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Editorial on the Research Topic
Women in pediatric cardiology 2021



Throughout the history of pediatric cardiology, multiple outstanding contributions have led to where this subspeciality stands today. In this editorial, we aim to review some of the extraordinary work of exceptional women in the field of congenital heart diseases and to collect current works led or performed by women in different fields of pediatric cardiology. In the early 30s, Helen Taussig- often referred as the mother of pediatric cardiology- established one of the first clinics for children with congenital heart defects and one of the first training programs for residents in pediatric cardiology in the United States (1). Her study on the “blue babies” and her idea on how to reconstruct a duct to relieve cyanosis in children with pulmonary valve atresia or critical stenosis led to the Blalock- Thomas-Taussig shunt, which, though modified, is still in use today. Two early fellows of Helen Taussig, Mary Allen Engle and Ruth Whittemore, also left an outstanding contribution by further establishing training programs in pediatric cardiology at Cornell and Yale Universities and being instrumental in the establishment of Pediatric Cardiology as a subspecialty at the America Academy of pediatrics (2). Dr. Whittemore was the recipient of the American Academy of Pediatrics Founders Award in 1995 for her study on the heritability in congenital heart diseases. In the early thirties, Maude Abbott, a Canadian pathologist, also published her “Atlas of Congenital Heart Disease” (3). Abbott's seminal work became crucial during the advent and progression of cardiac surgery.

With the development of new diagnostic techniques and new therapeutic options, survival of children with complex heart diseases increased tremendously; it became clear that congenital heart diseases required continuous follow-up into adulthood and that it was no longer a specialty dedicated to children. In 1975, Jane Sommerville established in London one of the first clinics for adults with congenital heart diseases worldwide. This initiative led to the birth of the Adult Congenital Heart Disease (ACHD) subspecialty (2), which is currently a recognized subgroup of the European Society of Cardiology (ESC). In addition to these great women, women like Carolyn McCun, Jaqueline Noonan, Lynn Mahony, or Jane Newburger have, in more recent years, made a great contribution to the field of pediatric cardiology. Writing about all of them would require a dedicated editorial.

With the increasing numbers of women in medical school and pediatric (cardiology) residency, the contribution to the field by women is rapidly increasing. Despite these high numbers of female students, the percentage tapers rapidly when looking at positions of higher responsibility. Women are still underrepresented in research and on editorial boards. As an example, a recent publication in JACC showed that only 19% of editorial board members among pediatric cardiology journals were women and all editors-in-chief were men (4). The causes of this discrepancy are multiple and fall beyond the scope of this editorial. This issue deserves a topic in itself.

In this special edition of Frontiers in Pediatric Cardiology, we collect current works led or performed by women in different fields of pediatric cardiology. It represents a glimpse of the latest not-yet-published work led by women in this field, although cannot reflect the vast amount of worldwide work performed by female researchers in pediatric cardiology.


Heart failure and myocardial disease

Al Wakeel-Marquard et al show that an increased extracellular volume might be a non-invasive tissue marker of heart failure in patients with (congenitally corrected) transposition of the great arteries and systemic right ventricle. Although this study is limited by the amount of included patients (N = 13 and mild reduction of ventricular function- LVEF 51 ± 2%), it can trigger further study which can lead to the development of specific therapies to prevent heart failure in these patients.

Seidel et al. show in their manuscript that children with biopsy-proven myocarditis and lower levels of anti-β2-adrenergic receptor antibody, in comparison to the median, had a worse cardiovascular prognosis and less-event free survival. This finding requires further research but might help identify a group of children who might benefit from immunoglobulin therapy.

In their manuscript, Thom et al. identified that 72% of children with SARS-CoV2-associated multisystemic inflammatory syndrome present myocarditis with a good response to treatment with immunoglobulins and steroids.

Brunet-García et al, described for the first time that almost 90% of patients with congenital myotonic dystrophy type I present ECG anomalies, of which the most common are conduction disorders. Almost 2% of the patients in their cohort needed a pacemaker due to syncope in the context of progressive conduction disease and 7% of their patients died without a clear cause of death. This study highlights the importance of appropriate follow-up of arrhythmia and merits further study.



Exercise physiology

Two of the studies included in this series focused on physical activity in Fontan patients and in patients affected by primary hypertension.

Callegari et al. show that only 18% of patients with Fontan circulation achieve the recommended 60 min/day moderate to vigorous physical activity. Physical activity, however, is positively correlated with physical well-being and mental health. Furthermore, it seemed to have a positive effect on sleep and behavior in this group of patients.

Zhang et al. describe impaired exercise capacity in children with primary arterial hypertension. Factors associated with decreased exercise capacity were female sex, younger age, greater BMI, and higher 24 h average diastolic blood pressure.

These studies suggest that appropriate training programs for adolescents with Fontan circulation or primary arterial hypertension might improve their physical performance and quality of life.



Neurodevelopmental

The manuscripts of Girch et al. and Pfitzer et al. explore psychosocial and neurodevelopmental aspects of congenital heart diseases. Early hospitalization and interventions in children with congenital heart diseases are a source of stress which might influence their neurodevelopment. Family-centered care (FCC) has shown to reduce stress and improve healthy development in premature infants. The German EMPHATIC-30 questionnaire was previously used to evaluate FCC at neonatology and intensive care units. In Girch et al. the authors evaluate, for the first time, the psychometric properties of this questionnaire in children with congenital heart diseases.

Pfitzer et al. show that head circumference more than body weight and length might predict neurologic development and psychiatric problems in children with congenital heart diseases. Routine follow-up neurologic examination should be offered to all those children with congenital heart disease and especially to those at higher risk.



Maternal and fetal outcome

In the manuscript of Erba et al. the authors describe maternal and fetal outcome in a large cohort (N = 307) of women with mechanical valves during pregnancy in Sudan. Due to the high cost of low Molecular weight heparin and the difficulty of regular measurement of anti-Xa levels, women with mechanical valves in Sudan are kept under an oral anticoagulant, warfarin, during pregnancy. Out of 307 pregnancies, only 47.6% had good maternal and neonatal outcomes. As a comparison, data from the European Society of Cardiology Registry of Pregnancy and Cardiac Disease (ROPAC) showed that 58% of the pregnancies included in the registry were uncomplicated (5).

Seidl-Mlczoch et al. focus on the outcome of fetuses with heterotaxy. Both left and right heterotaxia are associated with complex congenital heart defects and extracardiac problems. Termination of pregnancy rates are approximately 25% for both right and left isomerism. Postnatal survival is lower in those children presenting with right in comparison to left heterotaxy (46% vs. 67% at 5 years). This study confirms previous knowledge and helps prenatal counselling of fetuses with heterotaxy.

This special edition of Frontiers in pediatric cardiology collects a snapshot of the work led by female researchers in pediatric cardiology around the world. It shows the wide range of scientific fields, from myocardial and exercise physiology to neurodevelopmental and maternal and fetal outcome, which are covered by female scientists.
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Background: Myocarditis can be associated with severe heart failure and is caused by different inflammatory and autoimmune responses. The aim of this study was to describe the immunological response in children with myocarditis by analyzing anti-beta-adrenergic receptor antibodies (anti-β-AR Abs).

Methods: Sera of children who were hospitalized with biopsy-proven myocarditis were prospectively collected between April 2017 and March 2019. Anti-β1-AR Ab, anti-β2-AR Ab, and anti-β3-AR Ab were quantified by a CE-certified ELISA kit. According to normal values for immunoglobulin G (IgG), three age groups, <1, 1–5, and >5–17 years, were defined. Children without inflammatory cardiac pathology and no heart failure signs were served as a control group.

Results: We compared 22 patients with biopsy-proven myocarditis and 28 controls. The median age (interquartile range) of the myocarditis group (MYC) was 12.1 (2.7–16.4) years, 13 men, left ventricular ejection fraction (LVEF) 51% and for control group, the median age was 5.0 (3.0–6.8) years, nine men, LVEF 64%. Myocarditis patients in the age group >5–17 years showed significantly higher anti-β3-AR Ab levels as compared to controls (p = 0.014). Lower anti-β2-AR Ab and anti-β3-AR Ab levels were significantly correlated with higher left ventricular diameters in myocarditis patients. The event-free survival using a combined endpoint (mechanical circulatory support [MCS], transplantation, and/or death) was significantly lower in myocarditis patients with antibody levels below the median as compared to myocarditis patients with antibody levels ≥ the median.

Conclusion: Anti-β-AR Ab levels are increased in children with myocarditis and >5 years of age. These antibodies might be upregulated compensatory to prevent further cardiac deterioration. A worse event-free survival in patients with lower anti-β-AR Ab levels might be a therapeutic target for immunoglobulin substitution.

Keywords: anti-beta-adrenergic receptor antibodies, myocarditis, autoimmune, pediatric, endomyocardial biopsy


INTRODUCTION

Myocarditis is an inflammatory disease of the myocardium that is caused by various different triggers (1). In children, it is one major cause of the development of acute or chronic heart failure (2). One of the most striking findings in pediatric patients with myocarditis is the high prevalence of heart failure with severely reduced systolic function in patients under 1 year of age (3, 4). This specific cohort often experiences adverse events, such as the need for mechanical circulatory support (MCS) or heart transplantation (HTx) and death, whereas adolescents mostly present with preserved or mild impaired left ventricular ejection fraction (LVEF) and angina pectoris (4, 5). At the same time, studies on the therapeutic use of immunoglobulins have failed to show any positive effects in adults and adolescents but showed encouraging effects in young children (6). Both findings might be related to the fact that the immunological activities, such as immunoglobulin production, only reach a mature state at the age of >5 years (7). Focusing on anti-beta-adrenergic receptor antibodies (anti-β-AR Ab), levels have been described as increased in patients with myocarditis and dilated cardiomyopathy (DCM) and are associated with heart failure and arrhythmogenic events (8–10). In children with DCM and poor clinical outcomes, high anti-β1-AR Ab levels were described (11). However, a multicenter study in children with myocarditis could not verify this for anti-β1- and anti-β2-AR Ab (12). In adults with an ST-elevation myocardial infarct (STEMI), lowered anti-β1-AR Ab levels led to higher rates of re-infarction and cardiovascular death pointing toward a possible protective effect of these antibodies (13). Referring to these divergent results, the impact of anti-β-AR Ab remains not fully understood, especially in children.

The aim of this study was to analyze anti-β-AR Ab levels in pediatric patients with biopsy-proven myocarditis and pediatric controls to gain knowledge on their distribution in the different age groups and their impact on the outcome.



MATERIALS AND METHODS


Patient Data and Follow-Up

Sera from patients under 18 years of age with suspected myocarditis and enrollment within the MYKKE registry between April 2017 and March 2019 were collected at the Pediatric Cardiology Departments of the German Heart Center Berlin and the Charité - Universitätsmedizin Berlin, Berlin, Germany. The study was approved by the institutional ethics committee (Charité - Universitätsmedizin Berlin, EA2/131/10, EA2/074/13). All parents or guardians of patients <18 years gave written informed consent.

Serum was collected at the time of admission, centrifuged at 20°C and 3,800 g for 10 min, and frozen at −80°C. Clinical parameters, diagnostic cardiac imaging, and endomyocardial biopsy (EMB) were assessed routinely. Initial clinical and follow-up data were entered into the online MYKKE study database (4). Patients without EMB or not proven myocarditis in EMB were excluded from further analyses.

Patients with proof of myocarditis in EMB were called the myocarditis group (MYC). Patients under 18 years of age, administered for elective cardiac catheterization, and without inflammatory cardiac pathology served were as a control group (CTRL). See the study flow chart for further details (Figure 1).


[image: Figure 1]
FIGURE 1. Study flow chart. Selection of enrolled patients within the MYKKE registry depends on sera withdrawal and the proof of myocarditis in the endomyocardial biopsy. Four cases diagnosed with dilated cardiomyopathy in EMB could not be included in the final analysis. Grouping was conducted according to normal values for immunoglobulin G into three age groups. CMR, cardiac magnetic resonance; ECG, electrocardiogram; EMB, endomyocardial biopsy; TTE, transthoracic echocardiography.


Regarding outcomes, the occurrence of adverse events, such as MCS, HTx, and/or all-cause death, was defined as a combined endpoint.



Detection of Anti-β-Adrenergic Antibodies

Anti-β1-AR Ab, anti-β2-AR Ab, and anti-β3-AR Ab were measured with commercially available enzyme-linked immunosorbent assays (ELISA; CellTrend GmbH, Luckenwalde, Germany) according to the instructions of the manufacturer (14). All these assays provided native receptors presented in their physiological membrane environment as immunogenic targets of immunoglobulin G (IgG) binding.



Analysis of Endomyocardial Biopsies

All EMB specimens were analyzed histopathologically and immunohistologically and by polymerase chain reaction [(RT-)PCR] for myocardial detection of viral RNA/DNA by one specialized center for Cardiopathology (Institute for Pathology and Neuropathology, University Hospital Tübingen, Tübingen, Germany) as previously described (15).

The diagnosis of myocarditis was confirmed according to the established criteria and grouped in accordance with the WHO definition in (16, 17):

(a) Acute myocarditis: Infiltrate of ≥14 leucocytes/mm2 and presence of myocyte damage.

(b) Healing/chronic myocarditis: Infiltrate of ≥14 leucocytes/mm2 and absence of myocyte damage but the presence of fibrosis.

(c) Healed myocarditis: Multifocal fibrosis or scarring without inflammation (0–3 leucocytes/mm2).



Statistical Analysis

Categorical variables were summarized by frequencies and percentages. For continuous measures, data were presented as median values with interquartile range (IQR). Pearson's chi-square test and Fisher's exact test were used to compare dichotomous variables. For comparison of independent groups, the Mann-Whitney U and Kruskal-Wallis test were applied. For correlation of antibody levels and laboratory and clinical parameters, Spearman's rho test was used. Kaplan-Meier curves and log-rank tests were employed for survival analysis. Therefore, the groups < median and ≥ median were built according to the median anti-β-AR Ab levels of the MYC. A probability value of <0.05 was considered statistically significant. Data were analyzed using IBM Corp. SPSS Version 24.0 (Armonk, NY, USA).




RESULTS


Basic Characteristics

We enrolled 22 patients with biopsy-proven myocarditis and median age (IQR) of 12.1 (2.7–16.4) years, 13 were men (MYC). Twenty-eight patients served as controls with a median age of 5.0 (3.0–6.8) years, 9 were men (CTRL).

The control group was administered due to the following diagnoses: atrial septal defect (ASD; n = 19), persistent ductus arteriosus (PDA; n = 6), a combination of ASD and PDA (n = 1), aortic isthmus stenosis (n = 1), and mild pulmonary valve stenosis (n = 1). The MYC had significantly lower LVEF in echocardiography and higher Z-scores of the left ventricular internal diastolic diameter (LVIDd; p < 0.001, respectively). Detailed basic characteristics are given Table 1.


Table 1. Basic characteristics of the myocarditis (MYC) and control group (CTRL).

[image: Table 1]



Basic Characteristics of MYC Patients and Controls Within Age Groups

According to known values for overall IgG and its age-depending distribution in childhood, three age subgroups (<1 year, 1–5 years, and >5–17 years) were defined for both groups (MYC and CTRL, see Table 2) (7).


Table 2. Anti-beta-adrenergic antibody levels and echocardiographic parameters of controls (CTRL) and myocarditis (MYC) patients in different age groups.

[image: Table 2]

Four patients with myocarditis and three in the control group belonged to the age group < 1 year. The MYC group was presented with a severely reduced LVEF and dilated left ventricles. They were presented with signs of heart failure and a median (IQR) value of N-terminal-pro brain natriuretic peptide (NT-proBNP) of 133,389 (103,375–177,557) ng/l. Troponin Ths was increased with 1,425 ng/l. No pathologies in the blood count or C-reactive protein (CRP) increment were detected. Two had the diagnosis of healing/chronic myocarditis and one of acute myocarditis in EMB. The control group (n = 3) was presented with normal LVEF and had no dilated ventricles.

The age group of 1–5 years consisted of 3 MYC patients and 15 controls. Again, patients with MYC showed signs of heart failure with severely reduced LVEF and left ventricular dilatation. The median NT-proBNP was 35,000 ng/l, Troponin Ths was 85 ng/l. Leucocytes, thrombocytes, and hemoglobin were in a normal range. The CRP was slightly increased at 17.0 mg/dl. Two patients with MYC were diagnosed with acute myocarditis in EMB, one with a chronic/healing myocarditis. The controls in the age groups 1–5 years had a normal LVIDd and LVEF.

Fifteen patients with myocarditis and a median age of 15.6 (11.9–16.9) years belonged to the age group >5–17 years, 12 were men. All had biopsy-proven lymphocytic myocarditis: 12 reported chronic/healing myocarditis, 2 with acute, and 1 with healed myocarditis (see Table 2). They presented with a median Z-score of the LVIDd of 0.5 (−0.4 to 2.4) and an LVEF of 57.0 (50.0–61.0)% (18). NT-proBNP was increased at 577.0 (175.8–1885.8) ng/l and Troponin Ths with 672.0 (523.5–1427.0) ng/l. Leucocytes, thrombocytes, and hemoglobin were in a normal range, whereas CRP was increased with 37.6 (1.4–137.0) mg/l. Ten patients served as a control group with a median age of 10.5 (6.0–17.0) years, 5 were men.

The myocarditis patients in the age group >5−7 years did not differ significantly in LVEF and Z-scores of the LVIDd as compared to controls (see Table 2; p = 0.071, respectively).

Further, MYC patients with Anti-β3-AR Ab level ≥10 U/ml had a significantly lower Z-Score of LVIDd than MYC patients with Anti-β3-AR Ab <10 U/ml [−0.1 (−1.4 to 0.5) vs. 2.3 (0.2–3.5); p = 0.036]. There was no significant difference in age, body surface area, sex, LVEF, NT-proBNP, the combined endpoint, or the diagnosis in the EMB.



Antibody Levels Within Age Groups

The comparison of anti-β-AR Ab levels between myocarditis patients and controls within the first two age groups (<1 year and 1–5 years) did not differ significantly. Patients >5 years of age showed significantly higher anti-β3-AR Ab levels as compared to controls (p = 0.014; see Table 2). The distribution of the different anti-β-AR Ab levels over age are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Antibodies over age. Distribution of anti-β-adrenergic antibodies (anti-β-AR Ab) over age for the myocarditis group (dark gray dots) and controls (light gray dots). (A) anti-β1-AR Ab. (B) anti-β2-AR Ab. (C) anti-β3-AR Ab.




Correlations of Antibody Levels and Clinical Parameters

Lower anti-β2-AR Ab and anti-β3-AR Ab levels were significantly correlated with increased Z-score of the LVIDd in patients with MYC across all ages (β2: p = 0.029; β3: p = 0.045, see Figure 3). An inverse correlation was detected between anti-β2-AR Ab levels and NT-proBNP (p = 0.034, see Figure 3). No significant correlations between anti-β-AR Ab levels and other inflammatory laboratory parameters were found in the myocarditis patients.


[image: Figure 3]
FIGURE 3. Correlation of anti-β-AR ab levels and clinical parameters. (Upper) Correlation of anti-β-AR ab levels and left ventricular ejection fraction (LVEF). (Middle) Correlation of anti-β-AR ab levels and Z-score of the left ventricular internal diastolic diameter (LVIDd). (Lower) Correlation of anti-β-AR ab levels and N-terminal-pro brain natriuretic peptide (NT-proBNP). Blue dots: anti-β1-AR ab. Red dots: anti-β2-AR ab. Green dots: anti-β3-AR ab.




Impact of Antibody Levels on the Combined Endpoint

Seven out of 22 myocarditis patients reached the combined endpoint of MCS, HTx, or death. All seven patients needed MCS, three were transplanted. No patient had died. Four patients were belonged to the age group <1 year, two to the age group 1–5 years, and one was in the age group >5–17 years.

Five out of 11 patients with anti-β-AR Ab levels under the median reached the combined endpoint. Patients with antibody levels ≥ median experienced less adverse events, only 2 out of 11 patients (p = 0.361). The event-free survival using the combined endpoint of MCS, HTx, or death was significantly lower in MYC patients with anti-β-AR Ab levels below the median as compared to myocarditis patients with anti-β-AR Ab levels ≥ median (anti-β1/2/3-AR Ab: p = 0.049; Figure 4).


[image: Figure 4]
FIGURE 4. Anti-β1-adrenergic antibody levels and outcome across all age groups. Combined endpoint of mechanical circulatory support, heart transplantation, and/or death of myocarditis patients with regard to the median of anti-β1-adrenergic antibody (anti-β1-AR Ab) levels following hospital admission. Patients with anti-β1-AR Ab levels below the median (red) showed a lower event-free survival compared to patients with anti-β1-AR Ab levels ≥ median (blue; p = 0.049).





DISCUSSION

In this study, we investigated the anti-β-AR Ab levels in pediatric patients with biopsy-proven myocarditis according to different age groups and related outcomes.

We could detect anti-β-AR Ab in all pediatric myocarditis patients and controls, which underlines their pre-existence also in healthy or in patients without heart failure (19, 20). In the age group >5 years, anti-β3-AR Ab levels were significantly increased in patients with MYC as compared to CTRL. Throughout all age groups, anti-ß-AR Ab levels were consistently higher in patients with MYC as compared to CTRL, supporting the thesis of antibody increment in heart failure (21). However, the comparisons did not reach statistical significance in most age groups, this may be due to the small sample sizes. These results are in conflict with the ones of Simpson et al., where they did not find increased anti-β-AR Ab levels in children with myocarditis. An explanation could be that they did not group their cohort according to age, which might have been resulted in a non-significant difference in the whole cohort as compared to controls (12).

A possible mechanism in older myocarditis patients with higher anti-ß-AR Ab levels might be an innate Ab upregulation with an agonistic effect on the beta-adrenergic receptors in order to overcome cardiac dysfunction triggered by the myocardial inflammation. The initial upregulation might represent a normal immunological response rather than an autoimmunity process resulting in lower receptor expression and receptor desensitization and finally chronic heart failure (22–24). This could be supported by the fact that after ventricular assist implantation, anti-β1-AR Abs were undetectable in patients with DCM and increased anti-β1-AR Ab before implantation (25).

Our data cannot absolutely support the thesis of a protective effect of these antibodies described in other studies, but we found higher levels in the myocarditis age group of >5–17 years, which presented with less severe adverse events and better LVEF as compared to the other MYC age groups (19, 26). On the other end, the lowest antibody levels and worst disease courses with severely reduced left ventricular function were seen in patients <1 year of age. In this age group, the absence of a specific anti-β-AR Ab upregulation might be explained by inherently low overall IgG levels at this age. Therapeutic substitution of immunoglobulins might help to promote an immune response that resembles that of subjects with mature immune systems when applied early in this age group (2).



CONCLUSION

There are age-dependent different anti-β-AR Ab levels in children with biopsy-proven myocarditis and controls. In myocarditis patients >5 years of age, anti-β3-AR Ab levels are significantly increased as compared to controls which might rather be compensatory to trigger a receptor agonistic effect than primarily upregulated as they do not present with severe heart failure. Especially children <5 years with lower anti-β-AR Ab levels experience more often adverse events, which might be a missing compensatory effect due to lower innate IgG levels and a potential therapeutic target for immunoglobulin substitution.


Limitations

We analyzed, especially in the young age groups, a small number of patients and controls group. The size of these groups does not allow for drawing conclusions on the effects of anti-β-AR Ab on their outcome. Moreover, the children with myocarditis in the age group >5–17 years were older than the controls in this group. Additionally, even there was no myocardial inflammation or sign of heart failure, all controls had a simple isolated congenital heart defect, which could also have an influence on anti-β-AR Ab levels.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Ethics Committee Charité - Universitätsmedizin Berlin (EA2/131/10, EA2/074/13). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

FS, DM, and SS put down the concept and designed the study. FS analyzed the datasets, did the statistical analysis, wrote the initial draft, and finalized the article. CS helped design the study, analyze the datasets, and reviewed the manuscript draft. HH helped design the study, performed the measurements, analyze the dataset, and reviewed the manuscript draft. BO-R enrolled patients and reviewed the manuscript draft. TP was responsible for the ethics approval and biobanking. KK analyzed the biopsies. KK, FB, DM, and SS have reviewed, critically revised the initial, and final drafts of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

The planning and pilot phases of the MYKKE registry were funded through two project grants by Deutsche Herzstiftung e.V. (Germany). Since February 2017 MYKKE has been funded by kinderherzen – Fördergemeinschaft Deutsche Kinderherzzentren e.V. (Germany). In 2019 and 2020 there was financial support by the Berliner Sparkassenstiftung Medizin (2019-043) for this project. Logistic support and database management are provided by the Competence Network for Congenital Heart Defects (Germany), which received funding from the Federal Ministry of Education and Research, grant number 01GI0601 (until 2014), and the DZHK (German Centre for Cardiovascular Research) as of 2015.



ACKNOWLEDGMENTS

The authors thank the patients and their families for participating in this study. The authors Sabine Schroeter as study nurse in charge. The authors thank the Competence Network for Congenital Heart Defects, Germany for supporting the infrastructure of MYKKE (Multicenter registry of pediatric patients with myocarditis) and the Central Biobank Charité/BIH (https://biobank.charite.de/en).



ABBREVIATIONS

Anti-β-AR Ab, anti-beta-adrenergic receptor antibodies; ASD, atrial septal defect; CRP, C-reactive protein; CTRL, control group; DCM, dilated cardiomyopathy; DNA, Deoxyribonucleic acid; ELISA, enzyme-linked immunosorbent assay; EMB, endomyocardial biopsy; HTx, heart transplantation; IgG, immunoglobulin G; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal diastolic diameter; MCS, mechanical circulatory support; MYC, myocarditis group; NT-proBNP, N-terminal-pro brain natriuretic peptide; PDA, persistent ductus arteriosus; STEMI, ST-elevation myocardial infarct; RNA, Ribonucleic acid; (RT)-PCR, (real-time)-polymerase chain reaction.



REFERENCES

 1. Caforio AL, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, et al. Current state of knowledge on aetiology, diagnosis, management, and therapy of myocarditis: a position statement of the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur Heart J. (2013) 34:2636–48, 48a−48d. doi: 10.1093/eurheartj/eht210

 2. Kindermann I, Barth C, Mahfoud F, Ukena C, Lenski M, Yilmaz A, et al. Update on myocarditis. J Am Coll Cardiol. (2012) 59:779–92. doi: 10.1016/j.jacc.2011.09.074

 3. Butts RJ, Boyle GJ, Deshpande SR, Gambetta K, Knecht KR, Prada-Ruiz CA, et al. Characteristics of clinically diagnosed pediatric myocarditis in a contemporary multi-center cohort. Pediatr Cardiol. (2017) 38:1175–82. doi: 10.1007/s00246-017-1638-1

 4. Messroghli DR, Pickardt T, Fischer M, Opgen-Rhein B, Papakostas K, Bocker D, et al. Toward evidence-based diagnosis of myocarditis in children and adolescents: Rationale, design, and first baseline data of MYKKE, a multicenter registry and study platform. Am Heart J. (2017) 187:133–44. doi: 10.1016/j.ahj.2017.02.027

 5. Schubert S, Opgen-Rhein B, Boehne M, Weigelt A, Wagner R, Muller G, et al. Severe heart failure and the need for mechanical circulatory support and heart transplantation in pediatric patients with myocarditis: results from the prospective multicenter registry “MYKKE”. Pediatr Transplant. (2019) 23:e13548. doi: 10.1111/petr.13548

 6. Huang X, Sun Y, Su G, Li Y, Shuai X. Intravenous immunoglobulin therapy for acute myocarditis in children and adults. Int Heart J. (2019) 60:359–65. doi: 10.1536/ihj.18-299

 7. Schur PH, Rosen F, Norman ME. Immunoglobulin subclasses in normal children. Pediatr Res. (1979) 13:181–3. doi: 10.1203/00006450-197903000-00010

 8. Bornholz B, Roggenbuck D, Jahns R, Boege F. Diagnostic and therapeutic aspects of beta1-adrenergic receptor autoantibodies in human heart disease. Autoimmun Rev. (2014) 13:954–62. doi: 10.1016/j.autrev.2014.08.021

 9. Dorner A, Kallwellis-Opara A, Pauschinger M, Kuhl U, Schultheiss HP. Cardiac autoantibodies in viral myocarditis. Heart Fail Clin. (2005) 1:333–43. doi: 10.1016/j.hfc.2005.06.010

 10. Nussinovitch U, Shoenfeld Y. The clinical significance of anti-beta-1 adrenergic receptor autoantibodies in cardiac disease. Clin Rev Allergy Immunol. (2013) 44:75–83. doi: 10.1007/s12016-010-8228-9

 11. Camino M, Morales MD. Beta1-adrenergic receptor antibodies in children with dilated cardiomyopathy. Front Biosci (Elite Ed). (2019) 11:102–8. doi: 10.2741/e849

 12. Simpson KE, Cunningham MW, Lee CK, Ward K, Tong A, Danon S, et al. Autoimmunity against the heart and cardiac myosin in children with myocarditis. J Card Fail. (2016) 22:520–8. doi: 10.1016/j.cardfail.2016.02.009

 13. Ernst D, Westerbergh J, Sogkas G, Jablonka A, Ahrenstorf G, Schmidt RE, et al. Lowered anti-beta1 adrenergic receptor antibody concentrations may have prognostic significance in acute coronary syndrome. Sci Rep. (2019) 9:14552. doi: 10.1038/s41598-019-51125-9

 14. Scherbaum I, Heidecke H, Bunte K, Peters U, Beikler T, Boege F. Autoantibodies against M5-muscarinic and beta1-adrenergic receptors in periodontitis patients. Aging (Albany NY). (2020) 12:16609–20. doi: 10.18632/aging.103864

 15. Degener F, Salameh A, Manuylova T, Pickardt T, Kostelka M, Daehnert I, et al. First paediatric cohort for the evaluation of inflammation in endomyocardial biopsies derived from congenital heart surgery. Int J Cardiol. (2020) 303:36–40. doi: 10.1016/j.ijcard.2019.10.006

 16. Maisch B, Portig I, Ristic A, Hufnagel G, Pankuweit S. Definition of inflammatory cardiomyopathy (myocarditis): on the way to consensus. A status report. Herz. (2000) 25:200–9. doi: 10.1007/s000590050007

 17. Richardson P, McKenna W, Bristow M, Maisch B, Mautner B, O'Connell J, et al. Report of the 1995 World Health Organization/International Society and Federation of Cardiology Task Force on the definition and classification of cardiomyopathies. Circulation. (1996) 93:841–2. doi: 10.1161/01.CIR.93.5.841

 18. Kampmann C, Wiethoff CM, Wenzel A, Stolz G, Betancor M, Wippermann CF, et al. Normal values of M mode echocardiographic measurements of more than 2000 healthy infants and children in central Europe. Heart. (2000) 83:667–72. doi: 10.1136/heart.83.6.667

 19. Cabral-Marques O, Marques A, Giil LM, De Vito R, Rademacher J, Gunther J, et al. GPCR-specific autoantibody signatures are associated with physiological and pathological immune homeostasis. Nat Commun. (2018) 9:5224. doi: 10.1038/s41467-018-07598-9

 20. Liu HR, Zhao RR, Zhi JM, Wu BW, Fu ML. Screening of serum autoantibodies to cardiac beta1-adrenoceptors and M2-muscarinic acetylcholine receptors in 408 healthy subjects of varying ages. Autoimmunity. (1999) 29:43–51. doi: 10.3109/08916939908995971

 21. Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett D, et al. Contemporary definitions and classification of the cardiomyopathies: an American Heart Association Scientific Statement from the Council on Clinical Cardiology, Heart Failure and Transplantation Committee; Quality of Care and Outcomes Research and Functional Genomics and Translational Biology Interdisciplinary Working Groups; and Council on Epidemiology and Prevention. Circulation. (2006) 113:1807–16. doi: 10.1161/CIRCULATIONAHA.106.174287

 22. Bristow MR, Ginsburg R, Minobe W, Cubicciotti RS, Sageman WS, Lurie K, et al. Decreased catecholamine sensitivity and beta-adrenergic-receptor density in failing human hearts. N Engl J Med. (1982) 307:205–11. doi: 10.1056/NEJM198207223070401

 23. Lohse MJ. Molecular mechanisms of membrane receptor desensitization. Biochim Biophys Acta. (1993) 1179:171–88. doi: 10.1016/0167-4889(93)90139-G

 24. Magnusson Y, Wallukat G, Waagstein F, Hjalmarson A, Hoebeke J. Autoimmunity in idiopathic dilated cardiomyopathy. Characterization of antibodies against the beta 1-adrenoceptor with positive chronotropic effect. Circulation. (1994) 89:2760–7. doi: 10.1161/01.CIR.89.6.2760

 25. Dandel M, Weng Y, Siniawski H, Potapov E, Drews T, Lehmkuhl HB, et al. Prediction of cardiac stability after weaning from left ventricular assist devices in patients with idiopathic dilated cardiomyopathy. Circulation. (2008) 118(14 Suppl):S94–105. doi: 10.1161/CIRCULATIONAHA.107.755983

 26. Nagatomo Y, Li D, Kirsop J, Borowski A, Thakur A, Tang WH. Autoantibodies specifically against beta1 adrenergic receptors and adverse clinical outcome in patients with chronic systolic heart failure in the beta-blocker era: the importance of immunoglobulin G3 subclass. J Card Fail. (2016) 22:417–22. doi: 10.1016/j.cardfail.2016.03.005

Conflict of Interest: HH is CEO and employed by CellTrend GmbH.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Seidel, Scheibenbogen, Heidecke, Opgen-Rhein, Pickardt, Klingel, Berger, Messroghli and Schubert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 25 May 2022
doi: 10.3389/fped.2022.882223






[image: image2]

Factors Affecting the Exercise Capacity in Pediatric Primary Hypertension

Hui Zhang1†, Yeshi Chen2†, Tong Zheng3, Mingming Zhang3, Xiaohui Li1,2,3* and Lin Shi3*


1Department of Cardiovascular Medicine, Children's Hospital Capital Institute of Pediatrics, Peking Union Medical College Graduate School, Beijing, China

2Capital Institute of Pediatrics-Peking University Teaching Hospital, Beijing, China

3Department of Cardiovascular Medicine, Children's Hospital Capital Institute of Pediatrics, Beijing, China

Edited by:
Sarah Nordmeyer, Charité Universitätsmedizin Berlin, Germany

Reviewed by:
Vasiliki Karava, Aristotle University of Thessaloniki, Greece
 Aftab S. Chishti, University of Kentucky, United States

*Correspondence: Xiaohui Li, lxhmaggie@126.com
 Lin Shi, shilin9789@126.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Pediatric Cardiology, a section of the journal Frontiers in Pediatrics

Received: 23 February 2022
 Accepted: 28 April 2022
 Published: 25 May 2022

Citation: Zhang H, Chen Y, Zheng T, Zhang M, Li X and Shi L (2022) Factors Affecting the Exercise Capacity in Pediatric Primary Hypertension. Front. Pediatr. 10:882223. doi: 10.3389/fped.2022.882223



Purpose: Exercise training is crucial to the early intervention of pediatric primary hypertension (PHT). However, much less is known about exercise capacity in this disease. This work investigated the exercise capacity in pediatric PHT and analyzed the factors affecting exercise capacity.

