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Right ventricular (RV) involvement in left ventricular (LV) non-compaction (LVNC) remains unknown. We aimed to describe the RV volumetric, functional, and strain characteristics and clinical features of patients with LVNC phenotype and good LV ejection fraction (EF) using cardiac magnetic resonance to characterize RV trabeculation in LVNC and to study the relationships of RV and LV trabeculation with RV volume and function. This retrospective study included 100 Caucasian patients with LVNC phenotype and good LV-EF and 100 age- and sex-matched healthy controls. Patients were further divided into two subgroups according to RV indexed trabecular mass [RV-TMi; patients with RV hypertrabeculation (RV-HT) vs. patients with normal RV trabeculation (RV-NT)]. We measured the LV and RV volumetric, functional, and TMi values using threshold-based postprocessing software and the RV and LV strain values using feature tracking and collected the patients' LVNC-related clinical features. Patients had higher RV volumes, lower RV-EF, and worse RV strain values than controls. A total of 22% of patients had RV-TMi values above the reference range; furthermore, RV-HT patients had higher RV and LV volumes, lower RV- and LV-EF, and worse RV strain values than RV-NT patients. We identified a strong positive correlation between RV- and LV-TMi and between RV-TMi and RV volumes and a significant inverse relationship of both RV- and LV-TMi with RV function. The prevalence of LVNC-related clinical features was similar in the RV-HT and RV-NT groups. These results suggest that some patients with LVNC phenotype might have RV non-compaction with subclinical RV dysfunction and without more severe clinical features.
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INTRODUCTION

Left ventricular non-compaction (LVNC) has become a well-known clinical entity, and the amount of research on this topic is increasing. Nevertheless, right ventricular (RV) involvement in LVNC remains a controversial issue with little available data. Compared with those of the left ventricle (LV), the unique shape of the RV and its physiologically greater quantity of endocardial trabeculae make it difficult to evaluate RV hypertrabeculation. Despite the lack of established diagnostic criteria, case reports suggest the existence of isolated RV non-compaction (1–3). The negative relationship between LV trabeculation and LV ejection fraction (EF) has prompted questions about whether RV trabeculation is similarly associated with RV function, which has been shown to be an important prognostic parameter in several cardiac diseases, including LVNC (4–7). The impact of LVNC on RV trabeculation and RV function and the presence of RV dysfunction have not been described. Furthermore, the possibility of RV involvement raises further questions regarding affected patients' morphologic diagnosis, clinical features, incidence, and prognosis.

Our study aimed to describe the RV volumetric, functional and feature-tracking strain parameters of patients with LVNC phenotype and good LV-EF and compare them to those of a healthy control group using cardiac magnetic resonance (CMR); to characterize RV trabeculation in patients with LVNC phenotype; and to describe the relationships of RV and LV trabeculation with RV volume and function. Furthermore, we studied the connection between clinical features and the extent of RV trabeculation in patients with LVNC phenotype.



MATERIALS AND METHODS


Study Population

This retrospective study included 100 Caucasian patients with the LVNC phenotype and 100 age- and sex-matched healthy volunteers (Table 1, Figure 1). CMR examinations were performed at the same institute, and all patients completed a questionnaire for collection of demographic data, cardiovascular symptoms, medical history, medication use, and sports activity. The diagnosis of the LVNC phenotype was established when the CMR-based criteria of both Petersen et al. (non-compacted/compacted ratio > 2.3) and Jaquier et al. (trabeculated LV mass >20% of total LV mass) were fulfilled (8, 9). The presence of other LVNC related clinical features described by others or positive family history was not part of the inclusion criteria (10, 11). Patients with a reduced LV ejection fraction (EF; <50%); ischemic, valvular, or other myocardial or congenital heart disease; or other significant comorbidities (e.g., diabetes, hypertension, chronic kidney disease, or chronic liver failure) and patients whose CMR short-axis and long-axis cine images contained artifacts or were performed after the injection of contrast agent were excluded (12, 13). Clinical features of LVNC, including data about the patients' family history (cardiomyopathies, sudden cardiac death or congenital cardiac abnormalities), symptoms (e.g., syncope, palpitation, atypical chest pain), previous diagnosis of arrhythmia (supraventricular or ventricular extrasystoles, atrioventricular reentry tachycardia, atrioventricular nodal reentry tachycardia, or ventricular tachycardia), previously described non-ischemic electrocardiography (ECG) abnormalities (depolarization and repolarization abnormalities), history of embolic events (stroke, transient ischemic attack, or pulmonary embolism) or sudden cardiac death, were collected retrospectively by reviewing the patients' medical records and the completed questionnaires (10, 11). Patients were divided into two subgroups by the amount of RV trabecular mass indexed to body surface area (RV-TMi): those who exceeded the upper limit of the age and sex-specific RV-TMi reference range were assigned to the LVNC phenotype with RV hypertrabeculation (RV-HT, n = 22) subgroup, and those who were within the reference range were assigned to the LVNC phenotype with normal RV trabeculation (RV-NT, n = 78) subgroup (Figure 1) (14). The value of RV-TMi of each participant was individually checked and compared to the age and sex-related reference values (14). These reference values were set up previously on a large healthy cohort (100 male and 100 female participants) free of known disease using CMR and a threshold-based segmentation method, further described in the “Image Acquisition and Analysis” section. The population was divided into four different age groups set up with equal numbers of males and females (14). The mean and standard deviation or median and 95% confidence interval values of the used RV-TMi age- and sex-specific reference ranges are as follows: male: 20–29 years = 19.9 ± 3.7 g/m2, 30–39 years = 19.3 ± 3.8 g/m2, 40–49 years = 21.8 ± 5.2 g/m2, 50–66 years = 19.5 ± 3.6 g/m2, female: 20–29 years = 17.1 ± 3.6 g/m2, 30–39 years = 14.9 ± 3.0 g/m2, 40–49 years = 13.9 (11.9, 19.3) g/m2, and 50–66 years = 14.3 ± 2.8 g/m2 (14).


