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ABSTRACT 

AIMS. Speckle Tracking Echocardiography (STE) and Feature Tracking Cardiac Magnetic 

Resonance imaging (FT-CMR) are advanced imaging techniques which are increasingly used for 

the quantification of myocardial deformation indices. We aimed to study the diagnostic 

performance of biventricular strain parameters provided by STE and FT-CMR and to evaluate their 

correlation with tissue abnormalities in patients with definite diagnosis of arrhythmogenic 

cardiomyopathy (AC). 

METHODS. 41 AC Patients with available echocardiography (ECHO) and CMR study along with 41 

healthy subjects who underwent complete ECHO study and 41 healthy subjects who underwent 

CMR scan were enrolled. Myocardial deformation indices (i.e. global longitudinal strain -GLS-; 

global circumferential strain -GCS-; global radial strain -GRS-) for both ventricles were calculated 

using STE and FT-CMR analysis. Quantification of tissue abnormalities (i.e. fat and late gadolinium 

enhancement -LGE- extension) was performed. 

RESULTS. All left and right ventricular (LV and RV) strain parameters were significantly impaired 

in AC patients compared with healthy subjects for both STE and FT-CMR analysis. There was 

a good correlation between ECHO LV GLS and both CMR LV 3DGLS and LV 2DGLS (Spearman’s Rho 

[rs]  = 0.662, p < 0.001 and 0.561, p < 0.001 respectively). All myocardial deformation indices, in 

particular GLS, were moderately associated with LGE extension (ECHO LV GLS rs = 0.461, p = 0.008; 

ECHO RV GLS 0.506, p = 0.003; CMR LV 3DGLS rs = 0.423, p = 0.016; CMR RV 2DGLS rs = 0.385, p = 

0.030). The accuracy in diagnosing AC of both techniques was overall good (area under the 

receiver-operating characteristics curve -AUC- for ECHO LV GLS = 0.862; ECHO RV GLS AUC = 

0.852; CMR LV 2DGLS AUC = 0.844; CMR RV 2DGLS AUC = 0.778). 

CONCLUSIONS. All myocardial deformation indices were impaired in AC patients compared to 

healthy subjects and were significantly associated with the extension of CMR tissue abnormalities. 

Strain analysis by STE and FT-CMR, mostly GLS, showed a good diagnostic performance in 

identifying the disease and should be implemented in diagnostic algorithms. 
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INTRODUCTION 

Arrhythmogenic Cardiomyopathy (AC) is a genetically determined myocardial disorder, 

characterized by progressive cardiomyocyte loss and fibro-fatty replacement [1,2]. Electrical instability and 

ventricular dysfunction are essential aspects of the disease, clinically translating into the occurrence of 

hyperkinetic scar-related ventricular arrhythmias, sudden cardiac death (SCD) and heart failure (HF) [3].  

In the pre-genetic and pre-cardiac magnetic resonance (CMR) era, AC has been regarded as a 

predominantly right ventricular (RV) disease. More recently, the spread of CMR together with genotype-

phenotype correlation studies led to an increasing awareness of the frequent left ventricular (LV) 

involvement [4,5], characterized by an increased risk of events such as death, HF, heart transplantation 

(HT) and major ventricular arrhythmias [6,7]. In a recent study, LV histopathologic involvement was 

detected in 87% of 202 AC subjects, with isolated LV disease in 17% of cases [8]. 

Nowadays, the diagnosis of AC is based on International Criteria according to a scoring system 

that considers clinical and pathological features of the disease, grouped into 6 categories (i.e. global or 

regional dysfunction and structural abnormalities; histological tissue characterization; ECG repolarization 

abnormalities; ECG depolarization/conduction abnormalities; arrhythmias; family history and genetics) 

[1]. Definite diagnosis requires 2 major criteria, or 1 major and 2 minor criteria, or 4 minor criteria from 

different categories. However, these criteria apply only to the classical RV form, not considering the 

broader spectrum of the disease phenotypes.  

Recently, an International Expert Consensus document [9] proposed an upgrade of the diagnostic 

criteria, taking into account the left-side involvement and introducing tissue characterization by CMR as 

a landmark point. The document also considered the demonstration of reduced LV global longitudinal 

strain (GLS) as minor morpho-functional criterion for the diagnosis of biventricular and left-dominant (LD) 

variants, highlighting its ability to unmask subtle changes, particularly relevant in early stages of the 

disease [10, 11]. In fact, standard volumetric techniques have several limitations in the detection of the 

initial impairment of ventricular systolic function. Conversely, deformation imaging allows a precise 

quantification of cardiac mechanics by directly evaluating myocardial fiber deformation.  
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Speckle tracking echocardiography (STE) showed to be able to detect subtle alterations in 

myocardial function in several pathological conditions [12]. However, this technique is strictly dependent 

on image quality. Feature Tracking Cardiac Magnetic Resonance (FT-CMR) study has emerged as 

alternative to 2D-echocardiography for the whole strain analysis (i.e. 2D/3D GLS, global circumferential 

strain -GCS- and global radial strain -GRS), highly reproducible and independent of the echocardiographic 

acoustic window [13].  

In the setting of AC, recent studies suggested the ability of deformation imaging to detect the 

disease, to predict its progression and to stratify the risk of major cardiac events [14,15,16,17,18]. However, 

limited evidence is available about the role of deformation imaging in identifying LV involvement [19]. 

Likewise, direct comparisons of STE and FT-CMR analysis in AC are limited [20]. Moreover, the correlation 

between impairment of biventricular strain parameters and the extension of tissue abnormalities by CMR 

was not previously explored. 

Thus, the aim of the present study was to evaluate the diagnostic utility of deformation imaging 

parameters provided by STE and FT-CMR and their correlation with the extension of tissue abnormalities 

in a cohort of AC patients. 