Methods: The study enrolled children with PHT at the Children's Hospital Capital Institute of Pediatrics between July 2017 and July 2020. The Bruce protocol of the treadmill exercise test (TET) was used to assess exercise capacity. Multivariate ordinal logistic regression and generalized linear models were used to analyze factors affecting exercise capacity.

Results: Of 190 patients, 146 (76.8%) were male, and the median age was 13 (11, 14). Most children accomplished TET and achieved the submaximal heart rates (189 [99.5%]). Children with lower resting diastolic blood pressure (DBP) and 24 h average diastolic blood pressure (ADBP) could achieve a TET stage of 6 or more, whereas children with higher DBP and ADBP could only achieve a TET stage of 3 (P all < 0.05). Children with lower DBP and 24 h ADBP were also associated with greater metabolic equivalents (METs; r = −0.237, r = −0.179, P all < 0.05). The completion of TET stages was negatively associated with female (OR = 0.163), younger age (OR = 1.198), greater body mass index (BMI, OR = 0.921), and higher 24 h ADBP (OR = 0.952, P all<0.05). In addition, METs were negatively associated with female (β = −1.909), younger age (β = 0.282), greater BMI (β = −0.134), and higher 24 h ADBP (β = −0.063, P all < 0.05).

Conclusions: Exercise capacity was impaired among pediatric PHT patients. Female gender, younger age, greater BMI, and higher 24 h ADBP are independently associated with the exercise capacity in pediatric PHT. These findings may help developing scientific exercise prescriptions for pediatric PHT.

Keywords: primary hypertension, children, treadmill exercise test, exercise capacity, cardiology, pediatrics


1. INTRODUCTION

Hypertension, as a major risk factor for cardiac events and kidney diseases, is surprisingly common in pediatric population. A recent study established that the overall prevalence of hypertension in children and adolescents aged 0–18 years is 3–5% (1). Historically, the most prevalent form of hypertension in childhood used to be secondary hypertension. This situation has changed within the last two decades. PHT is now the dominant cause of hypertension in children above 6, especially in adolescents (2). Although the exact prevalence of pediatric PHT remains unknown, some studies showed that PHT accounted for 43% of pediatric hypertension in the US and 21.2–78% of cases in China (2–4). Childhood hypertension is likely to pose long-term damage, increasing the prevalence and severity of hypertension in adulthood (5). Therefore, active control of childhood PHT is far-reaching. Exercise intervention is a primary treatment for pediatric PHT (6, 7). So far, no validated exercise prescription is available in children with PHT, so this is a high unmet need. However, the development of exercise prescriptions is hampered by limited knowledge of exercise capacity in pediatric PHT.

Treadmill exercise test (TET) is a non-invasive test frequently used to measure exercise capacity by regulating the exercise load of participants with the alteration of treadmill movements (8). The indicators reflecting cardiac function, such as blood pressure (BP), heart rate, exercise stage achieved, and metabolic equivalents (METs), are monitored throughout the test and could be related to patients' exercise capacity.In this study, we evaluated the exercise capacity in pediatric PHT by TET and identified the factors affecting the exercise capacity in this disease.



2. METHODS


2.1. Patient Population

We conducted a retrospective study of children with PHT at the Children's Hospital Capital Institute of Pediatrics between July 2017 and July 2020. The diagnosis of pediatric PHT was based on the Current Clinical Practice Guideline on Pediatric hypertension in Children and Adolescents Pediatrics (9) and the Chinese Guidelines for the Prevention and Treatment of Hypertension (6). In brief, systolic blood pressure (SBP) and diastolic blood pressure (DBP) should be ⩾ 95th percentile in children with the same age, sex, and height for 3 consecutive records, and 2 weeks' interval is required between each recording. Meanwhile, patients with secondary hypertension were excluded. Hypertension was categorized: for children <13 years of age, stage 1 hypertension was defined as ≥95th percentile to <95th percentile + 12 mmHg (on the basis of age, sex, and height percentiles), or 130/80 to 139/89 mmHg (whichever is lower), and stage 2 hypertension was defined as ≥ 95th percentile + 12 mmHg, or ≥ 140/90 mmHg (whichever is lower); for children ≥ 13 years of age, stage 1 hypertension was defined as 130/80 to 139/89 mmHg, and stage 2 hypertension was defined as ≥ 140/90 mmHg (9). Exclusion criteria included patients with severe hypertension (SBP > 200 mm Hg and/or DBP > 120 mm Hg); patients with a lower-extremity injury who could not perform TET; and patients who had used any medication before TET. This study was approved by the Ethics Committee of the Capital Institute of Pediatrics (No. SHERLL2019003). Informed consent was signed by the parents and guardians of all subjects.



2.2. Treadmill Exercise Test

Before testing, the subjects would rest for 15–20 min, during which bodyweight, height, 12-lead ECG, and resting BP were measured. Exercise capacity was then assessed by a graded exercise test on the treadmill (Guangzhou Dimao Information Technology Co. TM-18). The speed and slope of the treadmill sequentially increased to adjust the exercise load volume. The endpoint of the TET was reaching the target heart rate [submaximal target heart rate = (220 - age) × 85%]. To prevent accidents, the test would be terminated immediately if any of the indications for termination happened. Participants were continuously being monitored during the 8-min rest after TET.

Our method followed the Bruce protocol (8, 10) with two minor modifications: the time of each exercise stage was shortened to 1–2 min, and the overall duration of exercise was controlled at 8–11 min. Accordingly, exercise in TET was graded 1–7 (Table 1). Higher stages of exercise signify better exercise capacity.


Table 1. Revised Bruce protocol.
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2.3. Assessment of Metabolic Equivalents

Metabolic equivalents were used to describe the exercise stress at the endpoint of TET. One MET is the amount of oxygen consumed by the body while sitting at rest, which is approximately 3.5 mL O2/kg/min (11). Larger METs values indicate higher intensity of exercise and better exercise capacity (12). The METs was calculated as following:

[image: image]

j: total time per stage, time in seconds.



2.4. Assessment of the Cardiac Involvement

Echocardiograms were measured using a Phillips iE33 (Phillips, The Netherlands). Left ventricular end-diastolic diameter, interventricular septal end-diastolic thickness, and left ventricular posterior wall thickness were measured from the parasternal long-axis view. Left ventricular mass (LVM) was calculated according to the formula recommended by Devereux et al. (13). Left ventricular hypertrophy (LVH) was defined as LVMI ≥ 45g/m2.7 in boys, and LVMI ≥ 40 g/m2.7 in girls (14).



2.5. Statistical Methods

For the normal continuous variables, the t-tests were done to compare two groups; the one-way ANOVA were done to compare multiple groups; and the least significant difference tests were done to compare variables within one group. For the non-normal continuous variables, Wilcoxon rank-sum tests were done to compare two groups; Kruskal–Wallis H-tests were used to compare multiple groups; Spearman correlation coefficients analysis was done to analyze the connection between two groups; and partial correlation analysis was done to analyze the connection between two groups when corrected with cofounders. Variables were described as mean ± SD (or median [P25, P75] for non-normal data). If needed, baseline data were compared between different groups to assess for imbalance. Any data that was unbalanced at baseline and associated with the results were included in the partial correlation model and logistic regression model as cofounders.

To analyze factors associated with exercise capacity, the multivariate ordinal logistic regression was used to identify the factors affecting patients' completion of TET stages, and the generalized linear model was used to identify the factors affecting METs. The dependent variables of the models were TET stages and METs, respectively; age, sex, BMI, LVH, and ADBP were included as influencing factors. P-values <0.05 were considered statistically significant. Statistical analysis was performed using IBM SPSS 22.0.




3. RESULTS


3.1. Characteristics of Patient Population

A total of 190 children with PHT were included in this study. There was a male dominance (76.8%), the median age was 13 years (11 years,14 years), and 189 patients (99.5%) achieved the target heart rate and completed the TET. Only 1 child (0.5%) terminated the TET prematurely at minute 4 due to dizziness and unsteadiness. The patient was a 14-year-old girl with stage 2 PHT and LVH and had no anomaly in her echocardiogram or resting ECG.

Of 189 patients completed the TET, 90 (47.6%) had stage 1 PHT (61 [67.8%] were boys), 99 (52.4%) had stage 2 PHT (85 [85.9%] were boys), 184(97.4%) did not have LVH (144 [78.3%] were boys), and 5(2.6%) had LVH (2 [40.0%] were boys).



3.2. Blood Pressure and Exercise Capacity

A comparison of the baseline data showed significant differences in gender and body mass index (BMI; p < 0.05) between children with stage 1 and stage 2 hypertension.

An analysis of correlation between hypertension stages and exercise capacity was done. The result showed that the TET stage patients achieved (p = 0.250) and the METs (p = 0.109) did not differ between children with stage 1 and stage 2 hypertension when adjusted for age, gender and BMI (Table 2), suggesting that there was no significant difference in exercise capacity between children with various hypertension stages.


Table 2. Comparison of exercise capacity between different hypertension stages.
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Further analysis of correlation between BP value and exercise capacity showed that children with lower resting DBP and 24 h average blood pressure (ADBP) could achieve a TET stage of 6 or greater, but those with higher DBP and 24 h ADBP could only achieve a TET stage of 3 (p < 0.05). The results were consistent when corrected for age, gender and BMI (p < 0.05, seen in Table 3). In addition, METs was negatively correlated with resting DBP (r = −0.321; p < 0.001) and 24 h ADBP (r = −0.162; p < 0.05). After adjustment for age, gender and BMI, the correlation between METs and resting DBP (r' = −0.237; p < 0.05) and 24 h ADBP (r' = −0.179; p < 0.05) hardly changed (Figure 1). Meanwhile, there was no significant difference in SBP between children with different exercise capacity.


Table 3. Comparison of blood pressure value between different TET stages.
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[image: Figure 1]
FIGURE 1. (A) Correlation between resting SBP and METs. (B) Correlation between resting DBP and METs. (C) Correlation between 24 h ASBP and METs. (D) Correlation between 24 h ADBP and METs. r, Spearman rank correlation coefficient; r', bias correlation coefficient corrected with gender and BMI; P', P-value when corrected with age, gender, and BMI; DBP, diastolic blood pressure; METs, metabolic equivalents; ASBP, average systolic blood pressure.




3.3. LVH and Exercise Capacity

Analyses were performed to explore the difference in exercise capacity between the children with (n = 5) and without LVH (n = 184). There was no significant difference in the METs nor TET stages (p > 0.05). Factors associated with exercise capacity in this study (including age, sex, and BMI) were adjusted in the comparison, after which no significant differences in the TET stages (p = 0.610) nor METs (p = 0.609) were detected (Table 4).


Table 4. Comparison of exercise capacity between patients with and without left ventricular hypertrophy.
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3.4. Factors Affecting Exercise Capacity

In the multivariate ordinal logistic regression, there was collinearity between resting DBP and 24 h ADBP, thus 24 h ADBP was included in the model. The results showed that the completion of TET stages was positively associated with age (OR = 1.198, 95% CI 1.052 to 1.364, p < 0.05) and negatively associated with female gender (OR = 0.163, 95% CI 0.079 to 0.333, p < 0.05), BMI (OR = 0.921, 95% CI 0.863 to 0.981, p < 0.05), and 24 h ADBP (OR = 0.952, 95% CI 0.912 to 0.993, p < 0.05; Table 5).


Table 5. Multivariate analysis regarding TET stages in children with PHT.
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The analyses of generalized linear model showed that METs, similar to TET stages, were positively associated with age (β = 0.282, 95%CI 0.134 to 0.429, p < 0.05) and negatively associated with female gender (β = −1.909, 95% CI −2.672 to −1.146, p < 0.05), BMI (β = −0.134, 95% CI −0.205 to −0.063, p < 0.05), and 24 h ADBP (β: −0.063, 95%CI: [−0.112, −0.014], p < 0.05; Table 6).


Table 6. Multivariate analysis regarding METs in children with PHT.
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4. DISCUSSION

This study evaluated exercise capacity in pediatric PHT through TETs. In the study, 99.5% of children with PHT completed TETs and achieved the submaximal heart rate, indicating that exercise interventions could be applied to most pediatric PHT patients. Among children who completed TETs, exercise capacity was negatively correlated with DBP and 24 h ADBP. Furthermore, lower exercise capacity was associated with female gender, younger age, greater BMI, and higher 24 h ADBP.

Exercise training was recommended as a primary non-pharmacological intervention which should be implemented in all hypertensive patients (4). A meta-analysis reported that aerobic exercise training could effectively reduce mean SBP and DBP (15). However, the “optimal” dose of exercise training for BP control, which is critical to maximize intervention efficiency (16), has not been defined. Hansen et al. (17) suggested that higher exercise intensity was associated with greater effectiveness of aerobic exercise training, while another research showed that moderate-intensity resistance training may lead to similar BP reductions (18). Moreover, according to Aslani et al. (19), very strenuous prolonged exercise could raise the possibility of cardiac fatigue. To find the most suitable exercise intensity for children with PHT, we raised an investigation on the exercise capacity of these children.

In our study, we noticed that children with higher BP had worse exercise capacity. At one level, children with lower DBP and 24 h ADBP could achieve higher TET stages. On another scale, METs were also negatively correlated with DBP and 24 h ADBP levels. Note that SBP did not differ between different groups, suggesting that DBP might be a better predictor of poor exercise capacity than SBP, especially in young populations. Interestingly, DBP has also been regarded as the strongest predictor of coronary heart disease in younger populations (<50 years) (20). A possible explanation for this might be that young patients are less likely to suffer from the peripheral amplification of SBP caused by wave reflection, which is the main reason for the age-related BP changes in the hypertensive population (21). As both poor exercise capacity and coronary heart disease lead to negative outcomes, DBP is thereby a potential predictor for worse prognoses of pediatric PHT.

Despite the inconsistency in DBP and SBP, our finding of the link between BP and exercise capacity are in accord with the studies in adults (22, 23), which showed that the exercise capacity of the hypertensive group was significantly lower than that of the healthy control group. The studies also suggested that the deterioration of exercise capacity in hypertensive patients began long before the alteration of cardiac structure. The lower exercise capacity may prevent patients from high-intensity training. This relatively poor exercise capacity also intrigued us to the factors affecting exercise capacity in pediatric PHT, which were then explored by multifactor analyses.

An unexpected result of the analyses was the lack of association between LVH and METs. This result is contradictory to previous studies, which showed that exercise capacity was negatively related to LVH in hypertensive patients (22, 24). The relationship may be explained by the shortage of blood flow in coronary and non-coronary arteries and myocardial blood reserve in patients with hypertension with LVH. We presume that the inconsistency of the results may be attributed to the relatively small sample size of patients with LVH.

Furthermore, we found that girls had significantly lower exercise capacity than boys, which was consistent with healthy children (25). The results may be explained by the relatively lower oxygen uptake of females, which may impair their exercise capacity (26). This lower oxygen uptake is brought by their smaller muscle mass, hemoglobin and blood volume, and stroke volume (8).

Our data also suggest a positive association between exercise capacity and age, a finding similarly reported by Cumming et al. (25) with healthy children and Ulrich et al. (27) when using the 6-min walk test (6MWT) to estimate the exercise capacity in healthy children and adolescents. The result is contradicted to the findings in adults (8). This discrepancy may be due to that the pediatric population is in a stage of growth and development, and hence their physical strength and exercise capacity develop with age.

It is generally believed that children's BMI is related to their exercise capacity. Previous studies show that obese children falter in several aspects of exercise capacity, including muscle explosive strength, muscle endurance, and running speed (28, 29). Obesity also poisons hemodynamic parameters, according to a study by Fornitano et al. (30). Our study found that BMI was related to exercise capacity in children with PHT. The METs of the patients and the TET stage they could achieve dropped with the increase of BMI. One possible reason for this anticorrelation is that the overweight populations have a hypoadrenergic state during exercise (31). Moreover, obesity could impair exercise-related physiological functions, such as lung function (32, 33), oxygen saturation (34), cardiovascular function (35), and the biological function of skeletal muscle(36).

Twenty-four hours ADBP was negatively associated with exercise capacity in our study, indicating that exercise capacity declines with the increase of BP. A similar result was shown in adults: 43.9% of hypertensive patients failed to achieve the predictive distance of 6WMT (37). An animal model also suggested that hypertensive subjects had lower exercise capacity than healthy ones (38). A possible explanation for this might be that higher BP results in higher peripheral resistance, causing a greater cardiac output during exercise, resulting in the decline in exercise capacity.

Our study had several limitations. One was the small sample size in single center, especially of the LVH group, which is due to the rather mild condition of our patients. The study was also limited by the lack of a healthy control group, given the difficulty in recruiting volunteers during the COVID pandemic. An additional problem is that pulmonary function was not evaluated in our study, which should be included in future studies to provide a comprehensive assessment of exercise capacity.



5. CONCLUSIONS

Our study showed that exercise capacity was impaired in pediatric PHT, due to the higher DBP and 24 h ADBP. We also found that female gender, younger age, greater BMI, and higher 24 h ADBP were both independently associated with lower exercise capacity in pediatric PHT. Future prospective studies with a larger sample size and healthy control may be of use.
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Myotonic dystrophy type 1 (DM1) is the most prevalent inherited neuromuscular dystrophy in adults. It is a multisystem disease with cardiac manifestations. Whilst these are well-defined in adults, there are scarce published data in the pediatric population. This study aimed to investigate the yield and progression of cardiac disease in pediatric DM1 patients, focusing on congenital DM1 (cDM1).

Methods: A retrospective observational study of all pediatric DM1 patients referred to our center (December 2000-November 2020) was conducted. Patients were classified into DM1 forms according to age of symptom onset and disease severity. Patients underwent clinical and cardiac evaluation with 12-lead ECG, transthoracic echocardiography and 24-h ECG Holter monitoring.

Results: 67 DM1 pediatric patients were included: 56 (83.6%) cDM1 and 11 (16.4%) non-cDM1. Median follow-up time of cDM1 patients was 8.0 [3.25–11.0] years. 49 (87.5%) cDM1 patients had baseline 12-lead ECG and 44 (78.6%) had a follow-up 12-lead-ECG, with a median follow-up time from diagnosis to baseline ECG of 2.8 [1.0–8.5] years and to follow-up ECG of 10.9 [5.7–14.2] years. Overall, 43 (87.8%) presented ECG abnormalities, most commonly in the form of asymptomatic conduction disease (n = 23, 46.9%), of which 21 (42.9%) had first degree atrioventricular block (1st AVB). There was an increase of prevalence from baseline to follow-up ECG in low QRS voltage (16.7%), poor R wave progression (13.9%), abnormal repolarisation (11.9%) and 1st AVB (7.6%). one patient (1.8%) underwent pacemaker implantation for syncope in the context of progressive conduction disease. No patients developed left ventricular systolic dysfunction. 4 (7.1%) cDM1 patients died during follow up, including three who died suddenly with no clear cause of death.

Conclusions: This study is the first to analyse the prevalence and progression of ECG abnormalities in cDM1 pediatric patients. The high prevalence of abnormal findings, progressive changes and number of potentially associated events (1 pacemaker implantation and 3 unexplained sudden deaths) stresses the importance of systematic and continued cardiac evaluation of these patients.

Keywords: myotonic dystrophy (DM1), congenital myotonic dystrophy, pediatric population, neuromuscular disorder, cardiac conduction disease, electrocardiographic abnormalities


INTRODUCTION

Myotonic dystrophy type 1 (DM1) is the most prevalent inherited neuromuscular disease in adults with 1:8000 incidence (1). It is caused by an autosomal-dominant expansion of a cytosine–thymine–guanine (CTG) trinucleotide repeat on chromosome 19q13.3 (2). Anticipation in consecutive generations associates with earlier onset and an increased severity of the disorder (3). This multisystem disease is primarily characterized by progressive muscle weakness and myotonia, but can include endocrine, respiratory, central nervous, gastrointestinal, ocular, urinary and cardiac manifestations. The risk of sudden death in DM1 patients has been reported to be 0.56% per year (4). Based on age of onset and the clinical severity, pediatric DM1 patients can be divided into congenital (cDM1), infantile (iDM1) and juvenile (jDM1) forms (4). cDM1 patients is the more severe form with the lowest life expectancy (5). The mortality rate is up to 40% in the neonatal period due to respiratory diseases and the mean life expectancy is 45 years (6).

cDM1 presents with hypotonia at birth, respiratory failure, difficulties with feeding and developmental delay. cDM1 is almost exclusively associated with maternal inheritance (7).

Cardiac manifestations in adults with DM1 include ventricular dysfunction, progressive conduction defects and ventricular arrhythmias which can lead to sudden cardiac death (SCD) (1). Nonetheless, data on progressive cardiac abnormalities in the pediatric population are scarce. This study, therefore, aimed to investigate the prevalence, progression and clinical impact of cardiac disease in pediatric DM1 patients, focusing on cDM1.



METHODS


Data Collection

A retrospective observational study was conducted of all consecutive pediatric individuals (aged ≤ 18 years) with a diagnosis of DM1 seen at Great Ormond Street Hospital between December 2000 and November 2020. The study was approved by the Research Board and consent waived in view of the retrospective data collection. Electronic patient records were systematically reviewed.



Clinical Evaluation

DM1 was clinically diagnosed and confirmed by genetic testing. The following clinical forms were defined owing to the age of onset of first clinical manifestation: cDM1 (birth-1 month), iDM1 (1 month—10 years) and jDM1 (11-20 years) (4).

We specifically developed a systemic severity score that consisted of the 8 more representative extra-cardiac features from our cDM1 cohort: learning difficulties, non-invasive ventilation, fecal incontinence, nasogastric or gastrostomy feeding, dysphagia, sleep disorder, urinary incontinence and full/partial wheelchair dependence. This score was evaluated in each patient at the end of the study period.

Patients underwent annual cardiac evaluation including medical and family history, physical examination, resting 12-lead ECG; transthoracic echocardiography; signal averaged ECG (SAECG); and ambulatory 24-h ECG Holter monitoring (AECG). Nevertheless, if cardiac symptoms and/or significant ECG abnormalities were observed, patients were more frequently evaluated.

Exercise testing (ETT) is recommended for young DM1 patients as physical exertion has been reported to be pro-arrhythmogenic (8, 9). However, we performed an ETT depending on the age range and physical capability of our patients. We used a treadmill test following a modified Bruce protocol. Electrophysiological study (EPS) was carried out when clinically indicated according to current guidelines to check for conduction abnormalities not apparent on surface ECG as per standard practice. Specifically, it was performed for establishment of atrioventricular block as the main cause of symptoms, and for identification of the anatomic site of block that may dictate the potential need of permanent pacing (8, 10, 11). Clinical data were collected at baseline and during follow-up until patients were transitioned to adult services around the age of 18, the end of the study period or until patient's death.



Electrocardiographic Analysis and Interpretation Criteria

12-lead ECG was recorded at a paper speed of 25 mm/s and amplitude of 10 mm/mV. When more than one tracing was available, baseline (ECG1) and latest available follow-up 12-lead ECG (ECG2) were analyzed independently and blindly by two investigators (LB and EC), and re-reviewed by the senior author (EC) when assessor opinion varied. Normal limits for ECG parameters were defined according to Rijnbeek et al. and current guidelines (12–14).

We defined sinus bradycardia as a heart rate ≤2nd percentile (12, 13). Mean frontal plane electrical axis was considered normal between 0° and 120° (birth-1 month); between 0° to 90° (1 month-16 years) and between −30° and 90° (>16 years). We defined left-axis deviation when the mean frontal plane electrical axis was <0° (birth-16 years) or <-30° (>16 years); right-axis deviation from 120° to 180° (in the first month of life) and from 90° to 180° (adults); extreme-right axis deviation between −90° and 180°. The axis was considered as indeterminate when there were isodiphasic QRS complexes in the frontal plane, with no dominant QRS deflection (14). Poor R wave progression was established when R wave amplitude in lead V3 was ≤3 mm and R wave amplitude in lead V2 was ≤ to the R wave amplitude in V3 (15). Low QRS voltage was defined as QRS amplitude ≤5 mm (0.5 mV) in each peripheral lead and/or QRS amplitude ≤10 mm (1 mV) in each precordial lead (16). Non-specific intraventricular conduction delay was defined according to current guidelines (14). SAECG was recorded at 40 Hz high-pass filtering. The presence of late potentials was determined in patients with a QRS <110 ms considering 3 SAECG parameters: filtered QRS duration ≥114 ms, duration of terminal QRS <40 μV or a root-mean-square voltage of the last 40 ms of QRS <20 μV (17). We considered SAECG to be abnormal when ≥2 parameters were abnormal. Conduction defect was defined as the presence of first or higher degree atrioventricular block (AVB), left or right bundle branch block (RBBB) or left anterior fascicular block (LAFB) on 12-lead ECG (14). ECG was considered abnormal when any of the aforementioned alterations and/or abnormal repolarisation (considering T wave abnormalities and QTc duration) were present (18). AECG was considered to be abnormal when any of the previously described ECG abnormalities were found.



Cardiac Imaging

Echocardiogram data were collected during follow-up. Cardiac dimensions were assessed against normal values as per recent published datasets (19). Standard clinical parameters were used to define structural cardiac abnormalities. Normal left ventricular systolic function was defined as left ventricular ejection fraction >55% (20).



Statistics

Normally distributed data are presented as mean values [±standard deviation (SD)] and non-normally distributed variables as a median [interquartile range (IQR)]. Categorical variables are presented as number (n) and percentages (%).

We explored for normality by a Kolmogorov-Smirnov test. Chi-squared or Fisher's exact test were used for comparing of categorical variables and Student's t-test for continuous measurements. A P < 0.05 was considered to be statistically significant for all data. Significance was only analyzed where n≥3 in each group. The variant “learning difficulties” was not included in the statistical analysis as it was present in all cDM1 patients. Statistical analysis was performed using R Studio software version 1.2.1335.




RESULTS

The study cohort consisted of 67 DM1 pediatric patients: 56 (83.6%) cDM1, 8 (11.9%) iDM1 and 3 (4.5%) jDM1. Table 1 shows baseline demographic characteristics of DM1 patients; Supplementary Table 1 the non-cardiac clinical manifestations. Due to the small number of non-cDM1 patients and potential for a different prevalence of cardiovascular findings in the different subgroups, we divided the cohort into cDM1 and non-cDM1. Results are presented separately.


Table 1. Baseline characteristics of patients with DM1.
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Congenital Myotonic Dystrophy Type 1 Cohort
 
Clinical Events and Symptoms

During follow-up, 7 (12.5%) cDM1 patients experienced symptoms (Table 1). One patient presented at 8 years of age with 2 syncopal episodes with clonic movements and prolonged post-ictal period which were considered seizures. At the age of 11, he had recurrence of syncope and investigations documented progressive atrioventricular conduction defects on 12-lead ECG and AECG in the form of 1st AVB, second degree AVB Mobitz type I, Mobitz type II and 2:1 AVB. His AECG additionally showed a median heart rate of 84 bpm (minimum of 56 bpm and maximum of 141 bpm) with no significant sinus pauses nor arrhythmias. Due to his syncopal episode in the context of second degree AVB, according to international guidelines, he underwent an elective EPS which confirmed conduction disease (HV interval of 60 ms) with no inducible sustained ventricular tachycardia (8). Therefore, a transvenous pacemaker was implanted, according to current guidelines (Class I recommendation) (11). This patient is alive and symptom-free, with no ventricular arrhythmias documented through pacemaker downloads and has not required further interventions after 32 months of follow-up. No patients underwent implantable cardioverter defibrillator implantation.

Four (7.1%) patients died at a median age of 8.5 [6.25-16.75] years. One of them (1.8%) died due to progression of the disease and respiratory failure; he had right axis deviation, low QRS voltage and abnormal repolarisation at both ECG1 and ECG2. The remaining deaths (n = 3, 5.4%) were sudden and unexplained, with no available data on death circumstances and no post-mortem examination performed. The ECG was only available for two out of these three patients, showing right axis deviation and indeterminate axis, low QRS voltage and abnormal repolarisation. One developed 1st AVB and non-specific intraventricular conduction delay at follow-up. They were asymptomatic.

Supplementary Table 2 shows the comparison of ECG abnormalities in the deceased and alive patients with cDM1; Supplementary Table 3 shows the association between mortality and the presence of systemic features of cDM1. Overall, there was a trend toward statistical significance between mortality and a higher systemic severity score (P = 0.088).

Supplementary Figure 1 depicts the number of systemic features in cDM1 patients as a surrogate for clinical severity. Median severity score was 7.5 [4.75–8.0] in deceased patients and 4.0 [3.0–6.0] in alive patients.



Cardiac Investigations

Diagnostic work-up is shown in Supplementary Figure 2.


12-Lead ECG and SAECG Findings

Forty-nine patients (87.5%) had an ECG1 and 44 (78.6%) at least one ECG2, with median interval of 7.5 [5.2–5.6] years between the two (Table 2). Supplementary Figure 3 depicts QRS and PR interval distribution at ECG1 and ECG2 (12–14).


Table 2. Electrocardiographic findings of congenital DM1 patients.
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Overall, forty-three of the forty-nine patients (87.8%) that underwent at least one ECG had ECG abnormalities: abnormal repolarisation (n = 21, 42.9%), 1st AVB (n = 21, 42.9%), low QRS voltage (n = 19, 38.8%), non-specific intraventricular conduction delay (n = 17, 34.7%) and poor R wave progression (n = 9, 18.4%).

Twenty-six (44.8%) patients had a SAECG (Supplementary Table 4).



Ambulatory 24-h ECG Holter Monitoring and Exercise ECG Findings

Forty patients (71.4%) had an AECG. No patients had significant arrhythmias or sinus pauses (>3 s), 14 (35.0%) had occasional isolated supraventricular ectopics, 11 (27.5%) isolated ventricular ectopics and 3 (7.5%) junctional rhythm. Table 3 includes conduction defects after 12-lead and AECG analysis.


Table 3. Overall conduction defects in congenital DM1 patients with at least one 12-lead ECG including 12-lead ECG and ambulatory ECG monitoring data.
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Two of the three patients (5.4% of the total cohort) who underwent an ETT had 1st AVB at ECG1. There was no evidence of any higher degree block on exercise. All three patients had sinus rhythm with no arrhythmias on exertion and were asymptomatic throughout the test.



Association Between ECG Findings and Extracardiac Features

There was no statistical association between the presence of any conduction defect and systemic features of cDM1 (Supplementary Table 5) nor with the use of invasive ventilation in neonatal period (P = 0.246) or a significant difference with a higher median systemic severity score (P = 0.587). There was a statistically significant difference between abnormal SAECG and a greater systemic severity score (P = 0.029). There was no significant difference between median systemic severity score and an abnormal ECG (Supplementary Table 6).

There was a statistically significant association between low QRS voltage at ECG1 and low QRS voltage at either ECG1 or ECG2 and the need for non-invasive ventilation in the neonatal period (P = 0.022 and P = 0.017, respectively). Nevertheless, there was no significant association between the latter and low QRS voltage at ECG1 (P = 0.338), and abnormal repolarisation at ECG1 or ECG2 (P > 0.999 and P = 0.365, respectively).



Cardiac Imaging

Data regarding transthoracic echocardiography was available for 54 patients (96.4%) (Table 4). One (1.9%) developed asymmetric hypertrophy (HCM), mild mitral valve prolapse (MVP) and mild ascending aortic dilatation; additional genetic tests identified a variant of unknown significance in TPM1 and KCNQ1 genes. Five premature patients (9.3%) (median gestational age 34 [29.6–36.1] weeks), had a haemodynamically significant patent ductus arteriosus (PDA). No patients developed dilated cardiomyopathy or left ventricular systolic dysfunction.