Table 1. Baseline characteristics of the study population.
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FIGURE 1. Representative 4-chamber long-axis and short-axis images of a control participant [(A), RV-TMi = 12.6 g/m2, age and sex-specific reference: 13.9 (11.9, 19.3) g/m2]; a patient with left ventricular non-compaction phenotype and normal amount of right ventricular trabeculation [(B), RV-TMi = 25.2 g/m2, age and sex-specific reference: 21.8 ± 5.2 g/m2]; and a patient with left ventricular non-compaction phenotype and right ventricular hypertrabeculation [(C), RV-TMi = 32.9 g/m2, age and sex-specific reference: 19.9 ± 3.7 g/m2]. The white and yellow arrowheads represent the left and right ventricular compacted myocardium. The blue and green arrows represent the left and right ventricular endocardial trabeculation. The green and blue areas represent the myocardial mass, including the endocardial trabeculation of the left and right ventricles, respectively. LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; RV-TMi, right ventricular trabeculated myocardial mass index.


Age- and sex-matched healthy volunteers who were free of known cardiovascular or other systemic diseases and who did not take medication were selected from our database as the control group. The average sports activity for both the patients and controls was <6 h/week (15). All procedures in this study were performed in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Ethical approval was obtained from the Central Ethics Committee of Hungary, and all participants provided informed consent.



Image Acquisition and Analysis

CMR examinations were performed on a 1.5 T MRI machine (Achieva, Philips Medical System, Eindhoven, the Netherlands). Balanced steady-state free precession cine images were obtained in 2-, 3-, and 4-chamber long-axis views and breath-hold short-axis views from base to apex with full coverage of the LV and RV before the administration of contrast agent (gadobutrol, 0.15 ml/kg). The scan parameters were as follows: repetition time, 2.7 ms; echo time, 1.3 ms; flip angle, 60°; spatial resolution, 1.5 × 1.5 mm; temporal resolution, 25 frames per cardiac cycle; slice thickness, 8 mm without interslice gap; and field of view, 350 mm on average adapted to body size.

Segmentation analysis was performed with Medis Suite QMass version 3.0 software (Medis Medical Imaging Systems, Leiden, the Netherlands). Automatic tracing with manual correction of the LV and RV endo- and epicardial contours was performed by one observer as described previously (16). Inter-and intraobserver agreement values were good-to-excellent and are presented in Supplementary Table 1. The MassK module of the QMass software was used to calculate the LV and RV volumetric and functional values and the myocardial mass values. This is a threshold-based papillary and trabeculated muscle quantification analysis software module that differentiates myocardial trabeculation from the blood pool based on differences in the signal intensity (16). Each voxel was classified as either blood or myocardium according to the chosen threshold (50%). Manual correction of the threshold was not applied. Papillary muscles and ventricular trabeculation were included in the endocardial contours and defined as trabeculated myocardial mass, while compacted myocardial mass was calculated as the difference between the total detected and trabeculated myocardial mass. LV and RV end-diastolic volume (LV-EDV, RV-EDV), end-systolic volume (LV-ESV, RV-ESV), stroke volume (LV-SV, RV-SV), ejection fraction (LV-EF, RV-EF), end-diastolic compacted myocardial mass (LV-CM, RV-CM), and end-diastolic trabeculated myocardial mass (LV-TM, RV-TM) were measured. The parameters were indexed (i) to body surface area using the Mosteller formula.

The QStrain module of Medis Suite version 3.0 was used for the feature-tracking strain analysis (Medis Medical Imaging Systems, Leiden, the Netherlands). To assess subendocardial strain, the endocardial contours were drawn in end-diastole and end-systole in the 2-, 3-, and 4-chamber long-axis and short-axis views of the LV and in the 4-chamber view of the RV, including endocardial trabeculation. The LV global longitudinal strain (LV-GLS), LV global circumferential strain (LV-GCS), RV-GLS, RV free-wall strain (RV-FWS), and RV septal strain (RV-SS) were measured.



Statistical Analysis

Continuous parameters are described as the mean and standard deviation (SD), and discrete parameters are expressed as percentages. The intra-and interobserver agreement of the two observers was tested using the intraclass correlation coefficient (ICC). Distribution normality was assessed with the Shapiro–Wilk test. An unpaired Student's t-test or the Mann–Whitney test was used to compare the studied groups. Differences in normally distributed, variables with equal variance between the control and patient subgroups were analyzed with one-way analysis of variance (ANOVA) and Tukey's post-hoc test, while the Welch test and Games-Howell post-hoc test were used for variables with unequal variance; all other data were compared with the Kruskal–Wallis test with Bonferroni correction for multiple comparisons. Pearson's or Spearman's correlation was performed to describe the linear relationship between the parameters. The chi-squared test was used to compare discrete data. A p-value < 0.05 was considered indicative of statistical significance. IBM SPSS Statistics (Version 25.0, Armonk, NY) was used for calculations.




