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Background: The aim of the study was to determine the prevalence of rare disease-causing variants in cardiomyopathy-associated genes in a cohort of patients with ischemic and non-ischemic dilated cardiomyopathy undergoing heart transplant.



Methods: We conducted a single-center cohort study of 60 adult patients with left ventricular ejection fraction ≤50% and left ventricular end-diastolic dimension ≥95th percentile for sex/height who underwent heart transplant between January 2017 and December 2023 and consented to participate in a cardiac tissue biobank. We evaluated the prevalence of rare (minor allele frequency <0.1%) disease-causing (pathogenic or likely pathogenic by American College of Genetics and Genomics criteria) variants in cardiomyopathy-associated genes.



Results: A total of 60 individuals fulfilled the inclusion criteria: 16 with ischemic dilated cardiomyopathy [88% men, median age 65 years, interquartile range (IQR) 64–68 years] and 44 with non-ischemic dilated cardiomyopathy (80% men, median age 53 years, IQR 39–65 years). We found that the prevalence of disease-causing variants was similar between patients with ischemic dilated cardiomyopathy (3/16 or 19%; 95% credible interval 6%–36%) and those with non-ischemic dilated cardiomyopathy (10/44 or 23%; 95% credible interval 12%–33%). Variants in the ischemic dilated cardiomyopathy group were found in the TTN and DMD genes. Variants in the non-ischemic dilated cardiomyopathy group were found in the TTN, FLNC, LMNA, MYH7, and RBM20 genes.



Conclusions: Patients with ischemic dilated cardiomyopathy undergoing heart transplant possessed a similar burden of rare disease-causing variants as those with non-ischemic dilated cardiomyopathy. Our results suggest that genetic testing may be beneficial in patients with advanced heart failure requiring heart transplant due to ischemic dilated cardiomyopathy to detect disease-causing variants in cardiomyopathy-associated genes.
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Background

Ischemic and non-ischemic cardiomyopathy are the most common indications for heart transplantation, comprising approximately 30% and 50% of heart transplants in both Europe and the United States, respectively (1). Although definitions vary, a standardized definition for ischemic cardiomyopathy is symptomatic heart failure with left ventricular ejection fraction (LVEF) ≤40% and a history of myocardial infarction or revascularization, ≥75% stenosis of the left main or proximal left anterior descending coronary arteries, or ≥75% stenosis of at least two epicardial arteries (2). In contrast, non-ischemic dilated cardiomyopathy (NIDCM) is defined as LVEF ≤50% and left ventricular end-diastolic diameter (LVEDD) ≥95th percentile for sex and height while excluding coronary artery disease (CAD), abnormal loading conditions, or cardiac toxins (3).

Imaging studies suggest that ischemic cardiomyopathy results from acute ischemic injury to the myocardium and that the severity of the resulting left ventricular dysfunction is proportional to the degree of ischemic injury (4, 5). The pathophysiology of non-ischemic dilated cardiomyopathy is generally considered to be distinct, and rare disease-causing genetic variants, those classified by the American College of Genetics and Genomics criteria as likely pathogenic or pathogenic (LP/P), can be identified in 20% of patients (6, 7). However, a subset of patients with ischemic cardiomyopathy develops ventricular dilation, referred to as ischemic dilated cardiomyopathy (IDCM). It is difficult to distinguish IDCM from NIDCM because patients can have risk factors or features of both diseases. When evaluated by cardiac magnetic resonance imaging (CMRI), patients with IDCM and DCM exhibit overlap in ventricular volume and late gadolinium enhancement patterns (8). These observations suggest that IDCM and NIDCM may share pathophysiologic features.

We hypothesized that patients with IDCM harbor disease-causing variants in cardiomyopathy-associated genes at a prevalence similar to that of patients with NIDCM. Thus, we sought to determine the prevalence of rare disease-causing variants in cardiomyopathy-associated genes in a cohort of patients with IDCM and NIDCM undergoing heart transplant. Therefore, this study tests our hypothesis that rare disease-causing genetic variants contribute to the development of advanced heart failure due to IDCM.