Table 4. Echocardiography data for congenital DM1 patients.
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Non-congenital Myotonic Dystrophy Type 1 Cohort

Table 1 contains baseline characteristics of patients with iDM1 and jDM1.

Nine (81.8%) non-cDM1 patients had an ECG1 which was abnormal in 6 (66.7%): 1st AVB and RBBB (n = 1, 16.7%), 1st AVB (n = 1, 16.7%), low QRS voltage and non-specific intraventricular conduction delay (n = 2, 33.3%), non-specific intraventricular conduction delay (n = 1, 16.7%), and non-specific intraventricular conduction delay, low QRS voltage and left axis deviation (n = 1, 16.7%). Two of the six patients (33.3%) that had an ECG2 had non-specific intraventricular conduction delay. One iDM1 patient (9.1%) had a small perimembranous ventricular septal defect and another an insignificant interatrial septal defect, both with no haemodynamic compromise.




DISCUSSION

To the best of our knowledge, this is the largest study so far evaluating cardiac involvement and its progression in an exclusively pediatric cDM1 cohort. We have observed a high yield of electrocardiographic abnormalities and progression throughout follow-up in pediatric cDM1 patients, which has not been previously reported. Additionally, we demonstrated a potential risk of SCD at a young age among cDM1 patients.



Conduction Defects

Our analysis also demonstrates a high incidence of ECG abnormalities in cDM1 patients compared to a previous study by Ho et al. including pediatric DM1 patients (7). A potential explanation for this discrepancy could be that patients with cDM1 are more severely and prematurely affected compared with patients with milder forms of DM1 (non-cDM1).

Particularly, among ECG abnormalities, the major concern was related to conduction defects. Although we demonstrated progression of conduction defects, high degree conduction disease was rare with only one patient requiring pacing. We did not routinely perform EPS in our young patients in view of its invasive nature but we used it to assess conduction properties and confirm indication for pacing in a patient in the context of syncope and second degree AVB, according to international guidelines (Class I recommendation) (8).

First AVB has previously been reported as the most common conduction defect in adult DM1 patients (1, 21). Nevertheless, our data evidences a higher prevalence of 1st AVB in pediatric DM1 patients than adults and than a previous study by Sharma et al, from a cohort of pediatric cDM1 patients (22). This highlights the early conduction defects manifestations that cDM1 patients have, possibly in line with the more severe clinical expression described in the congenital onset compared to the other clinical forms. Moreover, the predominance of maternal inheritance in our cDM1 cohort reinforces the concept of an earlier and more severe phenotype from the systemic perspective and it can be speculated that cardiac abnormalities follow a similar pattern (3). Additionally, consistently with previous reports, in our cohort, 82.6% of the patients with a conduction defect were asymptomatic (23).



ECG Findings and Extracardiac Features

In this study, low QRS voltage and abnormal repolarisation were the first and second more frequent ECG abnormality at ECG2, respectively. This could be partially explained by long standing lung pathology and chest deformities of these patients as we found a statistically significant association between low QRS voltage at ECG2 and the need for non-invasive ventilation in the neonatal period. However, there was no significant association between the latter and the presence of abnormal repolarisation at ECG2. Nevertheless, due to its high prevalence in our study, these findings might be considered as an expression of myocardial involvement in these patients as diseases progresses. In this regard, there was a statistically significant difference between low QRS voltage prevalence at ECG2 compared to ECG1. Moreover, right-axis deviation and indeterminate axis were more frequent at ECG1 than at ECG2. This could be related to a higher prevalence of prematurity and need for ventilator support in cDM1 with possible electrical findings reflecting higher pulmonary pressures and lung pathology, with subsequent right heart involvement. This would be in keeping with, at least, partial regression of the findings as they got older and were weaned from support.

In our study, there was a trend toward a statistical significance between low QRS voltage and increased severity score, and low QRS voltage and mortality approached statistical significance. Additionally, the median severity assessed through systemic score was higher in deceased patients, which would be in keeping with the significance between low QRS voltage and severity score and mortality. Low QRS voltage had previously been associated with a more severe cardiac involvement in amyloidosis but this has not been proven in cDM1 patients (16). Low QRS voltage has also been reported associated with an increased risk of mortality in individuals apparently free of cardiovascular disease (16, 24). Further studies including larger sample sizes are warranted to confirm our findings.



Arrhythmias

Although arrhythmias are known to be the major cardiac manifestations of DM1, we did not document significant supraventricular or ventricular arrhythmias. Despite systematic ETT being recommended as Class IIB indication, we could only exercise a small number of patients due to their muscular impairment and inability to exercise with disease progression (8). Physical exercise has been previously reported to be an arrhythmogenic factor and it remains to be determined if the risk of malignant arrhythmia is driven by adrenergic stimuli and how that impacts a population that has a very low level of exercise (9). Another contributing factor could have been the lower age of our cohort, as arrhythmias are age-dependent in DM1 population, reported as occurring in the second decade of life (9).



Sudden Death

PR ≥ 200 ms, QRS ≥ 120 ms and QTc ≥ 450 ms have been described to be predictors of SCD in adult DM1 patients (21). In our cohort, none of the patients that died fulfilled these adult criteria. Complete heart block leading to asystole or ventricular arrhythmias had been documented as potential mechanisms leading to SCD (8). In our study, 3 out of the 4 deaths were sudden and unexpected, and an arrhythmia could not be ruled out as a cause of the death although mild ECG abnormalities were previously documented. Interestingly, all of them had low QRS voltage. Their deaths were unexplained as no autopsy was performed. Nevertheless, they raise concerns about the potential risk of SCD at a young age in this population given the small sample size and number of events observed.



Additional Cardiac Findings

In this study, the patient with HCM diagnosis was also heterozygous for a variant of uncertain significance in TPM1 and in KCNQ1 genes. Despite HCM having been rarely reported associated with DM1, it is difficult to determine the contribution of these two variants in his cardiac phenotype in the context of cDM1 diagnosis (5). Even if not common, an association between DM1 and dilated cardiomyopathy and heart failure has been reported later in life. None of our patients developed these two features, probably due to their age related penetrance in DM1 patients (8). MVP has been reported in 25-40% conversely to our findings, where 1.9% had MVP. Moreover, in our study, 9.3% of the patients that underwent echocardiography had a haemodynamically significant PDA. Although this finding has not been previously reported in DM1 patients, this is most likely due to the younger patients included and that all of them were ex-preterm babies.



Clinical Implications of Our Results

Our finding of a high prevalence of cardiac abnormalities and its progression throughout childhood in cDM1 patients stresses the vital importance of their regular clinical assessment, particularly to monitor the development of conduction defects as, together with ventricular arrhythmias, place DM1 patients at a higher risk of SCD (8). According to current guidelines, cardiac evaluation including examination, 12-lead ECG, echocardiogram and AECG monitoring at baseline are recommended as a Class IC indication, even in asymptomatic patients (8). Further follow-up with the same investigations are recommended as a Class IIa indication in patients with normal cardiac investigations at baseline (3, 8, 11). Our results support the validity of the investigations proposed by current guidelines as we have demonstrated that the ECG is almost invariably abnormal, there is a potential for progression and higher degrees of AVB were recorded during AECG. The high prevalence of clinical events including syncope due to AV conduction disease (1/49, 2%) and unexplained deaths (3/49, 6.1%) stresses how screening is paramount and better risk stratification is still needed. We would recommend performing the same initial clinical evaluations as current guidelines with the addition of SAECG. We would suggest annual follow-up with the same investigations unless a progression or higher degree of AVB is observed. Performing an ETT will depend on the age range and/or physical capability of these patients.



LIMITATIONS

The study is limited by the small cohort of patients, probably due to the fact that cDM1 is a rare disease. Not all patients had an available baseline ECG nor a follow-up ECG. This lack of data could have had an impact on the detection of ECG abnormalities. Additionally, we were not able to compare non-cDM1 and cDM1 in terms of cardiac features due to the small sample size of the non-congenital group. As a tertiary center, non-cDM1 patients are not systematically referred to our Institution and are frequently followed-up locally, which would explain the smaller proportion on non-cDM1 patients seen in our clinic. Moreover, no post-mortem examination was available for the four deceased children, which limits our ability to infer the prevalence of SCD in the group. We created our own systemic score considering the 8 most representative clinical features of cDM1 in our cohort. This could have resulted in the omission of other relevant clinical features not widely presented by our patients. Additionally, the power of the statistical tests is limited by the small number of patients included. Finally, no correlation could be made between cardiac involvement and CTG repeat length as repeat size is not routinely assessed by UK laboratories. This limits the cardiac phenotype-genotype correlation. Although genotype-phenotype correlations in terms of severity of cardiac involvement and size of the CTG expansion have been advocated in adult groups, this remains controversial. No targeted study in the cDM1 population, where the length of the repeat is maximal, has been carried out to date.



CONCLUSION

This study demonstrates a high yield of cardiac conduction abnormalities with a progressive nature and potential for associated cardiac mortality due to dysrhythmias throughout childhood in an exclusively pediatric cDM1 cohort. Cardiac conduction disease is the most prevalent abnormality with 1st AVB demonstrated as the most frequent finding among cDM1 patients. Progression to higher degree of AVB was rare with only one patient requiring permanent pacing. There were four deaths despite the small cohort size, one due to progression of systemic disease but three were sudden and unexplained in otherwise stable children, and a sudden arrhythmic event could not be ruled out. Our findings stress the crucial role that regular and comprehensive cardiac follow-up of these patients plays starting from the onset of the disease. Further long-term prospective follow-up studies are needed to identify if electrocardiographic abnormalities can predict the risk of sudden cardiac events and namely sudden death. Genotype-phenotype correlations in terms of severity of cardiac involvement and size of the CTG expansion have been advocated in adult groups, this remains controversial. No targeted study in the cDM1 population, where the length of the repeat is maximal, has been carried out to date.
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Introduction: Pediatric inflammatory multisystem syndrome – temporally associated with SARS-CoV-2 infection (PIMS –TS) comprises a new disease entity having emerged after the COVID-19 outbreak in 2019.

Materials and Methods: For this multicenter, retrospective study children between 0 and 18 years with PIMS-TS between March 2020 and May 2021 were included, before availability of vaccination for children. Frequent SARS-CoV-2 variants at that period were the wildtype virus, alpha, beta and delta variants. Inclusion criteria were according to the PIMS-TS criteria, proposed by the Royal College of Pediatrics and WHO. Study aim was to review their clinical, laboratory and echocardiographic data with a focus on cardiac involvement.

Results: We report 45 patients, median age 9 years, 64% male. SARS-CoV-2 antibodies were positive in 35/41 (85%). PIMS occurrence followed local COVID-19 peak incidence periods with a time lag. The most common symptoms at presentation were fever (98%), abdominal pain (89%) and rash (80%). Fever history of > 5 days was associated with decreased left ventricular function (p = 0.056). Arterial hypotension and cardiac dysfunction were documented in 72% patients, increased brain natriuretic peptide in 96% and increased cardiac troponin in 64% of the children. Echocardiography revealed mitral valve regurgitation (64%), coronary abnormalities (36%) and pericardial effusions (40%). Increased NT-proBNP was significantly associated with the need of inotropics (p < 0.05), which were necessary in 40% of the patients. Treatment comprised intravenous immunoglobulin (93%), systemic steroids (84%) and acetylsalicylic acid (100%; 26/45 started with high dosages). For insufficient response to this treatment, five (11%) children received the interleukin-1 receptor antagonist anakinra. All patients were discharged with almost resolved cardiac signs.

Conclusion: Our analysis of non-vaccinated children with PIMS-TS demonstrates that a considerable number have associated myocarditis requiring intensive care and inotropic support. Most children showed adequate response to intravenous immunoglobulin and steroids and good recovery. Further evaluation of pediatric patients with COVID-19 associated diseases is required to evaluate the impact of new virus variants.

Keywords: COVID-19 associated pediatric inflammatory syndrome, myocarditis, cardiac decompensation, inotropic support, COVID-19, PIMS, echocardiograghy


INTRODUCTION

Pediatric inflammatory multisystem syndrome – temporally associated with SARS-CoV-2 infection (PIMS –TS) in Europe and Multisystem Inflammatory Syndrome in Children (MIS-C) in the United States comprises a new disease entity that emerged after the COVID-19 outbreak in 2019. Available literature from several countries reveals similarities to Kawasaki disease (KD), viral myocarditis and toxic shock syndrome, but also differences. Patients with PIMS-TS tend to be older than KD patients with a median age of 9 years. The majority of prior reported children had a COVID-19 infection 2–6 weeks before PIMS-TS and commonly presented with high fever, rash, and abdominal symptoms (1–6).

More than 70% of patients develop myocarditis with dyskinetic, impaired ventricular function, valve regurgitation, rhythm disturbance, and pericardial effusion. The coronary arteries may show perivascular echogenicity progressing to coronary aneurysms in up to 14% of the cases. Patients with PIMS-TS associated myocarditis are at increased risk for severe hypotension or cardiogenic shock, and may require intensive care treatment, inotropic support and rarely invasive cardiac support (7–10).

In the autumn of 2020 several Austrian pediatric departments noted an increasing occurrence of cases with a COVID-19 infection-associated inflammatory syndrome and myocarditis. The aim of this study was to evaluate PIMS-TS cases in Austria to describe clinical and laboratory characteristics at presentation with special focus on cardiovascular involvement, therapy and outcome.



MATERIALS AND METHODS


Study Population

The investigation included 45 consecutiv pediatric patients, age 0–18 years, diagnosed with PIMS-TS between March 2020 and May 2021 according to PIMS-TS diagnostic criteria by Royal College of Pediatrics and Child Health and WHO (11, 12). The cohort comprised all patients with PIMS-TS admitted to the Department of Pediatrics, Medical University of Vienna and eight secondary care pediatric departments in Vienna and Lower Austria. All departments had local ethics board approval for this data collection, data were deidentified, centrally connected to patient identification numbers.



Data Assessment

Clinical and diagnostic data were obtained from electronic medical records and entered in a case report form specifically designed for this study to ensure systematic data collection.

Data assessment included:


(i)Chart review regarding medical history and clinical status and medical treatment. “History of COVID-19 infection” was defined – according to WHO and RCPCH criteria as positive SARS-CoV-2 antigen or polymerase chain reaction (PCR) test or exposure to a positive tested person within the prior weeks (11, 12). “Asymptomatic COVID-19 infection prior to PIMS-TS diagnosis” applied to children who had SARS-CoV-2 antibodies at presentation and reported contact to a COVID-19 positive tested person within the prior weeks, but never had had symptoms.

(ii)Laboratory results: complete blood counts and chemistry including C-reactive protein (CRP), Interleukin-6 (IL-6), ferritin (documentation of normal or abnormal), and coagulation parameters. Cardio-specific biomarkers: N-terminal pro-B type natriuretic peptide levels (NT-proBNP, measured by ChemiLumineszenz ImmunoAssay, Fa Roche, pg/mL), cardiac troponin T or I (TnT, TnI, high-sensitivity method; normal < 14 ng/L), documented as measured at the respective departments. Cardiac troponin was documented as normal or abnormal (no levels).

(iii)Microbiology: On admission all patients had a nasopharyngeal swab for viral polymerase chain reaction of SARS-CoV-2 done (PCR Genexpert Roche COBA 6800) and testing for SARS-CoV-2 nucleocapsid IgG antibodies to viral spike glycoprotein in this not vaccinated cohort (e.g., qualitative Elecsys® Anti-SARS-CoV-2 Test, Roche). Additionally, viral myocarditis work-up and bacterial cultures were performed. No COVID-19 antigen (rapid) tests were included.

(iv)Review of cardiac diagnostics included electrocardiography (ECG), echocardiography and cardiac magnetic resonance imaging (MRI). Further imaging comprised abdomen or kidney ultrasound, if performed based on clinical presentation.



Response to treatment was defined as decline of fever and abdominal pain, normalization of CRP and declining NT-pro BNP within 3–5 days of therapy initiation.



Statistics

Data on patient characteristics, clinical features, diagnostic results, therapy and outcome were summarized descriptively. Continuous variables were expressed as median, interquartile ranges (IQR), or minimum and maximum (min; max); categorical variables as numbers and percentages. For analysis of associations we used the Chi Quadrat Test and Students t-test, respectively.




RESULTS


Patient Characteristics

Forty-five patients with PIMS-TS were treated in the participating centers from March 2020 to May 2021 and included in the study. Their median age was 9 years, (IQR 4–12), 64% male. Further patient characteristics are given in Table 1. A history of COVID-19 infection was reported in 37/45 (82%). Thirty-nine/45 (87%) patients presented with PIMS-TS between October 2020 and January 2021 (n = 20) and February to May 2021 (n = 19), following local Austrian SARS-CoV-2 infection peaks, with a time lag of 3–6 weeks. The remaining 6/45 (13%) cases were reported between April and September 2020 (Figure 1).


TABLE 1. Demographic data.
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FIGURE 1. The Graph demonstrates patients with PIMS-TS and Austrian COVID-19 cases (blue curve, data from Statistic Austria) (29). Of the 45 children 39/45 (87%) patients presented with PIMS-TS between October 2020 and January 2021 (n = 20) and February to May 2021 (n = 19). The remaining 6/45 (13%) cases were reported between April and September 2020 (red bars).



Clinical Presentation

Table 2 shows leading symptoms at admission. All patients presented in an impaired general condition, fever was present in 44/45 (98%) children, abdominal pain in 89%, and a polymorphic rash in 80% of the patients. Fever history of > 5 days was associated with decreased left ventricular function [11/15 (73%; p = 0.056)]. Further symptoms were cough (6%), pharyngitis (15%), and headache (4%). No serious primary respiratory symptoms were reported.


TABLE 2. Signs and symptoms.
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Cardiac Abnormalities

Table 3 illustrates the observed cardiac abnormalities. Cardiac dysfunction with severe arterial hypotension and shock was present in 31/45 (72%) children and required admission to an intensive care unit for 14/45 (31%) patients, seven of these required oxygenation, three of those patients were in cardiogenic shock and four children required oxygen because of pleural effusions and pulmonary edema. Chest x-ray revealed signs for pulmonary congestion (11%) and inflammatory changes (24%), but no patient required mechanical ventilation.


TABLE 3. Cardiac diagnostic.
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Cardiac work up revealed abnormal echocardiography in 40/45 (89%) patients, including left ventricular dysfunction (33%), mitral valve regurgitation (64%), pericardial effusions (15%), and echogenic walls of the coronary arteries (36%), no coronary aneurysms were detected. Additional pleural effusions were documented in 8/45 (18%) children. Another 5/45 (11%) patients with normal echocardiography results had pericardial effusions (in two patients a combination of pericardial-and pleural effusions) at presentation.

Seven patients had a cardiac MRI performed in the acute phase of PIMS-TS, two revealed pathological results (one had late enhancement of left ventricle posterior wall and one myocardial edema, no fibrosis).

ECG abnormalities were found in 12/45 (27%) children, 8% had ST elevations and 22% T inversion on left precordial leads lasting for 3–8 days. No relevant arrhythmias were detected.



Laboratory Results

Table 4 summarizes the results of the laboratory work up. The majority of patients (43/45; 96%) showed increased levels of NT-proBNP (median 8876 pg/ml; IQR 2677–10,556) and increased cardiac troponin in 29/45 (64%) patients. Most children (80%) had both cardiac biomarkers abnormal. Increased NT-proBNP was significantly associated with the need of inotropics (p < 0.05) (Figure 2). No other associations were found for abnormal NT-proBNP levels or troponin elevation. Markedly increased CRP was present in 37/45 (82%, IQR 14–27), increased Interleukin-6 in 16/35 (46%, IQR 31–1546), and abnormal ferritin in 31/42 (74%) children. Transient impairment of renal function with creatinine elevation was reported in 29% patients in the course of PIMS-TS.


TABLE 4. Laboratory results.

[image: Table 4]

[image: image]

FIGURE 2. Elevated NT-proBNP levels were associated with the need of inotropics, p < 0.05 Inotropics: milrinone (n = 6), noradrenalin (n = 11), dobutamine (n = 1). NT-proBNP: N-terminal-pro-B type natriuretic peptide.


SARS-CoV-2 testing at presentation revealed positive PCR from nasopharyngeal swab in 9/44 (20%) and COVID-19 IgG antibodies in 35/41 (85%) patients. A “positive COVID-19 history” was documented in 37/45 (82%) children, who all had confirmed COVID-19 IgG antibodies on admission (Tables 1 and 4). Out of 45 patients with PIMS-TS, 17 (38%) had “prior asymptomatic COVID-19 infection” with reported contact to a COVID-19 positive tested person within 2–6 weeks prior to admission, no symptoms or tests in the past, but positive SARS-CoV-2 antibodies at presentation/on admission.



Treatment

Table 5 summarizes the treatment of our cases. Severe myocardial dysfunction and arterial hypotension required therapy with inotropic agents in 18/45 (40%; milrinone: n = 6, dobutamine: n = 1, norepinephrine: n = 11).


TABLE 5. PIMS treatment and outcome.
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Anti-inflammatory treatment comprised intravenous immunoglobulin 1–2 gram per kilogram bodyweight over 12–24 h given to all 42/45 (93%) but three children. Steroids were given in 38/45 (84%), of these 24/38% (63%) received methylprednisolone (10–30 mg per kg and day, over 3 days) and 16/38 (42%) prednisolone 2 mg/kg/day, two patients received both. Steroids were administered until fever cessation and then tapered over 2 weeks. Acetylsalicylic acid (aspirin) was given in all cases, 26/45 (58%) received high dosages (30 mg/kg/day) initially, followed by low dose (3–5 mg/kg/day) for 3 months in all but 6 patients, who received low dose aspirin for 6 weeks. For recurrent fever and persisting inflammation, 5/45 (11%) patients were treated with the recombinant Interleukin-1 receptor antagonist anakinra with 2–4 mg/kg/day over 3 days in 3 dosages and then reduced over 6 days, according to inflammation signs and symptoms. Baseline clinical and biochemical characteristics were indifferent in anakinra treated patients from the other PIMS patients. All but six children (87%) received prophylactic anticoagulation with enoxaparin subcutaneously. No thrombotic events were reported. Treatment response (decline of fever, symptoms and inflammation parameter) between 3 and 5 days after initiation of therapy was reported in 38/45 (84%). For three of the remaining seven patients the decision was made to administer another course of IVIG and four children received the above mentioned anakinra. All patients survived.





DISCUSSION

This study is a descriptive analysis of 45 consecutive patients with PIMS-TS admitted to nine pediatric departments in eastern Austria between March 2020 and May 2021. Almost all patients presented in reduced general condition with fever, rash and gastrointestinal symptoms. Importantly, three quarters of the patients had cardiac involvement including arterial hypotension, cardiogenic shock, and with signs and symptoms of myocarditis.

The majority of our patients were diagnosed with PIMS-TS following the local Austrian SARS-CoV-2 infection peaks between October 2020 and January 2021 and February to May 2021, before approval of the vaccination for children. Their prior COVID-19 infection was most likely caused by the SARS-CoV-2 wild virus type B1 from spring 2020, which was followed by the British variant (B1.1.7, Alpha) in autumn 2020. The Beta variant (B.1.351) was seen between January and March 2021, thereafter the Delta variant (B.1.617.2) took over in May 2021 (dominant until December 2021).

Patients with PIMS-TS in our cohort were older, had myocarditis and circulatory dysfunction, contrary to KD (8). Additionally, laboratory signs indicated general inflammation and cytokine release as reflected by increased CRP, IL-6 and ferritin, consistent with the PIMS-TS and MIS-C criteria, but again different to KD (3, 5, 13). The prominent gastrointestinal symptoms, which in our population often delayed diagnosis, may have been caused by a gastrointestinal epithelitis as described by Yonker et al. (14). During the study period high fever, reduced condition and abdominal pain in combination with a COVID-19 history increased the suspicion index of PIMS-TS diagnosis to initiate early effective treatment.

In our analysis 72% of the patients presented with arterial hypotension, abnormal cardiac troponin and almost all patients had significantly increased NT-proBNP, indicating relevant myocardial stress. The initial shock situation presumably was a combination of cardiac dysfunction due to myocarditis and vasoplegia because of inflammation. In a majority of patients echocardiography revealed left ventricular dysfunction and mitral valve regurgitation, comparable to the multicenter European cohort study by Valverde et al. who summarized 286 patients after PIMS-TS with shock, myocarditis and cardiac dysfunction. Their patients (93%) also had raised cardiac troponin suggesting myocardial injury in the course of PIMS-TS (8).

Most of our patients had a combination of increased cardiac troponins, NT-proBNP and inflammation parameters, which have been described to be highly suggestive for myocarditis (8). Also in children troponin I and T poses a valid parameter of myocardial injury (15, 16).

Myocarditis is an inflammatory disease of the heart muscle with diverse causes, such as immunological or viral, that cannot be differentiated easily (17). Of our patients, 82% had a positive COVID-19 history and SARS-CoV-2 antibodies, suggestive of an possibly ongoing immunological process. Although an investigation demonstrated widespread antigenemia in several organs in the absence of nasopharyngeal virus material weeks after SARS-CoV-2 infection (14), another study suggested that persistent antigenemia is not a common contributor to MIS-C (18). We speculate that our unvaccinated patients may have developed an immunologically triggered multi-organ inflammation with cardiac involvement and signs of myocarditis after infection with the mentioned SARS-CoV-2 variants.This would be consistent with international epidemiological studies from the United Kingdom, United States and France reporting PIMS-TS with myocarditis 4–6 weeks after local infection peaks. Their patients also had increased cardiac troponins and positive SARS-CoV-2 antibodies, but negative COVID-19 PCR, also indicating a post-viral immunologically triggered process followed by cardiac dysfunction (2, 19, 20). In contrast, Belhadjer et al. published a case series of 35 children with PIMS-TS and significant ventricular dysfunction (28% required extracorporeal membrane oxygenation) with only mild troponin elevation. However, 88% had positive COVID-19 PCR, indicating a rather direct viral induced myocarditis (7). It remains to be seen if later variants of the SARS-CoV-2 virus will also cause PIMS-TS or similar syndromes with cardiac affection.

The majority of our patients received anti-inflammatory treatment with corticosteroids, either prednisolone or methylprednisolone pulse therapy (dosages varied between the pediatric departments) and immunoglobulins. According to available data at the time of the study, management and treatment of patients with PIMS-TS was based on guidelines for related syndromes like KD, toxic shock syndrome and macrophage-activation syndrome (21). More recent literature confirmed a benefit of IVIG and steroids compared to IVIG alone with regard to cardiac function and general outcome (22, 23). One explanation for the good response to steroids might be biological similiarities to toxic shock syndrome, involving the T-cells, as recently described by Sacco et al. (24). Furthermore, recently appeared evidence supports early start of anti-inflammatory treatment (25, 26). Our patients showed excellent response with improved blood pressure to initial volume administration, immunomodulatory and anti-inflammatory treatment. This might be the reason why despite of a high proportion of patients with arterial hypotension (72%) only 40% required inotropes. All patients were discharged with improved cardiac function and general condition, no patient died. We confirm a high morbidity but low mortality in patients with PIMS-TS, as described in other cohorts (9, 27).

The long-term management after PIMS-TS in general and particularly in patients with coronary involvement is not well established. Physical sparing, sports ban for at least 3 months and regular follow-up by a pediatric cardiologist have usually been recommended. Follow-up investigations should comprise echocardiography and, in some cases cardiac MRI and cardiopulmonary exercise test before restarting physical activity (28).

Our study has some limitations. The data collection was retrospective but we went through much efforts to identify all patients presenting with PIMS-TS to the participating hospitals. SARS-Cov2 mutations were not documented consistently, and of the 9 patients with positive PCR incomplete information concerning Ct values are available. As this was an observational, retrospective study, diagnostic work up was per local institutional standards with excellent documentation. For uniform local data collection some of the results (such as ferritin) were only documented as “normal” or “abnormal,” which affected quality of analysis. Treatments were not standardized and therefore varied between the centers. Echocardiography and cardiac evaluation in the different departments was performed by pediatric cardiologists.



CONCLUSION

In our analysis of unvaccinated Austrian children with PIMS-TS three quarters of the patients had cardiac involvement with significant myocarditis and circulatory dysfunction requiring inotropic support and intensive care management. Our data confirm the excellent response to intravenous immunoglobulins and steroids resulting in clinical improvement and discharge of the children with almost resolved cardiac signs. Follow-up of our patient series is ongoing to detect long term complications of this new disease entity. Further evaluation of pediatric patients with COVID-19 associated diseases is required to evaluate the impact of emerging virus variants.

What is already known on this topic


-Multisystem inflammatory syndromes in children can involve several organs. Kawasaki disease (KD) is a well-known inflammatory disease, where an acute vasculitis can cause a mild and transient myocarditis.

-A new COVID-19 associated multisystem inflammatory syndrome (PIMS-TS in Europe, MIS-C in USA) shows several similarities but also different features compared to KD, including the older age and more severe cardiac involvement.

-Several international investigations demonstrated a temporal association between local SARS-CoV-2 infection peaks with an increasing incidence of PIMS-TS cases.



What this study adds


-For a better understanding of this new disease it is useful to collect as much information as possible with regard to the considerable number of children who developed PIMS-TS associated cardiac impairment.

-Our study adds more valuable information concerning the clinical picture of PIMS-TS and signs of an associated myocarditis.

-This study contributes data from Middle Europe concerning PIMS-TS after infection with SARS-Cov-2 wild-virus, before availability of the vaccination for children.



How this study might affect research, practice or policy

The increasing evidence and understanding of the new PIMS-TS and its distinction from KD improves quality and tempo of diagnosis.

Because of the high prevalence of cardiac involvement in the course of PIMS-TS, early identification of children who require immediate cardiac (inotropic) support and anti-inflammatory treatment is crucial to improve outcome of this severe complication.
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Background and Aim: Fontan patients tend to have reduced physical exercise capacity. This study investigates physical activity (PA) and its relationship to exercise capacity, heart rates, cardiac function, biomarkers, health-related quality of life (HRQoL), and sleep quality.

Methods: Cardiovascular magnetic resonance (CMR), exercise testing (CPET), 24 h-ECG, and blood samples were prospectively performed in 38 patients, age 13 (11–16) years. PA was assessed by accelerometer during 7 consecutive days. HRQoL was self-assessed with KIDSCREEN-27 and SF-36 according to patients' age; sleep quality with Pediatric Sleep Questionnaire (PSQ) and Pittsburgh Sleep Quality Index (PSQI).

Results: Daily moderate to vigorous physical activity (MVPA) was in median (IQR) 40 (28–57) mins; 7/38 (18%) patients reached the recommended 60 mins/day of MVPA. MVPA did not correlate with gender, age, single ventricle morphology, time from Fontan, heart rate, ventricular volumes, and ejection fraction at CMR, biomarkers, or CPET. Physical wellbeing (r = 0.33, p = 0.04), autonomy (r = 0.39, p = 0.03), and social support (r = 0.43, p = 0.009) assessed using the KIDSCREEN-27, and both physical (r = 0.57, p = 0.03) and mental (r = 0.54, p = 0.04) domains of the SF-36 questionnaire correlated with daily minutes of MVPA. PSQI global sleeping score (r = −0.7, p = 0.007), and PSQ scales for behavior (r = −0.36; p = 0.03) correlated with daily minutes of MVPA.

Conclusion: Only 18% of the Fontan patients meet the recommendation for daily MVPA. Measures of exercise capacity, cardiac function or chronotropic competence are not correlated to daily physical activity. In contrast, HRQoL and sleep quality seem to be associated with regular physical activity.

Keywords: single ventricle, Fontan, physical activity, quality of life, sleep quality


INTRODUCTION

Treatment of patients with a single ventricle consists of a staged procedure, the last step being the Fontan operation (1). In the last decades relevant developments in surgical, interventional, and medical therapies lead to a dramatical raise in survival rate of Fontan patients. Nevertheless because of the unphysiological hemodynamics of the Fontan circulation, morbidity remains important during mid- and long-term follow-up (1). It is well known that objective exercise capacity in Fontan patients is significantly decreased compared to normal subjects (2–5). The postulated reasons for this are various and include surgical factors, cardiac factors, such as systolic and diastolic dysfunction, morphology of the dominant ventricle, abnormal chronotropic response, diseased pulmonary vasculature, as well as lung dysfunction, cachexia, and decreased muscle mass (1). Guidelines for physical activity (PA) and sport participation in Fontan patients generally recommend light- to moderate intensity activity (6, 7). Some degree of PA is also recognize to help for peer and family socialization (8), reaching of normal developmental milestones, and decreasing the risk for sedentary lifestyles (9). Moreover, training programs for Fontan patients positively influence their objective exercise capacity (10) and self-reported as well as proxy-reported health-related quality of life (HRQoL) (10, 11).

In previous studies the reported PA level in Fontan patients failed to reach the current PA recommendations for the healthy population (2–5, 12–15). Only few authors have marginally assessed the effects of PA on quality of life (HRQoL) and sleep quality (11, 16).

The purpose of this study was to determine PA levels in a cohort of children, adolescents, and young adults with a Fontan physiology, and to focus on the relationship between PA and patient characteristics, cardiac function, exercise capacity, heart rates, serum biomarkers, and particularly HRQoL, and sleep quality.



METHODS


Study Design and Patients' Selection

This is a single centre, prospective, observational study (2019–2021) in a cohort of 38 Fontan patients, children and young adults. The patients were identified from the cardiac electronic database of our institution. Inclusion criteria were ability to perform cardiopulmonary exercise testing (CPET) and to undergo cardiovascular magnetic resonance (CMR) without the need for sedation, as well as written informed consent of the subject or his/her legal guardian. Exclusion criteria were younger age, any contraindication for CMR or pregnancy. Every test was performed following the clinical standards of our institution. All tests were performed within a maximal time interval of 6 months to each other.