RESULTS

The baseline LV characteristics of the studied patients with the LVNC phenotype and the control subjects were compared (Table 1). Patients had significantly higher values of LV-EDVi, LV-ESVi, LV-SVi, and LV-TMi and significantly lower LV-EF, LV-GLS, and LV-GCS values (i.e., less negative strain values).

The comparison of the RV parameters yielded similar results: the RV-EDVi, RV-ESVi, RV-SVi, and RV-TMi values were significantly larger, and the RV-GLS and RV-SS values were significantly lower in the patient group, while the RV-EF, RV-CMi, and RV-FWS values were similar between the groups. Sixty-nine patients received contrast agent, but none demonstrated late gadolinium enhancement. Wall motion abnormalities were not visible in either the LV or RV in any patients.

Next, the patients were divided into two subgroups by the amount of RV-TMi. Twenty-two patients had RV-TMi values that were higher than the age- and sex-specific reference values, forming the RV-HT subgroup (male: n = 15, mean age: 36.8 ± 3.8 years), while those whose RV-TMi values were within the normal reference range formed the RV-NT subgroup (n = 78, male: n = 43, mean age: 37.7 ± 1.6 years). None of the healthy control participants exceeded the upper normal limit for RV-TMi. We found significant differences between the two subgroups and the control group: the LV-ESVi, LV-TMi, RV-ESVi, RV-TMi, and RV-CMi values were significantly larger in the RV-HT group than in the RV-NT and control groups, the LV-EF, RV-GLS, and RV-SS values were significantly lower in the RV-HT group than in the RV-NT and control groups, and RV-EF values were significantly lower in the RV-HT group than in the RV-NT group (Table 2, Figure 2).


Table 2. Comparison of the left and right ventricular volumetric and functional (A) and strain (B) parameters of LVNC patients with right ventricular hypertrabeculation, patients with normal right ventricular trabeculation, and controls.
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FIGURE 2. Graphic representation of Table 2. Comparison of the left and right ventricular volumetric and functional (A) and strain (B) parameters of LVNC patients with right ventricular hypertrabeculation, patients with normal right ventricular trabeculation, and controls. CMi, compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; FWS, free-wall strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; RV-HT, patients with right ventricular hypertrabeculation; RV-NT, patients with normal right ventricular trabeculation; SS, septal strain; SVi, stroke volume index; TMi, trabeculated myocardial mass index. *p < 0.05.


The linear relationship between RV-TMi, LV-TMi, and RV volumetric and functional parameters and left and right ventricular strain values were studied in the patient population (Table 3). A significant positive correlation was found between RV-TMi and LV-TMi, between RV-TMi and RV volumetric parameters, and between LV-TMi and RV volumetric parameters, while a larger RV-TMi value was associated with a lower RV-EF and worse RV-GLS, RV-SS, RV-FWS, and LV-GLS values. Furthermore, a higher LV trabecular mass was associated with worse RV-EF, RV-GLS, LV-GLS, and LV-GCS values.


Table 3. Correlation between right and left ventricular trabecular mass index and right ventricular parameters and left ventricular global strains.
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We studied the frequency of the clinical features and family history of LVNC in the patients with the LVNC phenotype. Patients with multiple findings were found in each category (Table 4). Sixty-eight percent of patients had at least one clinical feature of LVNC. Documented arrhythmia was present in 22%, while 13% of the patients had palpitations without documented arrhythmia. Almost one-quarter (23%) of the patients had a positive family history, and in 10% of these patients, at least one other clinical feature of LVNC was present. Atypical chest pain was described in 11 cases, non-ischemic ECG abnormalities in nine patients, syncope in eight patients, thromboembolic events in three patients, and a non-fatal episode of cardiac arrest in one patient. No significant difference in the frequency of clinical features was found between the RV-HT and RV-NT subgroups.


Table 4. Prevalence of clinical features in the total patient population and patient subgroups.
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We also compared the LV and RV parameters of the patients with LVNC phenotype with at least one clinical feature (n = 68) and without any clinical features (n = 32). The LV-CMi and RV-ESVi values were significantly lower in the patient with at least one clinical feature subgroup. However, all of the other measured RV and LV parameters were comparable between the groups (Table 5).


Table 5. Comparison of the left and right ventricular parameters of the patients with LVNC phenotype and at least one clinical feature and the patients with LVNC phenotype and no clinical features.
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DISCUSSION

This study described the RV volumetric, functional, and strain characteristics and clinical features of patients with LVNC phenotype and good LV function using CMR. We also identified differences between LVNC phenotype patients with RV hypertrabeculation and those with normal RV trabeculation.

