the child exhibited only mild symptoms, such as red, dry lips and a slightly red tongue, without rash, conjunctivitis, or lymphadenopathy.

Due to persistent high fever with limited clinical findings and mildly elevated inflammatory markers (Table 1), an echocardiogram was obtained at day 6 of illness to rule out cardiovascular involvement. This revealed mild coronary artery dilation, with a left coronary artery diameter of 2.6 mm (z-score 2.99), LAD of 1.6 mm (z-score 0.96), LCX of 1.4 mm (z-score 0.78), and right coronary artery diameter of 1.9 mm (z-score 1.85) (Figure 1C). The child was diagnosed with incomplete KD and initially received empiric antibiotics for suspected infection while awaiting diagnostic clarification. Upon confirmation of coronary involvement, aspirin therapy was initiated as part of KD management. The fever resolved within three days, and the child was discharged in stable condition with a maintenance dose of aspirin.

Case 3: A 32-day-old boy presented with severe respiratory symptoms, including a hoarse cough, wheezing, rapid breathing, and a high fever. The child also had a mottled skin rash, red sclera, and red, cracked oral mucosa. Laboratory tests indicated a WBC count of 13.23 G/L and a CRP level of 33.77 mg/dl (Table 1). The echocardiogram did not show coronary artery dilation at the time. The child was treated for severe pneumonia and discharged after 10 days.

However, at four months of age, he was readmitted with a recurrent pneumonia. Upon readmission, because of persistent inflammation (Table 1), an echocardiogram was performed at day 7 of illness to evaluate possible complications, including KD-related coronary involvement. This showed a significant coronary artery dilation, with a left coronary artery diameter of 2.6 mm (z-score 3.89), LAD of 2.7 mm (z-score 4.76), LCX of 1.5 mm (z-score 1.4), and right coronary artery diameter of 4.1 mm (z-score 9.34) (Figure 1D). The child was retrospectively diagnosed with KD, which had been missed during the initial hospitalization. The child received antibiotic therapy for presumed respiratory infection, but following retrospective diagnosis of KD based on echocardiographic findings, aspirin was introduced to address coronary artery abnormalities, and he was discharged.



Discussion

Diagnosing Kawasaki disease in infants under three months of age is particularly challenging due to the nonspecific and often subtle clinical presentation (4, 5, 8). In children older than 6 months, the diagnosis of KD is primarily clinical, based on the presence of fever and a characteristic set of symptoms (9). However, in infants, especially those under three months, the presentation is frequently atypical, leading to delayed diagnosis and treatment, which can result in severe complications, particularly coronary artery aneurysms (4, 10–12).

As demonstrated by our cases, children under three months of age with KD may initially present with prolonged fever as the only apparent symptom. Other classical signs, such as rash, conjunctivitis, or changes in the oral mucosa, may be absent or appear late in the disease course. This incomplete presentation can easily lead to misdiagnosis or a delay in considering KD as a differential diagnosis, especially in a setting where infectious causes of fever are more common and initially prioritized. Several studies (5, 13) have emphasized that infants under 3 months are at particularly high risk for missed or delayed KD diagnosis. Current American Heart Association guidelines recommend initiating evaluation for incomplete KD when inflammatory markers such as C-reactive protein (CRP) exceed 30 mg/L or erythrocyte sedimentation rate (ESR) exceeds 40 mm/h, particularly when these values persist beyond 3–4 days in the absence of an identifiable infection, even when few or no principal clinical features are present (14). This approach is especially important in young infants, who often lack the full clinical constellation of KD.

In case 1, the initial diagnosis was sepsis due to fever and respiratory symptoms, with antibiotics given empirically. It was only after several days of persistent fever and a marked increase in inflammatory markers that KD was considered. The absence of classic symptoms such as rash, red eyes, and oral changes further complicated the diagnosis (15). This delay in recognizing KD highlights the need for clinicians to maintain a high index of suspicion for KD in febrile infants, even when typical signs are not present.

Echocardiography is a critical tool in the diagnosis and management of KD, particularly in atypical cases (16). Coronary artery involvement, manifesting as dilation or aneurysms, is the most severe complication of KD and can be present even in the absence of other clinical features. The detection of coronary artery abnormalities on echocardiography can confirm the diagnosis of KD in cases where clinical signs are ambiguous or incomplete (5, 16). In these cases, echocardiography was not routine but was prompted by persistent fever unresponsive to antibiotics and elevated inflammatory markers. This diagnostic approach aligns with recommendations to consider echocardiography in febrile infants when clinical suspicion of KD exists despite an incomplete presentation.

In case 2, the infant exhibited only mild symptoms, yet echocardiography revealed coronary artery dilation, leading to the diagnosis of incomplete KD. This underscores the importance of performing an echocardiogram in any infant with unexplained prolonged fever, especially when inflammatory markers such as CRP are elevated. Early identification of coronary artery involvement allows for timely initiation of IVIG therapy, which is crucial in preventing the progression of coronary artery abnormalities (17).

The early diagnosis of KD in young infants is crucial, as delayed treatment increases the risk of coronary artery aneurysms. Studies have shown that infants under six months are more likely to present with incomplete KD and are at higher risk for coronary artery involvement (4, 8, 10–13). This increased risk, coupled with the diagnostic challenges, necessitates a heightened awareness among clinicians.

The third case illustrates the consequences of a missed diagnosis. The infant initially presented with severe respiratory symptoms and a widespread rash, which was attributed to a respiratory infection. The diagnosis of KD was missed, and it was only during a subsequent hospitalization that coronary artery dilation was detected on echocardiography. This case emphasizes the importance of considering KD in the differential diagnosis of any infant with prolonged fever, even when other causes appear more likely (18). Kawasaki disease is typically self-limiting; however, without appropriate treatment such as IVIG, patients are at increased risk of developing coronary artery complications. This case highlights that although the fever was resolved, the underlying vasculitis progressed, as evidenced by coronary dilation on follow-up.

Indeed, in case 1, although IVIG therapy led to fever resolution within 21 h, follow-up echocardiography showed progression of coronary artery dilation. Similarly, in case 3, the initial echocardiogram during the first hospitalization was normal, despite the infant presenting at least four principal features of KD including rash, conjunctival injection, and changes in the oral mucosa. The later development of coronary artery aneurysms upon readmission strongly suggests that subclinical or smoldering inflammation persisted beyond the acute phase. This raises the possibility that inflammation may not have been fully controlled despite initial clinical improvement. Incomplete suppression of vascular inflammation, sometimes referred to as smoldering or subclinical vasculitis, has been documented in patients with KD and may contribute to worsening coronary artery outcomes even after timely IVIG treatment. These cases highlight a critical consideration in infants under three months: the physical manifestations of inflammation may be subtle or transient, and inflammatory activity can continue despite apparent clinical improvement. Therefore, serial echocardiographic follow-up is essential in this age group, even when initial imaging appears normal. Such an approach allows for early detection of evolving coronary pathology and timely adjustment of management strategies to mitigate long-term cardiovascular risks (6, 17).

While traditional inflammatory markers such as CRP and ESR remain valuable in KD diagnosis, newer biomarkers and diagnostic algorithms have also been investigated (6). Biomarkers like NT-pro BNP, D-dimer, and markers of fibrinolysis may support early KD diagnosis and predict coronary complications. However, their utility in infants under three months is limited. For example, NT-pro BNP levels are physiologically elevated in neonates and infants due to postnatal cardiovascular adaptation, which reduces their specificity for KD in this age group. Despite these limitations, integrating biomarker trends with clinical findings and echocardiography may improve diagnostic accuracy in ambiguous cases (6, 9, 17).