Physical Activity

Physical activity was measured using an accelerometer (ActiGraph® GT3X+, Pensacola, Florida, USA) for 7 consecutive days, during a regular school/work week and including both weekdays and weekends) (17). Participants were asked to wear the device 24 h/day on the right hip. Participants with a wear time more than 4 days and longer of 10 h/day were included in the study. Activity was analyzed during the timeframe from 06:00 am to 10:00 pm using the manufacturer's software (ActiLife 6.13.4). The time during which the patients wear or non-wear the accelerometer was calculated with an automatic algorithm as reported by Choi et al. (18). The accelerometer registered accelerations with a frequency of 100 Hz and an epoch lengh 60 s. The total vector magnitude in counts was calculated from the three axes of movement (horizontal, vertical, and diagonal). The activity intensity was analyzed and categorized in accordance with Evenson's Actigraph cut-off points (moderate intensity PA was defined as >2,296 counts/min and vigorous PA as >4,012 counts/min) (17, 19). Time spent in activity of a defined intensity (light, moderate, or vigorous) was provided by Actilife by summing minutes in a day where the count met the criterion for that intensity. Moderate to vigorous physical activity (MVPA) was categorized as inactive (<60 mins of MVPA per day) or active (≥60 mins of MVPA per day) according to the World Health Organization guidelines (20). Moderate physical activity corresponds to activities such as brisky walking or biking with a light effort. Vigorous physical activity corresponds to activities such as jogging, hiking, or playing a team sport (20). Normal values regarding PA in Fontan patients are lacking.



Bioparameters

Ventricular volumes and function (ejection fraction) were measured by CMR using a 1.5 T scanner (Signa HDxt and MRI 450 or GE Signa Artist GE Medical Systems, Milwaukee, WI, USA) and a 32-channel phased array cardiac coil. Steady state free precession (SSFP) cine images were acquired in a horizontal and vertical long-axis plane, as well as in a short-axis plane covering the entire single ventricle. The SSFP parameters were as follows: retrospective cardiac gating, 40 phases/cardiac cycle, TE 1.5–1.8 ms, TR 2.8–3.1 ms, flip angle 45°, bandwidth 125 kHz, matrix 224 × 224, number of excitations 1, field of view 250–350, views per segment 4–10 according to heart rate. In-plane resolution was 1–1.5 mm and true temporal resolution was <25 ms.

Blood-sample for cardiac biomarkers were collected the same day as the CMR scan, aliquoted into freezer vials, and stored at −80°C. All samples were frozen and thawed only once before analysis. NTproBNP and growth differentiation factor 15 (GDF-15) were measured in plasma by an ISO 15189 accredited diagnostic laboratory using a Cobas e411 analyser according to the manufacturer's instructions using commercial reagents (Roche, Rotkreuz, Switzerland) with coefficients of variation of 1.1% (139 ng/L) and 3.1% (1,322 ng/L), respectively. Protein delta homolog 1 (DLK-1) and insulin-like growth factor-binding protein 7 (IGFBP-7) were measured by ELISA in serum and were analyzed on a Synergy HT Multi-Detection Microplate Reader (BioTek, Winooski, VT, USA) according to the manufacturer's instructions with coefficients of variation in our samples (n = 5) of 13.8% (34.5 μg/L) and 10.5% (57 μg/L) respectively. These biomarkers were chosen based on previous data of the literature for (21–23).

24 h ECG and accelerometer registrations were started the same day of the CMR scan. Cardiopulmonary exercise test was performed on a cycle ergometer with a ramp protocol in accordance with our institutional standards (24). Resting parameters were defined as the mean values of the raw data acquired during 3 mins in a sitting position without cycling; the peak parameters were the mean values of the raw data acquired during the 30-sec time interval at maximal exercise (peakVO2).



Health-Related Quality of Life and Sleep Quality

In patients older than 16 years the self-perceived HRQoL was evaluated using the questionnaire 36-item short-form (SF-36) The SF-36 questionnaire covers physical, mental and social aspects using eight categories of questions with scores ranging from 0 (bad) to 100 (best) and subscales with 2 to 10 entries, and has been validated in various categories of patients (25). Reference values for the normal adult population have been published (26).

Children younger than 16 years completed the KIDSCREEN-27 test, which is a short version of the original KIDSCREEN-52, together with their parents or guardians. The 27-item questionnaire assesses 5 HRQoL dimensions: Physical wellbeing, psychological wellbeing, arent relations and autonomy, social support and peers, and school. Each item is scored on a 5-point scale (from 1 = “not at all” to 5 = “very much”). For each dimension, a scoring algorithm is used to calculate “T-scores” scaled with reference values of 50±10 (27).

Evaluation of sleep quality was performed in children <16 years of age with a Pediatric Sleep Questionnaire (PSQ) (27), with their parents being asked to complete the questionnaire. The total sleep-related breathing disorder (SRBD) scale evaluates symptoms such as snoring, apneas, difficulty breathing during sleep, daytime sleepiness, inattentive or hyperactive behavior. The SRBD scale is divided in 3 subscales: 4-items for Sleepiness, 4-items for Snoring, and 6-items for Attention/hyperactivity. Every positive answer gives one point and a positive PSQ scoring; the cut-off for each sub-scale is 0.33, with a mean score of ≥0.33 being considered positive and a mean score <0.33 negative.

Patients older than 16 years completed the Pittsburgh Sleep Quality Index (PSQI) (28). This is a self-rated questionnaire which assesses sleep quality and disturbances over a 1-month time interval. The sum of 7 component scores results in a global score and the cut-off for pathology is set by 5 points. The German-language versions were used for all instruments.



Statistics and Ethics

Statistical analysis was performed using SPSS 27.0.0 (SPSS Inc, IBM Company, Chicago Illinois/USA). Continuous variables are expressed as median (IQR), categorical data as counts (percentages). For normally distributed continuous variables, Levene's test for equality of variance was used to analyse if the variability in the two groups was significantly different and group comparison of was performed using two-sample t-tests. Kolmogorov-Smirnov analyses were used for group comparisons of non-normally distributed continuous variables. Ordinal, nominal, and dichotomic variables were evaluated with contingency tables and chi-square-tests. Correlations between continuous variables were tested using Pearson's (for the normally distributed variables) or Spearman's (for the non-normally distributed variables) correlations. Binomial logistic regression was used for dichotomic variables. Significance was defined by values of p < 0.05.

The study followed the ethical guidelines of the declaration of Helsinki for medical research involving human subjects. The study was approved by the local ethical authorities (KEK: 2018-01878).




RESULTS


Patients and Cardiac Parameters

A total of 38 Fontan patients, 15 (39%) females, were included in the study. Median (IQR) age was 13.1 (11.0–16.2) years, weight 46.5 (32.3–60.6) kg, height 152 (140–166) cm, and BMI 18.3 (17.4–21.6) kg/m2. Twenty (53%) patients had a single right ventricle, being hypoplastic left heart syndrome the most frequent diagnosis (13 patients, 34%of all patients). Patients cardiac anatomies are presented in Table 1. Age at Fontan surgery was 2.6 (2.2–2.9) years and time interval from Fontan surgery 10.9 (8.3–12.2) years. The surgical technique of total cavopulmonary connection consisted of an extracardiac tunnel in all patients. Cardiac medication was taken by 19 patients (50%) and consisted of an ACE-inhibitor in 9 (23%), diuretics in 6 (15%) and sildenafil in 4 (10%) sildenafil. Anticoagulation consisted of aspirin in 35 (92%) and warfarin in three (7%) patients.


Table 1. Patients' characteristics.
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At time of the study, two (5%) patients were treated for protein loosing enteropathy, and one (2.5%) for plastic bronchitis. Eight (21%) patients had a previous history of chylothorax, CMR measurements of ventricular volumes resulted in end-diastolic volume of 116.0 (81.7–136.0) ml/m2 and end-systolic volume of 51.5 (31.5–66.7) ml/m2. Median ejection fraction (EF) was 51.2 % (48.6–58.6), with 15 patients (39%) having an EF < 50%.

Serum cardiac biomarkers showed following values: GDF-15 502.2 (450.9–569.3) pg/mL, DLK-1 1.16 (0.41–2.82) ng/mL, IGFBP-7 101.4 (80.9–117.6) ng/mL, and NT-pro-BNP 59 (37–126) ng/L. NT-pro-BNP was within the range of normality, while for the other parameters validated normal values do not exist yet.

Median heart rate (HR) measured during 24 h-ECG was 80 bpm (75–89), maximal HR was 149 bpm (137–164). A sinus or atrial rhythm was present in 31 patients (79%), a combination of sinus and junctional rhythm in 4 (10%), and solely junctional rhythm in 3 (8%). A history of supraventricular arrhythmias was reported in 4 (10%) patients, but none of them was under antiarrhythmic medication at time of the study.

CPET showed, as expected, reduced exercise capacity with a peakVO2 of 28.7 (25.3–31.7) ml/kg/min. Maximal HR was 169 bpm (158–181) and maximal work was 2.1 (2.0–2.7) Watt/kg.



Physical Activity

Levels and duration of PA are summarized in Table 2. The respective percentage (%) of light, moderate, and vigorous PA are shown in Figure 1. Overall the patients were sedentary during 56.6 (50.2–63.4) % of the time. Only 7 (18%) patients reached the cut-off of 60 min/day of MVPA for being defined as “active” according to the WHO guidelines. MVPA was registered in only 4.3 % of the total time (7 days), which corresponded to an average of 40 (29–55) min/day.


Table 2. Physical activity levels of all patients.
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FIGURE 1. Categories of physical activity (percentage of time) during 7 days.




Health-Related Quality of Life and Sleep Quality

The KIDSCREEN-27 questionnaire was completed by 31 pediatric patients and the SF-36 test by 7 young adults. The results of the KIDSCREEN-27 (T-scores) and SF-36 (%predicted) tests are summarized in Table 3. Overall, the patients self-reported a good HRQoL. In the KIDSCREEN only the T-scores for the category physical wellbeing and social support & peers were lower than the expected value of 50. In the SF-36 vitality was in median only 61.7% of the expected value, while general health, physical functioning, and mental health were only slightly below the norm of 100%.


Table 3. Results of the SF-36 and KIDSCREEN-27 questionnaires and correlation with MVPA/day.
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Thirty-one children and their parents completed PSQ and 7 adults the PSQI (Table 4).


Table 4. Results of the PSQ and PSQI questionnaires.

[image: Table 4]

The total PSQ score for obstructive sleep-related breathing disorders, as well as the subscale for snoring and that for sleepiness were in the normal range, i.e., <0.33. Nevertheless high scores (>0.33) were found in 12 (39%) patients for the total score, in four (13%) for snoring and in 10 (32%) for sleepiness.

The overall score for inattentive / hyperactive behavior was borderline with a value of 0.33 (0.17–0.67). Correspondingly, a score > 0.33 was obtained in 17 (55%) patients.

Similarly the overall global PSQI score for sleep quality and disturbances was normal, but a pathologic high scorer resulted in 4 (57%) patients.



Predictors of Physical Activity Levels

No significant correlation was found between daily minutes of MVPA were and gender, age, BMI, single ventricle morphology, age at Fontan operation, time from Fontan operation, ventricular volumes and ejection fraction, serum biomarkers, heart rate and cardiac rhythm, CPET parameters, cardiac medication or any complications and/or sequelae.



Physical Activity Levels and Quality of Life and Sleep

Daily minutes of MVPA showed a positive correlation with three sub-classes of the KIDSCREEN-27, namely physical wellbeing (p = 0.05, r = 0.33), parent relations & autonomy (p = 0.03, r = 0.37), and social support & peers (p = 0.01, r = 0.44). The SF-36 questionnaire showed a positive correlation between daily minutes of MVPA and five categories of both, physical health and mental health, as shown in Table 3.

Daily minutes of MVPA correlated with lower PSQI global score (p = 0.01, r = −0.71), and better scores for the subscale for inattentive/hyperactive behavior of the PSQ (p = 0.03, r = −0.36).




DISCUSSION

In this study we have assessed the physical activity measured by accelerometer in 38 young Fontan patients and its relationship to somatic and cardiac parameters, as well as its influence on HRQoL and sleep quality. In addition to other published data on PA in Fontan patients (2–5, 12–15), our results add information about the interaction with novel serum biomarkers and the influence of PA on HRQol and sleep quality.


Physical Activity and Somatic Parameters

Notably, the median MVPA value measured in our cohort was 40 (29–55) min/day, and only 7 (18%) patients achieved a MVPA ≥ 60 min/day, defined by the WHO as a sufficiently active life style (12). In the largest cohort published so far, McCrindle et al. studied the PA level in 108 children and adolescents (7–18 years) and found that only 38% of the subjects achieved the age-specific physical activity recommendations (4). Similar findings than ours have been described by other authors with daily MVPA of 42 and 50 min/day respectively (2, 3). In contrast Hedlund et al. in a similar population and same accelerometer technique than in our study, reported an average MVPA of 148 min/day and 38% of the patients reaching a MVPA ≥ 60min/day (15). Most interestingly no difference was observed between Fontan teenagers and healthy teenagers in two studies with an internal age-matched control group (3, 15). Thus, the review of the literature suggests that most Fontan patients, but not all, present with reduced levels of physical activity. The reasons for lower PA remain unclear. We could not identify any clinical factors related to decreased PA levels. One may question if accelerometery is an ideal method for assessing PA levels in Fontan patients, even though activity measurement by accelerometer is a wellestablished and validated method in the pediatric population. One additional question can be if the WHO guidelines are an appropriate benchmark for patients with an unphysiological circulation. Our results and these considerations can be helpful for the design of future prospective studies.

Our results did not show any significant decrease in MVPA with increasing age, as it has been described by others (2, 4, 5, 15). The reasons for this can probably be found in the size and age distribution of the study groups (2, 4, 5, 15). A gender difference has been described by McCrindle et al. but not by others (2, 4, 5). We did not identified any anatomical or surgical characteristics affecting PA levels, nor did other authors for ventricular morphology (14, 15), time interval from Fontan completion (14), and/or type of Fontan connection (4, 5). Some have reported that a diagnosis different than hypoplastic left heart syndrome (4), older age at Fontan completion (2, 14), and fewer procedures prior to Fontan were related to higher PA levels.

Serum cardiac biomarkers have been associated with reduced objective exercise capacity and poor clinical outcome in Fontan patients (21–23). This is the first study testing novel biomarkers, such as GDF-15, DLK-1 and IGFBP-7, in relation to PA, and we did not observe any correlation. Similarly to Müller et al. we also did not find any correlation between NT-pro-BNP and PA levels (5).

It is well known that severe cardiac abnormalities have a major impact on objective exercise capacity (12). Some authors have also shown that patients with a higher exercise capacity have a more active daily life measured by accelerometer (3, 5, 12). Surprisingly we did not find any correlation between CPET parameters and MVPA. Interestingly, McCrindle et al. (4) in their larger patients cohort also described a lack of correlation between PA and objective exercise capacity. In this context we believe that several other factors may influence the time spent doing physical exercise in Fontan patients; these may include an extremely cautious medical counseling regarding selected sports (particularly in patients receiving anticoagulation), which may be understood as general dissuasion from sport by certain families, anxious parents blocking their children from sportive activities, patients self-perception and subjectively reduced exercise capacity (in comparison to peers) yielding to a behavior avoiding frustration, and lack of personal motivation (2–5, 10). All these factors/ behaviors can be influenced by cultural, socio-economic and familial structure, as well as geographical factors. Parental overprotection has been recognized to be an important issue for exercise limitation, as 50% of patients with congenital heart disease reported that their parents limit their physical activities (11). Reduced self-efficacy, particularly in adolescents and young adults, may also impact their degree of participation in PA (29). The reported decrease of PA with increasing age and the lack of difference between Fontan patients and control adolescents reported in some studies (3, 15) may question the concept of a fix cut-off for definition of ideal MVPA over the ages.

Recent reviews on structured exercise training in Fontan patients have described how regular physical activity is safe and beneficial for these patients. However it is important to note that punctual short-term interventions like a time-limited training program did not lead to a permanent improvement of MVPA (11, 30). These observations suggest that interventions aiming to improve PA levels should be established early during treatment of single ventricle lesions and be supported by postsurgical rehabilitation programs.



Health-Related Quality of Life

As survival of single ventricle patients keeps improving, their quality of life represents an important goal to be targeted in the long term. Our study confirms a good HRQoL reported by the majority of Fontan patients (31). We have demonstrated that higher PA levels were associated with higher scores in many categories of both, the self-reported SF-36 and parents-reported KIDSCREEN-27. Interestingly, in the perceived HRQoL PA levels not only influenced the plain physical sphere, but also the general perception of health status and social wellbeing, which included parents relation and social support and peers in children, and mental health in adolescents and young adults. Few other authors also reported a positive correlation between PA levels and the self-reported psychosocial functioning and general health (4, 5). In contrast other studies did not observe any association between PA levels and parent-reported HRQoL (32, 33). Even though data are not completely consistent, our results suggests that specific interventions targeted to increase PA levels may have some beneficial effects not only on physical aspects but also on peer and family socialization and patients cognitive development (8, 9).



Sleep Quality

In Fontan patients sleep disturbances have been related to a reduced HRQoL and neurodevelopmental impairment (34). Our patients reported sleep disturbances and inattentive or hyperactive behavior in up to 30–57%, depending on the specific item. Daily minutes of MVPA were correlated with a lower incidence of sleep disturbances, similarly as it was described by Hedlund et al. (16). Therefore, PA may have a positive effect on sleep quality and reduce hyperactive behavior in Fontan patients.




LIMITATION

As a single center study on a rare cardiac condition, our results report on a limited number of subject, and statistical analysis may present some limitations. Moreover, the cohort may have a patients selection bias regarding age of the patients and comorbidity factors. We included children from an age, in which they were able to perform CPET and CMR without need for sedation; therefore, we could not cover the full age spectrum starting just after Fontan completion. Patients with a pacemaker have not been included because of the contraindication for undergo CMR. We have not included a control population; this would have provided the study with a valid group comparison for PA levels. Moreover, an appropriate use of the accelerometer could not be monitorized, as this was based on a short introduction and on reciprocal trust; some degree of monitor tampering cannot be completely excluded. The data acquired did not allow for analysis of the influence of familiar, saisonal, geographical factors or medical advice on the effective PA of the patients (2, 4, 14).



CONCLUSIONS

Only a minority of Fontan patients (18%) meets the recommendation for daily physical activity. Measures of exercise capacity, cardiac function, or chronotropic competence are not correlated to daily MVPA. In contrast levels of PA are related to quality of life, not only in the physical but also in the mental domains.
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Background: Family-Centered Care is a useful framework for improving care for hospitalized children with congenital heart disease. The EMpowerment of PArents in THe Intensive Care-30 (EMPATHIC-30) questionnaire is a widely accepted tool to measure parental satisfaction with Family-Centered Care. Psychometric properties of the EMPATHIC-30 have been evaluated in neonatal and pediatric intensive care units, but not in pediatric cardiac care units. Therefore, our aim was to assess the psychometric properties of the German EMPATHIC-30 in an intermediary/general pediatric cardiology unit.

Methods: We used data from a quality management survey comprising the German EMPATHIC-30, a sociodemographic questionnaire and four general satisfaction items. Data were collected at the intermediary/general pediatric cardiology unit of a specialized heart center in Germany (n = 366). We split the data randomly into two subsets. In the first subset, we assessed internal consistency reliability with McDonald's omega and Cronbach's alpha, and convergent validity using Spearman's rank correlation. Furthermore, we explored the internal structure with Principal Component Analysis (PCA). In the second subset, we validated the resulting structure using Confirmatory Factor Analysis (CFA).

Results: The reliability estimates exceeded 0.70 for all five domain scores and 0.90 for the full-scale score. Convergent validity between EMPATHIC-30 domain scores/ the full-scale score and the four general satisfaction items was adequate (rs = 0.40–0.74). The PCA suggested three components, accounting for 56.8% of the total variance. Cross-validation via CFA showed poor model fit (χ2 = 1545.78, χ2/df = 3.85, CFI = 0.70, TLI = 0.66, RMSEA = 0.13), indicating that the EMPATHIC-30 shows no clear and generalizable factor structure in this sample.

Discussion: The German version of the EMPATHIC-30 exhibited reasonable psychometric properties in an intermediary/general pediatric cardiology unit. Follow-up studies should investigate the factor structure of the EMPATHIC-30 in other pediatric inpatient care settings.

Keywords: congenital heart disease, family-centered care, pediatric cardiology, psychometric properties, internal consistency reliability, convergent validity, construct validity


INTRODUCTION

Congenital Heart Disease (CHD) is defined as a structural defect of the heart or intrathoracic vessels (1). With a global prevalence of 9.41 per 1,000 births, it represents the most common birth defect worldwide (2, 3). In Europe, ~36 000 children are born with a CHD each year and around 28% of them have moderate to complex heart defects, requiring interventional or surgical treatment (4). During hospitalization, they are exposed to a myriad of stressors, such as separation from their parents, a stressful environment with bright lights and loud noises, restricted mobility, and disrupted sleep. Research shows that children with CHD are at risk for neurodevelopmental impairment, as well as emotional, social, and behavioral difficulties (5–7). Distress during hospitalization may contribute to these challenges (7, 8). Hence, optimizing the hospital environment potentially is an effective strategy to improve neurodevelopmental and psychosocial outcomes of children with CHD, for which Family-Centered Care (FCC) provides a useful framework (9).

Family-Centered Care is an international standard of healthcare provision based on a mutually beneficial partnership among the healthcare providers, patients, and their families (10, 11). In pediatrics, FCC emphasizes the parents as their child's primary source of emotional, social, and developmental support and acknowledges them as integral part of the healthcare team (12). Specific FCC interventions either target the parents (e.g., educational programs, participation of parents in medical rounds), the parent-child dyad (e.g., promoting skin-to-skin contact), or the health-care ecosystem as a whole (e.g., structural implementation of a primary nursing model) (13). Most studies investigating the effects of FCC interventions on child and parent wellbeing have been conducted in Neonatal Intensive Care Units (NICUs), with positive effects reported for physical wellbeing, stress regulation, sleep, and neurodevelopmental outcomes of the child, parent-child attachment, and parental mental wellbeing (14–17). A meta-analysis of randomized controlled trials showed that FCC interventions improve physical health outcomes in premature infants (e.g., weight gain), while their parents experience less anxiety, depression, and stress (18). Despite the positive effects of FCC interventions in neonatology, studies investigating FCC in children with CHD are scarce. However, several authors argue that FCC practices may be similarly beneficial in this population (19–21).

Measuring the subjective experience of provided care is crucial for advances in this area of research, especially when FCC principles are not structurally implemented yet (22). In order to measure parent satisfaction with FCC, the EMpowerment of PArents in THe Intensive Care (EMPATHIC) questionnaire is frequently used (23). Latour et al. (24, 25) originally developed the questionnaire for Pediatric Intensive Care Units (PICUs), based on expert opinions from over 300 PICU nurses and physicians, as well as over 600 parents of children discharged from a PICU. The original scale comprises 65 items, with each item reflecting care aspects from one of the following five domains: Information, Organization, Parental Participation, Care and Cure, and Professional Attitude (23). The domains were identified in qualitative analyses and evaluated quantitatively, by using Confirmatory Factor Analysis (CFA), with separate models for each domain. The authors subsequently developed a shortened version of the questionnaire, the EMPATHIC-30, to improve user friendliness (26). The number of items was reduced by means of multiple regression analysis, resulting in 30 items. In the past years, the EMPATHIC-30 gained international popularity and has been translated from Dutch into various languages, including English, Spanish, Turkish, and German (27–30).

In the original publication of the EMPATHIC-30, Latour et al. (26) found high internal consistency reliability estimates for the five domain scores and the full-scale score. Gill et al. (27) tested the questionnaire's psychometric properties in Australian PICUs, NICUs, and general pediatric wards and reported similar values for the internal consistency reliability (27). Above that, the questionnaire showed adequate convergent validity, as assessed by moderate to strong correlations between each of the domain scores and four general satisfaction items, pointing toward applicability of the questionnaire in these care settings. Orive et al. (28) investigated internal consistency reliability and convergent validity of the questionnaire in Spanish PICUs, with similar results. Only few studies have investigated the construct validity of the questionnaire by using factor analysis. Factor analysis is a statistical method to identify latent variables, which explain covariation amongst a set of measured variables (31). It is therefore an essential approach to generate and evaluate hypotheses about the underlying construct an instrument aims to measure (32). Tiryaki et al. (29) investigated psychometric properties of the EMPATHIC-30 in Turkish NICUs and conducted a CFA in a sample of 238 parents. The authors found a moderate model fit of the final factor solution. However, the factor structure was not reported and thus remains unclear. The German version of the EMPATHIC-30 has not been evaluated psychometrically (30). Furthermore, while the EMPATHIC-30 has been extensively evaluated in different care settings, it has not been psychometrically tested for use in pediatric cardiology units.

Therefore, our aim was to evaluate the psychometric properties, specifically internal consistency reliability, convergent validity, and factor structure of the German EMPATHIC-30 at an intermediary/general pediatric cardiology unit. In order to assess internal consistency reliability, we used McDonald's omega. Although controversially discussed in the literature, we additionally present the classical Cronbach's alpha, to allow for direct comparison to other studies (33, 34). To assess convergent validity, we investigated the relationship between the domain scores and the full-scale score with four general satisfaction items, comparable to the methodology of above-mentioned studies. Furthermore, we investigated the factor structure of the questionnaire, following a two-step procedure. In the first step, we explored the internal structure of the questionnaire on half of the data using Principal Component Analysis (PCA) rather than Exploratory Factor Analysis (EFA). While both PCA and EFA are variable reduction techniques, EFA assumes an underlying construct, which is not measured directly, and PCA reflects a linear combination of variables. We used PCA to explore the internal structure of the questionnaire, because our focus was to explore the structure in total item variance including error, without making assumptions on latent constructs, as these were unknown for the current context (35). In a second step, we used three separate CFA on the other half of the data: The first CFA was conducted to validate the structure resulting from the PCA. The second CFA was conducted to investigate a one-component solution, motivated by potential unidimensionality of the scale. The third CFA was conducted to investigate a five-component solution motivated by the five domains of the EMPATHIC-30.



MATERIALS AND METHODS


Study Design and Setting

For the psychometric evaluation of the EMPATHIC-30 questionnaire, we used data from a quality management survey comprising the German EMPATHIC-30, a socio-demographic questionnaire, four general satisfaction items and open commentary fields. Data were collected at the intermediary/general pediatric cardiology unit of the German Heart Center Berlin. With its 24 monitored beds and 1,200 yearly admissions, the unit provides specialized care to patients of all ages, ranging from infants to adults, with varying degrees of CHD. This study was approved by the Medical Ethics Committee Charité Virchow (Nr EA2/032/20).



Procedures

All parents of children with CHD hospitalized at the ward were invited to participate in the quality management survey. Participation was voluntary and anonymous. At discharge, doctors handed out a paper and pencil version of the survey together with a return envelope. After completing the survey, parents returned it in a mailbox on the ward. Data collection took place between August 2019 and June 2021.



Materials

The German EMPATHIC-30 questionnaire comprises 30 statements spanning five domains: Information (5 items), Organization (5 items), Parental Participation (6 items), Care and Cure (8 items), and Professional Attitude (6 items). Every statement is rated on a six-point scoring-scale ranging from 1 “certainly no” to 6 “certainly yes,” or rated 0 for the answer alternative “not applicable.”

Sociodemographic information was obtained through a purpose-designed questionnaire. It contains one item to specify the respondent (with options “mother,” “father,” “both mother and father,” and “other relatives” with the option of open-ended specification), as well as items relating to age of the child, place of birth and mother tongue of the parents, length of hospital stay, type of and reason for admission, and undertaken medical procedures.

Four general satisfaction items were included in the survey: Two items are rated on the same six-point scale as the EMPATHIC-30 questionnaire: “We would recommend this unit or ward,” “We would be happy to return to this unit or ward”. Two more items are rated on a ten-point scale, ranging from “very bad” to “excellent”: “Overall performance of doctors” as well as “Overall performance of nurses” (23). Furthermore, commentary fields were included in the survey about general experiences made during admission, hospital stay, and discharge.



Statistical Analyses

Statistical analyses were carried out using SPSS 27 (SPSS Inc, Chicago, Illinois). Non-linear and linear PCA were conducted in SPSS. AMOS, an SPSS extension module, was used for the CFA.


Data Preparation and Preliminary Analyses
 
Handling of Answer Alternative “Not Applicable”

Non-linear Principal Component Analysis (CATPCA) was performed to determine the best linear replacement values for observed scores in each item individually, for the scores 0 up to 6 (0 corresponding to the answer alternative “not applicable”) (36). Based on transformation plots from nominal optimal scaling, the scores 0 and 6 got assigned a similar quantification; both answer categories had an equivalent interpretation by participants. This was consistent with previous findings by Latour et al. (23). Scores on the answer category “not applicable” were therefore recoded to the highest value of the scale (i.e., 6). In addition, the transformation plots revealed that the answer categories functioned as near-equally spaced linear scale; models with nominal transformation and with numerical transformation after recoding yielded 0.8% difference in explained variance. All subsequent linear analyses were performed using the recoded scores.



Handling of Missing Data

Returned questionnaires with ≥75% of missing items were excluded from analysis. One third of respondents presented at least one missing value and the total percentage of missing data points was 2.3%. Missing data can affect the estimation and interpretation of PCA (37). Little's Missing Completely at Random (MCAR) test was significant, indicating that missings are not missing completely at random, thus indicating a potentially systematic difference between missing and observed values (38). Therefore, multiple imputation, a proven statistical method to estimate missing values, was used on the recoded scores. Missing scores were estimated in 25 sets, applying Markov Chain Monte Carlo sampling and predictive mean matching (39). Results of the statistical analyses were pooled for the imputed data sets whenever possible.



Data Split for Separate Estimation and Validation

The data set was randomly split in half, creating two subsets (A, B) to perform 2-fold cross-validation. All statistical structure and content analyses were performed on set A. Set B was used only as validation set for the confirmatory evaluation of the internal structure via CFA.




Descriptive Statistics

Descriptive statistics of the EMPATHIC-30 scores as well as sociodemographic characteristics of the sample are reported (means and standard deviations for quantitative variables, absolute frequencies and percentages for categorical variables). To check for successful randomization, descriptive statistics for the full set, analysis set A, and validation set B, as well as test statistics for the comparison between set A and B are provided.



Internal Consistency Reliability

The internal consistency reliability of the German EMPATHIC-30 questionnaire on domain and full-scale level was assessed with McDonald's omega. Cronbach's alpha was computed additionally. Values greater than 0.70, 0.80, and 0.90 reflect acceptable, good, and excellent reliability, respectively (40).



Convergent Validity

To examine convergent validity of the questionnaire, we used Spearman's rank correlation test for non-normally distributed data, as assessed visually and through significant Shapiro Wilk tests (p < 0.01). We assessed the relationship between the domain scores/ the full-scale score and the four overall satisfaction statements. Based on findings from other validation studies, we expected moderate to strong correlation coefficients, ranging from 0.40 up to 0.79, indicating adequate convergent validity (41).



Internal Structure
 
Principal Component Analysis

We conducted a PCA to explore the internal structure of the questionnaire. An oblique rotation should be applied, which reorients the components in order to simplify the mathematical model and interpretation by allowing for intercorrelations between the components. However, this rotation is not implemented for multiply imputed data. Therefore, we conducted a two-step procedure. First, we performed a PCA on the unimputed data set A to determine the number of components. Pairwise deletion was selected to handle missing values. The suitability of the data was assessed with the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and Bartlett's test of sphericity. In this exploratory stage, the KMO value is interpreted as an approximation of the ratio of potential common variance compared to the total variance in the data and thus provides information if subsequent factor analysis is suitable. Final component extraction was based on the combined Monte Carlo Parallel Analysis and examination of the scree plot (42). Oblique rotation allowing for intercorrelations between the components was applied in this step. For items with cross-loadings, the component on which the item loaded higher was selected. Loadings under 0.30 (<10% shared variance between item and component) were considered as negligible and therefore not considered for inclusion in the component structure. Second, we used the results of this PCA to motivate the number of components in a second PCA on the imputed data set A by using Generalized Procrustes Analyses in the subroutine by Wingerde et al. (43). This subroutine imposed a pre-specified number of components and orthogonal rotation of the component loadings, ignoring intercorrelations between the components.



Confirmatory Factor Analysis

We conducted three separate factor analyses on set B of the sample. First, we conducted a CFA to validate the component structure resulting from the two-step PCA. Second, we conducted a CFA based on a one-component model to investigate potential unidimensionality of the questionnaire. Third, we conducted a CFA based on a five-component model to investigate the validity of the five domains of the EMPATHIC-30 (Information, Organization, Parental Participation, Care and Cure, and Professional Attitude). In the CFA measurement models, correlation between the components is allowed. As combining the results of multiply imputed data is not possible in AMOS, we conducted the analyses on the data with missing values using Full Information Maximum Likelihood Estimation and compared model estimates for robustness. To assess model fit, we used the following fit indices: model-Chi-squared test divided by the degrees of freedom (χ2/df), Comparative Fit Index (CFI), Tucker Lewis Index (TLI), and Root Mean Square Error of Approximation (RMSEA). Cut-off values were: χ2/df <3, CFI of at least 0.90, TLI of at least 0.95, and RMSEA <0.08 (44, 45). A second evaluation of robustness of findings was performed by repeating the same analyses on the other half of the data (set A).