METHODS 

Study population 

AC patients consecutively enrolled in the Trieste Heart Muscle Disease Registry (HMDR) from 

January 1st, 2008 to December 31st, 2020 with available transthoracic echocardiography examination and 

CMR scan within 6 months of each other were included in the present analysis. Patients with inadequate 

image quality for STE analysis and patients with unstable heart rhythm were excluded. 

All patients fulfilled the diagnostic criteria for “definite ARVC” according to 2010 Revised Task 

Force Criteria [1]. Data regarding patients enrolled before 2010 were carefully revised to confirm the 

diagnosis.  
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Patients were classified into three phenotypic subgroups according to ventricular involvement: (I) lone RV 

AC, if an isolated RV involvement at echocardiography and/or CMR evaluation was documented. RV 

involvement was defined as the presence of regional wall motion abnormalities -WMA- (akinesia, 

dyskinesia or aneurism), in association with RV dilatation and/or global RV systolic dysfunction (according 

to the imaging test specific nomograms) [1]; tissue abnormalities by CMR were also considered [9]. (II) 

Biventricular AC, if an involvement of both ventricles (i.e. WMA, systolic dysfunction and tissue 

abnormalities) was documented at echocardiography and/or CMR. (III) LD AC, if an isolated LV 

involvement was documented at echocardiography and/or CMR. LV involvement was defined by the 

presence of LV WMA, global LV systolic dysfunction (according to the imaging test specific nomograms) 

with or without LV dilatation; tissue abnormalities by CMR were also considered [9].  

 Endomyocardial biopsy was performed in 2 patients (1 familial, 1 sporadic) with LD form in order 

to exclude an inflammatory disease and confirm the diagnosis. 

Patients were compared with a sample of healthy volunteers who underwent complete 

transthoracic echocardiography and CMR scan at our Center. 

All data were anonymized and entered into an Excel-based datasheet. 

All patients provided written informed consent for enrollment in the Registry. The study was 

approved by the institutional review board and complies with the Declaration of Helsinki. 

Echocardiography  

A comprehensive transthoracic echocardiography was performed with 2D, color and Doppler 

imaging, using Vivid E9, Vivid E95 (GE Healthcare, Little Chalfont, UK) or iE33 (Phillips Medical Systems, 

Andover, MA, USA) ultrasound systems. Image analysis was conducted according to international 

guidelines [21,22]. Using a vendor-independent software (TomTec-Arena 5.4, Munich, Germany), STE 

analysis was performed in order to obtain LV peak GLS, GCS, GRS, RV GLS and RV free wall longitudinal 

strain -FWLS-, according to international recommendations [23,24]. LV and RV focused views with a frame 

rate ≥50 fps were used. In particular, LV apical two-, three-, and four-chamber views were used for the 
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quantification of LV-GLS. Parasternal short-axis view at the level of papillary muscles was used for the 

quantification of LV GCS and GRS. RV GLS and FWLS were measured from RV focused apical view. After 

tracing of the endocardial borders, the software automatically tracked speckles throughout the cardiac 

cycle, deriving strain parameters. End-diastole and end-systole were defined by both electrocardiogram 

and visual assessment of 2D images. In case of suboptimal tracking, contours were manually corrected 

and analysis repeated. Inter- and intra-observer variability of our Center for speckle tracking analysis were 

previously reported [25,26]. 

CMR acquisition protocol 

CMR studies were performed on 1.5 or 3 Tesla Magnetic Resonance scanners (Philips Intera, 

Philips Ingenia) with a cardiac phased-array receiver surface coil, ECG-gating and breath-hold technique, 

using a dedicated cardiac software. Cine images in two-, three- and four-chamber views, a stack of 

contiguous short-axis slices from the atrioventricular plane to the apex and para-axial slices from 

diaphragm to the entire outflow were acquired using a steady-state free precession (SSFP) pulse sequence 

(temporal resolution ≤50 ms; spatial resolution with a mean acquisition pixel size of 1.6×1.6 mm; slice 

thickness = 8 mm, no inter-slice gap; repetition time/echo time = 3.0/1.5 ms). T1- or proton density-

weighted turbo spin-echo (TSE) pulse sequences were acquired using the same slice coverage as cine 

images. Approximately 10 minutes after intravenous administration of 0.1-0.2 mmol/kg gadolinium-based 

contrast agent late gadolinium enhancement (LGE) images were acquired in the same views using 

segmented T1-weighted inversion-recovery prepared gradient-echo or phase sensitive inversion recovery 

(PSIR) pulse sequences, individually adjusting inversion time to optimize nulling of apparently normal 

myocardium. 

CMR image analysis 

CMR studies were analyzed offline using a dedicated software (Circle CVI-42, Circle Cardiovascular 

Imaging, Calgary, Canada). LV and RV volumes and function were measured using the standard volumetric 

technique from the cine short axis stack, with the endocardial border traced at end-diastole and end-
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systole for each slice and the epicardial border traced at end-diastole [27]. Volume and mass measures 

were indexed to body surface area. In SSFP images, intramyocardial fat was detected as a hyperintense 

region bordered by a thin hypointense boundary and surrounded by normal myocardium (“India Ink” 

artifact). Presence of intramyocardial fat was confirmed by the detection of hyperintense signal in TSE 

images in the same anatomical location. Extent of intramyocardial fat was measured in SSFP images by a 

manual contouring of “India Ink” artifact and expressed as percentage of total ventricular myocardial area 

[28]. LV and RV wall motion were assessed with a visual scoring system in which 1 = normal, 2 = hypokinetic, 

3 = akinetic, 4 = dyskinetic, 5= aneurysm. For LV a 17-segment model was used [29]. For RV, in the absence 

of standardization, a 5-segment model was arbitrarily used (RV lateral basal, RV lateral mid portion, RV 

apex, RV inferior, RV outflow tract). Wall motion score index (WMSI) for both ventricles was calculated as 

the cumulative sum of individual segment scores divided by the number of interpreted segments.  