The cases presented in this series highlight several important considerations for clinicians managing febrile infants. First, KD should be considered in any infant with prolonged fever, particularly when the fever is accompanied by elevated inflammatory markers, even if the classic signs are absent. Second, echocardiography should be performed early in the diagnostic workup of suspected KD, as coronary artery abnormalities may be the first or only indication of the disease in this age group. Finally, prompt initiation of treatment with IVIG and aspirin is essential to reduce the risk of coronary artery aneurysms and other complications.

Given the diagnostic challenges associated with KD in infants under three months, there is a need for greater awareness and consideration of atypical presentations. Early recognition and intervention can significantly improve outcomes, reducing the risk of long-term cardiovascular complications and improving overall prognosis (Box 1).



BOX 1 Clinical red flags for early Kawasaki disease evaluation in infants <3 months.



	Clinical finding
	Implication





	Persistent fever ≥4 days
	Consider incomplete KD even without full clinical features



	CRP >30 mg/L and/or ESR >40 mm/h
	Marker of significant inflammation per AHA criteria



	No response to empiric antibiotics
	Suggests non-bacterial etiology; supports KD suspicion



	Unexplained sterile pyuria, irritability, or hepatomegaly
	Nonspecific signs that may indicate systemic vasculitis



	→ Prompt echocardiography recommended
	Especially if inflammatory markers elevated









Conclusion

While diagnostic difficulties in very young infants with KD are well recognized, there remains a paucity of case-based data from low- and middle-income settings, particularly Southeast Asia. Our series contributes additional insight into how incomplete presentations can delay diagnosis and lead to adverse coronary outcomes, underscoring the need for improved awareness and adapted diagnostic strategies. Indeed, this case series underscores the importance of considering KD in the differential diagnosis of febrile infants, even when classical signs are absent. Echocardiography plays a critical role in identifying coronary artery involvement, which is a key indicator of KD in this age group. Early diagnosis and prompt treatment with IVIG and aspirin are crucial to prevent severe complications such as coronary artery aneurysms. Clinicians should maintain a high index of suspicion for KD in young infants with prolonged fever, and further research is needed to develop better diagnostic strategies for this vulnerable population.
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Case Report: A thrombosis of ductus arteriosus aneurysm involving the left pulmonary artery in a full-term newborn with isolated right ventricular hypoplasia
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Background: Thrombosis of ductus arteriosus aneurysm (DAA) is a well-known complication of DAA that can lead to vascular obstruction or thromboembolic events.



Case report: A full-term male newborn presented with isolated right ventricular hypoplasia (IRVH). Follow-up echocardiography at 19 days of life revealed a pedunculated mass, suggesting a thrombus partially obstructing the left pulmonary artery (LPA). The patient remained clinically stable but was admitted to the neonatal intensive care unit for close monitoring. CT and MRI confirmed DAA thrombosis involving LPA. Due to a lack of resolution with conservative treatment, the patient underwent a thrombectomy and resection of the ductus arteriosus (DA). The postoperative course was uneventful, and the follow-up echocardiography showed normalisation of the right ventricular cavity and no residual thrombus.



Conclusion: This case highlights the importance of early detection and investigation in neonates with echocardiographic findings of intrauterine ductus arteriosus closure, stenosis, or DA closure in the first 12 h of life to prevent life-threatening complications.
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Introduction

Ductus arteriosus aneurysm (DAA) is a rare congenital anomaly characterized by focal saccular or diffuse tubular dilatation of the ductus arteriosus with an estimated incidence up to 8.8% in term neonates (1, 2).

The pathophysiology remains incompletely understood, with multiple contributing factors such as reduced intimal cushions, abnormal elastin deposition, mechanical factors as well as certain genetic conditions (1–3).

While many cases with congenital DAA remain asymptomatic with a benign course and spontaneous regression (2, 3), some present with respiratory distress, stridor, feeble cry, as well as systemic and pulmonary hypertension (4–6). These manifestations typically result from complications such as thrombosis, thromboembolism, rupture or compressive effect on adjacent airways or vasculature (1–6).

Among these complications, DAA thrombosis is particularly concerning, as it can lead to vascular obstruction or thromboembolic events, posing significant diagnostic and therapeutic challenges (2). Because intra-arterial thrombus formation affects approximately 30% of symptomatic cases of DAA, the early detection of high-risk DAA is mandatory for curative intervention.

We present an asymptomatic male newborn diagnosed with isolated right ventricular hypoplasia (IRVH) and thrombosis of DAA involving the left pulmonary artery surgically treated without any reported etiology factor.



Case report

A male full-term infant was born via spontaneous vaginal delivery to a 20-year-old primigravida who had been using calcium channel blockers since 36 weeks of gestation due to threatened preterm labor. Prenatal Doppler ultrasound at that time revealed high resistance in the umbilical artery as well as right heart enlargement.

The newborn weighed 3,530 g at birth, with an Apgar score of 9 at the 1st and 5th minute, respectively. During 6 h of life, the newborn showed signs of mild cyanosis, which did not improve with the use of diffuse oxygen therapy. He required respiratory support via high-flow nasal cannula with FiO2 of 50% for the next 48 h, followed by diffuse oxygen therapy for an additional 5 days. Going forward, he remained hemodynamically stable. Echocardiography was performed, and because of excessive trabeculation and prominent papillary muscle of the right ventricle, he was referred to a tertiary referral heart centre at 5 days of life.

At our hospital, the physical examination was unremarkable. Echocardiography displayed an undeveloped trabecular part of the right ventricle (RV) with a small cavity and prominent papillary muscles (Figure 1A), patent foramen ovale (PFO) with bidirectional, predominantly left to right shunt and mild tricuspid valve regurgitation (peak pressure gradient 45 mmHg), as well as insignificant regurgitation on the mitral valve. Left pulmonary artery (LPA) blood flow was laminar with a velocity of 1.6 m/s (Figure 1). The flow in patent ductus arteriosus (PDA) was not identified. Based on these findings, a diagnosis of IRVH was made, and further monitoring was advised.


[image: Panel A shows an echocardiographic section with a yellow star highlighting a cardiac structure. Panel B displays a similar section with a purple arrow indicating another feature. Panel C features a left pulmonary artery labeled by an arrow.]
FIGURE 1
(A) Hypertrabecular right ventricle with a small cavity (yellow star); (B) massive hyperechogenic tricuspid papillary muscle (purple arrow); (C) normal pulmonary artery without pathological masses.


At the follow-up examination 2 weeks later, echocardiography revealed a pedunculated mass 5 mm × 5 mm suggestive of a thrombus, partially obstructing LPA with a pressure gradient of 30 mmHg. The mass was attached to a hyperechoic, tortuous peduncle, suspected to originate from a PDA, with a length of 11 mm (Figure 2). Due to these findings, the infant was admitted to the neonatal intensive care unit department. Upon admission, he remained clinically stable, with SpO2 of 100% and no signs of respiratory distress or cyanosis.
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FIGURE 2
(a) Thrombus localised in the left pulmonary artery; (b) partially LPA obstruction with an accelerated blood flow in the LPA; (c) the thrombus attached to a hyperechoic, tortuous peduncle, suspected to originate from a DA. LPA, left pulmonary artery; DA, ductus arteriosus.


His initial laboratory findings were all within the normal range (D-Dimer levels were normal <240 ng/ml). Further analysis of hypercoagulable workup, genetics and screening for thrombophilia all came back negative. The results of genetic testing for connective tissue diseases were also negative. Low molecular weight heparin was initiated, with doses adjusted according to factor Xa levels.