RESULTS

A total of 475 questionnaires were returned between August 2019 and June 2021. The response rate was 68% (percentage of returned questionnaires vs. distributed copies). To ensure homogeneity of the data set, we only included questionnaires filled out by parents. As a result, we excluded 91 questionnaires filled out by adult patients, as well as nine questionnaires filled out by relatives other than parents. Upon first exploration of data, we excluded three more questionnaires with comments in the commentary fields reflecting very high satisfaction, but with lowest possible scores on EMPATHIC-30 items, potentially indicating a mix up between highest and lowest scores. Above that, we excluded six questionnaires with ≥75% missing items. The final number of questionnaires included in the analysis was 366, resulting in 183 questionnaires each for analysis set A and validation set B.


Descriptive Statistics

The child and parent characteristics are presented in Table 1. No significant differences between set A and set B were observed for any of the characteristics, except for the item specifying the respondent, in which a significant shift of mother-only to both parents was seen (X2 (2, 356) = 8.17, p = 0.017). As the proportion of mothers giving their input does not differ in both sets, we view this difference as negligible. Therefore, we consider the reported characteristics of each set representative for the whole group. Below, we present the characteristics of set A, as this set drives the main psychometric analysis. Most children of participating families were either infants (n = 53, 29.6%), toddlers (n = 30, 16.8%) or preschoolers (n = 39, 21.8%) and the mean age was 5.32 years (SD = 6.63). Seventy-six percent of the questionnaires were completed by mothers. The majority of participants were born in Germany (n = 166, 91.2%) and native German speakers (n = 148, 83.1%). Only 7% of hospital admissions were unexpected and the mean length of hospital stay was 6.32 days (SD = 8.86), ranging from 1 to 105 days.


Table 1. Characteristics of children and parents in set A, B, and the full sample.

[image: Table 1]

Parents gave high ratings on the EMPATHIC-30 and all except four items showed mean scores above 5 (Table 2). On the domain level, mean scores ranged from 5.19 (SD = 0.84) for the domain Organization up to 5.45 (SD = 0.76) for the domain Professional Attitude. The “not applicable” response was given most frequently for the item “The unit could easily be reached by telephone” (n = 42, 23%).


Table 2. EMPATHIC-30 means and standard deviations for set A, B and the full sample.
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Internal Consistency Reliability

McDonald's omega on the domain level ranged from 0.75 (Organization) to 0.87 (Professional Attitude; Care and Cure) and reached 0.95 for the full-scale. Cronbach's alpha on the domain level was only slightly lower and ranged from 0.73 (Organization) to 0.85 (Professional Attitude). The findings are presented in Table 3.


Table 3. Internal consistency reliability of the EMPATHIC-30 domain scores and full-scale score (n = 178).
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Convergent Validity

As shown in Table 4, the correlations between the EMPATHIC-30 domain scores and scores on the four overall satisfaction statements ranged from rs(183) = 0.40, p < 0.01 between the domain Organization and satisfaction statement “Readmission to ward,” to rs(183) = 0.68, p < 0.01 between the domain Care and Cure and satisfaction statement “Overall rating doctors.” The lowest correlations were found for the domain Organization, with correlations under 0.50 for all satisfaction statements. Similarly, the correlations between the full-scale score and scores on the four overall satisfaction statements ranged from rs(183) = 0.62, p < 0.01 for the statement “Readmission to ward” to rs(183) = 0.74, p < 0.01 for the statement “Overall rating doctors.” All correlations were significant and moderate to high, according to expectation. For an overview of correlations between the domain scores, see Table 5.


Table 4. Spearman's rank correlation coefficient between domain scores/ full-scale score and scores on the overall satisfaction items (n = 183).
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Table 5. Spearman's rank correlation coefficient between domain scores (n = 183).
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Internal Structure
 
Principal Component Analysis

For the first PCA on unimputed data, sampling adequacy was ascertained by a KMO value of 0.89 and a significant Bartlett's test of sphericity (χ2 = 3734.43, p < 0.01). The comparison of empirical data to simulated random data through Monte Carlo Parallel Analysis suggested a three-component solution, explaining 56.8% of the total variance, with each component accounting for the following percentages: 43.7, 7.5, and 5.6%. In the scree plot (Figure 1), we observed the strongest inflection after the first component, which visually supports unidimensionality of the scale. The obliquely rotated component loadings for the three-component solution based on the first PCA are presented in the Supplementary Table. The correlations between the components were ranging from 0.28 to 0.46. The orthogonally rotated combined component loadings from the imputed data in the second PCA showed a similar three-component solution; except for two items (Professional Attitude - Admission, Organization - Efficiency) all of them loaded on the same respective components. Both items showed strong associations with more than one component in either version of the PCA and seemed to contribute mainly to the intercorrelations among the components. The comparison between component loadings for the first, oblique PCA and second, orthogonal PCA are presented in the Supplementary Table, found in the Supplementary Material.


[image: Figure 1]
FIGURE 1. Scree plot. Actual data: unimputed complete case observed data from set A. Simulated data: simulated random data from Monte Carlo Parallel Analysis. The strongest inflection in the empirical data is observed after the first component, suggesting unidimensionality. The lines cross between component 3 and 4, indicating that three components based on actual observed data provided more substantive information compared to three components based on purely random data. Four or more components should therefore not be extracted from the observed data.




Confirmatory Factor Analysis

The first CFA was conducted to validate the fit of the three-component solution. As the results of both alternative PCAs showed a comparable three-component solution, we chose to start with a CFA model based on results from the second PCA (on imputed data with orthogonal rotation). However, model fit was poor (χ2 = 1545.78, χ2/df = 3.85, CFI = 0.70, TLI = 0.66, RMSEA = 0.13). The model was then further revised using Lagrange Multiplier Tests (LM test), evaluating several alterations aiming at reducing large correlation residuals. The best fitting solution was found after first removing four items and then applying LM test improvements, yet overall model fit remained poor (χ2 = 1640.05, χ2/df = 5.05, CFI = 0.73, TLI = 0.70, RMSEA = 0.09).

The alternative model specifying pure unidimensionality showed poor goodness of fit, with χ2 = 1642.17, χ2/df = 4.05, CFI = 0.68, TLI = 0.63, RMSEA = 0.13. The five-factor model aiming to evaluate the validity of the five domains also showed poor goodness of fit (χ2 = 1561.97, χ2/df = 3.95, CFI = 0.70, TLI = 0.64, RMSEA = 0.13).

Model fit statistics for the respective CFA models are summarized in Table 6. Variance explained by the factors for each CFA model are presented in Table 7. To eliminate lack of power or collateral bias between set A and B as potential cause for finding the current results, we have repeated the same analyses on the other half of the data set. These analyses yielded equivalent results, supporting the robustness of our findings.


Table 6. Model fit statistic for the respective CFA models.
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Table 7. Variance explained by each factor for the respective CFA models.
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DISCUSSION

In this study, we evaluated the psychometric characteristics of the German version of the EMPATHIC-30 for use in intermediary/general pediatric cardiology units. Furthermore, we extended the psychometric assessment in comparison to previous studies by evaluating the internal structure of the questionnaire in this care setting.

On average, parents gave high ratings for their satisfaction with FCC. The McDonald's omega values in our study indicated acceptable to good reliability for the items within the five domains and excellent reliability for the full-scale score. These values are consistent with the findings of other EMPATHIC-30 studies (26–29). We found adequate convergent validity as shown by moderate to strong correlations between the five domains scores/ the full-scale score and the four general satisfaction items. Our results fall in line with previous publications, reporting correlation coefficients in the same order of magnitude (23, 27, 28). Future studies should extend these findings by investigating convergent validity based on methodology that is more elaborate, such as the use of other standardized instruments measuring parent satisfaction with care, as well as by incorporating assessments of discriminant validity.

We used PCA to assess the internal structure of the German version of the EMPATHIC-30. The analyses from the first PCA revealed a three-component structure with an explained variance over 50%. The first component explains beyond 40%, which supports the unidimensionality of the scale and may indicate that the questionnaire adequately measures the construct of interest (satisfaction with FCC) in our population. The three-component structure resulting from the first PCA (conducted on complete case data and allowing for intercorrelations between components) is very similar to the three-component structure resulting from the second PCA (conducted on imputed data, ignoring intercorrelations between components): only two out of 30 items load differently. Considering that the correlations among the components were close to negligible in the first PCA, rotation seems to have a minor impact on the interpretation of the internal structure, which may not be true for missing data (37). Therefore, we are inclined to view the three-component structure resulting from the second PCA as the best approximation of the questionnaire's internal structure in our sample. Although the three-component solution differs from the expected five-component structure, it is plausible and interpretable. Based on the semantic content of the respective items, we label the first component as “Perception and respect of the family's needs,” the second component as “Involvement of and collaboration with the parents,” and the third as “Communication and organization.” However, despite the interpretability of the three components, the cross-validation of the three-component solutions via CFA resulted in poor fit indices. Model revisions did not significantly improve the model fit. A one-component solution to test for unidimensionality also showed a poor fit to the real data. Although the first component captures over 40% of the total variance in PCA, the true score variance seems to be relatively small compared to the random error variance. Additionally, we validated the five-component solution based on the original domains of the EMPATHIC-30, which indicated a poor fit to the real data. According to the poor model fit indices, all tested component models seem to be an oversimplification of the true structure of the questionnaire.

Our findings suggest that the EMPATHIC-30 has no clear and generalizable factor structure in our population. The ambiguous internal structure found in our study needs to be interpreted in light of the construction of the EMPATHIC questionnaires. In the original publication of the EMPATHIC-65, the five domains were defined during expert group sessions and item groupings into the respective domains were performed consensus based (24). While the authors used CFA to evaluate the unidimensionality of each domain (assessing whether the items within every domain measured the same construct), they did not evaluate the underlying factor structure of the questionnaire (23). For the development of the shortened EMPATHIC-30 questionnaire, multiple regression analysis was used to evaluate statistical performance of the items, which might explain the divergence between the conceptual and the data-driven structure of the questionnaire (26). Furthermore, scores on the EMPATHIC-30 were high on average, with relatively small standard deviations. Accordingly, the parents in our sample were highly satisfied and the limited variation may contribute to the unclear factor structure. Still, our data showed sufficient true score variation to find three interpretable dimensions. The non-zero but not very high correlations between domain scores support this claim rather than support a true unidimensional structure. Replication studies may shed light on the question whether the unclear factor structure is sample specific. For instance, individual characteristics may influence interpretation of the items and subsequently, the way items divide into latent factors. Investigating the data-driven internal structure vs. theoretically postulated structure by conducting studies in different cultural settings and (sub-) populations may therefore be an interesting avenue for follow-up research. While we did not find strong support for the five-factor structure, we consider the domains informative, especially as they were thoroughly developed through expert panels. Nevertheless, FCC reflects a multi-faceted construct and we need more conceptual work to explain expert consensus on the one hand, and unclear factorial structure on the other, especially in light of the fact that the questionnaire assesses the subjective experience, as opposed to objective criteria for FCC.

Our study warrants some limitations. This is an analysis of quality management data from a single intermediary/general pediatric cardiology unit. Participation of other pediatric cardiology centers would allow for a more robust interpretation of results and in a prospective study design, additional measurements should be included for psychometric evaluation, specifically allowing for an assessment of discriminant validity. Furthermore, based on our results, differential analyses considering population characteristics like age range, duration of stay, and complexity of disease may be important to further increase our insights into the internal structure of the questionnaire.

To sum up, the German EMPATHIC-30 has no clear and simple factor structure in our population, while showing adequate reliability and convergent validity as assessed with four general satisfaction items. Accordingly, the EMPATHIC-30 is a suitable instrument to measure FCC in intermediary/general pediatric cardiology wards. However, follow-up studies are needed to further investigate the factor structure of the questionnaire. To our knowledge, this is the first study to assess psychometric properties of a standardized assessment of satisfaction with FCC in this population. Identifying care aspects that need to be improved during hospitalization is crucial in order to meet the developmental needs of children with CHD.
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Pregnancy and childbirth on anticoagulants after mechanical heart valve replacement present a high risk of complications for both mother and baby. On top of pregnancy worsening the mother's cardiac function, anticoagulant therapy itself is a crucial problem. A safe and effective anticoagulation regimen for both mother and fetus is not possible. The most effective drugs for preventing valve thrombosis are VKAs, whose dosage needs to be adjusted with frequent INR checks. Moreover, VKAs can have embryopathic and teratogenic action. Patients in follow-up and anticoagulant treatment at the Salam Centre for Cardiac Surgery in Sudan live spread out over a large area where transport to the Center is generally difficult; pregnancy treatment has, therefore, been adapted to the limitations of reality. Pregnancy is discouraged and contraception and therapeutic abortion are recommended, but this guidance frequently goes unheeded. Here we describe maternal and fetal outcomes in 307 consecutive pregnancies recorded by staff at the oral anticoagulant clinic (OAC) from April 2017 to November 2021. Out of 307 pregnancies, there were 15 maternal deaths (4.9%), 24 thrombotic events (7.8%) and 22 major bleedings (7.2%). Fifty pregnancies (16.3%) were terminated by therapeutic abortion. Only 47.6% of pregnancies had good maternal and neonatal outcomes. Data clearly show that, due to the complexity of pregnancy in women with mechanical heart valves and the scarcity of tertiary healthcare services in the area where patients live, maternal mortality is at an unacceptable level and requires a structured, multi-disciplinary intervention.

Keywords: anticoagulants-therapeutic use, pregnancy, mechanical heart valves, humanitarian medicine, Warfarin, maternal death, Salam Centre for Cardiac Surgery


INTRODUCTION

Mechanical heart valves (MHVs) replacing destroyed natural ones are life-saving for patients with advanced rheumatic heart disease (RHD). The downside of this surgical approach is the resultant need for life-long anticoagulant treatment, to limit the risk of thrombosis around the MHV, which can lead to severe valve dysfunction, embolism and stroke. Anticoagulant treatment has crucial intrinsic risks: if the dose is too low, the MHV function is put at risk of enhanced clotting; if the dose is too high, bleeding may occur spontaneously or after trauma. Both risks may be life-threatening, so careful management of anticoagulant therapy is essential. For long-term systemic anticoagulant treatment, Warfarin, a vitamin K antagonist (VKA) approved nearly 70 years ago, is still the drug of choice (1, 2). Warfarin is effective and cheap, but the treatment is complex and sometimes cumbersome. Patient compliance, frequent blood tests to check prothrombin time and international normalized ratio (INR), and dose adjustments are imperative (1, 2).

Moreover, VKAs are characterized by a significant, dose-dependent, placental drug transfer, (3) which can lead to embryo-/fetotoxicity and teratogenicity, (4) frequently leading to miscarriage, stillbirth and congenital malformations (Warfarin syndrome) (5–9). Intrauterine hemorrhage may also occur and lead to permanent damage. The balance between the need for anticoagulation to avoid or limit severe complications from MHV dysfunction and stroke for the mother, on the one hand, and a smooth pregnancy producing a healthy baby, on the other, is very fine. Some progress has been made in this field with the introduction of low molecular weight heparin (LMWH) in specific periods or throughout the pregnancy (1–3). This alternative anticoagulant treatment does not cross the placental barrier and is not dangerous for the child. However, it is reported to be less effective in preventing thrombosis in mothers, particularly where the dose cannot be adjusted weekly according to the level of factor anti-Xa activity (1, 2, 10, 11). Despite the limited data available from randomized controlled trials, the recent guidelines (1) recommend anticoagulation with LMWH and factor anti-Xa activity monitoring in the first trimester in patients requiring Warfarin doses of >5 mg/day; after the 36th week, a shift to LMWH is imperative regardless of the daily dose of warfarin. The unavailability of frequent anti-Xa activity monitoring and the high cost of LMWH in medium- and low-income countries (MLICs) make it challenging to follow these recommendations.

Our patients come from Sudan and neighboring states, most of which are low-income countries (LICs) with very limited healthcare systems that cannot support pregnant patients in need of anticoagulation. Moreover, many women live far from where they can get blood tests, counseling, drug prescription and drug supply and these difficulties greatly amplify the risk in pregnancies with anticoagulation compared to the same situation in high-income countries (10).

Women with MHVs treated with anticoagulants are at a high risk of death during pregnancy, at delivery and in puerperium; pregnancy is therefore strongly discouraged before surgery and at discharge after surgery. However, women are often eager to see their pregnancy through and, in some cases, are forced to do so due to social and family pressure.

Avoiding pregnancy as well as supporting pregnant women remain frequent and difficult tasks at the Salam Centre for Cardiac Surgery in Khartoum. This study aims to describe and analyze the outcome of pregnancies in women on anticoagulants in follow-up treatment at the Salam Centre and discuss possible improvements in the clinical path.



METHODS

The Salam Centre for Cardiac Surgery (12), a humanitarian project by the NGO EMERGENCY in collaboration with the Sudanese government, has been operating in Khartoum since 2007.

The Center offers surgical treatment free of charge for RHD and congenital heart disease to patients from Sudan and neighboring countries. Between the opening of the Salam Centre in 2007 and November 2021, 3,552 women underwent valve surgery and had one or two mechanical heart valves implanted, therefore requiring life-long anticoagulant treatment.

Patients scheduled for this type of surgery had pre-operative assessment and counseling for pregnancy (strongly discouraged) and contraception (strongly recommended). Counseling about contraception and pregnancy is repeated in the OAC at discharge. In case of pregnancy referred at the follow-up visit, therapeutic interruption is encouraged. In case of refusal, the following steps are implemented: full cardiac assessment is provided; Warfarin therapy is continued, with the addition of 100 mg of Aspirin per day (2): INR checks and dose adjustments are made every 2 weeks until the 36th week. At the 36th week, VKA is switched to full-dose LMWH. Patients have to rely on hospitals other than the Salam Centre for delivery and obstetric care. After delivery, VKA therapy is recommenced, and the patient is submitted for full cardiac assessment as soon as possible. However, patients often adhere only partly to this program, especially those living in regions far from the Center.


Data Collection

In this retrospective study of routinely collected data, all consecutive pregnancies from April 2017 to November 2021 in patients with MHV implants and follow-up at the Salam Centre were included. The Center runs the OAC in collaboration with the Italian federation of anticoagulant clinics (FCSA). It provides all patients, free of charge, with counseling, management of anticoagulant treatment, INR checks and other necessary blood tests, VKA dose adjustment and rescue treatments in collaboration with cardiologists and cardiac surgeons (12).

Data on cardiac procedures, prescribed Warfarin doses, pregnancy outcomes, cardiologic follow-up, vital status and complications in patients during and after pregnancy [major (13, 14) and clinically relevant bleeding, thrombosis and embolism] were stored, together with the INR and warfarin prescriptions, in the dedicated software Parma® (Werfen Italy).

Survival is reported as survival during pregnancy up to 6 weeks after delivery (according to the definition of maternal mortality); the outcome of “late maternal mortality” (maternal death between 6 weeks and 1 year post-partum) has been evaluated for the sub-group of patients with 1 year of follow-up after birth. Fetal/neonatal outcomes concern survival; no data about congenital malformations is available. Uncertainties regarding the outcome of babies are reported as unknown.



Statistical Analysis

All data were entered and stored on Microsoft Excel files. Descriptive analyses are presented as frequencies, proportions, means and standard deviations, medians and interquartile ranges (IQR) where appropriate to characterize patients and their clinical outcomes. Proportions are compared using the χ2 test or Fisher Test, depending on variables distribution. For maternal outcomes occurred up to 6 weeks after delivery (i.e., major bleeding, thrombosis and maternal mortality), 95% confidence intervals (95% CI), are also presented. SAS 9.4 software (Inc., Cary, NC, USA) was used for all analysis.




ETHICS

The institutional, scientific ethics board of the University of Milan has approved this study and, due to the nature of retrospective chart reviews, waived the need for informed consent from individual patients.



RESULTS

Between April 2017 and November 2021, 307 pregnancies in 253 women were assessed at the OAC of the Salam Centre. All patients had mechanical heart valve prostheses: 15 isolated aortic valve prostheses (AVPs), 163 isolated mitral valve prostheses (MVPs) and 75 combined MVPs and AVPs. The average individual weekly dose of Warfarin was 43.1 ± 18.7 mg, while 40% of the women were prescribed a dose above 5 mg/day.

The median elapsed time from the operation to the first reported pregnancy is 4.5 years, ranging from one to 12 years.

Most women (206, 81.4%) had only one pregnancy, 47 (18.6%) patients had more than one pregnancy (40 had two, seven had three). Therefore, we analyzed the outcome of 253 pregnant women (mean age 28.1 years ± 6.6, range 14–50) and 307 pregnancies. There were no losses in the follow-up (FU) during pregnancy; nevertheless, 11 patients were lost to follow-up after delivery, namely 2 did not attend the 6 week-FU and 9 the 1 year-FU.

According to the definition of maternal death (up to 6 weeks after birth), the overall maternal survival was 95.1%; we reported 15 maternal deaths/307 pregnancies (4.9%), corresponding to 5.9 deaths/100 women. In the sub-group for which a follow-up 1 year after birth was available (234), we recorded nine further late maternal deaths (3.8%).

Maternal deaths, major bleeding and thrombosis are reported in Table 1, for all pregnancies and in strata of pregnancies outcome. Causes of death (mainly reported to us by relatives) are lacking in most cases: five valve thrombosis (three with documented diagnosis, two suspected), one intracranial bleeding, three infections and six unknown causes. Only major bleeding showed a significant different distribution according to pregnancy outcome, with a higher frequency after spontaneous or therapeutic abortion (12 and 12.9%, respectively), than after delivery (3.9%). On one occasion, it was responsible for maternal death. Thrombosis leading to death was more frequent than hemorrhage (33.3 vs. 6.7%). The therapeutic interruption was complicated by bleeding in 12% of the cases (Table 1); nevertheless, no significant association is found between the two events. Therapeutic interruption is related to thrombosis and blocked valves (P < 0.05) as most of the women (75%) were directed to perform an abortion once discovered the thrombosis. Only two patients had thrombosis after abortion as a proper bridging may have been omitted, or the intervention may have been performed outside hospitals.


Table 1. Maternal outcome in pregnant women with MHV: overall and in strata of pregnancies outcome.
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TTR calculated with the Rosendaal method shows a median TTR of 28% (13–46) during pregnancy, a value considered particularly low, especially when compared to the TTR before pregnancy (44%, 25–59). Moreover, a significant association was found between TTR > 46% (IV Quartile) and a reduced incidence of adverse events such as thrombosis and bleeding (P-value 0.0128).

A limited number (153/307, 49.8%) of pregnancies resulted in babies born alive (Table 2).


Table 2. Fetal outcome.
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Only 133 out of the 236 (56.4%) women, who survived pregnancy and the first 6 weeks post-partum, gave birth to at least one alive baby (119 to one, 13 to two, and one to three babies); 104 mothers failed to do so, while three babies born alive lost their mothers at birth.

As for termination of pregnancy on the recommendation of cardiologists, it was agreed to by 37 patients (28.5%) counseled in the first trimester of each pregnancy and by 8 (15.4%) in the second trimester (OR 2.18, CI 0.95–5.37 P-value = 0.09).



DISCUSSION

To become a mother is a natural desire all over the world. In many medium- and low-income countries, and indeed high-income ones, the importance placed on women having children, and the social pressure on them to do so, is very strong. In Sudan and neighboring countries, having children, often many children, is a sign of prestige for women; not having children is often seen as indicative of a lack of values by women's families and society, and can impact very heavily on their self-esteem and quality of life. Moreover, in LICs, having a lot of children can be a substitute for the weak support provided by the national welfare system to elderly and fragile family members.

Most women taking anticoagulants after heart surgery and mechanical valve implants have to live with this reality. Many of them are very young and have had difficult lives even before surgery. Streptococcal infection, rheumatic fever and RHD are mostly found among the poorest, and illness hinders schooling and acquisition of skills. Heart surgery and mechanical valves save lives, but they make life-long treatment a necessity and any return to normality only partial, with a higher risk of complication-related morbidity and mortality.

During the observation period, 253 women who had been referred to the OAC for VKA management due to MHVs became pregnant despite repeated advice to avoid doing so. When prevention fails, therapeutic interruption is recommended to pregnant women (and frequently refused). A significantly higher adherence to recommendations (even if not statistically significant) has been noticed in patients who received counseling in the first trimester of pregnancy; they had therapeutic abortions in almost three times as many cases as women counseled in the second trimester. This can be due to factors related to both women's attitude (intentional delay in informing the cardiologist, in order to preserve their pregnancy; increased confidence in a smooth pregnancy as the months go by) and significant difficulties finding doctors/facilities willing to interrupt pregnancies in the second trimester of pregnancy. Pregnant women refusing abortion have a complete cardiological visit; administration of VKA is continued as the most effective and safest anticoagulation treatment for the mother, especially as weekly anti-Xa activity monitoring and dose adjustment are not possible (1). The prescribed dose of Warfarin is in 40% of the ladies higher than the threshold of 5 mg/day and the risk of fetal damage (15, 16) is expected to be more frequent. However, our limited data, with many values missing, do not allow conclusions on this point.

Nearly half (154/307, 50.2%) of all pregnancies are unsuccessful. Only 133/236 (56.4%) mothers gave birth to at least one live baby. Nearly one out of five mothers (19.8%) repeatedly tried to have a child, but only 41 children were born alive after their collective 101 pregnancies. The price paid by these mothers is very high in terms of suffering, frustration and survival (Table 1): we registered 15 maternal deaths/307 pregnancies (4.9%).

The most frequent and life-threatening complications were valve thrombosis, which might have been caused by low compliance to oral anticoagulant treatment (OAT) once the patients became aware they were pregnant. Indeed, information on the embryo-/fetotoxicity of VKAs can lead to patients giving up the medication prescribed for them or taking it irregularly. Haemorrhagic complications occurred mostly around delivery or miscarriage/therapeutic abortion. Haemorrhagic complications had lower mortality strictly speaking, but sometimes led shortly after to thrombosis because of improper anticoagulation management after bleeding in hospitals, where medical staff are not trained to find the balance between the risk of bleeding and thrombosis.

In fact, rather than a potential improvement from complicated and costly anticoagulation strategies with probable but uncertain benefits to both mothers and babies, (17) the lack of competent clinical support from tertiary care centers (1, 2) is the most pressing of our patients' needs. Maternal mortality (4.9%) is much higher than in the ROPAC cohort (18) (1.4% of 212 patients, most of them from M-LICs, but not from sub-Saharan Africa). However, a comparison has limited value as their observation period is much shorter (follow-up until 1 week after delivery); pregnancies, however, ending with a baby being born alive were only 58%, not too far from our 50.3% (59.5% considering only pregnancies without women who had therapeutic abortion).

In the ROPAC (18) cohort, over 40% of pregnant women experienced severe complications, but most were treated and survived. Higher, but still far from our mortality rate, are the data from the metanalysis by Lawley et al. (19) on 256 patients with MHVs; they report a maternal mortality of 1.8 (CI 0.5–3.7) deaths/100 pregnancies. Once again, comparison with our data is limited, as no details about length of post-partum follow-up are reported. We register 4.9 deaths/100 pregnancies, which is above the upper limit of the confidence interval.

It emerges very clearly that we have to improve maternal survival before all else. Safeguarding mothers' lives must become our principal commitment. Where long-term anticoagulation cannot be avoided, and contraception is not accepted, a nationwide obstetric support network seems the only solution; the Salam Centre can advise hospitals on anticoagulation management in case of hemorrhage or thrombosis provided there is a mutual relationship of trust. A similar network is in place for cardiology but is needed also for obstetrics.

More efforts could be made to improve women's awareness about health issues related to pregnancy. Standardized counseling, focusing on self-engagement, can strengthen relationships between patients and caregivers, improve adherence to therapy and contraceptive indications, and ensure timely communication about pregnant status.



STRENGTHS AND LIMITATIONS OF THE STUDY

We report on a very large, single-center experience of treatment for mothers taking anticoagulants after heart-valve surgery in sub-Saharan Africa. The analysis and the findings may help point the way to effective solutions for improving outcomes.

On the other hand, it is clear that there are many limitations, primarily due to the retrospective nature of the study and the difficulties in obtaining information from other hospitals or patients/relatives about patients' outcomes. This is particularly evident when it comes to causes of death and assessment of child morbidity.
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Objective: Cardiac and extra-cardiac anomalies in 46 pre-natally diagnosed cases of heterotaxy were compared to post-natal anatomical patterns in order to reveal discordant findings. Second, the outcome of these fetuses was evaluated.

Methods: Fetuses with heterotaxy, diagnosed in a tertiary referral centre, were analysed retrospectively. Based on the foetal abdominal situs view, right atrial isomerism (RAI) and left atrial isomerism (LAI) were defined as foetal sub-types. Post-natally, discordant anatomical patterns for broncho-pulmonary branching, atrial appendage morphology, and splenic status were further clarified with CT scans. In summary, the spectrum of pre-natally and post-natally detected cardiac and extra-cardiac anomalies is systematically reviewed. Necessary surgical interventions and mid-long-term outcomes were compared between the two sub-types in surviving infants.

Results: A total of 46 fetuses with heterotaxy were included; LAI was diagnosed in 29 (63%) fetuses and RAI was diagnosed in 17 (37%) fetuses. Extra-cardiac anomalies were noted in 35% of fetuses. Seven out of the 29 fetuses (24%) with LAI had atrio-ventricular block (AVB) and four of these cases presented with hydrops. Twenty nine out of the 46 participating fetuses (63%) were live births, with 62% in the LAI group and 65% in the RAI group. Five fetuses were lost to follow-up. At the age of 1 year, the overall survival of live births [estimate (95% CI)] was 67% (48; 92%) in patients with LAI and 55% (32; 94%) in patients with RAI. At the age of 5 years, the estimates were 67% (48; 92%) in the LAI group and 46% (24–87%) in the RAI group. The median survival (first quartile; third quartile) was 11.1 (0.1; 14) years for patients with LAI and 1.3 (0.09; NA) years for patients with RAI. Of 17 children who had undergone cardiac surgery, five (29%) children achieved a bi-ventricular repair and 12 (70%) children achieved a uni-ventricular palliation. Three were primarily palliated, but converted to bi-ventricular thereafter. Foetal subtype definition of heterotaxy based on the abdominal situs and post-natal thoracic imaging studies showed a discordant pattern of broncho-pulmonary branching and atrial appendage anatomy in 40% of our live-born children.

Conclusion: Heterotaxy is a rare and complex condition with significant morbidity and mortality related to severe cardiac and extra-cardiac associations. Accurate pre-natal diagnosis can help identify the fetuses at risk and allow for timely intervention in a multi-disciplinary setting. Further studies are warranted to shed light on the exact sub-type definition in fetuses with heterotaxy and the presence of discordant post-natal patterns.

Keywords: heterotaxy, isomerism, discordant pattern, foetal echocardiography, cardiac surgery, outcome


INTRODUCTION

Heterotaxy syndrome (HS) is a rare congenital disorder with an incidence of 1 in 5,000–7,000 live births (1), characterised by an abnormal arrangement of structures relative to the left-right axis of the foetal body (2, 3), including the atrial appendages and the internal thoraco-abdominal organs. The left and right atria can be identified by the morphology of the atrial appendage, which has a specific pattern of pectinate muscles, referring to a right atrium and a left atrium. The normal arrangement, with asymmetrically arranged thoracic and abdominal organs, is called “situs solitus.” Both the nomenclature and classification are a matter of discussion. As a result, the International Society for Nomenclature of Paediatric and Congenital Heart Disease proposed a definition in 2007 (4) to facilitate the precise use of the term, which will be used in this study. The definition of HS usually implies the description of two groups based on the morphology of the symmetrical side: left atrial isomerism (LAI) and right atrial isomerism (RAI). Historically, LAI and RAI have been distinguished based on certain features such as the presence or absence of a spleen (5). However, while there seems to be no pathognomonic pattern in each group, certain associated patterns have been described to occur more often in the respective groups (2, 4, 6).

In LAI, there are usually two morphological left atrial appendages, bilateral bi-lobed lungs, long bronchi on both the sides, and a situs anomaly of the abdominal organs, typically along with balanced congenital heart defects (CHDs), an interrupted inferior vena cava (IVC), and non-cardiac conditions such as malrotation of the intestines and polysplenia and biliary atresia (6).

