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Left Ventricular Longitudinal Dyssynchrony by CMR Feature Tracking Is Related to Adverse Prognosis in Advanced Arrhythmogenic Cardiomyopathy
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Objectives: Left ventricular (LV) involvement has been associated with unfavorable prognosis in arrhythmogenic cardiomyopathy (ACM). We aim to evaluate LV mechanics by cardiovascular magnetic resonance-feature tracking (CMR-FT) in ACM patients with right ventricular (RV) dysfunction.

Methods: We retrospectively recruited ACM patients diagnosed according to the revised Task Force Criteria (rTFC) from January 2015 to July 2017. All patients underwent CMR examinations and collections of clinical, electrocardiographic data. The strain and dyssynchrony parameters of LV and RV were analyzed. These patients were followed, and primary study outcome was defined as a composite of cardiovascular events (arrhythmic events and heart transplantation), secondary study outcome included arrhythmic events.

Results: Eighty-nine ACM patients (40.40 ± 13.98 years, 67.42% male) were included. LV and RV ejection fractions were 49.12 ± 12.02% and 22.28 ± 10.11%, respectively. During a median (IQR) follow-up for 18.20 (11.60-30.04) months, 30 patients experienced cardiovascular events which included 22 patients who experienced arrhythmic events. Patients with cardiovascular events had impaired LV global longitudinal strain (−10.82 ± 2.77 vs. −12.61 ± 3.18%, p = 0.010), impaired LV global circumferential strain (−11.81 ± 2.40 vs. −13.04 ± 2.83%, p = 0.044), and greater LV longitudinal dyssynchrony (LVLD) (80.98 ± 30.98 vs. 64.23 ± 25.51 ms, p = 0.012) than those without. After adjusting for age, sex, and other confounding factors, LVLD ≥89.15 ms was an independent risk factor for cardiovascular events (HR: 4.50, 95% CI: 1.94 to 10.42; p = 0.001) and for arrhythmic events (HR: 4.79, 95% CI: 1.74 to 13.20; p = 0.003).

Conclusions: LVLD by CMR-FT was an independent risk factor for cardiovascular and arrhythmic events in ACM patients in advanced stage, which could provide prognostic value for this subtype.
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KEY POINTS

• Absence of prognostic value of conventional CMR parameters such as LVEF and RVEF.

• LV GLS ≥ −12.94% and LV GCS ≥ −13.11% were associated with cardiovascular events when adjusting for age and sex. However, it did not reach statistical significance after adjusting more confounders and in analysis of arrhythmic events.

• LVLD ≥ 89.15 ms assessed by CMR-FT was an independent risk factor for cardiovascular and arrhythmic events.



INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inheritable myocardial disease with potential high risk of malignant ventricular arrhythmias and progressive heart failure at end-stage (1, 2). It is classically characterized by fibro-fatty myocardial replacement predominantly at the right ventricle (RV) (3). Previously, left ventricular (LV) involvement has been observed exclusively in the end-stage of ARVC. More recently, LV involvement appeared to be present in the majority of ARVC patients, also in less advanced stages. In addition, a balanced biventricular and a left-side dominant phenotype has been identified (4, 5). Hence, the term arrhythmogenic cardiomyopathy (ACM) has recently been used to include different disease subcategories. Thus, ARVC, also described as classical ARVC, is a large predominant RV subcategory of ACM. However, all ACM subcategories are characterized by similar fibro-fatty alteration and life-threatening ventricular arrhythmias, usually already in the early disease stage (6). Heart failure and structural progression are also common and under-recognized in these patients (7). Numerous efforts have been made toward optimization of ACM risk stratification (6, 8–12). Detection of LV involvement is of clinical importance, which has been reported to provide incremental prognostic value (9, 13). However, the substantially predictive value of LV involvement could not be fully illustrated in the setting of ACM patients with heterogeneous severities of biventricular dysfunction.