Computed tomography (CT) of the chest with angiography revealed an intraluminal filling defect in the proximal LPA measuring 6 mm × 5 mm, resulting in partial obstruction. A marginally calcified structure was also identified in the middle mediastinum, measuring 13 mm × 6 mm × 8 mm, with a ribbon-like calcified tract extending toward the LPA (Figure 3). No evidence of right heart strain was observed.


[image: Panel a shows a 3D medical illustration of the heart and vessels with labeled calcified double aortic arch (DAA), peduncular extension, and left pulmonary artery. Panel b shows a cross-sectional CT scan highlighting LPA thrombus and calcified DAA.]
FIGURE 3
Non-gated CT angiography with (a) volume-rendered and (b) axial-oblique reconstructions show marginally calcified DAA (blue arrow) with peduncular extension (green arrow) toward the LPA, as well as thrombotic mass (purple arrow) in LPA. CT, computerized tomography; DAA, ductus arteriosus aneurysm; LPA, left pulmonary artery.


Additionally, cardiac magnetic resonance imaging (MRI) revealed the lesion along with its previously described location and extent. Based on the characteristics of the MR signal, the most probable differential diagnosis was a DAA with an organised thrombus. Furthermore, this examination demonstrated a small cavity and excessive trabeculation of the right ventricle (RV).

Since there was no resolution of the thrombus, the infant underwent thrombectomy and DAA resection. The operation was performed through a median sternotomy (Figure 4a). Dissection of the pulmonary artery confirmed a thrombus with an approximate diameter of 5 mm, partially occluding the left pulmonary artery (Figure 4b). Dissection of the ductus arteriosus revealed a ductal lumen filled with a thrombotic mass and a dilated aortic end measuring 7–8 mm (Figure 4b). The patient was weaned from cardiopulmonary bypass uneventfully. Histopathological examination showed normal ductal tissue with organised thrombus, focusing on hemosiderin and calcification.
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FIGURE 4
(a) Thrombus protruding from aneurysmatically dilated DA (purple arrow); (b) resected aneurysm of PDA; (c) thrombus that partially occluded left branch of the pulmonary artery. LPA, left pulmonary artery; DA, ductus arteriosus; DAA, ductus arteriosus aneurysm.


The patient had an uneventful postoperative course and was discharged 7 days after surgery without complications. The follow-up echocardiography revealed no valvular abnormalities, normal systolic function, and normalisation of the RV cavity.



Discussion

The etiopathogenesis of DAA remains unclear, and multiple theories have been proposed to explain it. One is that impairment in forming the ductal intimal cushion, or defective elastin synthesis, may predispose the ductus to aneurysmal transformation, affecting its normal remodelling and closure (7). Another one attributes DAA formation to an inherent fragility of the ductal wall. This may occur from necrosis and mucoid degeneration of the tunica media, leading to structural compromise and aneurysmal dilatation (3, 8). In the case presented by Inagi et al., with a rapidly growing thrombus from the DAA, histological findings showed partial rupture in the DAA, which supports the contention that congenital weakness of the ductal wall contributes to the pathogenesis (9, 10).

In addition to structural and hemodynamic factors, genetic conditions associated with connective tissue abnormalities have been related to the development of DAA (3, 7, 11). Syndromes such as Marfan, Smith-Lemli-Opitz, and Ehlers-Danlos syndrome, all characterised by defects in extracellular matrix components, may contribute to ductal wall weakness and aneurysm formation. Whole-exome genome sequencing ruled out that possibility in our patient. Maternal diabetes mellitus (DM) or those born later in gestation have been reported as a nongenetic risk factor of DAA and umbilical artery thrombosis (12). Use of calcium channel blockers, such in our patient, on the other hand, can inhibit the closure of the ductus arteriosus, particularly in premature infants.

Contrary to pathological explanations, some have proposed that DAA may represent a physiological variant rather than a pathological condition. DAA may represent a standard variant of an elongated ductal bump and be part of the typical process of spontaneous ductal closure in full-term neonates (2).

Moreover, some propose that intrauterine ductal constriction at its pulmonary end results in post-stenotic dilatation. This compensatory enlargement could evolve into an aneurysmal structure (13), identified in approximately 1.5%–2.2% in late pregnancy (14). In our case, a fetal echocardiogram at 36 gestational weeks showed right heart enlargement, and on birth, echocardiography revealed IRVH. Given the fact that a cause of IRVH can be premature closure of the ductus arteriosus in utero or the first 12 h of life, we speculate that the pathogenesis of DAA in our case was intrauterine constriction/closure of the pulmonary end of the ductus arteriosus (15). Additionally, some authors claimed that premature PDA closure may create a substrate for thrombus formation (16). Similar to the case of Shirozu et al., our patient had a bidirectional shunt on the PFO due to a restrictive small cavity RV, so we scheduled an early check-up. On the 19th day of life, the newborn was symptom-free, but an echocardiography examination pointed out LPA thrombosis with a tortuous peduncle, suspected to originate from a PDA (12). Firstly, we thought about spontaneous neonatal pulmonary artery thrombosis, which should be suspected in neonates without any cause for cyanosis and respiratory distress (17). Our patient did not have any risk factors for spontaneous neonatal pulmonary artery thrombosis, such as an intravascular catheter, dehydration, sepsis, maternal diabetes, polycythemia, and D-dimers were in the normal range (17, 18). On the other hand, Laviolette et al. presented the case of spontaneous neonatal LPA thrombosis without risk factors, but the prolonged rupture of membrane for 7 days was noted (16). However, CT and MRI examinations of our patient pointed out DAA thrombosis involving LPA.

The thrombosis of DAA involving the pulmonary artery is a well-documented complication, particularly in neonates (3–5, 9, 19). Shirozu et al. presented their case of DAA and pulmonary artery thrombosis in a protein S-deficient newborn with a comprehensive literature review and found that only their patient was asymptomatic (12). The diagnosis was made on the median 1st day of life, and the patients were cyanotic and had signs of respiratory distress (12). In some cases, associated conditions and genetic predisposition were described, such as protein S deficiency, umbilical line, prolonged prothrombin time and activated partial thromboplastin time, perinatal asphyxia, maternal diabetes mellitus and heterozygote of methylenetetrahydrofolate reductase (MTHFR) (12, 20). At the same time, none of the predisposing factors were found in our patient.

The management of DAA with thrombosis varies from pharmacological treatment to thrombectomy, depending on clinical manifestations and complications. In our case, definitive surgical management was necessary since there was obstruction of blood flow, no resolution of thrombus with pharmacological treatment, as well as a risk of thromboembolism. Inagi et al. underwent their patient's surgery due to a rapidly growing thrombus in the LPA despite systemic heparinisation (9). In most cases in the literature, surgery was the definitive treatment (5, 12, 14, 25). Xie et al. suggested that when the descending aorta is involved, complete excision of the DAA and the affected arterial wall is crucial to prevent thrombus recurrence (14). On the other hand, Takajo and Kobayashi presented a newborn with DAA and a 1.2 cm × 0.5 cm × 0.5 cm intraluminal PA thrombus that was conservatively treated. At 4 months follow-up, the echogenic mass spontaneously regressed with no evidence of left pulmonary artery stenosis (20). By searching the PubMed database, typing in the keywords: aneurysm of the ductus arteriosus, thrombosis, newborn, several cases were found (Table 1). Additionally, conservative treatment is the first-line treatment in spontaneous neonatal pulmonary artery thrombosis (16–18).



TABLE 1 Literature review and presentation of patients with ductus arteriosus thrombosis.