In RAI, two morphological right atrial appendages can be found, as well as bilateral tri-lobed lungs, two short bronchi on both the sides, together with typically severely unbalanced CHD involving abnormal drainage of the pulmonary veins and abnormal intra-abdominal location of the aorta and the IVC; asplenia is also found in the majority of cases (6). Most of the post-natal features defining the HS subtypes (RAI vs. LAI), such as broncho-pulmonary branching, atrial appendage arrangement, and splenic status, are difficult to visualise in foetal scanning. To visualise the normal abdominal situs arrangement, a cross-sectional view of the foetal abdomen is obtained. In situs solitus, the aorta and the stomach bubble can be seen to the left of the spine, while the IVC is anterior and to the right (7). Deviations from this arrangement raise the suspicion of HS (8). Identification of the subtype in the foetus relies mainly on the 184 position of the IVC and the aorta in the abdominal situs view (8, 9). Interruption of IVC is seen in the majority of cases with LAI, whereas a juxtaposition of the IVC and the aorta is present in the majority of cases with RAI (8, 10). The thoracic situs is usually concordant with the abdominal situs, but cases with discordance have been described (4). Additional observations may point to a particular subtype. For example, the presence of total anomalous pulmonary venous drainage (TAPVD) is more likely in RAI (11). In LAI, the intra-cardiac anatomy can be normal, but this is very rare in right isomerism. Recent studies have shown that the currently used foetal HS definition is not always congruent with post-natal findings (12–14). Yim et al. reported a discordance of broncho-pulmonary branching, atrial appendage arrangement, and splenic status in more than one-fifth of patients with HS (13). Houyel et al. found non-classic patterns in 27 (44%) out of 61 foetal specimens (14). Accurate foetal diagnosis of included anomalies is crucial for counselling families about post-natal inter-disciplinary management. Ascertainment of the cardiac defect is important, as the post-natal prognosis is largely determined by the cardiac course (15–17). However, associated non-cardiac anomalies, especially anomalies of the mid-line spectrum (18), also influence morbidity and mortality. This is supported by recently published data on foetal MRI in the same HS cohort (19). Children with HS often exhibit a complex peri-natal and long-term course with significant morbidity and mortality (8–11, 20–24). However, recent studies report better outcomes, due to improved post-natal care (1, 17, 24, 25).

This study aimed to: (1) assess post-natal concordance or discordance of the sub-type of HS (LAI vs. RAI), (2) describe the spectrum of associated cardiac, non-cardiac, and chromosomal anomalies, and (3) examine pre- and peri-natal mortality and morbidity, as well as long-term outcomes in a cohort of live-born children with pre-natal diagnosis of HS in a single tertiary referral centre.



MATERIALS AND METHODS


Study Population and Design

This is a retrospective cohort study of foetal and paediatric patients collected from the databases of the Department for Obstetrics and Gynaecology, Division of Paediatric Cardiology, and Department of Paediatric and Adolescent Medicine of the Medical University of Vienna. The ethical committee of the Medical University of Vienna approved the study protocol (1306/2020). Fetuses diagnosed with HS and a cardiac malformation between January 1998 and December 2019 were included. The pre-natal diagnoses were made with a variety of imaging investigations such as detailed foetal echocardiography (FE), obstetric ultrasound (US), and foetal MRI according to the published guidelines (7, 26, 27). The foetal MRI results of 27 fetuses of the 46 fetuses have been already reported (19). Post-natal verification was feasible with autopsy reports, post-mortem MRI (pm MRI), US, echocardiography, and CT.

Clinical data on the foetal and post-natal course (including time of interventions/surgery) and outcome at last follow-up were obtained from patients’ records, echocardiography reports, imaging reports, and autopsy reports. Fetuses diagnosed with HS whose subgroup could not be determined were excluded from the study. Type of HS was diagnosed with FE on the abdominal situs view: the presence of an interrupted IVC with azygos continuity was found to most likely suggest LAI and juxtaposition of the aorta and IVC in combination with a cardiac malformation and abnormal cardiac or abdominal organ situs most likely suggested RAI (8, 9, 11). Complete atrio-ventricular block (AVB) was defined as atrial rates faster than ventricular rates with dissociation between the two. Hydrops was diagnosed when abnormal fluid accumulations were present in more than two compartments of the foetal body. Foetal cardiac defects were defined based on the anatomy and haemodynamic circulation (uni-ventricular/bi-ventricular). In the year 2009, a new leadership team in paediatric cardiology and paediatric heart surgery started a new era of care at the paediatric heart centre in Vienna. Thus, two time periods regarding long-term outcomes were separately evaluated (1998–2009 vs. 2010–2021). Available CT scans of live-born children and available post-mortem MRI in terminated cases were evaluated regarding concordance or discordance of broncho-pulmonary branching and atrial appendage arrangement. The splenic status was assessed with the post-natal US. Broncho-pulmonary branching was defined as situs solitus, situs inversus, LAI, and RAI. LAI was defined as the pulmonary artery coursing backwards over the upper lobar bronchus (epbronchial pulmonary artery-hyparterial bronchus) (13, 28). RAI was defined as the descending branch of the pulmonary artery coursing backwards below the upper lobar bronchus (hypo-bronchial pulmonary artery-eparterial bronchus) (13, 28). Atrial appendage arrangement was defined as two morphological left appendages in LAI and two morphological right appendages in RAI using the pectinate muscles and shapes as landmarks (29, 30). The splenic status was described in post-natal US either by the morphology (regular, abnormal shaped) or by the number (polysplenia or asplenia) (13).



Statistical Analysis

Demographic, anatomic, procedural, and outcome data were included in the analysis. Qualitative variables are summarised as frequencies (percentage) and metric variables are summarised as medians (range), if not stated otherwise. The uni-variate Cox regression models (R-package survival 3.2-10) were applied with the survival time in years as a dependent variable. An estimate for the hazard ratio (HR) with 95% confidence limits and the p-value (H0:HR = 1) is reported. The Kaplan–Meier curves were plotted for LAI and RAI separately. Median survival (first quartile Q1; third quartile Q3) is reported, as well as the Kaplan–Meier estimates with 95% confidence limits at different time points, respectively. Statistical analysis was performed with R 4.0.5. A value of P < 0.05 was considered statistically significant. Due to the explorative character of the study, we did not adjust for multiple testing. The interpretation of the p-values is descriptive.




RESULTS


Prenatal Cohort

During the study period, 48 fetuses met the inclusion criteria of prenatally diagnosed HS. The flowchart of the study population is shown in Figure 1. Two fetuses were excluded from further analysis (classification of LAI or RAI could not be established). A total of 46 fetuses (29 LAI, 63%; 17 RAI, 37%) were included for in-depth evaluation. The clinical characteristics of the study population are shown in Table 1. Termination of pregnancy (TOP) only occurred from 2003 to 2018 in 7/29 (24%) fetuses with LAI and 5/17 (29%) fetuses with RAI. For ongoing pregnancies, no intrauterine death occurred in the cohort. In total, five fetuses were lost to follow-up during pregnancy with no available outcome data.


[image: image]

FIGURE 1. Flowchart of patients with the pre-natal diagnosis of heterotaxy in this cohort. LAI, left atrial isomerism; RAI, right atrial isomerism; TOP, termination of pregnancy; LTFU, lost to follow up; IUFD, intrauterine fetal demise; LB, livebirth. *These two fetuses were excluded from further analysis.



TABLE 1. Clinical characteristics of the study population.
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Cardiac Malformations

A detailed description of the summary of foetal and postnatal cardiac findings is shown in Table 2. Abnormal atrio-ventricular connection or significant hypoplasia of the left or right ventricle was present in 10 out of 29 (10/29, 34%) fetuses with LAI and in 13/17 (76%) fetuses with RAI and a complete atrio-ventricular septal defect (AVSD) was diagnosed in 9/29 (31%) fetuses with LAI and in 10/17 (59%) fetuses with RAI. Anomalies of the pulmonary venous drainage were present in 2/29 (7%) fetuses with LAI and 9/17 (53%) fetuses with RAI. Nine fetuses (9/46, 20%; all with LAI) had no intra-cardiac defect. 20/29 (69%) fetuses with LAI were expected to require open-heart surgery due to the complex cardiac defect in the first year of life. Foetal arrhythmia was only identified in the LAI group: 7/29 (24%) fetuses with LAI had a higher degree of AV block.


TABLE 2. Distribution of cardiovascular malformations among fetuses with left atrial isomerism (LAI) and right atrial isomerism (RAI).
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Extra-Cardiac Malformations

Extra-cardiac anomalies are given in Table 3. Anomalies of abdominal organ locations were present in all the cases. An example of a foetal MRI image is shown in Figure 2. There were 7/29 (24%) fetuses with LAI who had asplenia, 13/29 (45%) fetuses had polysplenia, and 5/29 (17%) fetuses had a regular spleen. Of the fetuses with RAI 12/17 (71%) had asplenia and 4/17 (24%) had a regular left-sided spleen There were no polysplenia cases in our fetuses with RAI. In 4/46 (9%) fetuses, it was not possible to determine the presence or absence of a spleen (3 LAI, 1 RAI). Extra-cardiac anomalies (apart from the situs and spleen) were present in 16/46 (35%) of the fetuses. Twenty fetuses (10/29, 34% LAI; 10/17, 59% RAI) had abnormal findings in the central nervous system and cranio-facial anomalies. Gastro-intestinal anomalies were present in 21/46 (46%) fetuses (17/29, 59% LAI; 4/17, 24% RAI). Malrotation of the intestines was noted in 9/29 (31%) LAI cases and 3/17 (18%) RAI cases. Anomalies of the urinary tract were seen in 10/46 (22%) cases. Verification of pre-natal non-cardiac findings (imaging or autopsy) was possible in 39/46 (85%) fetuses. Pre-natal imaging findings were confirmed in 29/39 (74%) and post-natal imaging revealed additional non-cardiac malformations not previously detected on pre-natal US or MRI in 10/39 (26%) cases.


TABLE 3. Non-cardiac abnormalities among 46 fetuses with left atrial isomerism (LAI) (n = 29) and right atrial isomerism (RAI) (n = 17) from pre- and post-natal imaging studies and autopsy reports.
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FIGURE 2. Left atrial isomerism by foetal MRI. (A) Arrow yellow: right-sided stomach (B) arrow white: bilateral liver, (C) arrowhead white: left-sided gallbladder, (D) arrowhead yellow: left-sided spleen. Gestational age at MRI is 20 weeks + 0 day.




Genetic Evaluation

Genetic testing was performed in 67% (31/46) of the fetuses and the majority had a normal karyotype. One foetus was diagnosed with Bardet–Biedl syndrome, one foetus was diagnosed with micro-deletion 22q11, and one child tested positive for asphyxiating thoracic dysplasia 3 (ATD3) or Jeune syndrome post-natally.



Post-natal Cohort

Overall, 18/29 (62%) fetuses with LAI and 11/17 (65%) fetuses with RAI were live born. The median birth weight was 3,290 g (range 1,950–5,300 g) in the LAI group and 3,178 g (range 2,464–3,567 g) in the RAI group. Median gestational age at delivery was 38 weeks in both the groups (range LAI 32–42 weeks, range RAI 35–40 weeks). A description of clinical data of foetal and neonatal deaths after prenatal diagnosis is shown in Supplementary Table 1.

Follow-ups were available between 1 day and 18 years after birth. At 1 year of age, the overall survival [estimate (95% CI)] was 67% (48; 92%) in patients with LAI and 55% (32; 94%) in patients with RAI. At 5 years of age, the estimates were 67% (48; 92%) in the LAI group and 46% (24; 87%) in the RAI group. Median survival (Q1; Q3) was 11.1 (0.1; 14) years for patients with LAI and 1.3 (0.09; NA) years for patients with RAI. The survival rate of live births with LAI (95% CI) was 67% (0.48; 0.92) at 10 years and 22% (0.04; 1) at 15 years. The survival rate of live births with RAI (95% CI) was 46% (0.24; 0.87) at 10 years and 46% (0.24; 0.87) at 15 years.

Figure 3 shows the Kaplan–Meier survival curve for 29 live-born children with HS. There was no significant difference in the survival rate between the LAI and RAI groups [HR (95% CI): 0.84 (0.29; 2.44), p = 0.75]. In addition, there was no difference in the era-specific outcome [HR (95% CI): 1.01 (0.31; 3.37), p = 0.98]. Gestational week (GW) at delivery was the only variable with a statistically significant effect on survival [HR (95% CI): 0.62 (0.47; 0.82), p = 0.0009]. Detailed information on mid-long-term survivors is given in Supplementary Table 2.
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FIGURE 3. The Kaplan–Meier survival curve of patients with a pre-natal diagnosis of left and right atrial isomerism. LAI, left atrial isomerism; RAI, right atrial isomerism.




Discordant Anatomical Patterns Compared to Initial Pre-natal Diagnosis

Investigation of discordant or concordant post-natal patterns after a foetal diagnosis of HS was possible in 11/29 (38%) live-born children. 10/29 (34%) live-born children had a thoracic CT scan post-natally (Figure 4). One foetus had a post-mortem MRI (Figure 5).
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FIGURE 4. Bronchial tree anatomy and the sub-type of isomerism by neonatal thoracic CT. Arrow white, left isomerism of tracheal bifurcation with bi-lobar lungs.
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FIGURE 5. Concordant pattern of broncho-pulmonary branching confirmed by post-mortem MRI in the left atrial isomerism cohort. Arrows: white, bilateral liver; yellow, right-sided stomach. Arrowheads: white, right atrium with insertion of vena cava superior, but without vena cava inferior, yellow, vena azygos supplying blood of the lower body half. Gestational age at MRI is 23 weeks + 4 days.


Broncho-pulmonary branching: 6/10 (60%) children showed concordant patterns regarding the bronchial tree anatomy and the sub-type of isomerism diagnosed pre-natally and 4/10 (40%) children showed discordant patterns. Three children had post-natally confirmed situs inversus thoracalis, two of which were initially diagnosed with right isomerism and one of which was diagnosed with left isomerism based on the foetal situs view. One child was diagnosed with LAI, but had bronchial anatomy that is typical for RAI. The post-mortem MRI of the foetus showed a concordant pattern of broncho-pulmonary branching with the initial foetal definition of LAI.

Atrial appendage arrangement: 5/10 (50%) children showed a concordant pattern regarding the atrial appendage arrangement and the sub-type of isomerism diagnosed prenatally and 4/10 (40%) children showed discordant patterns. It was not possible to determine the atria on the post-mortem MRI.

Splenic status: In our LAI cohort, there were seven cases with asplenia, 13 cases with polysplenia, and six cases with a regular spleen. In three fetuses, a determination was not feasible. In the RAI cohort, there were 13 cases with asplenia, none with polysplenia, four with regular spleen locations, and one was not determinable.



Clinical Outcomes in Left Atrial Isomerism

Of the 18 live-born children, three neonatal deaths occurred due to inoperable complex congenital heart disease, hydrops, and/or major extra-cardiac anomalies. Seven children (7/18, 39%) did not require cardiac surgery and are alive and well. Eight (8/18, 44%) children underwent cardiac surgery: primary bi-ventricular repair in 2/8 (25%), initial uni-ventricular palliation with conversion to bi-ventricular circulation in 2/8 (25%), and primary uni-ventricular palliation in 4/8 (50%). There were no survivors in the uni-ventricular palliation group. Reasons for death were extra-cardiac complications (n = 3) and septic multi-organ failure (n = 1) after a Glenn/Kawashima procedure with the incorporation of the hepatic veins. The bi-ventricular conversion was successful in two children with a late death at 14 years of age in one child. Three (17%) children who had surgery due to extra-cardiac anomalies underwent a Kasai procedure and liver transplantation (n = 1), duodenal resection (n = 1), or surgery for polydactyly (n = 1).



Clinical Outcomes in Right Atrial Isomerism

Of the 11 live-born children with RAI, comfort care was planned for two children due to inoperable heart disease and extra-cardiac anomalies. Nine children (9/11, 82%) had cardiac surgery. Nine children were initially planned for uni-ventricular repair: Blalock–Taussig (BT) shunt (n = 9), Glenn procedure, and subsequent total cavopulmonary connection (TCPC) palliation (n = 5). All the children with Fontan completion were alive and well at the time of data collection. Initial uni-ventricular repair with later conversion to bi-ventricular repair was planned in one child with AVSD, a double outlet right ventricle, transposition of the great arteries, pulmonary stenosis, and TAPVD. This child died in the post-operative period after conversion surgery at 7 months. Surgical intervention for extra-cardiac anomalies was performed in one child with duodenal atresia.




DISCUSSION

Heterotaxy syndrome is defined as an abnormal arrangement of thoracic and abdominal organs often associated with a cardiac defect and major extra-cardiac malformations. In most cases, a multi-disciplinary approach is mandatory to provide good clinical care. The patients discussed in this article emphasise the complexity of managing patients with HS. The present cohort was evaluated with different types of imaging modalities, FE, obstetric US, foetal MRI, and post-natal echocardiography, US and CT scans. In addition, autopsy reports and pm MRI data were available. We have already published our summary on systematic phenotypic characterisation of fetuses with HS using the maximally available prenatal imaging methods (foetal MRI and US). In doing so, we were able to identify a series of extra-cardiac abnormalities, which can help to further specify the sub-type of HS (19). As this entity is rare, peri-natal and post-natal follow-up reports are particularly helpful for clinicians to provide accurate foetal counselling. Our study cohort was evaluated over a period of almost 21 years, which helped us understand the complexity of this entity even more. Even though this study is limited by the retrospective data collection and the small sample size in the outcome group, the present data is valuable for the current discussion on the nomenclature. In the following discussion, a step-wise approach is outlined to provide information for prenatal counselling based on our findings and the current literature. Post-natal nomenclature, definition, and classification (4) remain an area of debate due to the complex nature of this diagnosis (12–14, 31, 32). It has not only been questioned if the terms isomerism and HS can be used as synonyms (3, 12–14, 32, 33), but also if it is appropriate to make a sub-type definition based on the currently used criteria (3, 13), as they might not always be consistent (13). The foetal definition of the sub-types is mainly based on the location of the aorta and IVC in the abdominal situs view and has been used relatively accurately (13, 34). Houyel et al. found different patterns (atrial pectinated muscles and status of the spleen) that were not always concordant with classical LAI and RAI in 44% of fetuses. However, the bronchial status was always concordant (14). In our cohort, 40% displayed a discordant pattern, including broncho-pulmonary branching and atrial appendage anatomy, which are in accordance with the scarce published literature on this particular topic (13, 14). To the best of our knowledge, this is the first study to investigate concordant and discordant patterns in live-born children after a foetal diagnosis of HS. The interpretation of our findings may certainly be biased and, therefore, limited by the fact that only 11 post-natal imaging studies were retrospectively available (10 CT scans, 1 pm MRI), as these were the only children for whom further imaging was necessary for surgical planning.

Nevertheless, we strongly agree with Yim et al. (13) and Houyel et al. (14) that the terms “isomerism” and “heterotaxy” cannot be used synonymously and that each anatomic feature should be described individually rather than categorically.

In utero diagnosis of HS is feasible, especially in 733 tertiary care centres (13, 20, 34–36). The rate of TOP (12/46, 26%) in our cohort is comparable to previously reported in a study by Akalin et al. (10), slightly higher than in a study by Escobar-Diaz et al. (20), but lower than the data reported in a study by Vigneswaran et al. (8). Several factors such as gestational age at diagnosis, presence of cardiac and extra-cardiac anomalies, and specific state law regulations might be responsible for the different TOP rates. There were no natural foetal deaths. In LAI, rhythm disturbances with a higher degree of AV block were present in 25%, resulting in a higher proportion of TOP or timely post-natal demise.

With respect to the foetal diagnosis of HS, suspicion commonly arises while examining the foetal heart. The cardiac findings are in accordance with previously published results (8–10, 37). RAI is generally associated with more complex congenital heart diseases with a poorer prognosis (22, 38).

Total anomalous pulmonary venous drainage (TAPVD) was more frequent in RAI than in LAI (53 vs. 7%), as were more complex anomalies with right outflow tract obstruction such as pulmonary stenosis or atresia (82%). Co-arctation was mainly seen in LAI (28%). Importantly, 20% of fetuses with LAI did not have any cardiac defect apart from interruption of the IVC and azygos continuity. In comparison, Gilljam et al. reported 13% (37) and Vigneswaran et al. (8) reported 9% in their cohort. An explanation might be that these fetuses presented with extra-cardiac anomalies and in turn, a detailed foetal echocardiogram was initiated. In conclusion, we would like to stress that a detailed foetal echocardiogram with situs evaluation should be included in the work-up for extra-cardiac anomalies in all the fetuses. Even if the intra-cardiac anomaly is normal, rhythm disorders can occur in this cohort and follow-up is warranted. Due to the presence of two anatomically left atria, the sinus node is missing in fetuses with LAI, thus resulting in rhythm disorders already present in utero. Foetal bradycardia was present in 24% and four cases (4/7) developed hydrops, which is comparable to the 24% with bradycardia or AVB reported in a study by Escobar-Diaz et al. with a survival rate of 63% (39). 10% of our cohort needed pacemaker implantation post-natally, which is a lower rate than reported in a study by Baban et al. (1). All of them had sinus rhythm in the foetal period and developed overt rhythm disorders either post-natally or post-surgically. Extra-cardiac anomalies (apart from the situs and spleen) were found in 16/46 (35%) fetuses, which was less frequent than the 62.5% reported in a study by Escobar-Diaz et al. (20), but higher than the 15.8% reported in a study by Gottschalk et al. (40). Escobar-Diaz et al. found a rather high rate of gut-malrotation post-natally, as they run a general screening program for this anomaly at their institution (20). In our study, malrotation of the gut was suspected in foetal MRI (19) or found in autopsy. Overall, 39 mid-line-associated defects were present in 35% of the fetuses, which is in line with the 38% reported in a study by Ticho et al. (18). While additional imaging with foetal MR helps significantly, there is a relatively high percentage of autopsy cases in our study. Non-cardiac malformations were present in 10/14 (71%) TOP. Additional anomalies in post-natal (post-mortem) evaluation (autopsy or post-natal MRI) were found in 18% of these TOP fetuses. This is a common finding in foetal imaging due to the limited resolution in small fetuses.

All the live-born children with asplenia or polysplenia received prophylactic antibiotic treatment according to the guidelines and none had severe recurrent infections requiring hospitalisation. This is in accordance with a study by McGovern et al. where the absence of a spleen was not associated with poor outcomes (41). In contrast, Chiu et al. reported a higher rate of community-acquired severe bacterial infections due to lower memory B cell and immunoglobulin M (IgM) memory B-cell percentages. They note higher mortality compared to other cardiac patients, regardless of the presence of a spleen (42). Chromosomal disorders, such as aneuploidies, complex chromosomal rearrangements, and micro-deletions, have been described in HS, albeit very rarely (43). Our retrospective evaluation spans over 21 years and genetic testing strategies have changed tremendously during this time. The majority only underwent karyotyping and the results are not representative of the whole possible spectrum of chromosomal/genetic abnormalities. Ciliary dysfunction is increasingly recognised in HS. Of the three (3/29, 10%) live-born children tested for cilia dysfunction, one turned out to be pathologic. Nakhleh et al. reported a rather high prevalence (42%) in their cohort (44). A general screening program for ciliopathies in children with HS has only been established in some institutions.

The outcome, which has mostly been reported in relatively small cohorts, is associated with significant morbidity and mortality after the newborn period, both for LAI and RAI (16, 21, 22, 41, 45, 46). Banka et al. reported an overall mortality of 40% with a median follow-up of 1.2 years, 24% of which died of non-cardiac causes. In 36% of 106 children, the reason for death was unknown (16). In the neonatal period, death in our cohort was due to comfort care (n = 5). In the first 2 years of life, death was mainly attributable to complex cardiac procedures with extra-cardiac complications (n = 7) and after 10 years, it was the result of multi-organ failure after highly complex cardiac surgery (n = 2). Mortality is an extremely important topic and nearly always a major concern for parents during foetal counselling. Generally, the prognosis is reported to be worse in RAI than in LAI (9, 20, 22, 38). Long-term survival at 15 years of age was 46% in the RAI group vs. 22% in the LAI group, which is comparable to data published in a study by Vigneswaran et al. (8) and very recently in a study by Akalin et al. (10), but with quite a different pattern. A higher rate of late deaths in the LAI group was seen in children who required complex cardiac procedures. Early deaths did not complicate Fontan palliation and the long-term outcome was favourable for these children. A recent meta-analysis of 848 cases found higher early mortality in patients with HS and completed Fontan palliation compared to the overall Fontan population. Long-term survival, on the contrary, was reported to be acceptable and predictable in this study (47), in accordance with data published in a study by Baban et al. and Azakie et al. who reported reduced mortality rates and better long-term survival rates in patients with HS after Fontan procedure (1, 45). Banka et al. examined the outcome of patients born with HS between 1984 and 2014 (16). Patients were divided into four eras and the long-term outcome was assessed. The outcome remained poor with an overall mortality rate of 40% and did not improve over time. As expected, the greatest risk factors predicting poor outcomes were uni-ventricular circulation and TAPVD. Extra-cardiac morbidity was not reported (16). Therapeutic concepts for the complex cardiac disease have clearly evolved over time, but era-specific outcomes concerning survival in our cohort did not differ from each other. This might in part be due to the small sample size of each cohort.

Predictors for survival were difficult to assess. The sample size is small, which limited the power of the statistical analysis. However, again as expected, gestational weight at delivery turned out to be a statistically significant factor.


Limitations

This study has several limitations. It presents retrospective data from one tertiary centre comprising only 46 fetuses and 29 live-born children. Substantial data (e.g., for proper classification) are missing, as we included fetuses retrospectively rather than prospectively, making it difficult to follow a uniform protocol. This was especially true for our comparison of the discordant post-natal patterns with the pre-natal diagnosis, where the necessary additional imaging was only available in 11 children. Only fetuses with situs anomalies and cardiac defects pre-natally diagnosed as HS could be included. Therefore, cases with missed cardiac defects or fetuses with cardiac defects and not-detected bronchial isomerism were not enrolled. During the 21-year study period, pre-natal imaging, neonatal management, surgical procedures, and interventional cardiology significantly evolved, which may have influenced the outcome and weakened comparison. In addition, the neurological outcome, psychological development, and psychosocial status of these children were not sufficiently available, even though these factors are now uniformly assessed in most paediatric cardiology centres. The data have been becoming increasingly available, providing important information for improving the quality of prenatal counselling.




CONCLUSION

HS is a rare and complex condition with significant morbidity and mortality related to severe cardiac and extra-cardiac manifestations. Accurate pre-natal diagnosis can help identify the fetuses at risk and ensure timely intervention in a multi-disciplinary setting. Further studies are warranted to shed light on the exact sub-type definition in fetuses with HS and the presence of discordant post-natal patterns. The sequential segmental approach of this multi-disciplinary disease is important.
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Objectives: This study aims to evaluate the school careers of patients with congenital heart disease (CHD) and microcephaly.

Methods: An exploratory online survey was conducted on patients from a previous study on somatic development in children with CHD in 2018 (n = 2818). A total of 750 patients participated in the online survey (26.6%). This publication focuses on 91 patients (12.1%) diagnosed with CHD and microcephaly who participated in the new online survey.

Results: Microcephaly was significantly associated with CHD severity (p < 0.001). Microcephalic patients suffered from psychiatric comorbidity two times as often (67.0%) as non-microcephalic patients (29.8%). In particular, the percentage of patients with developmental delay, intellectual debility, social disability, learning disorder, or language disorder was significantly increased in microcephalic CHD patients (p < 0.001). A total of 85.7% of microcephalic patients and 47.6% of non-microcephalic patients received early interventions to foster their development. The school enrollment of both groups was similar at approximately six years of age. However, 89.9% of non-microcephalic but only 51.6% of microcephalic patients were enrolled in a regular elementary school. Regarding secondary school, only half as many microcephalic patients (14.3%) went to grammar school, while the proportion of pupils at special schools was eight times higher. Supportive interventions, e.g., for specific learning disabilities, were used by 52.7% of microcephalic patients and 21.6% of non-microcephalic patients.

Conclusion: Patients with CHD and microcephaly are at high risk for impaired educational development. Early identification should alert clinicians to provide targeted interventions to optimize the developmental potential.
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Introduction

Children with congenital heart disease (CHD) are at risk of impaired somatic growth, especially those with single ventricle physiology (1, 2). The cause of growth retardation is complex and multifactorial, with genetic and hemodynamic factors as essential determinants for the underlying CHD (3, 4).

Most studies analyzing somatic development focus on body weight and length but less often on the head circumference (2, 4, 5). However, head circumference is an important somatic parameter, as microcephaly may indicate impaired neurodevelopmental outcomes from early childhood until adolescence (6–9). Neurodevelopmental deficits may have a broad clinical manifestation and may also affect areas of memory and executive function, visual-spatial imagination, attention, and social skills (10) and therefore impair the child's school career.

To date, the association between microcephaly and education in children with CHD has not been analyzed. Hence, this study aimed to evaluate the scholastic development of CHD patients with microcephaly.



Patients and methods


Study design and setting

This is an exploratory cross-sectional follow-up study using an online survey to evaluate the school careers of patients with CHD. The ethics committee of the Charité—Universitätsmedizin Berlin, Germany, approved this study (no. EA2/190/19), which was conducted in 2020.

Study participants received an invitation to participate in the survey by email or postal letters, and if a response was missing, they were reminded once to participate. The survey could be completed by the patient, a parent, or a third party (legal guardian or caregiver). The corresponding addressee received a slightly different questionnaire. The survey consisted of a maximum of 74 questions, depending on the participant and the option of sequential questions. A total of 92% of the survey's questions were closed multiple-choice questions. Most questions offered the participant the option of adding their own answer if none of the possible answers adequately described their situation in a free-text box. The survey comprised questions about medical data such as further chronic diseases, psychiatric comorbidities (attention deficit disorder, developmental disability, intellectual debility, social disability, emotional disability, depression, anxiety disorder, learning disorder, and language disorder), genetic syndromes, and subjective health conditions. The focus was on questions about the school career: enrollment age, school form (primary and secondary), (early) supportive therapy (physiotherapy, speech therapy, occupational therapy, or psychotherapy), school year repetition, absenteeism from school, and participation in physical education. Furthermore, the educational achievement and qualifications of the parents were elicited. Medical data were supplemented by the database of the National Register for Congenital Heart Defects (NRCHD). The NRCHD is Germany's national repository for medical data on CHD patients. With ~55,000 members, the NRCHD is Europe's largest register for CHD patients and can be regarded as a basis for representative studies (11).



Patient cohort

From 2006 to 2011, the Competence Network for Congenital Heart Defects (Berlin, Germany) conducted the “PAN-study” (Prävalenz angeborener Herzfehler bei Neugeborenen in Deutschland), which analyzed the prevalence of CHD prospectively in newborns in Germany (12). To determine the somatic development (height, length, and head circumference) of the PAN-cohort, the “PANKU-study” (Prävalenz angeborener Herzfehler bei Neugeborenen in Deutschland Kopfumfang) was carried out; a follow-up study analyzed somatic developmental data from the “Kinderuntersuchungsheft” (“child's medical records”), which records the examination results of the mandatory screening for children and adolescents (13). To assess the academic development of this particular cohort, we chose this cohort for the present study “PANKU-Education” (Prävalenz angeborener Herzfehler bei Neugeborenen in Deutschland: Kopfumfang—Education). Of the 2818 families that were contacted, 750 (26.6%) completed the survey.


Inclusion criteria

• Participation in the “PAN-study” and “PAN-KU-study”

• Availability of complete and up-to-date contact information at the time of the present study

• Complete answering the online-survey




Microcephaly

To analyze the prevalence of microcephaly in the presented study, head circumference data at the child's three-month checkup (corresponding to U4 screening between the 3rd and 4th month of life in the German health care system) were used. These data were converted into sex- and age-adjusted percentiles, taking into account the date of measurement, date of birth, sex, and gestational age at birth. The percentiles, according to Braegger et al., commonly used in Germany, served as the basis for the calculation (14). Microcephaly was defined as a head circumference < 3rd percentile.



The german school system

In Germany, school attendance is compulsory until the age of 15 years and is free. Usually, children start elementary school at the age of 5–7 years, mainly, however, at the age of 6 years. If a child has special needs in their educational, developmental, and learning possibilities (e.g., due to a learning or mental/cognitive disability, a sensory and/or physical disability, or less frequently due to a long-term illness), they are introduced to a special school. After finishing primary education (4–6 years, depending on the federal state), there are several options for secondary schooling according to the student's abilities: the highest is the grammar school (“Gymnasium”), where pupils graduate after 8–9 years with a high school diploma, enabling them to study at university. Graduation from secondary school options (usually after 5–7 years) allows for starting an apprenticeship.



Statistical analyses

The cardiac diagnoses were arranged in accordance with the classification of the International Pediatric and Congenital Cardiac Code (IPCCC) (15). Following Warnes et al., the CHD diagnoses were assigned to four groups: simple CHD, moderate CHD, complex CHD, and other/non-classified CHD (16).

For the various research questions, different subgroups were defined. The influence of parental education level was analyzed using descriptive analysis due to limited data.

For this, the parental education level was classified as “high,” “medium,” and “low” according to the International Standard Classification of Education (ISCED) (17). Group differences were analyzed using the chi-square test for nominal variables of independent subsamples. The Mann-Whitney U test was used for ordinal scaled variables, and interval scaled variables were analyzed using the t-test. A p-value of < 0.05 was considered statistically significant. SPSS (Statistics for Mac, Version 27.0, IBM Crop. Armonk, NY) was used for statistical analysis.




Results


Description of the overall cohort

A total of 750/2818 study participants (26.6%) answered all survey questions and were included in the statistical analyses. The mean age of the overall study cohort was 12.16 years (confidence interval: 12.10–12.22), and 50.4% were females (Table 1). Subjective health status was excellent, but psychiatric comorbidity was reported in 34.5%. Most patients had simple CHD (51.3%), with ventricular septal defect (40.7%) and atrial septal defect (11.9%) being the most frequent ones (Table 2).


TABLE 1 Characteristics of all patients from our cohort.
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TABLE 2 CHD diagnoses of the patients in our cohort.
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At the age of 3–4 months, the mean head circumference of CHD patients from our cohort (percentile 44.1 ± 33.3) equaled the age-dependent percentile; Figure 1 illustrates the head circumference percentiles. The mean percentile in female patients was 46.9 ± 33.3 and in male patients 41.2 ± 33.1. Patients with simple CHD had a head circumference approximating the 51.3 ± 33.8 percentile, moderate CHD 40.6 ± 33.1, and complex CHD 29.5 ± 33.2.