Post-contrast images were evaluated for the presence of LGE, defined as areas with increased 

signal intensity following administration of contrast medium in two orthogonal planes. In the absence of 

consensus regarding the technique of quantification, the extent of LV LGE was quantified by measuring 

regions with signal intensity >6 standard deviations above nulled remote myocardium. Manual correction 

was performed for obvious threshold errors. The extent of LGE was expressed as percentage of total LV 

mass [30]. Similarly, in the absence of dedicated software tool and standardized method, RV LGE was 

quantified by manual contouring of hyperintense areas of RV walls and expressed as percentage of total 

RV myocardial area. 

FT-CMR analysis was performed on SSFP images using a dedicated tool that allows the 

quantification of LV and RV strain values. After uploading the short- and long-axis images (2-chamber, 3-

chamber and 4-chamber views), the brightness was optimized to ensure optimal endocardial/blood pool 

discrimination. The endocardial and epicardial borders were manually traced on the end-diastolic frame. 

The software automatically tracked the contours throughout the full cardiac cycle. Contours were 

manually adjusted and analysis repeated in case of suboptimal tracking. Biventricular strain parameters 

(2D and 3D GLS, GCS and GRS for LV; 2D GLS, GCS and GRS for RV) were automatically generated. GLS was 
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derived from the peak systolic strain values of segments in the longitudinal view. The GCS and LV GRS 

were obtained from the peak strain values of the segments in short-axis sections. For RV, GRS was 

evaluated in long axis images. Inter- and intra-observer variability of our Center for feature tracking 

analysis were previously reported [26]. 

Study purposes 

The aims of the present study were: 

1. to compare myocardial deformation indices derived from STE and FT-CMR in AC patients; 

2. to evaluate the myocardial deformation indices by STE and FT-CMR in AC patients, compared with 

healthy controls; 

3. to evaluate the correlation between strain parameters measured by STE and FT-CMR and the 

extension of tissue abnormalities detected through CMR imaging; 

4. to evaluate the diagnostic performance of STE and FT-CMR and to identify diagnostic cutoffs for 

the discrimination between healthy and disease affected-subjects. 

Statistical analysis 

Summary statistics of clinical and instrumental continuous variables were expressed as mean and 

standard deviation or median and interquartile range as appropriate. Categorical data are presented as 

absolute numbers and percentages. The c2 test (for categorical variables) was used to determine 

differences between two groups. Comparisons of means for normally distributed variables were 

performed by analysis of variance (ANOVA) with the Bonferroni post-hoc correction for multiple 

comparisons. For non-normally distributed variables, the Kruskal–Wallis test (multiple groups) and Mann–

Whitney U-test (two groups) were used. Sample size was based on the hypothesis that the correlation 

coefficient was 0.50. 30 patients were required for this correlation coefficient to be significantly different 

from 0, with an a-level of 0.05 and for a b-level of 0.20 (power is 80%). Considering that possible technical 

problems in reading the values from images could happen, the sample size was increased to enroll 41 

patients. The non-parametric Spearman rank correlation coefficient (Spearman’s rho, rs) was used to 
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assess linear correlations between myocardial deformation indices and tissue abnormalities. Receiver-

Operating Characteristic (ROC) analysis was used to evaluate the accuracy of strain analysis in detecting 

affected subjects, with an area under the curve (AUC) value of 0.50 indicating no accuracy and a value of 

1.00 indicating maximal accuracy. Optimal cutoff points as provided by Youden index were chosen as 

reference points and further adapted.  

Analyses were carried out using IBM SPSS Statistics software version 28. 

RESULTS 

Study population 

Forty-one patients fulfilling inclusion criteria were enrolled in the present study, along with 41 

healthy subjects who underwent complete echocardiography and 41 healthy subjects who underwent 

CMR scan. Table 1 summarizes characteristics of the study population. Mean age was 44 ± 13 years and 

26 (63%) were men. Eight (20%) patients had a lone RV AC, 24 (58%) presented a biventricular AC and 9 

(22%) had a LD AC. Patients with LD AC were significantly younger than biventricular AC subgroup. 

Common CMR parameters are presented in the Table 2. Mean LV end-diastolic volume index 

(EDVi) was 94 ± 26 ml/m2 and mean LV ejection fraction (EF) was 54 ± 10%. There was not significant 

difference in LV EDVi and LVEF according to AC phenotype. Mean RV EDVi was 107 ± 32 ml/m2, with larger 

volumes in lone RV subgroup. Mean RVEF was 49 ± 12%, with significantly lower RVEF in lone RV and 

biventricular forms. Twenty-five (57%) patients showed LV fat infiltration and 27 (61%) LV LGE, with 

significantly higher prevalence in biventricular and LD forms. Twenty-four (54%) and 14 (32%) showed RV 

fat infiltration and RV LGE respectively. Patients with biventricular AC presented larger fat extension for 

both ventricles when compared to the other subgroups (LV fat extension 1.61% of LV mass, IQR 0.29-2.91; 

RV fat extension 4.33% of RV mass, IQR 2.07-10.85), whereas LD forms presented highest LV LGE 

extension (13.35% of LV mass, IQR 8.60-24.07). 