	Case number
	Reference
	DOL
	Clinical signs
	Treatment
	Associated conditions/Genetic predisposition





	1
	Fripp et al. (10)
	1
	Vomit, collapse, hepatomegaly
	Surgery
	Prolonged PT and APTT



	2
	Dyamenahalli et al. (3)
	1
	Heart murmur, cyanosis
	Surgery
	



	3
	Nyp et al. (21)
	0
	Heart murmur, cyanosis
	Surgery
	Maternal GDM heterozygote of MTHFR C677T



	4
	Masood et al. (22)
	0
	Acute respiratory distress
	Conservative (Aspirin)
	



	5
	Ciliberti et al. (23)
	1
	Acute respiratory distress, PH
	Conservative (Enoxaparin)
	Umbilical line heterozygote of MTHFR



	6
	McArdle et al. (5)
	5
	Heart murmur, cyanosis
	Surgery
	



	7
	Aly et al. (24)
	1
	Differential cyanosis
	Conservative (enoxaprin) + Surgery
	



	8
	Takajo and Kobayashi (20)
	1
	Differential cyanosis
	Conservative
	



	9
	Inagi et al. (9)
	1
	Acute respiratory disorders, neonatal asphyxia
	Conservative (systemic heparinization) + surgery
	



	10
	Shirozu et al. (12)
	7
	Symptoms-free
	Surgery
	Protein S deficiency



	11
	Xie et al. (14)
	9
	Symptoms-free, systolic murmur
	Surgery
	Prolonged rupture of membrane




	DOL, day of life; GDM, gestational diabtes mellitus; PT, prothrombin time; aPTT, activated partial thromboplastin time; PH, pulmonary hypertension; MTHFR, methyltetrahydrofolate reductase.







In our patient, DAA and LPA thrombosis with concomitant IRVH were found, and both pathological conditions could be a consequence of intrauterine ductal stenosis or occlusion. Consequently, cardiologists should suspect and investigate this echocardiographic finding in neonates with intrauterine ductus arteriosus closure, stenosis, or PDA closure in the first 12 h of life.
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Introduction: The COVID-19 pandemic began with the identification of SARS-CoV-2 in December 2019. Although children usually have milder acute symptoms, they can develop severe systemic symptoms termed pediatric multisystem inflammatory syndrome (MIS-C). This study reviews research in children and adolescents diagnosed with MIS-C, focusing on cardiovascular abnormalities.



Methodology: This systematic review was conducted following PRISMA guidelines. The review protocol was prospectively registered in the Prospective Register of Systematic Reviews (PROSPERO; registration number: CDR420251232497). A search strategy was constructed to identify the studies focusing on cardiovascular abnormalities in children and adolescents with MIS-C published in Portuguese and English at PubMed and Scielo from January 2020 to February 2025. The eligibility criteria and data extraction strategy were guided by the PICO framework.



Conclusions: Myocardial dysfunction and coronary abnormalities are the most frequent cardiovascular features in patients with MIS-C. Strain technology in echocardiography identifies early myocardial dysfunction, with studies showing persistent subclinical injuries. Despite ejection fraction and coronary anomalies returning to normal short to medium term, long-term cardiovascular effects of MIS-C remain uncertain, necessitating ongoing cardiology monitoring.
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Introduction

In December 2019, a new coronavirus variant responsible for a cluster of respiratory syndrome cases was described in China (1). Quickly coronavirus disease 2019 (COVID-19) was declared a pandemic by the World Health Organization (WHO) in March 2020 (2).

Clinical manifestations are varied and affect all age groups and can manifest mainly with fever, cough, dyspnea, and myalgia, gastrointestinal and skin changes (3).

Although initial pandemic research showed a lower propensity of children to develop more severe cases during the acute phase of the disease (4), severe cases have been increasingly reported in the literature as those with neurological manifestations (encephalopathy, stroke, Guillain-Barre) (5) and cardiovascular (heart failure, arrhythmias, myocarditis, pericarditis) (4, 6–9).

Patients with COVID-19 have a broad spectrum of cardiac clinical presentations. In the pediatric age group, some do not manifest clinical evidence of heart disease, but have abnormalities on cardiac tests (such as elevated serum cardiac troponin, asymptomatic cardiac arrhythmias, or abnormalities on cardiovascular imaging tests), and another group has symptomatic heart disease. Cardiac changes can occur in the acute phase or a few weeks after and included, (pericardial effusion), coronary artery vasculitis, valvulitis, heart failure (HF) and arrhythmias (4, 6–10).

In April 2020, reports from the UK documented a presentation in children of a Kawasaki-like disease or toxic shock syndrome or cytokine storm syndrome; these cases followed in 2–4 weeks the local acute COVID-19 spikes (2, 11, 12). Since then, there have been reports of similarly affected children in other areas of the world. The condition was named multisystem inflammatory syndrome in children (MIS-C) and in Brazil it is known as pediatric multisystem inflammatory syndrome (PMIS).

Kawasaki Disease (KD) is a vasculitis that affects preferentially the medium-sized arteries, especially the coronary arteries and, despite its similarity with MIS-C, aspects such as age of involvement and clinical spectrum may present differently (13, 14). Objectively, the World Health Organization (WHO) considers as defining a case of MIS-C (15):


	-Individual aged 0–19 years presenting with fever for 3 or more days

	-And two of the following criteria: 1. bilateral non-purulent cutaneous rash or conjunctivitis or signs of mucocutaneous inflammation (oral, hands or feet), 2. hypotension or shock, 3. Myocardial dysfunction, pericarditis, valvulitis, or coronary abnormalities (including ECO findings or elevated troponin/pro-BNP), 4. Evidence of coagulopathy (by elevated TAP, TTP, d-dimer), 5. Acute gastrointestinal problems (diarrhea, vomiting, or pain).

	-And elevated markers of inflammation, such as erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), or procalcitonin.

	-And no other obvious microbial cause of inflammation, including bacterial sepsis, staphylococcal or streptococcal shock syndromes.

	-AND evidence of COVID-19 (RT-PCR, antigen test, or positive serology) or history of contact with patients with COVID-19.



It has been suggested that MIS-C results from an abnormal immune response to the virus with some clinical similarities to Kawasaki disease (KD), macrophage activation syndrome (MAS) and cytokine storm syndrome. However, based on the available studies, MIS-C appears to have an immunophenotype distinct from KD and MAS (16, 17). Preliminary studies suggest that patients with severe MIS-C have persistent IgG antibodies with increased monocyte activation capacity, persistent cytopenias (mainly T-cell lymphopenia) and increased TCD8+ activation (16–19).
Considering that in the long term, the impact of MIS-C related myocardial injury is unknown, the present study aimed to review cardiovascular abnormalities in children and adolescents with MIS-C.



Methods


Electronic searches

This systematic review was conducted following PRISMA guidelines (Supplementary Table S1) and performed on 5 steps according to Khan KS et al. (20): 1- the review question, 2- study selection, 3- quality assessment of the studies, 4- data synthesis and 5- interpreting the findings (20). The search was based on the following question: “What are the cardiovascular changes related to Multisystem Inflammatory Syndrome in Children associated to COVID-19?”. The review protocol was prospectively registered in the Prospective Register of Systematic Reviews (PROSPERO; registration number: CDR420251232497).