We observed higher LV and RV volumes, lower LV-EF, and lower LV and RV strain values in LVNC phenotype patients than in controls. These might be related to excessive trabeculation, but the clinical relevance is controversial. We also need to mention that all of these parameters were in the normal range. Kawel et al. found that more prominent LV trabeculation was associated with lower LV-EF and higher LV volumes in a population with no known cardiovascular disease or diagnosed LVNC but presenting with LV hypertrabeculation (4). A geometric model might address the physiologic explanation for these observations: a ventricle with trabeculation can maintain the SV with less deformation than a smooth-walled ventricle, which needs to generate much more deformation to keep the SV (17). However, trabeculation occupies space of its own. Thus, the ventricle needs to be dilated, suggesting that the presence of excessive RV trabeculation causes increased RV volumes (17). In our study, almost one-quarter of the patients with LVNC phenotype had RV trabecular mass that exceeded the upper value of the age and sex-specific reference range (14). These patients had higher LV and RV volumetric values, lower RV and LV-EF, and worse RV-GLS and RV-SS values than patients whose RV trabecular mass values were within the reference range. The positive correlation between RV volumetric parameters and RV trabecular mass, and the inverse relationship between RV trabecular mass and RV strain values further strengthen the hypothesis that excessive RV trabeculation might be the cause of these alterations. According to these results, the volumetric and functional characteristics in a hypertrabeculated RV are similar to those in LV non-compaction, suggesting RV non-compaction in some patients with LVNC.

However, the clinical importance of these findings and RV hypertrabeculation in the setting of good LV and RV function are difficult to evaluate due to the lack of follow-up studies in this patient population. One study found no relation between the presence of RV non-compaction and RV dysfunction; furthermore, LV-EF was the only independent predictor of RV-EF in patients with LVNC (18). The most common cause of RV dysfunction is LV dysfunction in non-ischemic cardiomyopathy due to several factors, including ventricular interdependence with septal dysfunction (19). The ventricular septum accounts for the major force of RV ejection due to its twisting and shortening during systole, which is caused by the oblique fiber orientation of the septum (20). In the case of ventricular dilatation, the oblique fibers of the septum become more transverse, resulting in a decrease in septal twisting and shortening and causing decreased RV ejection (20, 21). We described an association between a higher LV trabecular mass value and a higher RV trabecular mass, higher RV volumes, lower RV-EF, and a worse RV-GLS value, which might strengthen the hypothesis that LV involvement affects RV function. Furthermore, we found that a higher RV-TMi value was associated with a worse RV-SS value. It supports the theory that RV dysfunction arises from septal dysfunction, both of which can be observed even in cases of good LV function in patients with LVNC phenotype.

Previous studies have suggested that myocardial mass, including ventricular trabeculation, is genetically determined (22, 23). The strong relationship between LV and RV trabecular mass further indicates that the genetic mutations underlying LV non-compaction might also affect RV trabeculation, causing RV non-compaction in some cases.

None of the healthy control participants exceeded the upper limit of the age and sex-specific reference values in this study. Stämpfli et al. studied the RV end-diastolic trabeculated area and trabeculated volume in LVNC patients and controls (24). However, they described a significant overlap in RV trabeculation of patients and controls, which several factors might cause. First, they used manual contouring to measure RV trabeculated volume, which is different from ours. Second, they did not use age and sex-specific normal reference ranges to differentiate between normal and excessive RV trabeculation. Third, the number of included participants was smaller in their study compared to ours. Although, an overlap cannot be excluded in the case of an even larger study population.

When assessing the clinical features of the patients with the LVNC phenotype, we found that two-thirds had at least one risk factor requiring regular follow-up and that these patients might be diagnosed with true LVNC (10, 11). The prevalence of positive family history and arrhythmias is similar to that in previous reports; however, chest pain, syncope, and non-ischemic ECG abnormalities were less common in our population (10, 25, 26). Previous studies describing the clinical features of LVNC involved patients who presented to the corresponding study centers due to their symptoms and decreased LV function. In contrast, we included LVNC phenotype patients with good LV ejection fraction; thus, the lower prevalence of clinical findings in our study might be due to differences in the patient populations.

Patients with the LVNC phenotype and at least one clinical feature had a significantly lower LV-CMi value than patients without clinical features. Gebhard et al. described the thinning of the compacted myocardial layer in patients with LVNC using echocardiography (27). Our results might support this criterion; however, it is interesting that no other difference was found between the with and without clinical features subgroups.

One-third of our study's total LVNC phenotype patient population had a negative family history and no symptoms; this prevalence is consistent with the literature (28). According to current knowledge, this “benign form” of LVNC has a good prognosis, and patient follow-up is not necessary (11, 29).

Case reports and previous studies have described the presence of complex ventricular extrasystoles, ventricular tachycardia, and sudden cardiac death in patients with RV non-compaction and some authors have suggested that RV non-compaction is an arrhythmogenic state associated with high mortality (1, 2, 30). However, these patients had either RV dysfunction or congenital cardiac abnormalities that affected the right heart. Furthermore, our study showed that the prevalence of clinical features was similar between patients with RV hypertrabeculation and patients with normal RV trabeculation. Further follow-up studies are necessary to evaluate RV function, clinical features, and major cardiovascular events in the presence of RV hypertrabeculation/non-compaction in patients with LVNC.

To conclude, this study found that almost one-quarter of the patients with the LVNC phenotype had RV trabecular mass values higher than the age and sex-specific reference range. Furthermore, the volumetric, functional, and strain characteristics of the hypertrabeculated RV were similar to these parameters of the LV in LVNC. We described a positive correlation between RV and LV trabeculation, RV trabeculation and RV volumes, and significant inverse relationships between RV and LV trabeculation with RV function. These results suggest that a portion of patients with the LVNC phenotype might also have RV non-compaction, raising further questions about its long-term effect on RV function, clinical manifestation, and patient prognosis. Further follow-up studies are necessary to answer these questions.