All LV and RV strain parameters, for both echocardiography and CMR, were significantly impaired 

in patients when compared with controls (Table 3). There was no significant difference in LV strain 
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parameters according to AC phenotypes for both STE and FT-CMR (Table 4). Conversely, 

echocardiographic RV GLS and FWLS were significantly more impaired in biventricular and lone RV AC 

compared to those with LD AC (RV GLS -14.72±5.48 in biventricular AC vs. -17.48±3.88 in lone RV AC and 

-21.29±4.76 in LD AC, p = 0.007; RV FWLS -14.92±6.38 vs. -16.82±4.96 vs. -22.17±4.67 respectively, p = 

0.011). Biventricular and lone RV forms showed more impaired CMR 2D RVGRS when compared with LD 

AC (33.91±19.67 vs. 44.22±9.44 vs. 57.30±20.73 respectively, p = 0.007). A trend towards lower CMR 2D 

RVGLS was also observed.  

Correlations between STE and FT-CMR analysis 

Table 5 reports correlations between STE and FT-CMR analysis. There was a strong association 

between echocardiographic LV GLS and CMR LV 3DGLS (rs = 0.662, p < 0.001) and moderate association 

between LV GLS and CMR LV 2DGLS (rs = 0.561, p < 0.001) (Figure 1). There was also a moderate 

association between echocardiographic LV GRS and CMR 2D/3D GRS (rs = 0.409 and 0.423, p = 0.042 and 

p = 0.035 respectively), however with a wide dispersion (Figure 2). There was no significant correlation 

between echocardiographic RV GLS and CMR RV 2DGLS (p = 0.084). 

Correlations between STE and CMR parameters of biventricular involvement 

Table 6 reports the correlations between STE analysis and CMR indices of LV and RV involvement. 

LV GLS was strongly associated with LV WMSI (rs = 0.683, p < 0.001). Similarly, there was a strong 

association between either RV GLS and RV FWLS with RV WMSI (rs = 0.706 and 0.686 respectively, p < 

0.001).  

We found a moderate association between LV GLS and LV LGE extension (rs = 0.461, p = 0.008). 

RV strain parameters were moderately associated with RV LGE extension (rs for RV GLS = 0.506, p = 0.003; 

rs for RV FWLS = 0.484, p = 0.005). There was also a moderate association between RV GLS and RV fat 

extension (rs = 0.433, p = 0.013).  
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Figures 3 and 4 show the correlation between LV and RV GLS with LGE extension. Interestingly, a 

significant proportion of patients presented a compromised GLS despite a normal post-contrast signal (i.e. 

LGE 0%).  

 

Correlations between FT-CMR analysis and other CMR parameters of biventricular involvement 

Table 7 reports the correlations between FT-CMR analysis and other CMR indices of LV and RV 

involvement. All LV strain parameters were strongly associated to LV WMSI, whereas RV strain parameters 

were moderately associated with the extension of RV WMA. Focusing on LV, there was a moderate 

association between 3DGLS and LGE extension (rs = 0.423, p = 0.016) and between 2D GRS and LGE 

extension (rs = -0.417, p = 0.018). 2D/3D GCS and 3D GRS were only weakly associated with LGE extension. 

About RV, all strain parameters were moderately associated with LGE extension. None of strain 

parameters, neither LV nor RV, were associated with fat extension. Similar to STE, also FT-CMR analysis 

showed a significant impairment of myocardial deformation indices of both ventricles in a significant 

proportion of patients without any evidence of tissue abnormalities (Figures 5 and 6). 

Diagnostic performance analysis of STE 

Figure 7 shows the ROC curves describing the diagnostic performance of echocardiographic strain 

parameters for distinction between patients affected by AC and healthy subjects. As reported in Table 8a, 

the diagnostic accuracy as quantified by the area under the receiver-operating characteristics curve (AUC) 

was highest for LV GLS (AUC = 0.862; 95% CI 0.778-0.945), RV GLS (AUC = 0.852; 95% CI 0.766-0.938) and 

RV FWLS (AUS = 0.822; 95% CI 0.726-0.918). The derived best cutoff values were -20.35 for LV GLS, -20.45 

for RV GLS and -20.05 for RV FWLS. 

Diagnostic performance analysis of FT-CMR 

Figure 8 shows the ROC curves describing the diagnostic performance of CMR strain parameters 

for distinction between patients affected by AC and healthy subjects. As reported in Table 8b, the AUC 
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was excellent for 2D LVGLS (AUC = 0.844; 95% CI 0.759-0.930), 2D LVGRS (AUC = 0.825; 95% CI 0.735-

0.914), 3D LVGRS (AUC = 0.817; 95% CI 0.723-0.910) and 2D RVGCS (AUC = 0.839; 95% CI 0.749-0.929). 

AUC was acceptable for all other CMR strain parameters (all > 0.7). Among others, the derived best cutoff 

values were -19.92 for LV 2DGLS, -24.6 for RV 2DGLS and -12.95 for RV 2DGCS. 

DISCUSSION 

Main findings 

To the best of our knowledge, the current study is the first one that evaluates comprehensively 

the role of myocardial deformation imaging provided by STE and FT-CMR in a well characterized cohort 

of definite AC (Central illustration). Specifically, the results of our research can be summarized as follows: 

(1) patients with AC have impaired LV and RV strain parameters compared with healthy controls, for both 

STE and CMR-FT; (2) a moderate association between deformation indices provided by STE and FT-CMR 

analysis and LGE extension for both ventricles has been demonstrated; (3) there is a moderate association 

between STE and FT-CMR analysis, in particular for LV GLS; (4) both STE and FT-CMR analysis showed high 

diagnostic accuracy, in particular again for GLS.  