Methods


Study cohort

We identified 60 patients who consented to participate in a cardiac tissue biobank (Cedars-Sinai IRB protocols Pro00010979 and Study00001617) with dilated cardiomyopathy [defined as LVEF ≤ 50% and LVEDD ≥ 95th percentile for sex and height (3)] and underwent heart transplant at Cedars-Sinai Medical Center in Los Angeles, California, between 1 January 2017 and 31 December 2023 for ischemic or non-ischemic cardiomyopathy. Patients with other forms of cardiomyopathy, including amyloidosis, sarcoidosis, and peripartum, were excluded (Figure 1). Patients with a history of myocardial infarction or revascularization, ≥75% stenosis of the left main or proximal left anterior descending coronary arteries, or ≥75% stenosis of at least two epicardial arteries were classified as having IDCM per the Felker definition (2). Echocardiography was performed after coronary revascularization but before heart transplantation.
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FIGURE 1
CONSORT diagram of patient flow for the study cohort. A total of 108 patients underwent heart transplant alone between 1 January 2017 and 31 December 2023 who were consented to a cardiac tissue biobank. Of them, 48 patients were excluded for reasons indicated in the figure. Whole exome sequencing was performed on 60 patients, 16 with ischemic dilated cardiomyopathy and 44 with non-ischemic dilated cardiomyopathy.




Exome sequencing, gene selection, variant filtering, and variant interpretation

For a full description of methods, see the online Supplementary Material. Briefly, genomic DNA was isolated from explanted hearts for whole exome sequencing. We assessed for variants in 36 genes associated with DCM, as previously selected in the DCM Precision Medicine Study (7) and the DMD given its association with DCM (9, 10). Variants were assigned as benign/likely benign or LP/P if the variant had that classification in ClinVar with a two-star rating or above. For variants not present in ClinVar, variant interpretation was performed using the ClinGen guidelines for DCM (11) with modifications from the DCM Precision Medicine Study (7). For variants in TTN, criterion PVS1_strong was only applied if the variants were in the A-band or an exon with percent splice in >90%. The variant interpretation criteria we used are detailed in the online Supplementary Material.



Statistical analysis

Statistical analysis was performed using R version 4.2.2 (12). Variables were compared using the Kruskal–Wallis test (non-Gaussian continuous variables), t-test (Gaussian continuous variables), and the chi-square test (categorical variables). A power analysis was performed using the R package “pwrss” (13), which revealed that our study cohort size (n = 60) provided a power of 0.51 to detect a twofold difference in the odds of a patient in the IDCM group possessing a disease-causing variant (given a baseline probability of 0.2 and type I error rate of 0.05). Therefore, we used Bayesian methods implemented in the R packages “BayesFactor” (14) and “bayestestR” (15) to calculate the 95% credible interval of the proportion of patients in each group carrying a disease-carrying variant.




Results

Of the 60 patients with dilated cardiomyopathy, 16 were classified as IDCM (27%) and 44 as NIDCM (73%). Patients with IDCM were older (median age 65 vs 53 years, IQR 64–68 vs. 39–65 years; p < 0.001) but similar in sex, race, ethnicity, and body mass index (Table 1). Patients with IDCM more frequently had diabetes mellitus (81% vs. 23%; p < 0.001) and hyperlipidemia (100% vs. 41%; p < 0.001). There was no difference between patients with IDCM and NIDCM with regard to the frequency of myocarditis, aortic or mitral valve disease requiring replacement, atrial or ventricular arrhythmias, or the presence of a cardiac implantable electronic device (Table 2). Most patients with IDCM had a history of coronary revascularization (94% vs. 0%; p < 0.001) or myocardial infarction (94% vs. 0%; p < 0.001). There was no difference between patients with IDCM and NIDCM with regard to a family history of cardiomyopathy or sudden cardiac arrest. Finally, there was no difference in mean left ventricular ejection fraction (17% vs. 17%; p = 0.849) or mean LVEDD (7.1 vs. 7.1 cm; p = 0.733) between the groups on the echocardiogram performed closest before transplant.


TABLE 1 Characteristics of patients in the study cohort with ischemic dilated versus non-ischemic dilated cardiomyopathy.
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TABLE 2 Medical history of patients in the study cohort with ischemic dilated versus non-ischemic dilated cardiomyopathy.
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We identified 13 P/LP variants in six cardiomyopathy-associated genes within the 60 patients in the study cohort (variants are described in Table 3 and Supplementary Table S1). Of the 13 variants, 10 were previously identified in patients with dilated cardiomyopathy (Supplementary Table S1) and three were novel. The proportion of patients with P/LP variants was similar between the groups, with 3/16 (19%; 95% credible interval 6%–36%) patients in the IDCM group and 10/44 (23%; 95% credible interval 12%–33%) patients in the NIDCM group (Figure 2). Most (8/13 or 62%) P/LP variants were found in TTN, with no difference in the proportion of patients with TTN variants between the IDCM (2/16 or 13%; 95% credible interval 3%–26%) and NIDCM groups (6/44 or 14%; 95% credible interval 5%–22%).