We need to mention that the study's main limitations arise from its retrospective nature and the lack of follow-up information on the patients. We also have to mention the limitations of the threshold-based software. The software currently quantifies ejection fraction and volume using short-axis slices, with an 8 mm standard for spatial resolution in the Z-direction. Trabeculae and the papillary muscles do not cross the slice perfectly perpendicularly, resulting in partial volume effects. Depending on the actual path of the trabeculae, this influences the threshold-based quantification (16, 31). The limitations of the feature-tracking software include the lack of a relevant validation process; thus, its clinical application is questionable. Furthermore, there is high variability in normal strain values between different vendors; thus, there is a lack of an accepted normal reference range (32, 33).



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 Central Ethics Committee of Hungary. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ARK: methodology, formal analysis, investigation, resources, data curation, writing—original draft, and visualization. ZG and AP: data curation. LS, ZD, AK, and BL: writing—review and editing. BM: supervision. HV: writing—review and editing and supervision. AS: conceptualization, methodology, investigation, resources, writing—review and editing, supervision, and project administration. All authors contributed to the article and approved the submitted version.



FUNDING

The research was financed by the Thematic Excellence Programme (Tématerületi Kiválósági Program, 2020-4.1.1.-TKP2020) of the Ministry for Innovation and Technology in Hungary within the framework of the Therapeutic Development and Bioimaging Programs of Semmelweis University; by the Development of Scientific Workshops of Medical, Health Sciences and Pharmaceutical Education (Project identification number: EFOP-3.6.3-VEKOP-16-2017-00009); and by the Ministry of Innovation and Technology NRDI Office within the framework of the Artificial Intelligence National Laboratory Program. Project no. NVKP_16-1–2016-0017 (National Heart Program) has been implemented with the support provided by the National Research, Development, and Innovation Fund of Hungary, financed under the NVKP_16 funding scheme.



ACKNOWLEDGMENTS

We thank the technicians who helped perform the cardiac magnetic resonance imaging examinations.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.843952/full#supplementary-material



REFERENCES

 1. Bekheit S, Karam B, Daneshvar F, Zaidan J, Tabet R, Spagnola J, et al. Sudden cardiac death in isolated right ventricular hypertrabeculation/noncompaction cardiomyopathy. Ann Noninvasive Electrocardiol. (2018) 23:e12487. doi: 10.1111/anec.12487

 2. Fazio G, Lunetta M, Grassedonio E, Gullotti A, Ferro G, Bacarella D, et al. Noncompaction of the right ventricle. Pediatr Cardiol. (2010) 31:576–8. doi: 10.1007/s00246-010-9652-6

 3. Aggarwal S, Kalavakunta J, Gupta V. A case of isolated right ventricle noncompaction with ST-elevation chest leads. Heart Views. (2016) 17:30–4. doi: 10.4103/1995-705X.182645

 4. Kawel N, Nacif M, Arai AE, Gomes AS, Hundley WG, Johnson WC, et al. Trabeculated (noncompacted) and compact myocardium in adults: the multi-ethnic study of atherosclerosis. Circ Cardiovasc Imaging. (2012) 5:357–66. doi: 10.1161/CIRCIMAGING.111.971713

 5. Stampfli SF, Donati TG, Hellermann J, Anwer S, Erhart L, Gruner C, et al. Right ventricle and outcome in left ventricular non-compaction cardiomyopathy. J Cardiol. (2020) 75:20–6. doi: 10.1016/j.jjcc.2019.09.003

 6. Zhou X, Ferrara F, Contaldi C, Bossone E. Right ventricular size and function in chronic heart failure: not to be forgotten. Heart Fail Clin. (2019) 15:205–17. doi: 10.1016/j.hfc.2018.12.015

 7. Berglund F, Pina P, Herrera CJ. Right ventricle in heart failure with preserved ejection fraction. Heart. (2020) 106:1798–804. doi: 10.1136/heartjnl-2020-317342

 8. Petersen SE, Selvanayagam JB, Wiesmann F, Robson MD, Francis JM, Anderson RH, et al. Left ventricular non-compaction: insights from cardiovascular magnetic resonance imaging. J Am Coll Cardiol. (2005) 46:101–5. doi: 10.1016/j.jacc.2005.03.045

 9. Jacquier A, Thuny F, Jop B, Giorgi R, Cohen F, Gaubert J-Y, et al. Measurement of trabeculated left ventricular mass using cardiac magnetic resonance imaging in the diagnosis of left ventricular non-compaction. Eur Heart J. (2010) 31:1098–104. doi: 10.1093/eurheartj/ehp595

 10. Negri F, De Luca A, Fabris E, Korcova R, Cernetti C, Grigoratos C, et al. Left ventricular noncompaction, morphological, and clinical features for an integrated diagnosis. Heart Fail Rev. (2019) 24:315–23. doi: 10.1007/s10741-018-9763-3

 11. Vergani V, Lazzeroni D, Peretto G. Bridging the gap between hypertrabeculation phenotype, noncompaction phenotype and left ventricular noncompaction cardiomyopathy. J Cardiovasc Med. (2020) 21:192–9. doi: 10.2459/JCM.0000000000000924

 12. Szucs A, Kiss AR, Suhai FI, Tóth A, Gregor Z, Horváth M, et al. The effect of contrast agents on left ventricular parameters calculated by a threshold-based software module: does it truly matter? Int J Cardiovasc Imaging. (2019) 35:1683–9. doi: 10.1007/s10554-019-01587-9