A search strategy was constructed to identify the studies focusing on cardiovascular abnormalities in children and adolescents with MIS-C published in Portuguese and English at PubMed, Science Direct and Cochrane from January 2020 to February 2025. The Medical Subject Headings terms used were as follows: ‘COVID-19’ and ‘Multisystemic Inflammatory Syndrome in Children’ and ‘Kawasaki’ and ‘Cardiac involvement’. The eligibility criteria and data extraction strategy were guided by the PICO framework: (1) Population (P)- Children and adolescents (<21 years) diagnosed with Multisystem Inflammatory Syndrome in Children (MIS-C) temporally associated with SARS-CoV-2 infection according to CDC or WHO criteria, (2) Intervention/Exposure (I)-MIS-C clinical presentation and diagnostic evaluation, with emphasis on cardiovascular involvement assessed through biomarkers, electrocardiography, echocardiography, or cardiac MRI, (3) Comparison (C)-Not mandatory; when available, comparators included healthy pediatric populations, children with acute COVID-19, or children with Kawasaki disease and (4) Outcomes (O)- Cardiovascular manifestations (such as: ventricular dysfunction, coronary artery abnormalities, arrhythmias, pericardial involvement), treatment strategies, and short-term clinical outcomes. This PICO structure informed the selection of eligible studies, data extraction, and qualitative synthesis.



Study selection

The titles and abstracts of all the publications obtained from the electronic search and the list of references of these studies were screened extensively by the authors. The pre-established inclusion and exclusion criteria were applied, and articles with complete available texts were selected to be examined and included in this review. Initially, the selected manuscripts were reviewed by six of the authors, and subsequently, they were verified by an additional five authors. Indeed, the studies selected were assigned to the quality of the research design such as homogeneous or heterogeneous populations, adjustment of bias factors, short or long-term follow-up and prospective or retrospective study. Any discrepancies were solved by consensus among the authors.



Selection criteria

Case series reports, book chapters and review or prospective studies focusing on cardiovascular abnormalities in children and adolescents with MIS-C were selected. Criteria for inclusion of studies: 1-population: children and adolescents with MIS-C, 2- languages: Portuguese and English and 3-timeframe: from January 2020 to February 2025. A total of 115 related manuscripts were found after screening their titles and abstracts. After applying the inclusion and exclusion criteria, 46 manuscripts with complete available text were examined studies. After analyzing the selected studies and their references; overall, 41 studies were selected (Figure 1).
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FIGURE 1
Flowcharts of records identified after an electronic search (by query question and descriptors) on multisystemic inflammatory syndrome in children and cardiac involvement performed from January 2020 to February 2025.




Exclusion criteria

We excluded case reports (except for case series); duplicates; studies lacking full text; and studies not describing cardiovascular abnormalities in MIS-C.




Results


Selected studies

The electronic search retrieved a total of 203 records that were displayed based on the query question and mesh terms. Of these, 115 were selected, based on their title and abstract. Of them, 49 publications were excluded because they did not meet the selection criteria and 20 were duplicated. After analyzing them and their references, 46 were examined in their entire text, and 41 articles were considered eligible for the current review (Figure 1).



Characteristics of the studies

Based on the studies included in this review, the main study designs are presented as follows: 12 retrospective studies, 1 ambidirectional study, 8 cross-sectional studies, 8 prospective observational cohort study (being 1 of them a case, a case-control study), 1 real-time survey, 4 systematic review/meta-analyses, 3 narrative reviews, 1 scoping review, 1 integrative review and 2 case series.



Cardiovascular involvement in MIS-C

Current evidence suggests that approximately 75% of MIS-C patients develop cardiac dysfunction, 6%–24% present with coronary dilation, and 7%–60% demonstrate arrhythmias (4). Most affected children are previously healthy and school-aged, often presenting with features resembling Kawasaki Disease (KD). MIS-C accounts for a substantial proportion of pediatric COVID-19 mortality (6).

Compared with KD, MIS-C more frequently presents with shock. Early CDC data indicated that nearly half of affected children required intensive care with vasopressor support. Transient left ventricular dilation, systolic dysfunction, pericardial effusion, and mitral regurgitation are described, along with biomarkers indicative of myocardial injury (troponin, BNP/pro-BNP) and depressed ejection fraction. These findings may overlap with KD shock syndrome (21).



Laboratory markers

Laboratory abnormalities correlate with disease severity (21–23). Reported changes include lymphopenia, neutrophilia, anemia, thrombocytopenia, elevated CRP, ESR, liver enzymes, and cardiac biomarkers (1, 2, 4, 6–9, 13, 14, 16, 17, 24).



Mechanisms of injury

Cardiac injury in MIS-C appears multifactorial, involving systemic inflammation, acute viral myocarditis, hypoxia, stress cardiomyopathy, and ischemia due to coronary involvement (4). Several mechanisms may contribute simultaneously (23).



Age-related features

Bulut et al. reported that myocardial dysfunction and coronary abnormalities are the most common cardiovascular manifestations in MIS-C, with higher prevalence among males >10 years (25). Campanello et al. demonstrated age-dependent patterns: children <6 years more frequently exhibited coronary dilation or aneurysms, while older children showed more myocardial dysfunction and pericardial involvement (26).



Disease severity

In a meta-analysis of 318 pediatric cases, Toraih et al. identified KD-like features in most patients, with 68.1% progressing to shock and 41.1% developing acute kidney injury, reinforcing the need for cardiac and renal monitoring (27). Abrams et al. identified risk factors for severe disease, including age >5 years, elevated ferritin, and elevations in troponin, BNP, or pro-BNP (23).



MIS-C and Kawasaki disease (KD)

MIS-C and KD have overlapping manifestations but present key differences. KD typically affects younger children, whereas MIS-C presents with hyperinflammation, hypercoagulability, circulatory shock, coronary vasculitis, myocardial dysfunction, and pericarditis (28). Although both may cause coronary dilation or aneurysm, these findings appear more common in KD (28). Whittaker et al. reported more severe MIS-C, with pronounced myocardial injury and coronary aneurysm (22). Narrative reviews showed that cardiac involvement is substantial in MIS-C, including coronary injury and reduced contractility (29, 30). Kabeerdoss et al. demonstrated that KD and KD-like MIS-C are distinct clinical entities; symptomatic myocarditis occurred in 40%–80% of MIS-C cases but <5% of KD cases. NT-pro-BNP and troponin were markedly elevated in MIS-C. A meta-analysis showed higher coronary abnormality rates in MIS-C compared with KD (40.8% vs. 14.8%) (31).



Recovery and follow-up

Most patients show recovery of ventricular function and normalization of biomarkers within three to six months. Studies by Mannarino, Uygun, and others highlight excellent short-term recovery; however, patients with coronary aneurysms require continued follow-up (32, 33). McAree et al. demonstrated reduced exercise capacity six months post-hospitalization, suggesting potential subclinical impairment and the need for long-term surveillance (34).

Multiple studies (35–37) confirmed rapid improvement of cardiovascular abnormalities despite initial severity. Webster et al. and Zimmerman et al. reported normalization of cardiac biomarkers and MRI within two months (38, 39). Minocha et al. found normalization of cardiac testing after discharge in 73% of children with abnormal admission studies (40). Subsequent reports confirmed recovery of function at 6–12 months (36, 41, 42). A 2023 meta-analysis demonstrated that most children regained normal ventricular function within three months, although coronary abnormalities or mitral regurgitation occasionally persisted up to six months (43).



Cardiac imaging

Echocardiography is the cornerstone imaging modality for MIS-C. Left ventricular dysfunction affects ∼38% of patients and is associated with increased mortality (9.5% vs. 1.5%) (44). Troponin, BNP, and CRP correlate with severity (44, 45). Approximately 70% of affected children show ECG abnormalities, including low QRS voltage and transient anterior T-wave inversion (46).

Speckle-tracking echocardiography improves detection of subtle dysfunction; strain values remain reduced compared with controls during follow-up (47).