Myocardial deformation imaging for the diagnosis of arrhythmogenic cardiomyopathy 

Despite the advances of the last decade in management of the disease, the diagnosis of AC 

remains challenging. Indeed, the lack of a single conclusive test leads to a mandatory multiparametric 

evaluation. According to international Task Force criteria (TFC) [1], definition by imaging modalities relies 

on the presence of RV dilatation, dysfunction and regional wall motion abnormalities (WMA). However, 

the evaluation of the RV remains a significant issue due to its complex geometry, fiber orientation, 

contraction pattern and thin myocardial wall [31]. Furthermore, the assessment of regional WMA may be 

difficult, even for experienced operators. In this setting deformation imaging could be a useful tool for a 

more sensitive and objective evaluation of ventricular mechanics, particularly in the early stages and in 

subjects at risk for developing the disease such as genetic mutation carriers [14,17]. Moreover, TFC focused 

on RV disease manifestations, not considering the frequent LV involvement [1]. Of note, the latter may be 
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missed by conventional imaging, especially when subclinical involvement is present. In fact, even in the 

absence of LV WMA, extensive tissue anomalies can be detected by CMR. We found a good diagnostic 

accuracy of strain analysis provided by both STE and FT-CMR in identifying the disease, mainly through 

the most studied of these parameters, the GLS. These results confirm and expand the current knowledge 

[15,16,19,32,33,34] and suggest the complementary use of STE and FT-CMR in the diagnostic process, 

particularly in morpho-functionally normal phenotypes, on top of tissue characterization. 

Evaluation of right ventricular involvement 

In our study, patients with AC showed a significantly impaired RV strain by both STE and FT-CMR, 

compared to controls. This finding confirms previous observations. In a series by Prati et al. RV GLS, GCS 

and GRS were all significantly lower among patients with ARVC compared with those with RV outflow 

tract arrhythmias and healthy controls. The authors concluded that FT-CMR analysis helps to objectively 

quantify global and regional RV dysfunction and provides incremental value over conventional cine CMR 

imaging [15]. In another study by Heermann et al. RV global longitudinal strain rate was significantly 

reduced in definite and borderline ARVC patients in comparison with healthy volunteers. Interestingly, 

this parameter was significantly reduced even in patients with normal RVEF [35]. Of note, the accuracy of 

strain analysis in detecting RV forms was demonstrated across a wide spectrum of clinical scenarios, 

ranging from adolescents to athletes and other arrhythmogenic conditions [16,32,33]. 

Evaluation of left ventricular involvement 

Although AC was historically considered a RV disease, more recently a frequent LV involvement 

was recognized and associated with worse outcomes [6,7,36]. A recent International Expert Consensus 

document [9] proposed new criteria for the diagnosis of isolated LV form of AC, considering the presence 

of global LV systolic dysfunction with or without dilatation, regional WMA and presence of epicardial or 

midmyocardial LGE. However, limited data are available on deformation imaging in this field. In a study 

by Mast et al. [37] echocardiographic deformation imaging detected a higher incidence of LV involvement 

compared with conventional echocardiography in patients with ARVC and pathogenic mutation–positive 
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relatives. Moreover, LV involvement detected by deformation imaging was an independent predictor of 

major events during approximately 6 years follow-up. In another study by Chen et al., LV involvement was 

evaluated in 68 ARVC patients through FT-CMR [34]. Compared with controls, LV global and regional 

longitudinal, circumferential and radial strain were all significantly impaired in patients with reduced LVEF, 

whereas only LV GLS as well as mid and apical longitudinal peak strain were significantly reduced in 

preserved LVEF subgroup. Similar findings were reported by Shen et al. [19], who described a significant 

impairment of all LV strain parameters, even in patients with preserved LVEF. In that study, LV GLS 

>−12.65% was an independent predictor of adverse cardiac outcomes during a mean follow-up period of 

4 years. Our results are consistent with previous observations and supports the frequent LV involvement 

in AC detected by both STE and FT-CMR analysis. Interestingly, LV strain parameters were all impaired 

across the entire phenotypic spectrum of the disease, without significant difference between lone RV, 

biventricular and LD AC subgroups. It could be hypothesized that an abnormal deformation unmasked by 

strain imaging reflects a diffuse impairment of mechanical contraction proprieties of the heart as 

expression of the genetic substrate of the disease. In fact, it is wildly accepted that desmosomal gene 

mutations are responsible of disruption of mechanical linkage between cells in response to stress, leading 

to cardiomyocyte loss and fibro-fatty replacement [38]. Deformation imaging could intercept these 

mechanisms affecting the entire myocardium, revealing a true biventricular disease. 

Myocardial deformation indices and tissue abnormalities 

Previous observations reported an association between the presence of LGE and the impairment 

of LV deformation indices in small series [37,34]. Mast et al. described a good correlation between location 

of LGE and LV segments showing an abnormal regional deformation in group of 4 patients, with better 

agreement than visual wall motion analysis [37]. At the same time, they reported a LV involvement 

according to deformation imaging also in 9 patients without any evidence of LGE. Similarly, Chen et al. 

found that the LV segments with LGE showed impaired LV peak strain in all directions compared to those 

without LGE [34]. Moreover, radial strain was significantly reduced in LGE-positive segments in the 
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subgroup with preserved LVEF. To our knowledge, we described for the first time a significant association 

between echocardiographic GLS and LGE extension, as well as FT-CMR strain parameters and LGE 

extension. Interestingly, a significant proportion of patients showed compromised myocardial 

deformation indices of both ventricles without any evidence of macroscopic tissue abnormalities. This 

observation again supports the hypothesis that deformation imaging can detect also minor abnormalities 

in myocardial mechanics and could reflect the presence of microscopic fibrosis and/or scars not identified 

by LGE technique. This concept is supported by previous evidences that described only poor agreement 

between LGE and electroanatomic mapping to detect myocardial scar as arrhythmogenic substrate [39,40]. 