 13. Kuetting DL, Dabir D, Homsi R, Sprinkart AM, Luetkens J, Schild HH, et al. The effects of extracellular contrast agent (Gadobutrol) on the precision and reproducibility of cardiovascular magnetic resonance feature tracking. J Cardiovasc Magn Reson. (2016) 18:30. doi: 10.1186/s12968-016-0249-y

 14. Kiss AR, Gregor Z, Furak A, Szabo LE, Dohy Z, Merkely B, et al. Age- and sex-specific characteristics of right ventricular compacted and non-compacted myocardium by cardiac magnetic resonance. Front Cardiovasc Med. (2021) 8:781393. doi: 10.3389/fcvm.2021.781393

 15. Pelliccia A, Sharma S, Gati S, Back M, Borjesson M, Caselli S, et al. 2020 ESC Guidelines on sports cardiology and exercise in patients with cardiovascular disease. Eur Heart J. (2021) 42:17–96. doi: 10.1093/eurheartj/ehaa605

 16. Jaspers K, Freling HG, van Wijk K, Romijn EI, Greuter MJ, Willems TP. Improving the reproducibility of MR-derived left ventricular volume and function measurements with a semi-automatic threshold-based segmentation algorithm. Int J Cardiovasc Imaging. (2013) 29:617–23. doi: 10.1007/s10554-012-0130-5

 17. Paun B, Bijnens B, Butakoff C. Relationship between the left ventricular size and the amount of trabeculations. Int J Numer Method Biomed Eng. (2018) 34:2939. doi: 10.1002/cnm.2939

 18. Nucifora G, Aquaro GD, Masci PG, Pingitore A, Lombardi M. Magnetic resonance assessment of prevalence and correlates of right ventricular abnormalities in isolated left ventricular noncompaction. Am J Cardiol. (2014) 113:142–6. doi: 10.1016/j.amjcard.2013.08.049

 19. Haddad F, Doyle R, Murphy DJ, Hunt SA. Right ventricular function in cardiovascular disease, part II: pathophysiology, clinical importance, and management of right ventricular failure. Circulation. (2008) 117:1717–31. doi: 10.1161/CIRCULATIONAHA.107.653584

 20. Saleh S, Liakopoulos OJ, Buckberg GD. The septal motor of biventricular function. Eur J Cardiothorac Surg. (2006) 29(Suppl.1):S126–38. doi: 10.1016/j.ejcts.2006.02.048

 21. Lakatos BK, Nabeshima Y, Tokodi M, Nagata Y, Tosér Z, Otani K, et al. Importance of nonlongitudinal motion components in right ventricular function: three-dimensional echocardiographic study in healthy volunteers. J Am Soc Echocardiogr. (2020) 33:995–1005.e1. doi: 10.1016/j.echo.2020.04.002

 22. Andre F, Burger A, Lossnitzer D, Buss SJ, Abdel-Aty H, Gianntisis E, et al. Reference values for left and right ventricular trabeculation and non-compacted myocardium. Int J Cardiol. (2015) 185:240–7. doi: 10.1016/j.ijcard.2015.03.065

 23. Kovács A, Molnár A, Kolossváry M, Szilveszter B, Panajotu A, Lakatos BK, et al. Genetically determined pattern of left ventricular function in normal and hypertensive hearts. J Clin Hypertens. (2018) 20:949–58. doi: 10.1111/jch.13271

 24. Stampfli SF, Gotschy A, Kiarostami P, Ozkartal T, Gruner C, Niemann M, et al. Right ventricular involvement in left ventricular non-compaction cardiomyopathy. Cardiol J. (2020) 36:493–500. doi: 10.5603/CJ.a2020.0095

 25. Oechslin EN, Attenhofer Jost CH, Rojas JR, Kaufmann PA, Jenni R. Long-term follow-up of 34 adults with isolated left ventricular noncompaction: a distinct cardiomyopathy with poor prognosis. J Am Coll Cardiol. (2000) 36:493–500. doi: 10.1016/S0735-1097(00)00755-5

 26. Aras D, Tufekcioglu O, Ergun K, Ozeke O, Yildiz A, Topaloglu S, et al. Clinical features of isolated ventricular noncompaction in adults long-term clinical course, echocardiographic properties, and predictors of left ventricular failure. J Card Fail. (2006) 12:726–33. doi: 10.1016/j.cardfail.2006.08.002

 27. Gebhard C, Stahli BE, Greutmann M, Biaggi P, Jenni R, Tanner FC. Reduced left ventricular compacta thickness: a novel echocardiographic criterion for non-compaction cardiomyopathy. J Am Soc Echocardiogr. (2012) 25:1050–7. doi: 10.1016/j.echo.2012.07.003

 28. Brescia ST, Rossano JW, Pignatelli R, Jefferies JL, Price JF, Decker JA, et al. Mortality and sudden death in pediatric left ventricular noncompaction in a tertiary referral center. Circulation. (2013) 127:2202–8. doi: 10.1161/CIRCULATIONAHA.113.002511

 29. Towbin JA, Lorts A, Jefferies JL. Left ventricular non-compaction cardiomyopathy. Lancet. (2015) 386:813–25. doi: 10.1016/S0140-6736(14)61282-4