Cardiac MRI is valuable for assessing myocardial inflammation, edema, or perfusion abnormalities (48, 49). Early abnormalities are common, but recovery is typically rapid. Karagözlü et al. and Aeschlimann et al. reported normal follow-up MRI in most children despite initial dysfunction (49, 50). Chakraborty et al. demonstrated recovery of left ventricular function and coronary edema at 3–6 months (51).

In a multicenter cohort, De Wolf et al. reported excellent late outcomes when patients were managed per guidelines; MRI demonstrated no scarring in children with normal systolic function. However, reduced global longitudinal strain persisted in a subset, suggesting subclinical dysfunction (52). Phirtskhalava et al. e Shah et al. and similarly reported complete recovery with corticosteroids and/or IVIG, though long-term data remain limited (53, 54).

More recently, Anagnostopoulou et al. observed abnormal global longitudinal strain despite preserved ejection fraction during follow-up, underscoring the need for continued surveillance (55). Similar findings from Sabri et al. and Leal et al. reinforce the diagnostic value of strain imaging (47, 56).

Supplementary Table S2 illustrates the studies included in the current review.




Limitations

MIS-C is a rare disease of recent onset. Consequently, current studies in the existing literature lack long-term follow-up. Another factor that must be considered is the heterogeneity of the study design and sample size. In addition, this is a systematic review, and no statistical analysis was carried out on the data collected.



Conclusions

MIS-C is associated with significant cardiovascular involvement, most commonly myocardial dysfunction and, less frequently, coronary abnormalities (KD-like presentation). MRI is useful in evaluating myocardial inflammation and guiding follow-up, while echocardiography is crucial for evaluating coronary arteries and myocardial function during acute MIS-C. Although ventricular function and cardiac biomarkers typically normalize within months, subclinical myocardial dysfunction may persist, particularly detectable by strain imaging. Strain technology in echocardiography offers early detection of myocardial dysfunction, with studies showing lower strain values and subclinical myocardial injuries persisting in some patients. Because the long-term cardiovascular consequences of MIS-C remain uncertain, ongoing cardiologic surveillance is recommended, particularly for patients with coronary abnormalities or impaired strain values at follow-up. Future prospective studies with longer follow-up are needed to clarify the temporal evolution of subclinical myocardial abnormalities and potential long-term risks.
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Variable N (overall%) RVOT stent (N mBTS (N = 4

Sex 0.158

Female, 7 (%) 28 (48.2) 9 (50) 19 (475)

Male, n (%) 32 (55.1) 9 (50) 21 (525)
Age, month, median (IQR) 32 (24-101) 925 (31.2-152) 265 (23-54) 0.218
Body weight, kg, median (IQR) 97 (7.5-18) 165 (7.6-32) 9(7.5-34) 0.104
Nutritional status 0.085

Normal, n (%) 14 (24.1) 7 (38.8) 7 (17.5)

Low, n (%) 27 (465) 9 (50) 18 (45)

Very low, n (%) 17 (29.3) 2 (11.1) 15 (37.5)
Diagnosis 0.361

TOF, n (%) 48 (827) 15 (833) 33 (825)

DORV VSD, PS, (%) 8(137) 2011 6(15)

VSD PS, n (%) 2(3.4) 1(56) 1(25)
Anomalous coronary artery course, (%) 3(50) 00 3(75) 0.200
Procedural status 0.676

Elective, 1 (%) 31(53.4) 422 27 (675)

Emergency, n (%) 27 (46.5) 14 (77.8) 13 (325)
Left ventricular ejection fraction/LVEF,%, median (IQR) 71 (64-76) 69 (31-74) 72 (65-77) 0.213
Oxygen saturation pre-procedure,%, median (IQR) 695 (65-75) 69 (53-72) 695 (65.7-74) 0.150
McGoon ratio, median (IQR) 13 (12-15) 13 (12-15) 12 (11-15) 0.745
Stent or shunt diameter, mm, median (IQR) 5(4-9) 9(8-10) 4(4-5) 0.874
Stent length, mm, median (IQR) 38 (29-39)
Type of operation (n) Median sternotomy (15),

thoracotomy (25)
Stent type (n) Omnilink Elite™ (Abbott,
United States) (11), Dynamic™
(Biotronik, Germany) (7)

RVOT, right ventricular outflow tract; mBTS, modified Blalock Taussig shunt; TOF, Tetralogy of Fallot; DORV, double outlet right ventricle; VSD, ventricular septal defect; PS, pulmonary
PR ——
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Variable N (overall%) RVOT stent (N = 18) mBTS (N = 40) P value

During procedure icatic n (%) 5 (86) 3 (16.7) 2(5) 0.075
Bleeding, n (%) 1(17) 0(0) 1(25) 0.398
Stent/shunt failure, n (%) 1(1.7) 1(5.6) 0(0) 0.540
Sudden cardiac arrest, 7 (%) 2(34) 111 125) 0721

Post procedure complications, 7 (%) 19 (327) 422 15 (375) 0054
Stent/shunt failure, n (%) 5 (86) 1(5.6) 4 (10) 0396
Infection, n (%) 10 (17.2) 1(5.6) 9 (225) 0.757
Bleeding, n (%) 2(34) 0(0) 2(5) 0.593

RVOT, right ventricular outflow tract; mBTS, modified Blalock - Taussig shunt.
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GCS rest

WMA+: median
Q1, Q3)
—206 (<215, ~18.4)

WMA-—: median
(Q1, Q3)
—204 (-22.4, -19.3)

P

Total

GCS stress

~23.6 (=267, —20.5)

-253 (<282, -22)

GCS %change 227 (140, 23.0) 183 (77, 333) 076
GCSR rest —118 (=1.20, =1.07) | =115 (~1.33, —0.96) | 0.86
GCSR stress | ~2.58 (=3.90, =2.41) | =330 (~4.30, —2.40) | 063
GCSR %change | 125 (107, 230) 163 (130, 290) 040

The Wilcoxon rank-sum test was used for the non-parametric variables.
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GCS rest

Induced
hypoperfusion+:
median (Q1, Q3)
—20.8 (-21.5, -19.3)

No hypoperfusion | p-valu

: median
(Q1, Q3)
—200 (-23.5, ~18.9)

GCS stress —230 (-26.7, -21) ~262 (-28.3, -22.4) 012
GCS %change 19.4 (9.7, 23.2) 183 (159, 33.3) 065
GCSR rest -L14 (-121, -1.07 | =122 (133, -0.96) 057
GCSR stress —320 (=430, -241) | 325 (=350, ~2.40) 093
GCSR %change 178 (107, 275) 143 (130, 208) 082

The Wilcoxon rank-sum test was used for the non-parametric variables.
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Participants Type of study Treatment Findings EEE]

Children with KD | Randomized Infliximab IVIG (Privigen) | It was safe and well tolerated, reducing fever duration, inflammation markers, | Tremoulet
controlled trial left anterior descending coronary artery Z score, and IVIG reaction rates | et al. (16)

Children with KD | Randomized IVIG, TBSF vs. Privigen | Privigen may exhibit a decreased incidence of IVIG resistance and reduced | Kuo et al. (24)
controlled trial involvement of coronary arteries

Children with Randomized Second IVIG vs. Infliximab | Infliximab proves safe, well-tolerated, and effective in treating IVIG-resistant | Burns et al. (25)

resistant KD

controlled trial

KD, resulting in shorter fever duration, reduced need for additional therapy,
milder anemia, and shorter hospital stays compared to a second IVIG infusion

Children with KD | Randomized VIG Efficacy and safety of IVIG administered over 12 h (double speed) were | Fukui et al. (26)
controlled trial comparable to those administered over 24 h (reference speed)
Children with KD | Randomized IVIG and aspirin A 1g/kg IVIG dose proves cost-effective with efficacy equivalent to 2 g/kg | He et al. (27)

controlled trial

IVIG, suitable for initial KD therapy

Children with KD

Observational study

Aspirin alone or aspirin
plus gammaglobulin

Gamma globulin therapy reduced coronary artery lesion incidence and
myocardial damage severity from moderate/severe to mild in KD

