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Case report: Prenatal diagnosis of fetal non-compaction cardiomyopathy with bradycardia accompanied by de novo CALM2 mutation
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We herein report what appears to be the first case of fetal non-compaction cardiomyopathy in both ventricles accompanied by a mutation in the calmodulin gene (CALM2). A 25-year-old woman was referred to our hospital at 25+1 weeks of gestation for evaluation of fetal defects. Prenatal echocardiography showed biventricular non-compaction cardiomyopathy with sinus bradycardia. After termination of the pregnancy, fetal biventricular non-compaction cardiomyopathy was confirmed by autopsy and histopathologic examination. Additionally, whole-exome sequencing of genomic DNA demonstrated a de novo heterozygous mutation (c.389A > G; p.D130G) in CALM2, whereas the parents were normal. In this case report, we highlight the importance of prenatal ultrasound and genetic testing in fetal non-compaction cardiomyopathy with arrhythmia.


KEYWORDS
prenatal, ultrasound, non-compaction cardiomyopathy, bradycardia, CALM2 mutation





Introduction

Non-compaction cardiomyopathy (NCCM) is a rare disorder that frequently manifests as monogenic diseases, especially neuromuscular disorders and chromosomal defects, and it was first reported on autopsy in 1969 (1). The incidence of NCCM in the general population ranges from 0.05% to 0.25%, whereas the incidence in children may reach 9.2% (2). NCCM is characterized by increased numbers of prominent trabeculations and deep intertrabecular spaces. Additionally, NCCM combined with arrhythmia has been rarely reported during the prenatal period. With the development of medical imaging techniques, the detection rate of NCCM has increased. Prenatal ultrasound is the primary and most convenient modality and can be used to recognize fetal arrhythmias. Thus, it is possible to identify NCCM with arrhythmia as early as the fetal period. As a rare genetic cardiomyopathy, NCCM is regulated by various genes that are involved in encoding ion channels, sarcomeres, and chaperone proteins. The related ion channel genes mainly include SCN5A, RYR2, KCNQ1, and HCN4 (3). However, involvement of the calmodulin gene (CALM2) in fetal NCCM has been rarely reported. CALM2 is a Ca2+-signaling gene that encodes for calmodulin, which is a multifunctional Ca2+-binding protein (4). Calmodulin is also an important calcium-sensitive signal transduction protein involved in regulating almost every cardiac ion channel through calcium/calmodulin-dependent protein kinase II (5, 6), and calmodulin may simultaneously contribute to cardiomyopathy and arrhythmia. We herein present the first case of fetal NCCM in both ventricles combined with sinus bradycardia and CALM2 mutation at 25+1 weeks of gestation.