As already reported, circumferential strain was significantly impaired in segments with dense scar at 

electroanatomic mapping [40]. Furthermore, lower strain was associated with endocardial and epicardial 

dense scar as well as ventricular tachycardia culprit sites [40]. Further studies exploring the potential role 

of new CMR techniques such as T1-mapping and extracellular volume (ECV) quantification would be 

advisable in this field. 

Comparison between STE and FT-CMR imaging 

Evidence regarding the relationship between STE and FT-CMR analysis are currently limited. In a 

recent study, Taha et al. performed a head-to-head comparison between the two techniques for the 

assessment of RV deformation [20]. Authors reported a significant correlation between RV strain values. 

However, agreement between techniques was weak. Moreover, both correlation and agreement 

decreased when regional strain were analyzed. In our study we described a moderate correlation between 

LV strain parameters, in particular LV GLS provided by STE and FT-CMR in definite AC. Conversely, we did 

not find a significant correlation between RV GLS and RV 2DGLS measured by FT-CMR. These findings 

support the recommendation that values obtained by these techniques cannot be used interchangeably 

in clinical practice [20].  

In light of these results, we strongly recommend the extensive use of STE analysis as first line 

investigation for the diagnosis of AC and in particular to detect the LV involvement, that needs to be 
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confirmed by CMR imaging. Moreover, the addition of strain analysis to conventional CMR evaluation 

could be useful to identify also minor biventricular abnormalities. Similarly, STE analysis should be 

systematically performed at the time of family members’ screening evaluation, in order to detect early 

signs of the disease and potentially guiding the indication to perform or repeat CMR. Future studies on 

larger populations are needed to clarify the prognostic implications of these findings. 

LIMITATIONS 

Some limitations need to be acknowledged. First of all, the small size of our study cohort might 

limit the impact of our observations. However, as far as we know this is the first study investigating the 

association between the extension of tissue abnormalities and the impairment of myocardial deformation 

indices in AC. Moreover, the sample size was calculated to have an adequate statistical power. We 

consider our findings to be hypothesis generating. These preliminary results need to be confirmed in 

larger series. Furthermore, studies on larger populations are needed to elucidate the prognostic 

implications of biventricular myocardial deformation analysis in AC. 

Secondly, echocardiography and CMR were not performed at the same time. However, although 

AC is considered a progressive disease, it is unlikely to observe a significant progression over 6 months 

period [17,41].  

Biventricular fat extension as well as RV LGE was manually quantified. However, dedicated 

software tools are not still available. 

Parasternal short-axis view at the level of papillary muscles was used for echocardiographic LV 

GCR and GRS calculation and assumed as representative of the global deformation of the LV in these 

directions, as already proposed by other research groups [42]. In our opinion this specific view is the best 

for STE analysis in the short-axis plane as it generally avoids geometric distortions.  

Genetic data and genotype-phenotype correlations were not explored in the present study. 
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CMR control group was significantly younger than AC patients. However, despite statistically 

significant, this difference was clinically negligible. In fact, it was demonstrated that the effect of age on 

deformation indices becomes relevant in older subjects [43,44,45]. 

Lastly, given the impairment of myocardial deformation indices in the absence of macroscopic 

tissue abnormalities in a significant proportion of patients, it would be interesting to explore the 

association with microscopic fibrosis. However, T1-mapping and ECV calculation was not available due to 

the retrospective design of the study. 

CONCLUSIONS 

Myocardial deformation indices of both ventricles are significantly impaired in patients affected 

by AC. Moreover, impairment of strain parameters is significantly associated with extension of tissue 

abnormalities detected by CMR. Strain analysis, in particular GLS, shows a good diagnostic performance 

in identifying the disease and should be implemented in diagnostic algorithms. Further studies are needed 

to validate these observations, to analyze genotype-phenotype correlations and to explore the possible 

prognostic implications. 
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TABLES 

Table 1. Main characteristics of the study population. 
 

 

 
 
 
Legend. AC=arrhythmogenic cardiomyopathy; ECG=Electrocardiogram; LV=left ventricle; RV=right ventricle; * †   statistically 
significant. 
 

  

 

 All Patients 
41 

LONE RV AC 
8 (20%) 

BIVENTRICULAR AC 
24 (58%) 

LEFT-DOMINANT AC 
9 (22%) 

P 

Age – years 44±13 40±11 49±13* 37±10* 0.043 
Male – n (%) 26 (63) 7 (87) 14 (58)  5 (55) 0.286 
 
2010 Task Force Criteria  
 

     

Global or regional 
dysfunction and structural 
alterations by imaging – 
Major criteria – n (%) 

15 (37) 4 (50)† 11 (46)* 0 (0)* † 0.035 

Global or regional 
dysfunction and structural 
alterations by imaging – 
Minor criteria – n (%) 

11 (27) 2 (25) 7 (29) 2 (22) 0.915 

ECG 
depolarization/conduction 
abnormalities – Major 
criteria – n (%) 

2 (5) 1 (12) 1 (4) 0 (0) 0.474 

ECG 
depolarization/conduction 
abnormalities – Minor 
criteria – n (%) 

12 (29) 4 (50)† 8 (33)* 0 (0)*† 0.062 

ECG repolarization 
abnormalities – Major 
criteria – n (%) 

18 (44) 2 (25) 11 (46) 5 (56) 0.429 

ECG repolarization 
abnormalities – Minor 
criteria – n (%) 

10 (24) 0 (0)* 6 (25) 4 (44)* 0.103 

Histology – Major criteria – n 
(%) 

2 (5) 0 (0) 0 (0)* 2 (22)* 0.024 

Histology – Minor criteria – n 
(%) 

0 (0) 0 (0) 0 (0) 0 (0) - 

Arrhythmias – Major criteria 
– n (%) 

16 (39) 3 (37) 9 (37) 4 (44) 0.931 

Arrhythmias – Minor criteria 
– n (%) 

22 (54) 4 (50) 13 (54) 5 (55) 0.971 

Family history – Major 
criteria – n (%) 

24 (58) 5 (62) 13 (54) 6 (67) 0.784 

Family history – minor 
criteria – n (%) 

2 (5) 0 (0) 0 (0)* 2 (22)* 0.024 
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Table 2. Baseline cardiac magnetic resonance parameters in the total population and according to AC 
phenotype.  
 