Cardiac magnetic resonance (CMR) has emerged as an important tool in the evaluation of biventricular function due to its excellent myocardial-blood contrast and depiction of fibro-fatty tissue (14). Traditional CMR examination has been used for arrhythmic risk stratification in ACM-associated desmosomal mutation carriers (15). Current development of CMR feature-tracking (CMR-FT) techniques now enable quantification of ventricular mechanics from standard cine CMR images and has been introduced for evaluation of biventricular global, regional myocardial contraction and dyssynchrony (16–18). Furthermore, CMR-FT derived LV strain parameters have been identified as independent risk factors in a variety of cardiovascular diseases such as dilated cardiomyopathy and myocardial infarction (19–21). CMR-FT has been used for identification of preclinical ACM patients (22), and it has also been reported to detect a higher incidence of LV involvement even in ACM patients with preserved left ventricular ejection fraction (LVEF) (23, 24). However, the prognostic values of CMR-FT derived LV strain parameters in ACM population have rarely been studied (25). Therefore, this study aims to investigate the LV mechanics by CMR-FT and evaluate their prognostic values for cardiovascular and arrhythmic events in a subgroup of ACM patients in advanced stage.



METHODS


Study Population

We retrospectively reviewed 106 patients ≥ 15 years old with suspected ACM referred for CMR examinations from January 2015 to July 2017 at Fuwai Hospital. Demographics, clinical information, 12-lead electrocardiography (ECG), and 24-h Holter monitoring data were collected from the medical records within 2 weeks of CMR examinations. The diagnostic standards for ACM were based on the revised task force criteria (rTFC) score with either two major criteria, one major and two minor criteria, or four minor criteria (26). All patients were followed up from the initiation of CMR examination to the most recent evaluation by clinical visit or telephone review, or to the latest cardiovascular events. Eight patients lost to follow-up and nine patients with inadequate image quality were excluded. Finally, 89 consecutive ACM patients were enrolled in this study (Figure 1). This study was approved by the hospital institutional review board and informed consents were obtained from all patients.


[image: Figure 1]
FIGURE 1. Flowchart of ACM patients' recruitment. ACM, arrhythmogenic cardiomyopathy; CMR, cardiac magnetic resonance; SCD, sudden cardiac death; ICD, implantable cardioverter-defibrillator.


All patients were followed up via clinic visit, medical recording, or telephone interview (every 6 months). The primary study outcome was defined as a composite of cardiovascular events including heart transplantation, sudden cardiac death (SCD), resuscitated cardiac arrest, sustained ventricular tachycardia (SVT) (ventricular tachycardia lasting >30 s at >100 b.p.m. or with hemodynamic compromise requiring cardioversion), ventricular fibrillation/flutter, and appropriate implantable cardioverter-defibrillator (ICD) discharge. Appropriate ICD discharge was defined as appropriate if triggered by life-threatening arrhythmias: ventricular tachycardia above the programmed cutoff of the ICD (12 intervals at >180/min) or ventricular fibrillation. The secondary study outcome was defined as arrhythmic events including SCD, SVT, ventricular fibrillation/flutter, and appropriate ICD discharge.



Cardiovascular Magnetic Resonance

CMR scans were performed on a 3-T scanner (Discovery MR750W, GE Healthcare, Milwaukee, WI) and 3-T scanner (Ingenia, Philips Healthcare, Best, The Netherlands) with a phased-array cardiovascular coil and electrocardiographic respiratory gating. All sequences were acquired with breath holding. Three single long-axis cine images (LV two-chamber, four-chamber, and LV outflow tract) and 8 short-axis slices from the base of the mitral valve to the apex were acquired using balanced steady state free precession sequence (b-SSFP). Typical imaging parameters were as follows: field of view (FOV) = 320 × 320 mm, matrix = 192 × 224, repetition time (TR) = 3.3 ms, echo time (TE) = 1.7 ms, flip angle = 50°, number of cardiac frames = 25 per cardiac cycle, slice thickness = 8 mm, slice gap = 2 mm. Fat- and non-fat-suppressed fast spin-echo sequences were acquired identical with mid short-axis and LV four-chamber images with double-inversion recovery blood suppression pulses. Typical imaging parameters were as follows: FOV = 320 × 320 mm, matrix = 192 × 224, TR = 1-2 R-R intervals, TE = 10 ms, slice thickness = 8 mm, slice gap = 2 mm. The LGE images were acquired 10-15 min after intravenously injected gadolinium-DTPA (Magnevist, Schering AG, Berlin, Germany; 0.2 mmol/kg) in identical long-axis and short-axis planes using segmented phase-sensitive inversion recovery (PSIR) sequence. Typical imaging parameters were: FOV = 380 × 320 mm, matrix = 256 × 162, TR = 8.6 ms, TE = 3.36 ms, flip angle = 25°, slice thickness = 8 mm, slice gap = 2 mm, nominal TI = 300-350 ms.