Haneda et al. (28)

Children with KD

Observational study

High vs. Low doseaspirin

High-dose aspirin may not be ideal for anti-thrombotic treatment, suggesting
that low-dose therapy is safe during the acute stage of KD

Akagi et al. (29)

Children with KD | Observational study | Infliximab Infliximab was well tolerated and effective in treating acute KD refractory to | Miura et al. (30)
conventional therapies
Children with KD | Randomized Infliximab vs. IVIG Infliximab improved defervescence rate within 48 h and time to defervescence | Mori et al. (31)

controlled trial

compared to standard therapy, and was well tolerated in IVIG-refractory KD

Children with KD

Children with KD

Randomized
controlled trial

Retrospective study

Infliximab and IVIG

Infliximab vs. IVIG

Treatment of KD patients with infliximab doesn't negatively impact
tolerogenic myeloid DC generation or T cell regulation and memory
development

In IVIG-resistant KD, initial infliximab re-treatment led to faster fever
resolution and reduced hospitalization compared to IVIG, with similar
coronary artery outcomes and adverse events

Burns et al. (32)

Son et al. (8)

Children with KD

Children with KD

Randomized
controlled trial

IVMP +1VIG or IVIG
alone

IVMP + IVIG therapy proves safe and effective for predicted refractory KD
children

controlled trial

Pulsed
therapy (IVMP)

Pulsed corticosteroid therapy for primary treatment of KD

Ogata et al. (33)

Newburger
etal. (34)

Children with KD | Observational study | SSH + IVIG ‘Additional IVIG combined with SSH as secondline therapy for refractory KD | Ebata et al. (35)
was safe, well-tolerated, and promising for severe cases

Children with KD | Observational study | IVMP + IVIG Strategy for refractory KD was safe and effective in preventing coronary artery | Ebato et al. (36)
aneurysm

Children with KD | Observational study | Prednisolone + IVIG Targeted use of prednisolone with the second IVIG dose for refractory KD to | Kimura et al. (37)
resist the second IVIG dose appears effective

Children with KD | Observational study | IVIG Early intravenous gamma globulin retreatment for refractory KD Chiyonobu et al.

(38)

KD, Kawasaki disease: IVIG, intr

IVMP,

L L I o —
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Parameter With inducible | Without inducible | p-value

perfusion defect | perfusion defect

(n=10) 0)

Median age, years 15 (13,17) 11(9,14)
(Q1,Q3)
Male gender (%) 9 (90%) 7 (70%)
Coronary anomaly
AAOLCA, n (%) 2 (20%) 1.(10%)
AAORCA, 7 (%) 4 (40%) 8 (80%)
MB, n (%) 4 (40%) 1.(10%)
Median LVEE, % 59 (57, 62) 60 (58, 63)
(Q1,Q3)
Intramural course, 4 (40%) 8 (80%)
N (%) 60 (57,6.1) 60 (47,63)
Median length,
mm (Ql, Q3)
High (STJ or 2 (20%) 5 (50%)
higher) takeoff,
N (%)
Slitlike ostium, 2 (20%) 7 (70%)

AAOLCA, anomalous aortic origin of the left coronary artery: AAORCA, anomalous
aortic origin of the right coronary artery; MB, myocardial bridge; LVEF, left
ventricular ejection fraction; STJ, sinotubular junction.

The Wilcoxon rank-sum test was used for the non-parametric variables, and
Fisher's exact test was used for the categorical variables.

Bold vl nticate Siorificant p-valise <005





OPS/images/fped-13-1490921/fped-13-1490921-g001.jpg
7.

Left main coronary artery | 0 | Right coronary a

=] (Day 7 of illness) (Day 12 of illness)

e






OPS/images/fcvm-11-1380630/fcvm-11-1380630-t002.jpg
Parameter

With inducible
perfusion defect

Without inducible

perfusion defect

p-value

Resting

HR bpm 75 (70-80) 82 (77-92) 0027
SBP mmHg 116 (110-120) 109 (102-114) 0211
DBP mmHg 71 (56-74) 55 (47-67) 0284
Stress

HR bpm 152 (140-160) 149 (135-162) 0703
SBP mmHg 167 (166-170) 149 (138-167) 0169
DBP mmHg 77 (72-95) 70 (62-90) 0464
RPP 25272 (25050-26,163) | 22,370 (20,700-22940) | 0273

DBP, diastolic blood pressure; HR, heart rate; SBP, systolic blood pressure.
The Wilcoxon rank-sum test was used for the non-parametric variables.
Bold valis indicats SoriRcant pavaliss £0.05.
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Rest: median (Q1, Q3) Stress: median (Q1, Q3)

Global GCS -205 (-216, —19.1) —249 (-27.4, -21.9) 0.0001 N=20
WMA
Inducible WMA | -206 (=215, ~18.4) | -236 (-267, 20.5) 013 N=
No WMA | —204 (224, -19.3) [ 253 (282, -22) [ 0007 | N-15
FPP
Inducible FPP defect ~208 (-215, -193) 230 (267, -21) 0016
No FPP defect —20.0 (=235, —18.9) —26.2 (-283, -22.4) 0.005
Global GCSR —1.16 (=131, =1.01) —3.20 (—4.10, —2.40) 0.0001
WMA
Inducible WMA. | 118 (=120, —1.07) | —2.58 (=3.90; —2.41) | 0.043 | N=5
No WMA | —L15 (133, ~0.96) [ —3.30 (430, —2.40) [ 00007 | N-15
FPP
Inducible FPP defect | ~114 (<121, =107 | ~3.20 (=430, -241) | 0.005 [ N-10
No FPP | —1.22 (133, ~0.96) [ —3.25 (350, ~2.40) 0005 | N=10

GCS, global circumferential strain; GCSR, global circumferential strain rate; FPP, first-pass perfusion; WMA, wall motion abnormality
The Wilcoxon signed-rank test was used for the repeated measures.
Bold valuiss incicate significant p-valies <0.05
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Variables

Number of patients

Training group
(n=1,532)
885

Test group
(n = 310)
177

Median age (IQR, years)

11 (8-14)

11 (7-14)

Sex (male, %)

863 (56)

167 (54)

ECG findings (%)

Normal ECG

1,097 (71)

226 (73)

ST-T abnormality

245 (16)

51 (16)

Complete right bundle branch block

91 (59)

17 (5.5)

QRS axis abnormality

51 (33)

16 (5.2)

Right ventricular hypertrophy

49 (32)

11 (35)

Left ventricular hypertrophy

34 (22)

5 (1.6)

Left atrial load
Incomplete right bundle branch block

31 (20)
27 (1.8)

0
9(29)

Artificial pacemaker

19 (1.2)

Q wave abnormality

16 (1.0)

‘Complete left bundle branch block

16 (1.0)

is required

1.7

Premature supraventricular contraction

10 (0.7)

Premature ventricular contraction

9 (0.6)

WPW

7 (05)

6(04)

Supraventricular tachyarrhythmia
Qr i

5(03)

Other rhythm abnormality

4(03)

First-degree atrioventricular block

4(03)

Second-degree atrioventricular block

3(02)

Sinus tachycardia or bradycardia

3(02)

2(0.0)

Ventricular tachycardia
Brogad i

2 (0.)