Case description

A 25-year-old woman (gravida 1, para 0) was referred to our hospital at 25+1 weeks of gestation for evaluation of fetal defects. The patient was allergic to penicillin. Both parents were healthy, and there was no family history of birth defects or exposure to any specific teratogenic agents. A prenatal two-dimensional ultrasonographic investigation (3.0–5.0 MHz) (Voluson E10; GE Healthcare, Chicago, IL, United States) showed dilated ventricles (Z-score of left ventricular end-diastolic dimension: 2.51, Z-score of right ventricular end-diastolic dimension: 2.32), an increased cardiac area/thoracic area ratio (0.56), slight pericardial effusion, and extensive trabeculations in both ventricles. We found that in the left ventricle, the compacted layer became thinner (2 mm) and the non-compacted layer became thicker (6 mm), and in the right ventricle, the compacted layer became thinner (1.5 mm) and the intertrabecular space reached deeply into the epicardium. The ratio of non-compacted to compacted myocardium (N/C ratio) in the left and right ventricle was 3 and 2, respectively (Figure 1A). Color Doppler revealed blood perfusion to the intertrabecular recesses (Figure 1B). The heart rate was 101 bpm, and the atrioventricular (AV) interval was 133 ms. Therefore, the prenatal ultrasound diagnosis was biventricular NCCM with sinus bradycardia and pericardial effusion. Two weeks later, the fetal heart showed no significant improvement. The parents opted for pregnancy termination at 28 weeks' gestation after prenatal counseling, and heart autopsy and whole-exome sequencing (WES) were performed after obtaining the parents' informed consent. At autopsy, the biventricular wall contained increased numbers of prominent trabeculae and deep intertrabecular recesses (Figure 2). Histopathologic examination confirmed fetal NCCM (Figure 3). Genomic DNA was extracted from the muscle of the fetus to perform WES. The result demonstrated a de novo heterozygous mutation (c.389A > G; p. D130G) in CALM2 (Figure 4). According to the current American College of Medical Genetics guidelines, the CALM2 mutation was preliminarily determined to be the pathogenic variant (PS2 + PS4 + PM1 + PM2 + PM5 + PP3). The filtering cascades for the WES data of other variant genes are listed in Supplementary Table S1. The sequencing results of the parents were normal. The CALM2 variant was not found in either the largest general population database (gnomAD, http://gnomad-sg.org) or the in-house control database.
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FIGURE 1
Fetal echocardiography at 25+1 weeks of gestation. (A) The two-dimensional ultrasound image shows increased numbers of prominent trabeculations and deep intertrabecular spaces in both ventricles (yellow arrow), especially at the left ventricular apex. The ratio of non-compaction (6 mm) to compaction (2 mm) was 3:1. (B) The color Doppler ultrasound image shows blood perfusing the intertrabecular recesses (white arrow). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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FIGURE 2
Sanger sequencing electropherogram. The variant (c.389A > G) demonstrated the replacement of a conserved aspartic acid residue at position 130 with glycine (p.D130G) in the CALM2 gene (red arrow).
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FIGURE 3
Dissected autopsy specimen. The specimen showed excessive trabeculae and deep intertrabecular recesses within the biventricular myocardium.
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FIGURE 4
Histopathologic appearance of the myocardium at low magnification (hematoxylin and eosin, ×40). The images were compatible with non-compaction cardiomyopathy, with cardiomyocyte disarray in the non-compacted layer (black arrow) in opposition to regular cardiomyocytes in the compacted layer (yellow arrow).




Discussion

NCCM is a rare cardiomyopathy with various genotypic and phenotypic manifestations. It is categorized as a primary genetic cardiomyopathy by the American Heart Association and as an unclassified cardiomyopathy by the European Society of Cardiology (7). The diagnosis of NCCM is complicated in fetal life, and there is no uniform standard. At present, many scholars diagnose fetal NCCM by reference to pediatric or adult criteria, mainly using the N/C ratio. According to a study by Stöllberger et al. (8), the diagnostic criteria for NCCM by echocardiography during pregnancy are as follows: at least four trabeculations protruding apically to the papillary muscle of the left ventricle visible in one imaging plane in end-diastole, a two-layered structure with epicardial compacted and endocardial noncompacted layers and an N/C ratio of ≥2, and perfusion of intraventricular blood into the intertrabecular spaces in color Doppler imaging. Fetal NCCM has its own specific imaging features. First, during development of the fetal cardiac structure, the N/C ratio of the myocardium in the normal fetus is much higher than that in a child or adult. Therefore, when the N/C ratio of the myocardium is about 2, we should be alert to the occurrence of NCCM and establish follow-up plans to observe the tendency of prominent trabeculations during the pregnancy. Second, because of the right ventricular dominance of the fetal circulation, fetal NCCM always involves both ventricles (9). By contrast, pediatric or adult NCCM most commonly occurs in the left ventricle; it rarely involves both ventricles, and isolated right ventricular NCCM is even rarer. Involvement of the right ventricle often implies a poor prognosis (10). In the published literature, most of the ultrasonic diagnostic criteria of right ventricular NCCM are based on the left ventricle; however, the right ventricle has more trabeculae, and its anatomical and morphological characteristics increase the difficulty of diagnosis of right ventricular NCCM. Fazio et al. (11) reported that the key to diagnosis of right ventricular NCCM is a significant increase of trabeculae in the right ventricle accompanied by dilation of this ventricle. The abnormal manifestations of the fetal right ventricle in the present case included a thin compacted layer, deep intertrabecular space, and dilated right ventricle. As noted by Fazio et al. (11), we consider that increased trabeculae within and enlargement of the right ventricle are the most important abnormalities for the diagnosis of fetal right ventricular NCCM and can provide instructive information for prenatal counseling.