Conventional CMR Analysis

Biventricular functions were analyzed using CVI42 (version 5.0, Circle Cardiovascular Imaging Inc., Calgary, Canada) by two radiologists with 8 years and 10 years of experience in CMR post-processing, who were blinded to clinical data. The endocardial and epicardial contours of both ventricles were manually traced at end-diastole and end-systole on 8 short-axis cine image slices. Papillary muscles were excluded from calculation of volumes. End-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction for both ventricles were generated automatically. All volumetric measurements were indexed to body surface area (BSA). Two, four chamber and eight short-axis LGE images were visually inspected by two independent observers to determine the presence of LGE in LV with excellent contrast between enhanced (bright) and normal myocardium (black). And the discrepancies between the two readers were adjudicated by a senior observer. The number of LGE segments in LV myocardium was also calculated according to the American Heart Association (AHA) 17-segment model.



Feature Tracking Analysis

The CMR FT analysis was performed on the acquired cine images using CVI42 (version 5.0, Circle Cardiovascular Imaging Inc., Calgary, Canada). End diastolic endo- and epicardial contours were traced semi-automatically in long-axis views (two-chamber, three-chamber, and four-chamber) and short-axis view on cine images by investigators blinded to the clinical and CMR data. Adjustments were made after visual inspection during cine loop playback to ensure appropriate tracking of LV segments. For LV strain parameters, three long-axis and short-axis views of cine images were used to assess global and regional (basal, mid, and apical) peak strain in longitudinal, circumferential, and radial directions. The LV segmental strain parameters were provided according to the American Heart Association 16-segment model (24). In addition, the LV longitudinal, circumferential, and radial dyssynchrony was defined as the standard deviation (SD) of the time-to-peak strain in all LV segments. For RV strain parameters, a 4-chamber view of cine images was used to obtain RV global longitudinal peak strain and short-axis views of cine images were used to obtain RV global circumferential and radial peak strain. RV circumferential and radial dyssynchrony was defined as the standard deviation (SD) of the time-to-peak strain in all RV segments. RV longitudinal dyssynchrony was not analyzed in this study due to inadequate RV algorithm by software for it was measured only in a 4-chamber view of cine images.



Statistical Analysis

All continuous variables were given as mean ± SD or as median values with interquartile range if normally distributed. Categorical variables were presented as percentages. The chi-square test or Fisher's exact test was used for comparisons of categorical variables, as appropriate. Student's t-test were performed for comparisons of normally distributed continuous variables. Non-parametric tests were performed using the Mann-Whitney U-test. Univariate and multivariate Cox proportional hazards regression analysis were used to calculate the hazard ratios (HR) and 95% confidence intervals (CI) of risk factors. The multivariable model was constructed to adjust for possible confounders with: (1) p-value < 0.1 in the univariate model; or (2) risk factors reported in previous studies. Receiver operating characteristics (ROC) analysis was applied to define the optimal cut-off values for dichotomizing continuous risk markers. Kaplan-Meier analyses of estimated event-free survival for the risk factors were conducted with log-rank test. The intra-class correlation coefficient (ICC) analysis was used to assess the inter- and intra-observer variability for biventricular strain parameters. A two-sided p-value of <0.05 was considered statistically significant. All the analyses were performed with the statistical software packages R (http://www.R-project.org, The R Foundation) and EmpowerStats (http://www.empowerstats.com, X&Y Solution, Inc., Boston, MA).