 
 
 
Legend. AC=arrhythmogenic cardiomyopathy; EDVi=end-diastolic volume index; EF=ejection fraction; LGE=late gadolinium 
enhancement; LV=left ventricle; RV=right ventricle; WMA=wall motion abnormalities; * †  ‡ statistically significant. 

  

 

 All Patients  
41 

LONE RV AC  
8 (20%) 

BIVENTRICULAR AC 
24 (58%) 

LEFT-DOMINANT AC  
9 (22%) 

P 

LV EDVi – ml/m2 94±26 93±22 94±31 92±17 0.979 
LVEF – % 54±10 59±6 53±12 51±8 0.244 
LV WMA – n (%) 15 (34) 0 (0)*† 9 (37)* 6 (68)† 0.017 
LV fat – n (%) 25 (57) 0 (0)*‡ 21 (87)*† 4 (44)†‡ <0.001 
LV fat extension – % 0.48 [0; 2.49] 0 [0; 0]* 1.61 [0.29; 2.91]* 0 [0; 2.67] 0.002 
LV LGE – n (%) 27 (61) 0 (0)*† 18 (75)* 9 (100)† <0.001 
LV LGE extension – % 8.9 [1.05; 21] 0 [0; 0]* † 10 [3.47; 22.30]* 13.35 [8.60; 24.07]† <0.001 
      
RV EDVi – ml/m2 107±32 117±20* 113±35† 82±19*† 0.034 
RVEF – % 49±12 47±9* 46±13† 59±5*† 0.016 
RV WMA – n (%) 31 (70) 8 (100)* 23 (96)† 0 (0)*† <0.001 
RV fat – n (%) 24 (54) 5 (62)* 19 (79)† 0 (0)*† <0.001 
RV fat extension – % 2.18 [0; 5.41] 0.64 [0; 3.51]* † 4.33 [2.07; 10.85]* † ‡ 0 [0; 0] † ‡ <0.001 
RV LGE – n (%) 14 (32) 1 (12)*‡ 13 (54)†‡ 0 (0)*† 0.005 
RV LGE extension – % 0 [0 ; 6.92] 0 [0; 2.88]* 3.27 [0 ; 14.17]* ‡ 0 [0; 0] ‡ 0.006 
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Table 3. Comparison of myocardial deformation indices between patients and healthy subjects. a) STE b) 
FT-CMR analysis. 
 
 

 
 

 
 
 
Legend. CMR=cardiac magnetic resonance; ECHO=echocardiography; FWLS=free-wall longitudinal strain; GLS=global longitudinal 
strain; GCS= global circumferential strain; GRS= global radial strain; LV=left ventricle; RV=right ventricle. 
  

Parameter 
Patients 

n=41 
Controls 

n=41 P 
Age – years 44±13 39±12 0.068 
Male – n (%) 26 (63) 25 (61) 0.500 
ECHO LV GLS -16.62±3.69 -21.28±2.72 <0.001 
ECHO LV GCS -16.13±4.66 -19.43±3.85 0.002 
ECHO LV GRS 41.84±14.69 50.81±18.63 0.029 
ECHO RV GLS -16.70±5.63 -23.90±3.57 <0.001 
ECHO RV FWLS -16.88±6.37 -23.99±3.75 <0.001 

 

Parameter 
Patients 

n=41 
Controls 

n=41 P 
Age – years 44±13 34±10 <0.001 
Male – n (%) 26 (63) 21 (51) 0.156 
CMR LV 2DGLS -17.10±3.22 -21.18±2.43 <0.001 
CMR LV 3DGLS -13.53±3.59 -16.73±2.22 <0.001 
CMR LV 2DGCS -17.73±6.61 -22.09±2.26 <0.001 
CMR LV 3DGCS -15.24±3.97 -18.96±2.27 <0.001 
CMR LV 2DGRS 33.74±11.14 47.37±8.19 <0.001 
CMR LV 3DGRS 32.42±11.17 45.58±11.35 <0.001 
CMR RV 2DGLS -19.85±6.46 -26.02±4.55 <0.001 
CMR RV 2DGCS -9.63±5.22 -15.51±3.29 <0.001 
CMR RV 2DGRS  41.05±20.40 64.44±19.89 <0.001 
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Table 4. Myocardial deformation indices according to AC phenotype. a) STE b) FT-CMR analysis. 
 
 

 
 
 
Legend. CMR=cardiac magnetic resonance; ECHO=echocardiography; FWLS=free-wall longitudinal strain; GLS=global longitudinal 
strain; GCS= global circumferential strain; GRS= global radial strain; LGE=late gadolinium enhancement; LV=left ventricle; 
RV=right ventricle; * †  ‡ statistically significant. 
  