[image: Figure 1]
FIGURE 1
 Mean head circumference in CHD patients. Head circumference percentiles at 3–4 months in all CHD patients and subgroups. The gray circle represents the 50 percentile, and data of patients and subgroups are denoted as the mean. SD for all, sex and simple severity are 33, moderate severity 32, and complex 31.




Characterization of microcephalic CHD patients

In total, 91 out of 750 patients (12.1%) had a head circumference below the 3rd percentile and thus were classified as microcephalic (Tables 3, 4). This subgroup had a mean age of 12.2 ± 0.85 years; 48.4% were female, and 51.6% were male. Their subjective health was not as good as the non-microcephalic patients' but still very good (51.6% of microcephalic vs. 66.3% of non-microcephalic patients rated their health status as very good) (Table 3). The prevalence of epilepsy and the need for optic support, hearing support, or walking aid was higher among microcephalic patients. In contrast, gestational age was not significantly associated with microcephaly.


TABLE 3 Characteristics of microcephalic and non- microcephalic patients.
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TABLE 4 CHD diagnoses of microcephalic patients.
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Syndromal diseases existed in 30.8% of the microcephalic patients (Table 3). Ventricular septal defect (31.9%), atrioventricular septal defect (13.2%), and univentricular heart (12.1%) were the most frequent CHDs in this subset (Table 4). Microcephaly was significantly associated with CHD severity (Figure 2). Simple CHD was seen in 55.9% of normocephalic patients, while moderate CHD was seen in 27.5% and complex CHD in 16.6%. In contrast, simple, moderate, and complex CHD was found in equal parts (31.1, 33.3, and 35.6%) in microcephalic patients.


[image: Figure 2]
FIGURE 2
 Prevalence of microcephaly in patients with simple, moderate, or complex CHD. The pie chart denotes the raw n of patients defined by CHD severity classification and head circumference. Only patients with known CHD severity scores and known head circumference are included (n = 707).


A total of 29.8% of non-microcephalic patients suffered from psychiatric comorbidity, while in microcephalic patients, this proportion was more than two times as high (67.0%) (Table 3). In particular, the percentage of patients with developmental delay, intellectual debility, social disability, learning disorder, or language disorder was significantly increased in microcephalic CHD patients (p < 0.001; Figure 3).


[image: Figure 3]
FIGURE 3
 Psychiatric comorbidity in microcephalic CHD patients. The chart visualizes the percentage of patients with the most prevalent psychiatric disorders among microcephalic or non-microcephalic patients; * denotes a significant difference compared to non-microcephalic, p < 0.001, and + denotes p < 0.05.




Educational status of microcephalic CHD patients

The educational career and usage of support interventions of microcephalic patients compared to CHD patients without microcephaly are visualized in Figure 4. A total of 85.7% of the microcephalic patients but only 47.6% of non-microcephalic patients received early interventions to foster their development. The school enrollment of both groups was similar at approximately six years of age. 89.9% of non-microcephalic but only 51.6% of microcephalic patients were enrolled in a regular elementary school. About four years later, at the age of 10, children from both groups transferred to a new school: 48.3% of the non-microcephalic patients went to grammar school, and 3.3% needed specialized schools. In contrast, only 14.3% of the microcephalic patients went to grammar school, while the proportion of pupils at special schools was eight times higher than in non-microcephalic patients. Supportive interventions, e.g., because of specific learning disabilities, were used by 52.7% of microcephalic patients and 21.6% of non-microcephalic patients.
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FIGURE 4
 Educational development in CHD patients. The graph visualizes the school career of CHD patients with or without microcephaly. The median age of school enrollment and the first change of school are given in the figures. The distribution of different kinds of primary schools in the left pie chart is represented, and the pie chart on the right represents the different kinds of secondary schools. Further, the usage of early and/ or specific interventions to support the school careers is given. Differences in the kind of school are significant < 0.001; additionally * denotes a significant difference compared to non-microcephalic patients, p < 0.001, and + denotes p < 0.05.


Staying down a year was statistically insignificant between microcephalic and non-microcephalic patients (Table 5); school grades were similar in both groups, too. Absenteeism from school added to < 1 month in most microcephalic patients (Table 5). In our cohort, parental educational level did not influence the attended school forms (primary and secondary school), the class repetition rate, or the utilization of (early) supportive measures.


TABLE 5 School career of the microcephalic patients.
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Discussion

Our data demonstrate that microcephaly in early childhood is a crucial risk factor for impaired scholastic development in patients with CHD. These results expand the current state of research, as the educational career of microcephalic vs. non-microcephalic CHD patients has not been evaluated. This is noteworthy as education is a particularly important and objectively measurable characteristic of neurodevelopment. In our study, microcephalic participants had a high demand for early and specific interventions. They frequently attended special schools more frequently and compared to non-microcephalic CHD patients, their likelihood of attending a grammar school was halved. Approximately two-thirds of microcephalic patients were diagnosed with psychiatric disorders such as learning, emotional, or behavioral disorders.

Previous studies have shown that a small head circumference in CHD patients is related to neurodevelopmental outcomes in early childhood (6, 7, 18), preschool age (19), and adolescence (20). This is in line with our study results, as microcephalic CHD patients were confronted with multiple problems in their whole (pre-) scholastic development. The etiology of this phenomenon is complex and thought to be multifactorial.

First, mounting evidence suggests that prenatal factors play a crucial role. It has been proven that intrauterine brain growth is predominantly altered in children with complex CHD and may result in a smaller head circumference and brain volume at birth (21, 22). Hemodynamic factors are assumed as an explanatory variable and include umbilical vein oxygen saturation, altered blood flow, and reduced oxygen content in the ascending aorta (23). Moreover, animal and human studies suggest that prenatal maternal psychosocial stress may adversely affect the developing fetal brain (24, 25). However, for expectant mothers after the diagnosis of CHD in their child, this association has hardly been studied (26). A longitudinal study analyzing this would be even more important as a prenatal CHD diagnosis may be a traumatic situation for the expectant mother.

Second, postnatal growth is often impaired in CHD patients. This has mainly been attributed to disrupted normal feeding behavior in the neonatal and infant period (27). In CHD patients requiring early operative treatment, this problem often persists during the postoperative phase, as patients frequently require a nasogastric feeding tube (28, 29). Hypermetabolic state and malabsorption may be further pathophysiologic mechanisms, while genetic and environmental factors are thought to play a subordinate role (27, 30). These are important considerations when interpreting our study results because more than two-thirds of microcephalic CHD patients suffer from moderate or complex CHD.

Third, social environment in the meaning of parental education and supportive therapy may be a rationale as this is an important determinant in childhood development (31, 32). In our study cohort, almost all microcephalic patients received early supportive therapy, and specific interventions fostered more than half at school age. Supportive therapy may compensate for learning deficits (33) and contribute to the fact that a small proportion of microcephalic patients were able to attend grammar school. Interestingly, the parental educational level did not influence the child's scholastic development in the present analysis. This argues for the assumption that in this specific patient cohort, the neurodevelopmental outcome is predominantly associated with somatic factors. Preterm birth, a known risk factor for altered brain growth (34), did not significantly contribute to microcephaly in our study cohort as more than 80% of study participants were born at full term.

Another noteworthy result of the present analysis is the prevalence of psychiatric comorbidities: nearly one-third of non-microcephalic patients suffered from psychiatric comorbidity, but in microcephalic patients, this proportion was more than two times as high. Numerous studies have observed the clinical manifestation of developmental delay, intellectual debility, social disability, learning disorder, or language disorder (35, 36). Underlying pathophysiologic mechanisms are still under investigation. However, prenatal hemodynamic factors and a genetic link between heart and brain development are assumed to be important rationales (37).

Interestingly, the subjective health status of microcephalic patients was not as good as the non-microcephalic patients' but still very good. This has been reported before (38). A possible explanation could be that, as CHD patients were born with heart disease, they might have learned early in life how to develop a strong “sense of coherence” and select the right coping strategies (39).


Clinical implications for this study

It is important for CHD patients, affected families, and treating physicians to be aware of microcephaly as a risk factor for impaired scholastic development. Routine follow-up examinations should be established to identify developmental deficits. Unfortunately, underlying variables such as prenatal hemodynamic factors or the number and point of time of CHD operations are hardly modifiable. However, supportive therapy seems to be a promising compensation mechanism. Therefore, CHD patients and their families should be given low-threshold access to supportive interventions.



Limitations

Due to the data privacy policy of the NRCHD, a non-responder analysis could not be performed. Our results need to be interpreted in light of a potential selection bias. Highly educated and/or healthier CHD patients might be more inclined to participate in scientific studies than patients with lower educational levels and/or more health problems. However, a proportion of 48% of microcephalic patients attending a particular school speaks against this assumption. Our analysis of parental ISCED and child education supports this assumption that in microcephalic patients, somatic (co-) morbidities have a more significant influence than the parental level of education. However, parents with higher education might be overrepresented compared to the German general population. The response rate of 26.6% is in the middle range and may still be considered valid and quite representative (40). The results cannot be easily applied to other countries, as education and health care systems may differ. Due to the study setting (follow-up study of a patient cohort on the somatic development in children with CHD), we could not assess the highest educational/academic achievement as the mean age of our study cohort was ~12 years of age. Seventy patients in the study were diagnosed with a syndromal disease; among these, 28 were microcephalic. Based on the heterogeneity of diagnoses and small subgroups, we could not correct our results for this or perform subgroup analyses. Our study does not answer whether microcephalic patients with or without CHD differ in their educational perspectives. Microcephaly appears to be a risk factor for impaired educational success in CHD patients.




Conclusion

Patients with CHD and microcephaly are at risk for impaired educational development. Head circumference measurement in infants and children with CHD should be integrated into the serial routine monitoring of somatic parameters in children with CHD. Microcephaly in early childhood should alert clinicians to provide targeted interventions to optimize the developmental potential. Further studies are necessary to evaluate the impact of these interventions and to determine the long-term follow-up of this specific patient cohort at risk.
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Background: Focal myocardial fibrosis in the systemic right ventricle (RV) is related to ventricular dysfunction and adverse outcome in patients with d-transposition of the great arteries (dTGA) post atrial redirection and those with congenitally corrected TGA (ccTGA). The role of diffuse fibrotic lesions in these conditions remains poorly understood. Our study aimed to investigate diffuse myocardial fibrosis by measuring extracellular volume (ECV) with cardiovascular magnetic resonance (CMR) and to explore correlations between ECV and clinical as well as functional markers of heart failure in patients with TGA and systemic RV.



Methods: We prospectively included dTGA and ccTGA patients aged ≥14 years and compared them to healthy controls. Standardized CMR included modified Look-Locker Inversion recovery T1 mapping to quantify diffuse myocardial fibrosis in the systemic RV and the subpulmonary left ventricle (LV). The centerline of RV and LV myocardium was marked with a line of interest tool to determine native and post-contrast T1 for quantification of ECV.



Results: In total, 13 patients (dTGA: n  =  8, ccTGA: n = 5) with a median age of 30.3 years were enrolled. LV ECV was higher in patients than in controls [34% (30%–41%) vs. 26% (23%–27%), p < 0.001], with values increased above the upper limit of normal in 10/13 patients (77%). RV ECV tended to be higher in patients than in controls, albeit without statistical significance [29% (27%–32%) vs. 28% (26%–29%), p = 0.316]. Patients with elevated LV ECV had lower LV ejection fraction than those with normal ECV (52 ± 5% vs. 65 ± 4%, p = 0.007). Correlations with clinical parameters were not observed. LV ECV was significantly higher than RV ECV (p = 0.016) in the patient group.



Conclusions: In this study, LV ECV was significantly increased in TGA patients compared to controls, and was associated with LV dysfunction. Our data suggest that ECV may serve as a non-invasive tissue marker of heart failure in TGA with systemic RV. Further research is necessary to evaluate the prognostic implications and the potential role of ECV in monitoring disease progression and guiding therapy, aiming to maintain LV function or train the LV for subaortic location in TGA patients from infancy to adulthood.
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Introduction

Given the advances in care for patients with congenital heart disease (CHD), the majority of children born with CHD reach adulthood (1, 2). However, increased mortality has been described in adult patients with CHD, particularly in the young, with heart failure as the leading cause of death (3). Heart failure signs and symptoms are seen in 22% of patients with d-loop transposition of the great arteries (dTGA) post atrial redirection, and in 32% of patients with congenitally corrected transposition of the great arteries (ccTGA) (4).

Myocardial fibrosis contributes to the development of heart failure in CHD (5, 6). Cardiovascular magnetic resonance (CMR) studies have identified focal myocardial fibrosis in the systemic right ventricle (RV) as assessed by late gadolinium enhancement (LGE) imaging to be associated with ventricular dysfunction and adverse outcome in dTGA post atrial redirection and in ccTGA (7–10). Data on diffuse myocardial fibrosis from CMR T1 mapping in TGA with a systemic RV are limited and somewhat controversial, pointing to an increased fibrotic burden in the systemic RV (11), the subpulmonary left ventricle (LV) (12), the interventricular septum (13), or both RV and LV (14).

With the present study, we aimed to determine biventricular extracellular volume (ECV) as a non-invasive measure of diffuse myocardial fibrosis by applying CMR T1 mapping and to evaluate the correlation of ECV with clinical and functional markers of heart failure in patients with TGA and systemic RV.



Materials and methods


Study population

We prospectively enrolled patients of ages ≥14 years with a diagnosis of dTGA post atrial redirection or ccTGA who were referred for clinically indicated CMR. Exclusion criteria were arrhythmias, cardiac decompensation, cardiomyopathies, chronic or acute infection up to four weeks prior to CMR, chronic systemic diseases, significant renal impairment, devices non-compatible with CMR, and claustrophobia. Patients further underwent blood sampling for hematocrit and N-terminal pro brain natriuretic peptide (NT-proBNP) immediately before CMR, and cardiopulmonary exercise testing (CPET).

Healthy subjects with normal 12-lead electrocardiogram (ECG), blood pressure, and renal function, and no history or symptoms of cardiovascular disease or contraindications for CMR were included as controls.



CMR protocol

All participants received standardized CMR at 1.5 T (Philips Healthcare, Best, The Netherlands). Blood samples for hematocrit and NT-proBNP were collected immediately before CMR. Cine images were acquired with a steady-state free precision sequence in short axis (SAX) and long axis planes as well as in axial orientation covering the entire ventricles. LGE imaging in SAX was conducted using a T1-weighted inversion-recovery three-dimensional spoiled gradient echo sequence 5 min after intravenous bolus application of gadolinium-DOTA (Dotarem®, Guerbet) at a dose of 0.1 mmol/kg. An individually adapted prepulse delay Look-Locker sequence was applied to determine inversion times for nulling myocardium.

For T1 mapping, an ECG-gated single-shot modified Look-Locker inversion-recovery (MOLLI) sequence was used (15) with sequence parameters as follows: MOLLI scheme 3b(3b)3b(3b)5b, slice thickness 8.0 mm, repetition time 2.4 ms, echo time 1.2 ms, flip angle 35°. Native and post-contrast T1 images were acquired in midventricular SAX and axial four-chamber orientation in breath-hold at end-expiration before and 15 min after contrast bolus application (Figure 1).


[image: Figure 1]
FIGURE 1
T1 mapping in congenitally corrected transposition of the great arteries. Corresponding cine (A) and late gadolinium enhancement images (B) as well as T1 maps in midventricular short axis before (C) and after contrast application (D) are shown. Lines of interest (LOIs) are drawn into the myocardium of the systemic right ventricle (red LOI) and the subpulmonary left ventricle (blue LOI). The blood pool is marked with a green region of interest.




CMR analysis

A commercially available workstation (Philips Viewforum, Best, The Netherlands) was used to analyze LV and RV volumes [end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV)] and ejection fraction (EF) from cine image stacks in axial orientation. Volumetric parameters were indexed to body surface area (BSA). In TGA patients, the ventricle in the subpulmonary position was defined as the LV, and the ventricle in the subaortic position as the (systemic) RV.

T1 maps were generated with the open-source image reconstruction tool MRmap after manual correction for body motion (16), stored as DICOM files, and analyzed with OsiriX Lite. Native and post-contrast blood T1 values were gained from a region of interest placed in the blood pool of the systemic ventricle in subaortic location with exclusion of the papillary muscles and the trabeculae, respectively. For measurements of myocardial T1, a line of interest (LOI) was manually drawn in the center of the RV and LV myocardium as previously described (17). LOIs marked the myocardial circumference of the subaortic ventricle and the thickest part of the free, anterior or inferior wall of the subpulmonary ventricle on T1 maps in midventricular SAX (Figure 1). In the case of better delineation of myocardial walls, T1 maps in four-chamber-view were alternatively used. Native and post-contrast T1 values of myocardium and blood as well as hematocrit were then used to calculate RV ECV and LV ECV. ECV was considered to be elevated at values above the mean plus two standard deviations (SD) of the control ECV (18).



Follow-up

Medical records of TGA patients were reviewed for adverse events since the date of CMR, including supraventricular and ventricular arrhythmias, implantation of a pacemaker or implantable cardioverter defibrillator (ICD), heart failure-related hospitalization, heart transplantation (HTx), and cardiovascular death.



Statistical analysis

Statistical analyses were carried out with SPSS version 25.0 (IBM Corp., Armonk, NY, United States), considering p-values <0.05 to be statistically significant. Data between groups were compared with the Mann–Whitney U test, and within groups using Wilcoxon signed rank test with Bonferroni correction, respectively. For comparisons between categorical variables, Fisher’s exact test was applied. Spearman's correlation coefficient was used to analyze associations between continuous variables. Results are presented as median (range), mean ± SD, or numbers (n) and percentages (%), as appropriate.




Results


Subject characteristics

In total, 13 patients with a systemic RV and a median age of 30.3 (25.2–37.9) years were enrolled. Of those, eight patients had dTGA post atrial redirection (Senning procedure: n = 7, Mustard procedure: n = 1), and five had ccTGA. A summary of patient characteristics is given in Table 1. Healthy controls (n = 15; female: n = 7) had a median age of 24.4 (23.8–29.0) years and were younger than the patient group (p = 0.004). Differences in gender distribution were not seen.


TABLE 1 Patient characteristics.
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Cardiovascular magnetic resonance


Late gadolinium enhancement

Mild LGE was visible in 75% of the patients (dTGA post Senning: n = 7, ccTGA: n = 2), and was located at the insertion points (n = 5), the inferior (n = 2) or anterior RV wall (n = 1), and the septum (n = 1). Transmural LGE was not observed.



Extracellular volume

LV ECV was higher in patients than in controls [34% (30%–41%) vs. 26% (23%–27%), p < 0.001; Table 2]. Values were increased above the upper limit of normal (>31.5%) in 10/13 patients (77%). In two out of three dTGA patients with normal LV ECV, (sub-) pulmonary stenosis was present, and the remaining patient had ccTGA without stenosis. RV ECV tended to be higher in patients than in controls, yet without statistical significance [29% (27%–32%) vs. 28% (26%–29%), p = 0.316]. Elevated RV ECV (>29.8%) was detected in four patients (31%). LV ECV was significantly higher than RV ECV (p = 0.016) in the patient group. There were no differences in LV ECV and RV ECV between dTGA and ccTGA patients.


TABLE 2 T1 mapping parameters in controls and patients.
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ECV and clinical data

LV ECV and RV ECV of patients did not correlate with clinical characteristics including age at CMR, BSA, systolic or diastolic blood pressure, NT-proBNP, maximum oxygen consumption from CPET, and gender distribution.



ECV and CMR measures

Patients with elevated LV ECV had significantly lower LVEF than those with values within the normal range (52 ± 5% vs. 65 ± 4%, p = 0.007; Figure 2). Both LVEF and RVEF were reduced in patients with elevated RV ECV as compared to those with normal values, but these differences were not statistically significant (51 ± 2% vs. 56 ± 3%, and 39 ± 5% vs. 46 ± 4%, p = 0.371, respectively). LV ECV and RV ECV did not differ between patients with and those without LGE (p = 0.482 and 0.145, respectively). Among patients with positive LGE in the systemic RV, 67% (n = 6) had elevated LV ECV (p = 0.509). There were no differences in the presence of LGE between those with elevated RV ECV and those without (p = 0.509).


[image: Figure 2]
FIGURE 2
Extracellular volume and left ventricular function in transposition of the great arteries. Patients with elevated left ventricular extracellular volume (LV ECV) had significantly lower LV ejection fraction (LVEF) than patients with normal LV ECV (52 ± 5 vs. 65 ± 4%; *p = 0.007).






Follow-up

Median follow-up time was 5.1 (2.5–8.2) years. One patient was lost to follow-up. Adverse events were observed in 6/12 patients (50%). Of those, four patients (67%) had elevated LV ECV, with additionally elevated RV ECV in two patients. Among those with dTGA post Senning and elevated LV ECV, one patient had isolated non-sustained ventricular tachycardia documented during Holter-ECG. The two patients with elevated LV ECV and RV ECV developed severe dysfunction of the systemic RV and underwent ICD implantation, in one followed by recurrent atrial and ventricular arrhythmias and progressing heart failure, hospitalization, and cardiovascular death 4.0 years after CMR. One patient with ccTGA and elevated LV ECV developed severe heart failure leading to hospitalization and HTx. In those with normal LV ECV, adverse events included hospitalization due to cardiac decompensation in one patient with dTGA post Senning, and complete heart block requiring pacemaker implantation in one patient with ccTGA.




Discussion

In our study, increased LV ECV in TGA patients as compared to controls indicates the presence of diffuse myocardial fibrosis in the subpulmonary LV in the setting of a systemic RV. LV ECV was elevated above the upper limit of normal in the majority of TGA patients and was associated with a reduction in LV function. LV ECV was higher than RV ECV in this cohort.

It has been shown that focal myocardial fibrosis visualized with LGE imaging in the systemic RV correlates with ventricular dysfunction, cardiac arrhythmias, exercise intolerance, and clinical deterioration in patients with dTGA post atrial redirection (7–10) and ccTGA (8). However, the ability of LGE to assess diffuse fibrotic lesions is restricted, and only a few studies have reported on CMR T1 mapping-derived measures of diffuse myocardial fibrosis in TGA (11–14). In the study by Plymen et al., septal ECV was significantly higher in 14 dTGA patients post Senning or Mustard procedure than in age- and gender-matched controls, and was positively related to NT-proBNP and negatively to the chronotropic index during CPET. ECV of the RV wall was not measured for technical reasons (13). Broberg et al. found significantly higher levels of diffuse myocardial fibrosis in association with NT-proBNP in the systemic RV of 53 patients with dTGA post atrial redirection or ccTGA. In that cohort, elevated RV ECV was associated with adverse clinical outcomes, suggesting a role of fibrosis in the development of heart failure (11). Both studies did not report ECV of the subpulmonary LV (11, 13). We evaluated diffuse myocardial fibrosis in the systemic RV as well as in the subpulmonary LV and found significantly higher LV ECV in TGA patients as compared to controls. The majority of patients (77%) had elevated LV ECV and had significantly lower LVEF than those with normal ECV values. Given that conventional heart failure therapies generally fail to improve RV function significantly (19), we anticipate that our findings will stimulate further research on the impact of the LV on morbidity and mortality, and on its role as a potential therapeutic target. The assessment of diffuse myocardial fibrosis by ECV may be useful in selecting patients who may potentially benefit from pulmonary artery banding by improving RV function and tricuspid regurgitation, thus bridging to transplantation or delaying listing for transplantation (20), or by training the LV of ccTGA patients for double switch operation. Furthermore, in our patient group, LV ECV was significantly higher than RV ECV. This is in line with Shehu et al. and Cheung et al. describing greater LV ECV than RV ECV in 10 and 31 dTGA patients post Senning or Mustard, respectively (12, 14). We agree with Cheung et al. that the finding of a higher fibrotic burden in the subpulmonary LV than in the systemic RV is intriguing and that the cause is not immediately apparent. Chronic volume unloading of the eccentrically compressed LV in relation to septal shift and LV diastolic dysfunction, and postcapillary pulmonary hypertension have been discussed as potential contributors, yet the role of these factors in the development of LV fibrotic remodeling remains to be studied further (14).

Cheung et al. in addition to elevated LV ECV also detected higher RV ECV values in the TGA cohort, although with greater involvement of the subpulmonary LV (14). In our study, a trend toward higher RV ECV in patients than in controls was seen, albeit without statistical significance. We found RV ECV to be elevated in almost one-third of the patients (31%). Both RVEF and LVEF were lower than in those with normal RV ECV values, but again these differences were not statistically significant. Apart from technical-methodological differences, the younger age of our TGA cohort in comparison to the abovementioned work by Broberg et al. and Cheung et al. may be contributive to the discrepancies in RV ECV between the studies. Furthermore, we speculate that due to the relatively small sample size, our study may have been underpowered to achieve statistical significance with regard to the differences in RV ECV between patients and controls and the association with impaired biventricular function. Future long-term studies on larger cohorts are required to substantiate our speculations and explore the role of age in the development of diffuse myocardial fibrosis in TGA.

Interestingly, we saw both LV ECV and RV ECV to be elevated in the two dTGA patients requiring ICD implantation due to a severe decline in RV function during follow-up, followed by cardiovascular death in one patient. This points to the importance of interventricular interactions also on the extracellular matrix level, and in turn underlines the potential value of both systemic and subpulmonary myocardial ECV as non-invasive markers for prognosis, risk stratification, and monitoring of disease and therapy in TGA. Moreover, we suspect that the mild, but frequently present LGE in 75% of the TGA patients reflects fibrosis burden that may contribute to the RV dysfunction seen in our cohort. Among patients with positive LGE in the systemic RV, 67% had elevated LV ECV, again pointing to interactions between systemic and subpulmonary ventricles on the tissue level. However, our data in relation to LGE were not statistically significant, which may be explained by the limited number of patients included and the consequent lack of power. Therefore, further research to support our results and their prognostic implications is warranted. The importance of ventriculo-ventricular-interactions and the role of the subpulmonary LV not only as a contributor to morbidity and mortality but also as a potential therapeutic target in right-sided CHD has been well recognized (21). Further investigations need to address the use of ECV measurements for the management of disease and treatment with the goal of preserving LV function or training the LV for systemic pressure in subaortic position.


Limitations

Our study is limited by the small sample size. Due to the lack of clinical indication for regular CMR examinations with contrast enhancement, longitudinal ECV data were unfortunately not available. Future long-term studies on larger cohorts to confirm our findings are required, and may potentially elucidate further differences between groups and associations between ECV and markers of heart failure. Healthy controls were younger compared to the patient group. However, an age-related increase in ECV is seen in individuals significantly older than the patients included in our study (22) and, thus, should not affect comparability between the two groups. Despite the application of the previously described LOI tool, especially helpful for T1 measurements in thin structures (17), and particular care at placing the LOI in the center of the myocardium of the respective subpulmonary ventricle, partial voluming with blood or fat may have caused potential overestimation of ECV. Given the lack of clinical indication for biopsy, we did not perform histological validation of our results.




Conclusions

In this study, LV ECV was significantly higher in TGA patients than in controls and was associated with LV dysfunction. Our data suggest that ECV measurements may serve as an imaging marker of heart failure in the setting of TGA with a systemic RV. Further research is necessary to evaluate the prognostic implications and the potential role of ECV in non-invasively monitoring disease progression and guiding therapy, aiming to maintain LV function or train the LV for subaortic location in TGA patients from infancy to adulthood.
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Baseline information cDM1 iDM1 and

(n=56) oMt
(=11)
Female, (%) 33(58.9) 7(636)
Gestational age
Pre-term, n (%) 27/50 (54.0) 1710 (10.0)
Mean gestational age 33.9 (+2.5) 36 (+0)
pre-term patients (+SD)
Polyhydramnios, n (%) 23/31 (74.2) 076 (0)
Mean age at first 0.01 (+0.02) 100 (+66.5)
symptoms, months (£SD)
Mean age at genetic 14 (x29) 85 (£5.7)
diagnosis, years (+:SD)
Ethnicity
Caucasian, n (%) 40(71.4) 9(81.8)
Asian, n (%) 7(125) 0
Other/not known, n (%) 589 2(182)
Materally inherited, n (%) 54(96.4) 3(27.3)
Paternally inherited, 1 (%) 2@3.6) 8(727)
Median follow-up, years 80[3:3-11.0) 30[1.0-11.0)
IQR)
Symptoms (palpitations,
syncope, chest pain or
dizziness)
Absent, n (%) 49(87.5) 8(81.8)
Palpitations, n (%) 236 0(0)
Syncope, n (%) 2(3.6) 1(9.1)
Chest pain, n (%) 236 0(0)
Dizziness, n (%) 1(1.8) 0(0)
Pacemaker, n (%) 101.8) 0()
Implantable cardioverter 00 0(0)

defibrilator, n (%)

Fractions give the absolute number of patients divided by the number of patients with
available clinicl information for each item. Values are  (%).

cDM1, Congenital Myotonic Dystrophy type 1; iDMI1, Infantie Myotonic Dystrophy
type 1; jDM1, Juvenile Myotonic Dystrophy type 1; IQR, Interquartie Range; SD,
Standard Deviation.
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Resting SBP (mmHg) Resting DBP (mmHg) ASBP (mmHg) ADBP (mmHg)

3(n=16) 124 (120, 129) 70 (62, 74) 124 (119, 133) 74 (69, 80)
TET stages 4(n =81 123 (118, 129) 67 (61,72) 122 (117, 131) 70(67, 74)

5(n=74) 123 (117, 127) 63 (57, 68) 127 (119, 133) 71(66, 75)

26(=18) 125 (118, 133) 60 (56, 67)* 128 (116, 133) 70(63, 72"
P 0810 0.003 0.342 0.034
P 0.121 0012 0.905 0.026

P', P-value after corrected with age, gender, and BMI; SBR, systolic blood pressure; DBR, diastolic blood pressure; ASBR, average systolic blood pressure; ADBR, average diastolic
blood pressure.

#The lower resting DBP of patients achieved stage >6 TET compared with that of patients achieved stage TET.

*The lower ADBP of patients achieved stage 6 TET compared with that of patients achieved stage 3 TET.

Data are presented as median|Pss,P;s), except where otherwise indicated.
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Clinical characteristics

Age (years)

Sex (male; %)

BMI (kg/m?)

Exercise capacity

METs

TET 3n (%)
4n(%)
5n(%)

Stages =6n (%)

P, P-value corrected with age, gender, and BMI; BMI, body mass index; LVH, left ventricular hypertrophy; TET, treadmill exercise test; METS, metabolic equivalents.

Without LVH (n = 184)

1811, 14)
144 (78.3%)
265 (23.0,29.7)

96(83,11.4)
15 (93.8%)
79(97.5%)
72(97.3%)
18 (100%)

Data are presented as median|Pys,P;s), except where otherwise indicated.

With LVH (1 = 5)

1413, 14)
2(40%)
34.5(29.3,39.9)

92(69,113
1(6.2%)
2(2.5%)
2(2.7%)

0(0%)

0.248
0.079
0.008

0.474

0.456

I

0.609

0.610
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Indicators TET stages
3(=16) 4(n=81) 5(=14) 26(n=18) OR
Age (years) 13 (12, 14) 12(11, 14) 13 (11, 14) 13(12, 14) 1.198
Sex
Girls (%) 743.7) 28(34.6) 8(10.8) 0(0.0) 0.163
Boys (%) 9(56.9) 53(65.4) 66(89.2) 18(100.0) Ref
BMI (kg/m?) 2003(25.90,32.80)  26.56(23.08,30.27)  2651(23.08,30.27)  25.67(23.08,3027) 0921
Without LVH (%) 15 (93.8%) 79(97.5%) 72(97.3%) 18 (100%) 0586
With LVH (%) 1(6.2%) 2(2.5%) 2(2.7%) 0(0%) Ref
ADBP (mmHg) 74 (69,80) 70 (67,74) 71 (66,75) 70 (63,72) 0952

Multivariate*

95%Cl (OR)

1.052, 1.364

0.079, 0.333
Ref
0.863, 0.981
0.095, 3.613
Ref
0912, 0.993

OR, odds ratio; 95%Cl, 95% confidence interval; Ref, reference value; BMI, body mass index; LVH, left ventricuiar hypertrophy; ADBR, average diastolic blood pressure.

Data are presented as median[P2s,P7s), except where otherwise indicated.

“The multivariate ordinal logistic regression analysis mode! included TET stages as dependent variable and age, sex, BMI, LVH, and ADBP as independent variables.

P-value

0.007

<0.001

0.01

0563

0.025
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Indicators

Age
Sex

Girls

Boys
BMi(kg/m?)
Without LVH
With LVH
ADBP (mmHg)

B

0.168

-1.766
Ref
-0.13
1.089
Ref
0075

Univariate
95%Cl

0.006,0.329

—2.576, —0.943
Ref
—-0.208, -0.057
—1.126, 3.304
Ref
-0.127, -0.022

P-value

0.041

<0.001

<0.001

0335

0.005

0.282

-1.909
Ref
—-0.134
—0.663
Ref
—0.083

Multivariate*

95%Cl

0.134,0.429

—2.672, -1.146
Ref
—-0.205, —0.063
—2.714,1.388
Ref
-0.112, -0.014

P-value

<0.001

<0.001

<0.001

0.526

0.011

P, regression coefficient; 95%Cl, 95% confidence interval; Ref, reference value; BMI, body mass index; LVH, left ventricular hypertrophy; ADBP, average diastolic blood pressure.
“The generalized linear model analysis model included METs as dependent variable and age, sex, BMI, LVH, and ADBP as independent variables.
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Stages Speed (km/h) Slope (%) Time (min)

1 28 10 1-2
2 40 12 1-2
3 55 14 12
4 6.7 16 1-2
5 80 18 1-2
6 88 20 1-2
7 9.6 22 1-2
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Clinical characteristics

Age (years)

Sex (male (%))

BMI

Mean = SD(kg/m?)