RESULTS


Baseline Characteristics

Eighty-nine ACM patients, aged 40.40 ± 13.98 years, 67.42% male, were recruited in this study. The baseline characteristics of the patients were presented in Table 1. NYHA III-IV class was present in 15 (16.85%) individuals. Twenty-one (23.60%) patients had RBBB, and none of patients had LBBB. During follow-up for 18.20 (11.60-30.04) months, 30 patients reached end-point events, including: SCD and aborted SCD (n = 2), appropriate ICD discharge (n = 10), sustained ventricular tachycardia (n = 11), and heart transplantation (n = 7). Four of the seven heart transplantation patients experienced sustained ventricular arrhythmias prior to surgery. All patients were further divided into patients with (n = 30) or without (n = 59) events. Patients with events had a higher proportion of recent syncope (<6 months) [40.00 vs. 20.34%, p = 0.048] than that in the non-event group. No other significant differences were observed in terms of baseline characteristics among the two groups.


Table 1. Baseline clinical characteristics of ACM population and comparison of patients without and with cardiovascular events during follow-up.
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Conventional CMR and CMR-FT Characteristics

As shown in Table 2, the average values of LVEF and RVEF were 49.12 ± 12.02% and 22.28 ± 10.11%, respectively, suggesting an advanced stage of ACM in our cohort. Patients with events had larger LVEDVi (79.97 ± 22.65 vs. 71.02 ± 20.02 ml/m2, p = 0.054) compared with patients without events, while there were no other significant differences between the two groups in terms of conventional CMR parameters.


Table 2. Conventional CMR parameters of ACM population and comparison of patients without and with cardiovascular events during follow-up.

[image: Table 2]

Compared with the non-event group, patients with events had significantly impaired LV GLS (−10.82 ± 2.77% vs. −12.61 ± 3.18%, p = 0.010), impaired LV GCS (−11.81 ± 2.40% vs. −13.04 ± 2.83%, p = 0.044), and greater LVLD (80.98 ± 30.98 vs. 64.23 ± 25.51 ms, p = 0.012) in CMR-FT analysis (Table 3). Besides, in the further subgroup analysis, patients with events had significantly impaired LV mid and apical longitudinal strain compared with patients without events (p = 0.015 and p = 0.021, respectively). Representative cases from patients with and without events were shown in Figure 2. No significant differences were observed in RV dyssynchrony and strain parameters between the two groups (Table 3).


Table 3. CMR-FT parameters of ACM population and comparison of patients without and with cardiovascular events during follow-up.
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FIGURE 2. Representative cases from patients with (A-E) and without events (F-J) group. Two-, three-, and four-chamber views of left ventricular strain calculated by software were presented in (A,F), (B,G), and (C,H), respectively. The time-independent left ventricular longitudinal strain curves of American Heart Association 16 segments were shown in (D,I), respectively. LV longitudinal dyssynchrony was 159 ms in patients with event (D) and 64 ms in patients without event (I) by quantification. The time-to-peak longitudinal strain of the 16 segments was demonstrated in (E,J), respectively.