 30. Leung SW, Elayi CS, Charnigo RJ Jr, Syed MA. Clinical significance of right ventricular dysfunction in left ventricular non-compaction cardiomyopathy. Int J Cardiovasc Imaging. (2012) 28:1123–31. doi: 10.1007/s10554-011-9925-z

 31. Espe EKS, Bendiksen BA, Zhang L, Sjaastad I. Analysis of right ventricular mass from magnetic resonance imaging data: a simple post-processing algorithm for correction of partial-volume effects. Am J Physiol Heart Circ Physiol. (2021) 320:H912–H22. doi: 10.1152/ajpheart.00494.2020

 32. Bucius P, Erley J, Tanacli R, Zieschang V, Giusca S, Korosoglou G, et al. Comparison of feature tracking, fast-SENC, and myocardial tagging for global and segmental left ventricular strain. ESC Heart Fail. (2020) 7:523–32. doi: 10.1002/ehf2.12576

 33. Amzulescu MS, De Craene M, Langet H, Pasquet A, Vancraeynest D, Pouleur AC, et al. Myocardial strain imaging: review of general principles, validation, and sources of discrepancies. Eur Heart J Cardiovasc Imaging. (2019) 20:605–19. doi: 10.1093/ehjci/jez041

Conflict of Interest: The 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 Kiss, Gregor, Popovics, Grebur, Szabó, Dohy, Kovács, Lakatos, Merkely, Vágó and Szũcs. 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.



OPS/images/fcvm-09-843952-t003.jpg
RV-TMi LV-TMi

r P r P
RV-EDVi 0.54 <0.001 0.48 <0.001
RV-ESVi 066 <0.001 053 <0.001
RV-8Vi 0.34 0.001 0.34 0.001
RV-EF -0.49 <0.001 -0.30 0.002
RV-TMi 1 0 0.59 <0.001
RV-CMi 069 <0.001 0.44 <0.001
RV-GLS 0.37 <0.001 0.22 0.035
RV-FWS 0.25 0.014 0.09 0.383
RV-SS 0.21 0.038 0.10 0314
Lv-GLS 024 0.018 038 <0.001
LV-GCS 0.03 0.809 0.28 0.006

Bold values indicate statistical significance (p < 0.05). Pearson’s or Spearman’s correlation wes performed to describe the lineer reletionship between the parameters. CM;, compacted
myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESV, end-systolic volume index; FWS, free wal strain; GCS, global circumferential strain; GLS, global
longitudinal strain; LV, left venticle; LVNC, left ventricular non-compaction; ; correlation coefficient; RY, right ventricte; SS, septal strain; SVi, stroke volume index; TMi trabeculated
myocardial mass index.





OPS/images/fcvm-09-843952-t004.jpg
A Clinical features LVNC total (n = 100) RV-HT (n = 22) RV-NT (n = 78) RV-HT vs. RV-NTp

Palpitation 20% 23% 19% 0717

Palpitation with documented arhythmia 7% 9% 6% 0,663
Palpitation without documented arhythmia 13% 14% 13% 0.920
Arhythmia 2% 27% 21% 0.499

Non-sustained ventricular arrhythmia 3% 5% 3% 0.630
Ventrioular extrasystoles 15% 14% 15% 0.839
Supraventricular extrasystoles 4% 9% 3% 0.168
Atrioventricular reentry tachycardia 2% 5% 1% 0.334
Bradycardia 1% 5% 0% 0.058

Syncope 8% 14% 6% 0270

Non-ischemic ECG abnormalities 9% 5% 10% 0.408
Previous thromboembolic event 3% 5% 3% 0,630
Transient ischemic attack 1% 0% 1% 0594

Stroke 1% 5% 0% 0.058

Pulmonary microembolism 1% 0% 1% 0594
Sudden cardiac death 1% 0% 1% 0594

Positive family history 23% 18% 24% 0543

Positive family history and other clinical features. 10% 14% 9% 0520
Atypical chest pain 1% 9% 12% 0.746

No symptoms or family history 32% 32% 32% 0.983

LVNC, left ventricular non-compaction; RV-HT, patients with right ventricular hypertrabeculation; RV-NT, patients with normal right ventricular trabeculation.





OPS/images/fcvm-09-843952-t001.jpg
VNG Control P

Number of participants (male) 100 (58) 100 (58) -
Age (years) 375+ 149 3774134 0678
BMI (kg/m?) 253:+40 244£39 0077
LV-EDVi (mVm?) 768+ 14.6 6654105 <0.001
LV-ESVi (ml/m?) 26474 210454 <0.001
LV-SVi (mm?) 50.4:£9.4 455+73 <0.001
LV-EF (%) 65856 68.7 £53 <0.001
LV-TMi (g/m?) 265£73 207 £45 <0.001
LV-CMi (g/m?) 502+ 12.4 463+85 0052
LV-GLS (%) -219%30 23526 <0.001
LV-GCS (%) —206+50 346449 <0.001
RV-EDVi (mi/m?) 7224 15.1 655+ 12.7 0.001
RV-ESVi (mVm?) 273£77 243+59 0.005
RV-8Vi (mi/m?) 45090 41282 0.002
RV-EF (%) 624£62 630+£49 0528
RV-TMi (g/m?) 214£62 179443 <0.001
RV-CMi (g/m?) 15.0+ 4.5 155 +3.3 0.102
RV-GLS (%) -252443 27344 <0.001
RV-FWS (%) 20150 20364 0.830
RV-SS (%) -163+48 —19.1£62 <0.001

Bold values indicate statistical significance (o < 0.05). BMI, body mass index; CMj, compacted myocardial mass index; EDVi, end-diastolic volume index; EF; ejection fraction; ESVi,
end-systolic volume index; FWS, free-wall strain; GCS, global circumferential strain; GLS, global fongitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right
ventricle; SS, septal strain; SV, stroke volume index; TMi, trabeculated myocardial mass index.