NCCM in children and adults is always accompanied by arrhythmia. Kayvanpour et al. (12) found that the incidence of arrhythmias reached 61%, including conduction system diseases (26%), supraventricular tachycardia (17%), and sustained or non-sustained ventricular tachycardia (18%). Srivastava et al. (13) found that patients with NCCM had various electrocardiographic abnormalities, the most common of which were early repolarization and a prolonged QTc interval. Additionally, the types of arrhythmias were related to age. For example, Wolff-Parkinson-White syndrome and ventricular tachycardia were more common in children, and atrial fibrillation and other ventricular arrhythmias were more common in adults (13). However, prenatal diagnosis of fetal NCCM combined with arrhythmia has rarely been reported. We have herein presented the first case of fetal NCCM in both ventricles combined with sinus bradycardia. The normal fetal heart rate ranges from 120 to 160 bpm. Fetal bradyarrhythmia, which is defined as a heart rate of <110 bpm and mainly includes sinus bradycardia (16.9%) and AV block (38.2%) (14), is related to fetal hypoxia, abnormal heart structure, and maternal connective tissue disease. Sustained bradyarrhythmia can lead to cardiac function impairment manifesting as cardiac effusion in the fetus (15), as in the present case, suggesting a poor prognosis. Fetal echocardiography is the most commonly used method for diagnosing fetal arrhythmia. The AV interval is a key parameter for identifying the type of bradyarrhythmia. The normal fetal AV interval ranges from 112 to 130 ms (16). The AV interval of the fetus in this case was 133 ms; because it was <150 ms, it did not meet the diagnostic criteria for AV block (17). Therefore, the fetal arrhythmia type was considered to be sinus bradycardia. Sinus bradycardia is found in 40% of cases of fetal long QT syndrome (LQTS) during the prenatal examination (18). The fetal findings combined with the WES findings of the family in this case demonstrated a new mutation in CALM2. Therefore, we highly suspected that the fetus had NCCM combined with LQTS. Fetal magnetocardiography is currently the most consistent and reliable technique for diagnosis of LQTS because it can provide a fetal electrocardiographic-like signal to definitively demonstrate QTc prolongation (19). However, because this advanced device was unavailable in the present case, we were unable to prove the presence of QTc prolongation using prenatal echocardiography. Additionally, because the parents chose to induce labor, we were unable to definitively determine whether the fetus had LQTS.

NCCM can be familial or sporadic and may be isolated or accompanied by other cardiac diseases. The etiology of NCCM is complex and still unclear. Although at least 40 gene mutations are reportedly associated with NCCM [e.g., MYH7 and PRDM16 (20–22)], few case reports of CALM2 mutation in fetal NCCM have been published. A previous study demonstrated strong or definitive evidence for a causal relationship between CALM2 mutation and atypical LQTS phenotypes, including marked sinus bradycardia or atrioventricular block as well as QT prolongation in infancy or early childhood (23). Limpitikul et al. (24) demonstrated that the potential mechanism of CALM2 mutation-induced LQTS is a disruption of Ca2+/calmodulin-dependent inactivation of L-type Ca2+ channels. Because the CALM2 gene is involved in regulating ion channels, it may simultaneously contribute to cardiomyopathy and arrhythmia. Three published cases indicated that CALM2 mutation might have contributed to LQTS accompanied by cardiomyopathy (one case of hypertrophic cardiomyopathy and two cases of left ventricular NCCM), indicating the variant positions in CALM2 (c.396T > G; p.D132E, c.394G > C; p.D132H, and c395A > G; p.D132G) (25–27). Our case adds a report of a novel CALM2 mutation (c.389A > G; p.D130G) in fetal NCCM combined with sinus bradycardia and detected by WES, providing more information regarding the relationship between the CALM2 gene and fetal NCCM combined with arrhythmia. Considering our findings in combination with previously reported findings (25–27), we highly suspect that CALM2 variants are simultaneous involved in cardiomyopathy and arrhythmia (especially LQTS). However, further research is required to confirm this hypothesis and elucidate the pathogenic mechanism.

In summary, prenatal ultrasound is very important to diagnose fetal NCCM. We should pay attention not only to abnormalities of myocardial morphology but also to the fetal heart rhythm. When prenatal ultrasound in the fetal period shows a dilated heart combined with increased trabeculae, especially in the right ventricle, fetal NCCM should be highly suspected. If the size of the heart and the N/C ratio progressively increase during ultrasound follow-up, genetic testing should be performed. Furthermore, in cases of fetal NCCM combined with arrhythmia, genetic testing is strongly recommended to provide more information for prenatal consulting and clinical application of precision medicine.
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