Relationship Between CMR-FT Parameters and Events

As shown in Figure 3, patients with LVLD ≥ 89.15 ms had worse outcomes than those with LVLD < 89.15 ms for cardiovascular events (log rank p = 0.0002) and arrhythmic events (log rank p = 0.001). Patients with LV GLS ≥ −12.94% had worse survival free from cardiovascular events than those with LV GLS < −12.94% (log rank p = 0.009) and arrhythmic events (log rank p = 0.037). Patients with LV GCS ≥ −13.11% had worse survival free from cardiovascular events than those with LV GLS < −13.11% (log rank p = 0.006) and arrhythmic events (log rank p = 0.044). Moreover, we performed univariate and multivariate Cox proportional hazards analysis for LVLD, LV GLS, and LV GCS as shown in Tables 4, 5. It was shown that LVLD was significantly associated with cardiovascular events (HR: 1.02, 95% CI: 1.00-1.04; p = 0.002) and arrhythmic events (HR: 1.03, 95% CI: 1.01-1.05; p = 0.002) even after adjusting for confounding variables (age, sex, syncope, SVT history, beta-blockers, family history of ACM, number of TWI, major repolarization criterion, LVEF, and LVEDVi). When included as a categorical variable, LVLD ≥ 89.15 ms was an independent risk factor for cardiovascular events (HR: 4.50, 95% CI: 1.94-10.42; p = 0.001) and arrhythmic events (HR: 4.79, 95% CI: 1.74-13.20; p = 0.003) after adjusting for the above confounding variables. LV GLS ≥ −12.94% and LV GCS ≥ −13.11% was associated with cardiovascular events (HR: 3.45, 95% CI: 1.31-9.09, p = 0.012; HR: 3.28, 95% CI: 1.39-7.74, p = 0.007, respectively) and arrhythmic events (HR: 3.00, 95% CI: 1.01-8.95, p = 0.048; HR: 2.55, 95% CI: 0.99-6.58, p = 0.053, respectively) adjusting for age and sex. However, it did not reach statistical significance after adjusting more confounders in model II.


[image: Figure 3]
FIGURE 3. Kaplan-Meier curves for the primary (A–C) and secondary (D–F) outcome for patients with LVLD ≥ 89.15 ms vs. with LVLD < 89.15 ms, with LV GLS ≥ −12.94% vs. with LV GLS< −12.94%, and with GCS ≥ −13.11% vs. with LV GCS < −13.11%, respectively. ACM, arrhythmogenic cardiomyopathy; GLS, global longitudinal strain; GCS, global circumferential strain; LV, left ventricular; LVLD, LV longitudinal dyssynchrony.



Table 4. Multivariate Cox proportional hazards analysis of cardiovascular events in ACM population.
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Table 5. Multivariate Cox proportional hazards analysis of arrhythmic events in ACM population.
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Inter-Observer and Intra-Observer Variability

The inter- and intra-observer variability for biventricular strain parameters are summarized in Table 6. All CMR-FT derived strain parameters showed good to excellent intra-observer (0.82-0.95) and inter-observer (0.80-0.91) variability.


Table 6. Intra-observer and inter-observer reproducibility for CMR-FT derived strain parameters.
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DISCUSSION

In the present study, we introduced CMR-FT technique in evaluating LV and RV mechanics in a sizable definite ACM cohort, in which all patients were recruited in a tertiary referral center and had advanced RV dysfunction. Thus, we underlined the prognostic value of LV mechanics in the setting of homogeneous RV functional status, which was different from previously reported study cohorts. In the absence of identified conventional risk stratification parameters, the present study showed LVLD ≥ 89.15 ms assessed by CMR-FT was an independent risk factor for cardiovascular and arrhythmic events. The prognostic value of LV GLS and LV GCS was less confirmed in this study cohort.

In this study, we included patients with more advanced stages of RV dysfunction compared with other Western ACM populations (8, 9, 27). Cadrin-Tourigny et al. (8) reported that 27.7% of ACM patients experienced life-threatening ventricular arrhythmia and 14 (2.7%) patients underwent heart transplantation in 528 definite ACM patients. Lie et al. (27) showed that 18 (15%) patients experienced life-threatening ventricular arrhythmias and only one patient experienced heart transplantation in 117 ACM probands and mutation-positive family members. For both studies, the median follow-up duration was more than 4 years. However, in this study, 23 (25.84%) patients experienced arrhythmic events and 7 (7.87%) patients experienced heart transplantation during a short median follow-up for 18.20 months, implying an advanced disease status in this study cohort.