OPS/images/fcvm-09-843952-t002.jpg
Control RV-NT RV-HT P

Age (years) 3774134 37.7 +14.4 368+17.9 0733
LV-EDVi (ml/m?) 66.5 £ 10.5% 75.0 = 13.2" 832+ 17.9" <0.001
LV-ESVi (mi/m?) 21.0+5.4% 252+69' 31.0£7.77 <0.001
LV-SVi (ml/m?) 455 +£7.3% 499+87" 522+ 116" <0.001
LV-EF (%) 68.7 +5.37 66.7 %567 627 47" <0.001
LV-TMi (g/m?) 20.7 +4.5% 252 + 6.6 3104797 <0.001
LV-CMi (g/m?) 463 +85" 487 +£11.8 56.3 + 13.47 0.013
LV-GLS (%) —285+ 26" 22082 —216+28" <0.001
LV-GCS (%) 349 4.9% 295+ 4.9 209 +5.7" <0.001
RV-EDVi (ml/m?) 65.5 + 12.7% 705+ 140 782+ 17.7" <0.001
RV-ESVI (m/m?) 243 +59% 26,0+ 6.5 320+98" <0.001
RV-SVi (ml/m?) 412 +82% 44.6+89" 463495 0.007
RV-EF (%) 63049 63.1+6.2" 596+ 5.29 0.023
RV-TMi (g/m?) 17.9+43" 192+ 4.4 203 +5.47 <0.001
RV-CMi (g/m?) 15.5+33" 143£4.2" 176+4.50 0.001
RV-GLS (%) —27.3+4.4% 257 + 45" —233+ 2.7 <0.001
RV-FWS (%) 29364 29452 —280+4.1 0608
RV-SS (%) —19.1 £ 6.2% —17.0 50" —138+ 347" <0.001

Bold values indicate statistical significance. CMi, compacted myocardial mass index; EDVi, end-diastolic volume index; EF; ejection fraction; ESVi, end-systolic volume index; FWS,
free-wallstrain; GCS, global circumferential strain; GLS, global longitucinal strain; LV, left ventricle; LYNC, left ventricular non-compaction; RV, right ventricle; RV-HT, patients with right
ventricular hypertrabeculation; RV-NT, patients with normal right ventricular trabeculation; SS, septal strain; SVi, stroke volume index; TMi, trabeculated myocardial mass index.

9p < 0.05vs. RV-NT.

#p < 0.05 vs. RV-HT.

o <. vs. Control.





OPS/images/fcvm-09-843952-t005.jpg
Age (years)
LV-EDVi (mVm?)
LV-ESVi (ml/m?)
LV-8Vi (ml/m?)
LV-EF (%)
LV-TMi (g/m2)
LV-CMi (g/m?)
LV-GLS (%)
LV-GCS (%)
RV-EDVi (ml/m?)
RV-ESVi (mV/m?)
RV-8Vi (m/m?)
RV-EF (%)
RV-TMi (¢/m?)
RV-CMi (¢/m?)
RV-GLS (%)
RV-FWS (%)
RV-SS (%)

Patients with LVNG phenotype and
at least one clinical feature (1 = 68)

348+ 123
751 £ 145
26779
496 +9.2
66.1+6.2
261+76
482 +£11.7
-223+30
-30.1£5.2
702 +16.1
26179
442+9.1
63069
208+ 6.0
14545
—26.5+4.0
—207+£4.8
-160£4.4

Patients with LVNC phenotype and
no clinical features (n = 32)

388+ 16.0
803+ 145
28.0+6.2
52.3+9.7
65.5 + 4.2
272+68
54.4 £13.0
-21.1+3.0
—-28.6+4.6
76.5+ 14.5
209+68
46.6 + 8.8
61.0+4.2
229+6.5
162+43
—244+48
-27.7+£56.2
-17.0+6.7

P

0212
0.094
0.152
0.164
0.455
0.504
0.019
0.051
0.163
0.062
0.022
0211
0.146
0.111
0.067

0.23
0.059
0.344

Bold values indicate statistical significance (p < 0.05). CMi, compacted myocardial mass index; EDVi, end-diastolic volume indiex; EF; ejection fraction; ESV, end-systolic volume index;
FWS, free wall strain; GCS, global circumferentialstrain; GLS, global longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; SS, septal strain; SVi,
stroke volume index; TMi, trabeculated myocardial mass index.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impact of Right Ventricular Trabeculation on Right Ventricular Function in Patients With Left Ventricular Non-compaction Phenotype



		Introduction



		Materials and Methods



		Study Population



		Image Acquisition and Analysis



		Statistical Analysis







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Impact of Right Ventricular
Trabeculation on Right Ventricular
Function in Patients With Left
Ventricular Non-compaction
Phenotype





OPS/images/fcvm-09-843952-g001.gif





OPS/images/fcvm-09-843952-g002.gif
LVGLS LvGCs RV.GLS RVAWS RVSS
o

- control
RUNT
© RvHT










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