Exercise capacity

METs
3n (%)
4n (%)

TET stages
5n (%)
=6n (%)

Stage 1 PHT (1 = 90)

13(11,14)
61(67.8%)

256£45

102 83, 11.8)
6(37.5%)
41(50.6%)
32(43.2%)
11(61.1%)

Stage 2 PHT (1 = 99)

13 (11,14)
85 (85.9%)

28.1£46

93(8.2,113)
10 (62.5%)
40 (49.4%)
42 (56.8%)
7 (38.9%)

P P
017 -
0003 -
<0.001 )
0317 0.109
0419 025

P, P-value after corrected with age, gender, and BMI; PHT, primary hypertension; BMI, body mass index; METs, metabolic equivalents; TET, treadill exercise test.
Data are presented as median|Pss,P7s), except where otherwise indicated.
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Age group <1 year Age group 1-5 years Age group >5-17 years

MYCgroup  CTRLgroup p-value MYCgroup CTRLgroup  p-value MYCgroup  CTRLgroup  p-value

n=4 n=3 n=3 n=15 n=15 n=10

Gender, male 0(0) 1(33) 0429 3(100) 5(33) 0069 12(71) 5(28) 0111
Age (years) 040207  00° 0057 82 40(80-50) 0426  156(119-169) 105(6.0-17.0) 0.015
Echocardiography

Z-score LVIDA (mm) 6015679 10" 0057 628 —07(-1.603) 0005  05(-04-24) —1.1(8.1-09) 0071
LVEF (%) 255 (14.3-36.8) 72.0° 0057 220° 65.0(57.5-73.0) 0.004  57.0(50.0-61.0) 595 (57.0-68.5) 0.071
Antibody levels

Anti-B1-AR Ab (U/m) 36(1.0-132) 19 0857 83 55(4.3-108) 0498  82(45-208) 45(38-63 0071
Anti-B2-AR Ab (U/mi) 1707-61) 27 0629 66" 362655 0130  62(29-227) 38(26-45)  0.080
Anti-B3-AR Ab (U/mi) 12(10-58) 45 0400 72 353053 0076  66(34-194) 33(24-45) 0014
EMB

Acute myocarditis 1(25) 2(67) na. 2(13) na.

Chronic/healing myocarditis 3 (75) ; 1(39) na. 12 (80) na.

Healed myocarditis 0 na. 0 na. 1M na.

EMB, endomyocardial biopsy; MYC, patients with biopsy proven inflammatory myocardial disease; CTRL, patients without inflammatory myocardial disease. Values are given as n (%) or
median (interquartile range). Only median. Anti-p-AR Ab, anti-beta-adrenergic antibodies; BSA, body surface area; LVEF, left ventricular ejection fraction; LVID, left ventricular internal
diastolic diameter. Bold values represents significant values. n.a.: not applicable.
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Univentricular heart
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Other

305
89
48
46
36
35
32
29
28
20
82

40.7%
11.9%
64%
6.1%
48%
47%
43%
3.9%
3.7%
2.7%
10.9%





OPS/images/fped-10-882223/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-917507/fcvm-09-917507-t003.jpg
Non-microcephalic patients Microcephalic patients P

N Mean SD N Mean SD
Median IQR Median IQR

Total participants 621 100% 91 100%
Mean age 1214 841 122 0.885 ns.
Sex
Female 317 51.0% 4 48.4% ns.
Male 304 49.0% a7 51.6%
Health status
Subjective health status (1 very good- 6 bad) 1 1 1 1 +
Epilepsy 6 10% 7 7.7% 2
Optic support 199 32.0% “ 48.4% +
Hearing support s 13% 1 121% a
Walking aid 4 0.6% 7 7.7% .
Psychiatric comorbidity 185 208% 61 67.0% %
Gestational age
Preterm % 15.1% 16 17.6% ns.
Term 524 84.4% 75 82.4% ns.
Post-term 3 0.5% 0 0% ns.
Syndromic disorders 2 52% 2 30.8% o
Alagille syndrome 1 31% - -
DiGeorge syndrome 3 63% 7.1%
Goldenhar syndrome 1 3% 1 3.6%
Trisomy 18 - - 1 3.6%
Trisomy 21 18 56.3% 17 60.7%
Noonan syndrome - - 1 3.6%
Williams syndrome 2 63% 1 3.6%
Others s 25.0% 5 17.9%

p "denotes significant difference compared to non-microcephalic p <0.001, + denotes p < 0.05, n.s. = not significant.
For ordinal scaled variables, median and IQR were given accordingly (printed in italics
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MYCgroupn=22 CTRLgroupn=28 p-Value

Gender, male 13 (59) 9(32) 0.086
Age (years) 12.1 2.7-16.4) 50(3.0-6.8) 0.042
BSA (kg/m?) 1.6(0.6-1.8) 0.8(0.6-1.2) 0.083
Echocardiography

Z-score LVIDd (mm) 1.9 (0.1-56.3) —~0.8(~1.6-0.4) <0.001
LVEF (%) 51.0(28.0-60.0) 635 (57.8-72.9) <0.001
Antibody levels

Anti-B1-AR Ab (U/m) 7.7 (3.8-24.3) 508.7-8.2) 0.125
Anti-B2-AR Ab (U/m) 6.0 (2.4-19.9) 36(2.6-4.7) 0.077
Anti-B3-AR Ab (U/m) 6.4 (2.9-18.8) 35(3.0-68) 0.035

Values are given as n (%) or meden (interquartie range).
Anti--AR Ab, anti-beta-aclenergic antibodies; BSA, body surface area; LVEF, left
ventricular ejection fraction; LVIDG), left ventricular intermal diastolic diameter. Bold values
represents significant values.
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N N P
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7 816% 564 908 %
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Yes 6 758% 550 85.6% +
0 2 22% 71 114%
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<1 month 7 2% 552 9% »
Lmonth—1 year 16 18% 3 56%
>1year 0 0% 2 03%

ference are mis

The table informs about school attendance in microcephalic and non-microcephalic pati
p: is712." denotes
insignificant data regarding missed school time was missing in n
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Total participants
Mean age

Sex

Female

Male

Health status
Subjective health status (1
very good- 6 bad)
Epilepsy

Optic support

Hearing support
Walking aid

Psychiatric comorbidity
Gestational age
Preterm

Term

Post-term

Syndromic disorders
Alagille syndrome
DiGeorge syndrome
Goldenhar syndrome
Trisomy 18

Trisomy 21

Noonan syndrome
Williams syndrome

Others

750

378
372

100%.

50.4%
49.6%

1.7%
34.9%
29%
1.5%
34.5%

15.8%
83.8%
0.4%
83%
1.6%
7.8%
31%
1.6%
59.4%
4.7%
47%
17.2%

Mean
Median

12,16

SD
IQR

0.847
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Patients total (n=13) dTGA Senning/Mustard (n =8) «TGA (n=5) p-value

Gender (female/male) 9 (69)/4 (31) 5(62.5)/3 (37.5) 4 (80)/1 (20) 1000
Age at CMR (years) 30.3 (25.2-37. 322 (29.1-373) 250 (230-415) 0524
BSA (kg/m’) 19 (19-2.0) 0524
NYHA
1 7 (54) 3(37.5) 4(80) 0266
1 6 (46) 5(62.5) 10)
I 0(0) 0(0) 0(0)
v 0(0) 0(0) 0
VO,max (ml/min/kg) 223 (158-30.0) 204 (139-228) 256" 0071
n=8 n=6 n=2
T-proBNP (pg/ml) 2363 (179.9-662.8) 247.4 (183.1-850.2) 198.8 (105.8-662.8) 0622
Arthythmias
SVT 18 1(14) 0(0) 1000
nsVT 2(17) 2(29) 0(0) 0470
n=12 n=7
Pacemaker 18) 0(0) 1(80) 0417
1cD 2(17) 229 00 0470
n=12 n=7
MCS 00 0(0) 0 na.
HTx 1(8) 0(0) 1(20) 0417
Death 18) 1(14) 0(0) 1000
n=12 n=7
CMR findings
LVEF (%) 55 (49-62) 50 (47-62) 56 (52-62) 0435
LVEDV (mL/m’) 68 (52-90) 59 (47-67) 7-105) 0.006
LVESV (mL/m?) 35 (24-39) 28 (21-35) 41 (32-45) 0.045
LVSV (mL/m’) 32 (30-51) 31(27-32) 51 (42-63) 0011
RVEF (%) 45 (34-55) 43 (31-56) 46 (39-54) 0622
RVEDV (mL/m’) 113 (97-159) 106 (92 03) 0284
RVESV (mL/m’) 67 (45-96) 63 (42 0435
RVSV (mL/m’) 53 (45-60) 473 0.030
Presence of LGE 9(75)° 7Q 0045

Values are median (range) or n (%). Statistically significant p-values are indicated in bold
BSA, body surface area; ccTGA, congenitally corrected transposition of the great arteries; CMR, cardiovascular magnetic resonance; dTGA, d-loop transposition of the
great arteries; HTx, heart transplantation; ICD, implantable cardioverter defibrillator; LGE, late gadolinium enhancement; LVEDV, left ventricular end-diastolic volume;
LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; LVSYV, left ventricular stroke volume; MCS, mechanical circulatory support; nsVT.
non-sustained ventricular tachycardia; NT-proBNP, N-terminal pro brain natriuretic peptide; NYHA, New York Heart Association; RVEDV, right ventricular end-
diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke volume; SVT, supraventricular
tachycardia; VO,max, maximum oxygen consumption.

*Median value was given.

5L GE image quality was insufficient in one patient.
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Controls

Patients lue
(n=15) (n=13)
LV T1 native (ms) 989 (966-998) 1023 (978-1059) 0072
LV ECV (%) 26 (23-27) 34 (30-41) <0.001
RV T1 native (ms) 979 (953-1027) 1002 (978-1054) 0235
RV ECV (%) 28 (26-29) 29 (27-32) 0316

Values are median (range). Statistically significant p-values are indicated in bold
LV T1 native, left ventricular native T1: LV ECV, left ventricular extracellular
volume; RV T1 native, right ventricular native T1; RV ECV, right ventricular

O ——
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Maternal

death*
N

(%; 95% CI)

Al pregnandies (1 = 307) 15 (4.9)
(4.9;2.8-7.9)

Therapeutic abortion 3(6.0
(n=150) (1.3-16.6)
Miscarriage/Fetal demise 229
<28 weeks (0 = 70) 0.4-9.9)
Delivery >28 3(1.7)
weeks/Post-partum (1= 180)  (0.4-4.8)

P-values§ 0.19

*Seven women dled dluring pregnancy.

t

Major  Thrombosis
bleeding ¥
N N

(%;95% CI)  (%; 95% CI)

22(7.2) 24(7.8)
(4.5-10.7) (5.1-11.4)
6(12.0) 8(16.0)
45243  (7.2-29.1)
9(12.9) 4(5.7)
(6.1-23.0) (1.6-14.0)
739 12(6.7)
(1.6-7.9  (35-11.4)
0019 0.090

¥ 17 metrorrhagia, one hemorrhagic stroke, four other causes requiring blood transfusion.

T 23 valve thrombosis, one ischemic stroke.

§ Fisher exact Test for maternal death and thrombosis, Chi-Square for major bleeding.
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Al pregnancies.
Born alive
Therapeutic abortion (TA)
Al pregnancies-excluding TA
Born alive

Miscarriage/Fetal demise
<28 weeks

Stillbirth/neonatal death
Maternal death during
pregnancy

Unknown

Overall

N (%)

307
153 (49.8)
50(16.3)
257
153 (59.5)
70(27.2)

2493
7@7)

3(1.2)

One
pregnancy
N (%)

206
112 (54.4)
30 (14.6)
176
112 (63.6)
39 (22.2)

16(9.7)
7(4.0)

3(1.7)

Two or three
pregnancies
N (%)

101
41 (40.6)
20(19.8)
81
41(50.6)
31(38.3)

8009
0

0©
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Domain scores
Information
Organization
Parental participation
Gare and cure
Professional attitude
Full-scale score

Recommend Readmission Overall

ward

057
0.43
0.62
0.58
0.63
0.67

to ward

053
0.40
058
0.56
0.57
0.62

Al correlations significant (p < 0.01), two-tailed.

rating
doctors

0.60
0.46
0.63
0.68
0.64
0.74

Overall
rating
nurses

0.54
0.41
054
0.67
0.61
0.69
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Information Organization Parental

Care

participation and

Information ~ 1.00

Organization 0.49 1.00
Parental 069 052 1.00
participation

Care and cure 0.70 052 0.70
Professional  0.63 052 067
attitude

Al correlations significant (p < 0.01), two-tailed.

cure

1.00
0.69

Professional
attitude

1.00
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b o x/df CFl  TLI RMSEA

Three-component model 164578 385 070 0.66 0.13
Three-component model, revised ~ 1640.05 505 073 0.70 0.09
One-component model 164217 405 068 0.63 0.13
Five-component model 1561.97 395 070 064 0.13

CFA, Confirmatory Factor Analysis; x?, model-Chi-squared; df, degrees of freedom;
CFl, Comparative Fit Index; TLI, Tucker Lewis Index; RMSEA, Root Mean Square Error
of Approximation.
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Fy F2 F3 Fa Fs

Three-component model 030 082 014
Three-component model, revised 047 067 072

One-component model 035

Five-component model® 051 042 073 054 044

CFA, Confirmatory Factor Analysis; F, factor. Five-component model: Fy Information, F»
Organization, F3 Parental Participation, F4 Care and Cure, Fs Professional Attitude.
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Items

Information

Disease treatment
Examination

Drugs

Daily talks with doctor
Daily talks with nurse
Organization

Clean

Reachable

Noise

Space

Efficiency

Parental participation
Decision-making
Encouraged to stay close
Stay close

Asked about experiences
Confidence in doctor
Confidence in nurse
Care and cure
Teamwork

Pain treatment

Child comfort doctor
Child comfort nurse
Responsible doctor
Responsible nurse
Discharge doctor
Discharge nurse
Professional attitude
Admission

Hygiene

Privacy

Respect

Sympathy doctor
Sympathy nurse
General satisfaction items
Recommend ward
Readmission to ward
Overall rating doctor
Overall rating nurse.

Mean

552
5.49
4.99
5.37
5.69

5.65
5.75
494
4.70
5.09

5.20
5.22
5.65
475
5.65
5.59

5.45
5.67
5.49
5.65
5.00
5.41
5.27
5.34

5.42
5.57
5.07
5.56
554
5.56

5.56
5.67
9.06
9.07

SetA

sD

097
0.92
1.23
1.07
0.94

0.89
0.65
127
151
1.20

117
1.18
0.92
151
0.84
087

093
0.91
091
0.76
1.49
1.25
125
115

0.95
0.90
1.26
0.86
094
0.94

0.87
0.90
1.49
1.44

SetB

Mean

5.49
5.56
5.19
5.46
5.63

5.64
5.80
5.09
4.83
5.13

5.30
5.24
559
4.60
573
5.67

5.46
557
551
5.61
5.12
5.44
5.37
5.44

5.26
5.60
5.12
5.65
561
5.64

5.56
554
9.12
9.00

SD

097
0.79
1.13
1.11
0.99

0.78
0.61
121
1.47
1.22

1.13
1.30
0.96
1.67
0.76
0.76

087
0.88
0.95
0.84
1.38
1.09
1.21
1.1

1.14
0.88
121
0.85
0.88
0.84

0.89
0.98
1.63
1.62

Mean

550
5.52
5.09
5.41
5.61

5.59
5.78
5.02
4.76
511

5.25
5.23
5.67
4.68
5.69
5.63

5.45
5.67
550
5.63
5.08
5.43
5.32
5.39

5.34
5.59
5.10
5.61
558
5.60

5.56
5.56
9.09
9.03

8D, standard deviation. Descriptive statistics were computed on the unimputed data. The answer category 0 (“not applicable”) was treated as missing value.

Full sample

sD

097
0.86
1.19
1.09
0.97

0.84

124
1.47
121

1.15
1.24
0.94
1.59
0.79
0.82

0.90
0.90

0.80
1.43
117
1.23
113

0.89
1.23
0.86
091
0.89

0.88
0.94
1.56
1.63
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Domain scores
Information
Organization
Parental participation
Care and cure
Professional attitude
Full-scale score

SD, standard deviation.

Mean (SD)

5.41(0.75)
519 (0.84)
5.34 (0.82)
5.49 (0.80)
5.45 (0.76)
536 (0.70)

Cronbach’s
alpha,
mean over
imputed data
sets (range)

0.78 0.77-0.79)
0.73(0.72-0.73)
0.83 (0.81-0.84)
085 (0.84-0.85)
085 (0.85-0.86)
0.5 (0.95-0.95)

McDonald’s
omega,
mean over
imputed data
sets (range)

080 (0.79-0.80)
075 (0.75-0.76)
0.84 (0.83-0.85)
087 (0.86-0.87)
0.87 (0.86-0.87)
0.95 (0.95-0.95)
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Total number LAl number RAI number

(%) (%) (%)
Situs anomalies
Situs anomaly/ambiguus 37 (80) 25 (86) 12 (71)
Situs inversus 8(17) 4(14) 4(24)
Partial situs inversus 12 0 1(6)
Spleen
Asplenia 17 (37) 7 (24) 12(71)
Polysplenia 13 (28) 13 (45) 0
Regular spleen (right or left) 9(19) 5(17) 4(24)
Small spleen 12 1) 0
Central nervous system, face
Craniofacial dysmorphism 6(13) 5(17) 1(6)
Cleft (lip) palate 3(6) 2(7) 1(6)
Ventriculomegaly 24 1(3) 1(6)
Ventricular asymmetry 2(4) 13) 1(6)
Hydrocephalus 24 0 2(12)
Cerebellar hypoplasia 12 0 1(6)
Stenosis of the aqueduct 12 0 1(6)
Delayed myelinisation 1(2) 0 1(6)
Dandy walker malformation 12 1(3) 0
Rhombencephalosynapsis 12 0 1(6)
Gastrointestinal tract
Malrotation of the gut 12 (26) 9 (81) 3(18)
Gallbladder aplasia 3 (6) 3(10) 0
Duodenal atresia 24 19 1(6)
Anal atresia 12 1) 0
Omphalocele 12 19 0
Volvulus 12 1Q) 0
Biliary atresia 12 1) 0
Urinary tract
Hydronephrosis 3(6) 1(3) 2(11)
Duplex kidney 24 1(3) 1(6)
Urethral obstruction 1) 1) 0
Unilateral kidney agenesis 1(2) 1) 0
Bilateral kidney agenesis 1(2) 1) 0
Hypertrophy adrenal glands 12 0 1(6)
Polycystic kidneys 1(2) 1(3) 0
Skeletal anomalies/others
Scoliosis/skeletal abnormalities 3 (6) 2(7) 1(6)
Polydactyly/syndactyly 3 (6) 3(10) 0

Uterine agenesis/aplasia 2

=
-
@
-
o
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aIpuadied ‘05

Mean head circumference in CHD patients [percentile]

All CHD 44.1

Female 46.9
Male 41.2

Severity:
Simple 51.3

Moderate 40.6
Complex 29.5





OPS/images/fped-10-908505/fped-10-908505-g004.jpg





OPS/images/fped-10-908505/fped-10-908505-g005.jpg





OPS/images/fped-10-908505/fped-10-908505-t001.jpg
No of patients included

Maternal age at diagnosis (mean)
Gestational age at diagnosis (mean)
Gender known

Male sex

Left atrial isomerism (LAI)

Right atrial isomerism (RAI)

Genetic assessment

Karyotype

Karyotype including microarray
Non-invasive prenatal testing (Trisomies 21, 18, 13)
Next generation sequencing
Postnatal chromosomal investigation

46

30 (Range 17-42) years
23 (Range 12-36) weeks
40/46
23/40 (58%)
29/46 (63%)

17 (38%)

31/46 (67%)

27 (58%)

1

1
1
1
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LAI(n=29) RAI(n=17)

Systemic venous anomalies

Interrupted inferior vena cava 18 (62) 1(6)
Bilateral superior vena cava 9(31) 5(29)
Single left superior vena cava 0 1(6)
Pulmonary venous anomalies

Total anomalous pulmonary venous connection 2(7) 9 (83
Partial anomalous pulmonary venous connection 5(18) 3(18)
Septation defects

Isolated ventricular septal defect 1(4) 1(6)
Common atrium 1(4) 4(23)
Complete atrio-ventricular septal defect 9(31) 10 (89)
Anomalies of the ventricles

Hypoplastic left ventricle/single right ventricle 3(11) 3(18)
Hypoplastic right ventricle/single left ventricle 3(11) 4 (23)
Single ventricle morphology 4(14) 6 (35)
Ventriculo-arterial connection anomalies

Transposition/malposition of the great arteries 6 (21) 9 (53)
Double-outlet right ventricle 5(18) 6 (35)
Double-outlet left ventricle 2(7) 0
Truncus arteriosus communis 0 1(6)
Outflow tract obstructions

Pulmonary stenosis/atresia 8 (28) 14 (82)
Aortic stenosis/atresia 4(14) 3(18)
Coarctation of the aorta 8 (28) 1)

Data are given as number (percent). Some fetuses had more than one cardiac
anomaly.
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48 Fetuses

LAI
n=29

Undetermined
=2

|

LTFU *
n=1

Continued
pregnancies T(_)P
n=22 T
LTFU LB
n=4 n=18
Neonatal Childhood Alive
death death n= 10
n=3 n=5

IUFD *
n=1

RAI
n=17

Continued
pregnancies
n=12

TOP
n=>5

LB
n=11

LTFU
=1

Neonatal
death
n=2

Childhood
death

n=4

Alive
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Echocardiography and ECG

Echocardiography generally abnormal

LV dysfunction, decreased LV ejection fraction
Mitral valve regurgitation

Coronary artery abnormalities

Additional pleural effusions

Isolated pleural effusions*
Electrocardiography

Repolarisation abnormalities

LV, left ventricular. *2 with combined pericardial and pleural effusions.
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Laboratory results Reference values Abnormal at admission, n (%) Median Interquartile range (P25-P75)

Cardiac-biomarkers

NT-proBNP, pg/ml <125 43 (96) 6477 [2677-10556]
Cardiac troponins ng/L <14 29 (64)

Blood chemistry

CRP, mg/dL 0.5 37 (82) 19 [14-27]
Interleukin-6, pg/mL <7 16 (46) 181 [31-1546]
Ferritin, mcg/L 6-60 31 (74)

Creatinin, mg/dL 0.31-0.47 13 (29)

Fibrinogen (Clauss), mg/dL 200-400 31 (69) 470 [280-650]

Covid-19 diagnostics at presentation
SARS-CoV-2 PCR

Positive 9/44 (20)
Negative 35/44 (79)
Not available 1
SARS-CoV-2 antibodies

Positive 35/41 (85)
Negative 6/41 (15)
Not available 4

Fur NT-proBNR, brain natriuretic peptide; CRF, C-reactive protein.
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Characteristics

Age, years

0-5

6-10

11-18

Sex

Male

Female

Weight (kg)

Body mass index
(kg/m?)
Comorbidity
Recurrent Bronchitis
and prematurity
VSD
Hydronephrosis
Latent tuberculosis
Primary immune
deficiency
(cellular/humoral)
Asthma, atopic
dermatitis
Presentation period
April 2020 to
September 2020
October 2020 to
January 2021
February 2021 to May
2021

Covid-19 positive
history (weeks prior
PIMS diagnosis)*
0-2

2-4

4-6

>6"*

N (%)

6 (13%)

- e

6(13)

20 (44)

19 (43)

Median (min;
max)

9(1.2;,18)

31.3(11;79)
18

Interquartile range
(P25-P75)

[4-12]

[19-50]
[16-20]

*According to positivity of prior antigene or PCR tests or contact-history.
**Maximum 8 weeks. V'SD, ventricular septum defect.
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Signs and symptoms at presentation N (%)

Impaired general condition 45 (100)
Fever 44 (98)
Gastrointestinal symptoms* 40 (89)
Rash 36 (80)
Pharyngitis, cough 9 (20)

Cerebral/head ache 2 (6)

Arterial hypotension 31(72)

*Inclusive vomiting, diarrhea, and abdominal pain.
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Baseline information

Median age at the ECG, years IQR]
Sinus bradycardia
1st degree AV block, n (%)
Nonspecific intraventricular conduction delay
Right BBB, 1 (%)
Left BBB, 1 (%)
Left Anterior Fascicular Block, n (%)
ORS axis
Normal, n (%)
Left axis deviation, n (%)
Right axis deviation, n (%)
Superior axis deviation, 1 (%)
Indeterminate axis, n (%)
Low QRS voltage, n (%)
Poor R-wave progression, n (%)
Abnormal repolarisation (Flat/inverted T waves)
Inferiorly
Inferolaterally
Inferior and anterior leads
Generalized
Qe >450
Overall ECG abnormalities

AV, Atrioventricular; BBB, Bundle Branch Block; DM1, Myotonic Dystrophy type 1.

Baseline ECG
(n=49)

41 [1.7-10.5)
1(20)

13 (26.5)
12 (24.5)
2(4.1)
0(0)
2(4.1)

21 (42.9)
7(14.3)
12 (24.5)
5(10.2)
6(12.2)
13 (26.5)
1(2.0)
12 (24.5)
4(82)
36.1)
1(2.0)
482
1(2.0)
43(87.8)

Follow-up ECG (n = 44)

12.2(6.9-16.1)
123
15 (34.1)
13(29.6)
00
0(0)
5(11.4)

18 (40.9)
10(22.7)
9(205)
5(11.4)
4(9.1)
19(43.2)
7(15.9
16.(36.4)
4(9.1)
8(18.2)
123
368
123
43(97.7)

P-value

0.5465
0.3711

>0.999
0.1824
0.505
>0.999
0.6171
0.023

0.4227

>0.999

0.2278

>0.999

0.1336

Increased prevalence (%)

03
76
5.1

73

84

16.7
139
1.9
0.9
121
03

03
9.9
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Conduction defects

Any conduction defect, n (%)
1st degree AV block, n (%)
Isolated 1st degree AV block, 1 (%)
And RBBB 1 (%)
And Left anterior fascicular block, n (%)
And RBBB and Left anterior fascicular block, n (%)
And Mobitz type | and ll and 2:1 AV block, n (%)
Isolated left anterior fascicular block, n (%)
Isolated RBBB, n (%)

Study population
(n =49)

23 46.9)

21 (429)

13 (26.5)
10
482)
0(0)
120)
120
120)

AV, atrioventricular; RBBB, Right Bundle Branch Block.
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Echocardiography Study population

features (n="54)
Left ventricular ejection 68.5(62.5-72.0)
fraction, % [IQR]

Left ventricular dimensions, -18(-0,1-0,0]
z-score [IQR]

Echocardiographic 8(148)
abnomaities (total)

Pericardial effusion without 1019
haemodynarmic

compromise, n (%)

PDA (surgical closure), n 3(65)

(%)

PDA, VSD and left lower 1019

pulmonary vein stenosis,

n (%)

Isolated PDA 2@.7)
PDA (interventional closure), 2@.7)
n (%)

PDA and mild aortic root 1019
dilatation, n (%)

Isolated PDA 1(1.9)
HCM, mild MVP and Aortic 1019
root dilatation, n (%)

Left aortic arch with right 1019

aberrant subclavian artery

HCM, Hypertrophic Cardiomyopathy; MVF, Mitral Vaive Prolapse; PDA, Patent Ductus
Arteriosus; VSD, Ventricular Septal Defect.
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Characteristics

Questionnaire completed by
Mother

Father

Both

Country of birth
Germany

Other

Both!

Mother tongue
German

Other

Both!

irst admission

Yes
No

Type of admission
Planned

Unexpected

Both

Medical procedures?
Cardiac surgery

Heart catheterization
Medication

Other

Age of the child in years
Mean (SD)

Length of stay in days
Mean (D)

136
23
19

166

15

148
2

86

165
13

388

]

SetA

5.32(6.63)

6.32 (8.86)

%

76.4
129
10.7

912
82
0.5

83.4
135
3.4

525
475

91.7
72
11

15
25
38

154
25

143
32

99
82

174

103
9
20
13

SetB

4.98(6.25)

7.92 (24.15)

%

646
14
213

842
137
22

79
17.7
33

54
453

o72
28

251
48
57

320
40

291
56
12

194
168

339
18

191
172
39
26

Full sample

5.15(6.43)

7.13(18.28)

705
35
156

87.7
1
14
811
15.6
33

536
46.4

9.4

06

P-value

0.0172*

0.0932

0.648%

0.673*

0.055%

0.154%
0.102*
08512
0.988*

0.589°

0.784°

D, stendard deviation. Total number of respondents vary because of missing deta. ' Different answer for either perent when questionnaire filed out by both. 2Muitiple answers were
possible. #Pearson’s Chi-square test. ®Mann-Whitney U-test. * Statistically significant (o <0.05).
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Test Score MVPA/day
KIDSCREEN-27 (n = 31) T-scores p r
Physical wellbeing 47.08 (42.563-52.43) 0.05 033
Psychological wellbeing 5307 (4653-59.51) 030 0.8
Parent relations & autonomy 5325(40.47-56.58) 003 037
Social support & peers 4979 (44.40-5328) 001 044
School environment 54.40(48.00-68.16) 008 029
Questionnaire SF-36 (n = 7) % predicted P v
Physical functioning 93.94(73.06-94.45) 004 056
Physical role functioning 10174 (78.48-101.74) 005 053
Bodly pain 109 (109-109) 016 040
General health 91.42 (74.74-99.65) 0.03 058
Vitality 61.73(34.29-9602) 004 055
Socal role functioning 106.18(99.54-106.18) 008 0.48
Emotional role functioning 10536 (70.24-105.36) 008 0.49
Mental health 93.96(84.73-10033) 004 056
Component summaries:

Physical 93.96(84.73-100.33) 003 057
Mental 107.45(96.76-110.28)  0.04 055
Total 9621(8389-102.23) 007 0.49

Statistically significant correlations are marked in bold.
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Test

PSQ (n =31)
Obstructive sleep-related breathing disorders
Subscale for snoring

Subscale for sleepiness

Subscale for inattentive/hyperactive behavior
PSQl (n=7)

Global score

Score

021 (0.13-0.47)
0(0-0.33)

025 (0-05)
033 (0.17-067)

4(2.25-6.57)

Patients

>033
12 39)
4(13)
10(3)
17 (5)
>5
4(67)

P
013
008
008
003
3
001

MVPA/day

r
0.26
0.50
0.32

-0.36

r

-0.71

PSQ, Pediatric sleep questionnaire; PSQ, Pittsburgh Sleep Quality Index. The results of expressed as median (IQR) or n (%), as appropriate. The statistically significant correlations are

marked in bold.
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Cardiac anatomy

Left single ventricle
Double inlet left ventricle
Tricuspid atresia
Pulmonary atresia with intact ventricular septum
Dysbalanced atrioventricular septal defect
Right single ventricle
Hypoplastic left heart syndrome complex
Double outlet right ventricle
Dysbalanced atrioventricular septal defect

20
13
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Physical activity (min/7 days)

Light
Moderate

Vigorous

Physical activity, total of 7 days
Sedentary (%)

Light (%)

Moderate (%)

Vigorous (%)

Moderate-to-vigorous physical activity
Total, 7 days (minutes)

Total, 7 days (%)

Minutes/day

> 60 mins/day, n (%)

Median (IGR)

2,287 (1,761-2,568)
177 (140-246)
47 (31.5-81)

56.6 (50.2-63.4)
30.3(32.9-43.7)
33(2:3-4.6)
0.76 0.53-1.51)

249 (188-329)
43(3.4-6.2)
40 (29-55)
7(18)
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Treatment N (%)
IVIG 1-2 grams/kg over 12-24 h 42 (93)
Corticosteroids 38 (84)
Methylprednisolon (10-30 mg/kg over 3 days)* 24 (53)
Prednisolon (2 mg/kg) 6 (35)
Acetylsalicylic acid 45 (1 00)
Primary high dose (30-50 mg/kg for 3-5 days)* 26/45 (58)
Low dose (3-5 mg/kg for 3 months) 39/45 (87)
Anakinra (2-4 mg/kg/day) 5(11)
High fever and gastrointestinal symptoms, 5/6
exanthema, konjuntivitis

Arterial hypotension, ICU 8/5; 2/5
Markedly elevated NT-pro BNP; CRP 5/5; 4/5
Prior IVIG 5/5
Prior prednisolone/methylprednisolone 2/5; 3/5
Inotropes 18 (40)
Milrinon 6 (13)
Dobutamine 12
Norepinephrine 11 (24)
Respiratory support

Oxygen intranasal insufflation 7 (16)
Treatment response (improved clinical, laboratory, 38 (84)
ECG and echocardiography) within 3-5 days after

treatment start

IVIG, intravenous immunoglobulin; ECG, electrocardiography; ICU: intensive

care unit; CRR C-reactive protein; IVIG, immunoglobulin.

to local decision.

*Dosage according