P
Incomplete left bundle branch block

1(0.0)

Intraventricular conduction delay

1(01)

Sinus arrest or sinoatrial block

1(0.0)

Third-degree atrioventricular block

0
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Findings Conventional algorithm Deep learning-based model at the same sensitivity

Accuracy | Sensitivity | Specificity Positive Negative Accuracy | Sensitivity | Specificity Positive Negative
predictive predictive predictive predictive
value value value value

ST-T abnormality 0.48 (042-0.54) | 0.96 (0.94-098) | 0.38 (0.33-043) | 0.24 (020-0.29) 098 (0.96-1.0) | 0.59 (0.54-0.65) | 0.96 (0.94-0.98) | 0.42 (0.37-0.48) | 025 (020-0.30) | 0.98 (0.96-1.0)

Complete right bundle branch | 0.38 (033-043) | 10 (10-10) | 035 (030-0.40) | 0082 (0051-011) | 10(L0-10) | 082 (078-086) | L0(L0-10) | 071 (0.66-076)| 0.7 (013-021) | 10 (L0-10)

block

QRS axis abnormality 038 (033-043) | 1.0 (10-1.0) | 0.35 (0.30-040) | 0.077 (0.047-0.11) 10 (10-10) | 082 (078-0.86) | 1.0 (1.0-10) | 071 (0.66-0.76) | 016 (012-0.20) | 1.0 (1.0-10)

Right ventricular hypertrophy | 0.36 (0.31-041) | 10 (10-1.0) | 0.34 (029-039) | 0053 (0.028-0.078) | 1.0 (10-10) | 050 (044-0.56) | 1.0 (1.0-10) | 025 (0.20-0.30) | 0.047 (0.023-0071) | 1.0 (1.0-10)

Left ventricular hypertrophy 035 (029-0.40) | 1.0 (1.0-1.0) | 0.33 (0.28-0.39) | 0.024 (0.007-0.041) 1.0 (1.0-1.0) 0.71 (0.66-0.76) | 1.0 (1.0-1.0) | 051 (0.46-057) | 0.033 (0.013-0.053) = 1.0 (1.0-1.0)

Incomplete right bundle branch | 0.35 (0.30-0.40) | 0.89 (0.85-0.92) | 0.34 (0.28-0.39) | 0.039 (0.017-0.060) 0.99 (0.98-1.0) | 0.84 (0.81-0.89) | 0.89 (0.85-0.92) | 0.78 (0.73-0.83) |  0.11 (0.07-0.14) 1.0 (0.99-1.0)
block

Premature ventricular contraction | 034 (0.29-0.39) | 10 (1.0-1.0) | 0. . 0014 (0.001-0.028) 1.0 (10-10) | 052 (047-0.58) | 1.0 (1.0-1.0) | 028 (0.23-0.33) | 0.014 (0.001-0026) | 1.0 (1.0-1.0)
WPW 033 (028-038) | 1.0 (10-1.0) | 033 (0.28-0.38) | 00,048 (0.0-0.013) | 10 (10-1.0) | 082 (078-086) | 1.0 (1.0-10) | 0.85 (0.81-089) | 0.021 (0.005-0.037) | 10 (1.0-10)
Supraventricular tachyarrhythmia | 035 (0.30-0.41) | 10 (1.0-1.0) | 033 (0.29-039) | 0.039 (0.017-0.060) 1.0 (10-10) | 083 (0.79-0.87) | 1.0 (1.0-1.0) | 073 (0.68-0.77) 0088 (0.056-0.12) | 1.0 (1.0-1.0)
Brugada-type electrocardiogram | 0.33 (0.28-038) | 1.0 (10-1.0) | 0.33 (0.28-0.38) |  0.005 (0.0-0.012) 1.0 (10-10) | 083 (0.79-087) | 1.0 (1.0-1.0) | 0.70 (0.65-0.75) | 0.011 (0. 1.0 (1.0-1.0)
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Characteristics

Male 12 (42.9%)
Age at onset (years) 894366
Age at ablation (years) 1024340
Weight (kg) 3498+ 14.94
Symptoms
Left ventricular systolic dysfunction 23 (82.1%)
Heart failure symptoms 15 (53.6%)
Other symptoms 10 (35.7%)
Diagnostic examination
ECG 20 (71.4%)
ECG + Holter 5 (17.9%)
Holter 2 (7.1%)
Electrophysiological Study 1(36%)
Incessant ATs 13 (46.4%)
TIC 8 (28.6%)
Percentage of ATs
FAT 24 (85.7%)
AFL 3 (10.7%)
FAT + AFL 1(3.6%)
Past history
Simple heart defects 3 (10.7%)
Myocarditis 7 (25.0%)
Previous heart operation 4 (143%)
Severe events 6 (21.4%)

Values are presented as n (%) or mean + SD.

ECG, electrocardiography; AT, atral tachycardia; TIC, tachycardia-induced cardiomyopathy
FAT, focal atrial tachycardia; AFL atral fluter.

Other symptoms include dizziness and headache, nausea and vomiting, abdominal pain, and
syncope; incessant atrial tachycardia: atrial rhythms account for >90% of all cardiac beats
throughout the day; simple heart defects: congenital cardiac defects that do ot affect
rioventricuar connectons, poston of the atrioventricular valve and venous refux
history of previous cardiac indluding a history of radi ablation
interventional closure, and surgical intervention; and severe events, including cardiogenic
hinck il v Db wiatrculir Bupport Tdied 50 AT,
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non-AAT
(n =16)
Male (%) 5 (55.6%) 6 (375%)
Onm:fyms (%) 4 (44.4%) 6 (37.5%)
Incessant FAT (%) 6 (66.7%) 5 (31.3%)
TIC (%) 2(222%) 5 (313%)

Ectopic foci (RA) (%) 5 (55.6%) 9 (56.3%)
Procedure time (min) 23500+ 246,88+ 64.98
9670

Acute success (%) 8 (88.9%) 16 (100.0%)
Follow-up (months) 24441998 23191150
Failed operations and 4 (44.4%) 0

recurrences (%)

Values are presented as the mean +SD or 1 (%).
AA, atrial appendage; AAT, atrial appendage tachycardia; TIC, tachycardia-induced
cartinamuentios:
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Variable

N (overall%)

RVOT stent (N =18)

mBTS (N = 40)

P value

MACE 12 (20.6) 4(222) 8 (20)

R n (%) 1017) 1(56) 0(0)

Re-intervention, 7 (%) 8(137) 2111 6(15) 0.174

Mortality, (%) 3(51) 1(5.6) 2(5) 0.869
Achieved oxygen saturation target, N (%) 58 (100) 18 (100) 40 (100) 0452
Discharged oxygen saturation,%, median (IQR) 86 (79-88) 80 (75-87) 87 (83-88) 3
ICU LOS, days, median (IQR) 3(2-6) 2(1-2) 35(2-5) 0295
Total hospital LOS, days, median (IQR) 10 (7-15) 115 (7-19) 10 (7.5-137) 0.045
Total repair, n (%) 24 (413) 9.(50) 15 (37) 0342
‘Time from palliation to total repair, months, median (IQR) 35(3-6) 305 4(-6) 0289
Duration of follow-up, months, median (IQR) 33 (27.7-415) 305 (265-32.0) 385 (28.7-47) 0111
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Eletronic search (n = 203 studies).

* PubMed (n = 118 using Mesh descriptors
and 15 using query question)

* Science Direct (n = 69)

* Cochrane (n=1)

Screening
115 studies were selected by title and abstract

-

Included
46 studies were examined in their entire text

Eligible
41 studies were included in this review
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(n =24)
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Total

44 (41.1%)

| Female
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14 (58.3%)
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F/z? value

P-value

Age (years, X + )
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