TABLE 3 Pathogenic/likely pathogenic variants identified in the study cohort.
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FIGURE 2
Bar plot of patients with rare disease-causing (likely pathogenic or pathogenic) variants in the study cohort. Each patient is depicted by a vertical bar; patients without a disease-causing variant are depicted by gray bars and patients with a disease-causing variant are depicted by red bars. The name of the gene in which the variant was found is indicated above the bar. The prevalence of disease-causing variants was similar between patients with ischemic dilated cardiomyopathy (bars on left; 3/16 or 19%; 95% credible interval 6%–36%) and those with non-ischemic dilated cardiomyopathy (bars on right; 10/44 or 23%; 95% credible interval 12%–33%).




Discussion

In a cohort of patients with dilated cardiomyopathy who underwent heart transplant, patients with IDCM or NIDCM had a similar prevalence of disease-causing variants in cardiomyopathy-associated genes compared to NIDCM patients. Our results are consistent with previous studies suggesting a superimposed non-ischemic component in ischemic cardiomyopathy. Using cardiac magnetic resonance imaging, approximately 15% of patients with CAD have a superimposed non-ischemic scar pattern (16, 17). Disease-causing variants contribute to lower EF and worse outcomes in patients with CAD (16).

Two previous studies have investigated the interplay between CAD, heart failure, and disease-causing genetic variants in cardiomyopathy-associated genes. In 2021, Povysil et al. reported the identification of disease-causing variants in ICM patients from the Candesartan in Heart Failure-Assessment of Reduction in Mortality and Morbidity (CHARM) and Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA) clinical trials; however, the prevalence of disease-causing variants was substantially lower than the IDCM group in our study at 3% (18). More recently, Jones et al. reported the identification of disease-causing variants in cardiomyopathy-associated genes in patients with CAD in the UK Biobank, also with a lower prevalence of disease-causing variants than the IDCM group in our study at 0.6% (16). We identified disease-causing variants in 19% of the patients with IDCM in our cohort of patients with advanced heart failure requiring heart transplant. Although we utilized a larger panel of DCM-associated genes, TTN was the most prevalent gene with disease-causing variants in all three studies. We posit that the higher prevalence of disease-causing variants we observed in the IDCM group in our study may be due to the increased severity of left ventricular dysfunction, given that all patients in our study cohort had undergone heart transplant. Further prospective investigation is needed to test this hypothesis.

Genetic testing and cascade screening is recommended in NIDCM (19); however, no guidance exists on genetic testing in patients with IDCM. Our results suggest that it may be prudent to extend this recommendation to patients similar to our study cohort: those with advanced heart failure due to IDCM requiring heart transplant. Our findings may also explain why some patients with ICM do not benefit from revascularization (20–23), i.e., in these cases, extant left ventricular dilation and dysfunction may be driven, at least in part, by genetic mechanisms.

Although our study is limited by a small cohort size compared to heart failure clinical trials, a cohort of 60 heart transplant recipients is substantial and would represent 3–6 times the annual volume of most heart transplant centers in Europe and the United States, where the median volume is 10–20 heart transplants per year (1). Although women were underrepresented in our study cohort, it was ethnically diverse, and it was also representative with respect to the proportion of heart transplants due to ICM and NICM. We were only able to enroll a portion of patients undergoing heart transplantation at our center during the study period in the cardiac tissue biobank used for this study, yielding a potential selection bias. A second potential selection bias is that given that the study cohort was composed of patients with advanced heart failure requiring heart transplant, the frequency of disease-causing variants in the IDCM group may be higher than in patients with less severe cardiomyopathy.



Conclusions

In a cohort of heart transplant recipients with DCM, we found a similar prevalence of rare disease-causing variants in cardiomyopathy-associated genes in patients with IDCM as compared to NIDCM. Our results suggest that genetic testing may be beneficial in patients with advanced heart failure requiring heart transplant due to IDCM to detect disease-causing variants in cardiomyopathy-associated genes.
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