The presence of LV dysfunction in ACM patients is of clinical significance. Several studies have emphasized the incremental prognostic value of LV involvement in the risk stratification of ACM patients (9, 13, 28, 29). LVEF was irrelevant of cardiovascular events in our ACM population, which was also in accordance with other studies (8, 27, 30). However, patients with events had no differences with those without events in terms of LV involvement by CMR, which was different from Aquaro et al.'s study (29). They recruited more early stage ACM patients (LVEF 57 ± 12%,RVEF 53 ± 13%) including CMR negative patients, which could explain the differences. LV ventricular mechanical parameters derived from echocardiography have been proposed in evaluation of LV dysfunction (31). Mast et al. (29) revealed LV involvement in 68% of ACM patients and their relatives by echocardiographic deformation imaging. In addition, this technique appeared to be an independent prognostic marker of composite cardiovascular events (32). Lie et al. (27) reported that LV longitudinal dyssynchrony assessed by echocardiography was a strong risk marker for arrhythmic events in consecutive ACM probands and mutation-positive family members. By virtue of excellent myocardial-blood contrast and depiction of fibro-fatty tissue, CMR has been used for diagnosis and risk stratification of ACM patients and mutation carriers (15). CMR-FT technique has provided a novel tool for evaluation of LV myocardial strain and dyssynchrony. In comparison with echocardiographic speckle tracking, CMR-FT has superior spatial resolution for reliable tracking of myocardium, may be less operator dependent, and can be applied on routine cine CMR images. The feasibility of CMR-FT technique has been validated in comparison to CMR tagging or echocardiographic speckle tracking (17, 18). In addition, CMR-FT has been used for identification of preclinical ACM patients with preserved left ventricular ejection fraction (LVEF) (22, 23) and for risk stratification in ACM (25). Recently, Shen et al. (25) reported that CMR-FT derived LV GLS > −12.65% was an independent risk factor for combined cardiovascular events in their study after adjusting for age and sex, and LV dyssynchrony was not analyzed in their study. Similarly, we found that LV GLS ≥ −12.94% was associated with cardiovascular events adjusted for age and sex. However, it did not reach statistical significances after adjusting more confounders and in analysis of arrhythmic events in our study. Our study demonstrated that LVLD was an independent risk factor for primary and secondary outcomes, which was also reported in a study evaluated by echocardiography (27). However, the threshold was 45 ms in their study and 89.15 ms in our study. The difference might be ascribed to the fact that we recruited ACM patients with more advanced stage and different imaging technique.

Parameters reflecting RV structural and functional alterations have been revealed to be powerful prognostic risk factors of ACM patients such as RVEF, right ventricular fractional area change (RVFAC), and RV GLS (8, 30, 33). In contrast with previous studies, the present study did not show significant differences of RVEF between ACM patients with and without events. Furthermore, a few studies demonstrated that RV dyssynchrony and GLS were predictors of ventricular arrhythmias in ACM patients (27, 34). The RV GLS, however, was not associated with cardiovascular events in this study. These results could be explained that all ACM patients in our study had advanced stage RV dysfunction, while the previously reported studies enrolled patients at an early stage or preclinical mutation carriers and studied their first adverse events (8, 35). We speculated that the clinical progressions and the risk of events for advanced ACM patients might be more dependent on LV instead of RV performance. Besides, the RV GLS derived from CMR-FT has not been validated in clinical practice as compared with speckle tracking echocardiography (36).

Several limitations should be stressed in this study. First, our study was evaluated in a single tertiary referral center, and was therefore subject to selection bias by including a highly selected population of ACM patients with advanced RV dysfunction or even biventricular dysfunction. Second, the follow-up period was relatively short to enable observation of robust outcome results. Thus, further validation of our results in studies containing larger sample size and longer follow-up duration might be warranted. Third, molecular genetic analysis was not included in this study.



CONCLUSIONS

In this study, we evaluated LV mechanics by CMR-FT technique and highlighted its potential prognostic value in ACM patients in advanced stage. It was demonstrated that LVLD ≥ 89.15 ms assessed by CMR-FT was an independent risk factor for cardiovascular and arrhythmic events, however, the prognostic value of LV GLS and LV GCS was not fully confirmed in this study. CMR-FT derived LV longitudinal dyssynchrony could provide prognostic value for advanced ACM. However, the results of this exploratory analysis should be confirmed by future studies.
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