 

Parameter All Patients  
41 

LONE RV AC 
8 (20%) 

BIVENTRICULAR AC 
24 (58%) 

LEFT-DOMINANT AC 
9 (22%) 

P 

ECHO LV GLS -16.62±3.69 -17.49±2.41 -16.43±4.08 -16.36±3.78 0.767 
ECHO LV GCS -16.13±4.66 -16.31±5.05 -16.48±4.34 -15.27±5.49 0.820 
ECHO LV GRS 41.84±14.69 45.41±9.61 40.72±15.11 41.83±17.51 0.803 
ECHO RV GLS -16.70±5.63 -17.48±3.88 -14.72±5.48* -21.29±4.76* 0.007 
ECHO RV FWLS -16.88±6.37 -16.82±4.96 -14.92±6.38* -22.17±4.67* 0.011 
      
      
Parameter All Patients  

41 
LONE RV AC 

8 (20%) 
BIVENTRICULAR AC 

24 (58%) 
LEFT-DOMINANT AC 

9 (22%) 
P 

CMR LV 2DGLS -17.10±3.22 -17.17±2.63 -17.11±3.66 -16.99±2.69 0.993 
CMR LV 3DGLS -13.53±3.59 -15.07±2.35 -13.77±3.76 -11.53±3.45 0.112 
CMR LV 2DGCS -17.73±6.61 -19.36±3.13 -18.35±4.69 -14.61±4.45 0.059 
CMR LV 3DGCS -15.24±3.97 -16.34±2.65 -15.71±4.32 -13.00±3.36 0.149 
CMR LV 2DGRS 33.74±11.14 38.04±9.23 35.04±11.76 26.44±8.03 0.064 
CMR LV 3DGRS 32.42±11.17 33.91±7.17 34.37±12.49 25.89±8.35 0.139 
CMR RV 2DGLS -19.85±6.46 -20.94±4.02 -18.00±6.48 -23.83±6.68 0.057 
CMR RV 2DGCS -9.63±5.22 -8.59±4.33 -8.91±5.04 -12.47±4.84 0.180 
CMR RV 2DGRS  41.05±20.40 44.22±9.44 33.91±19.67* 57.30±20.73* 0.009 
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Table 5. Correlation between STE and FT-CMR analysis. 
 
 

 
 
Legend. CMR=cardiac magnetic resonance; FT=feature tracking; GLS=global longitudinal strain; GCS=global circumferential strain; 
GRS=global radial strain; LV=left ventricle; RV=right ventricle; STE=speckle tracking echocardiography. 
  

STE FT-CMR Spearman’s Rho P 
LV GLS LV 2DGLS 0.561 <0.001 
 LV 3DGLS 0.662 <0.001 
LV GCS LV 2DGCS 0.332 0.105 
 LV 3DGCS 0.284 0.169 
LV GRS LV 2DGRS 0.409 0.042 
 LV 3DGRS 0.423 0.035 
RV GLS RV 2DGLS 0.310 0.084 
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Table 6. Correlation between STE and CMR parameters of biventricular involvement. 
 

 
 
Legend. CMR=cardiac magnetic resonance; FWLS=free-wall longitudinal strain; GLS=global longitudinal strain; GCS=global 
circumferential strain; GRS=global radial strain; LGE=late gadolinium enhancement; LV=left ventricle; RV=right ventricle. 
  

LV GLS 
CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.683 <0.001 
LV fat extension - % 0.196 0.283 
LV LGE extension - % 0.461 0.008 

 
 
LV GCS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.287 0.164 
LV fat extension - % 0.095 0.652 
LV LGE extension - % 0.304 0.140 

 
 
LV GRS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index -0.264 0.203 
LV fat extension - % -0.384 0.058 
LV LGE extension - % -0.335 0.101 

 
 
RV GLS 

CMR Parameter Spearman’s Rho P 
RV wall motion score index 0.706 <0.001 
RV fat extension - % 0.433 0.013 
RV LGE extension - % 0.506 0.003 

 
 
RV FWLS 

CMR Parameter Spearman’s Rho P 
RV wall motion score index 0.686 <0.001 
RV fat extension - % 0.355 0.046 
RV LGE extension - % 0.484 0.005 
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Table 7. Correlation between FT-CMR analysis and other CMR parameters of biventricular involvement. 
 

 
Legend. CMR=cardiac magnetic resonance; GLS=global longitudinal strain; GCS=global circumferential strain; GRS=global radial 
strain; LAX=long axis; LGE=late gadolinium enhancement; LV=left ventricle; RV=right ventricle. 
  

2D LV GLS 
CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.664 <0.001 
LV fat extension - % 0.053 0.773 
LV LGE extension - % 0.262 0.098 

 
3D LV GLS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.722 <0.01 
LV fat extension - % 0.258 0.154 
LV LGE extension - % 0.423 0.016 

 
2D LV GCS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.698 <0.001 
LV fat extension - % 0.160 0.382 
LV LGE extension - % 0.388 0.028 

 
3D LV GCS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index 0.702 <0.001 
LV fat extension - % 0.057 0.755 
LV LGE extension - % 0.362 0.042 

 
2D LV GRS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index -0.705 <0.001 
LV fat extension - % -0.164 0.370 
LV LGE extension - % -0.417 0.018 

 
3D LV GRS 

CMR Parameter Spearman’s Rho P 
LV wall motion score index -0.661 <0.001 
LV fat extension - % -0.105 0.569 
LV LGE extension - % -0.396 0.025 

 
RV GLS 

CMR Parameter Spearman’s Rho P 
RV wall motion score index 0.435 0.013 
RV fat extension - % 0.218 0.230 
RV LGE extension - % 0.385 0.030 

 
RV GCS 

CMR Parameter Spearman’s Rho P 
RV wall motion score index 0.415 0.018 
RV fat extension - % 0.173 0.344 
RV LGE extension - % 0.450 0.010 

 
RV GRS - LAX 

CMR Parameter Spearman’s Rho P 
RV wall motion score index -0.480 0.005 
RV fat extension - % -0.257 0.155 
RV LGE extension - % -0.459 0.008 
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Table 8. Area under the ROC curves and proposed cut-off values of myocardial deformation indices for 
optimized sensitivity and specificity a) STE b) FT-CMR analysis.  
 
 

 
 
 

 
 
Legend. CMR=cardiac magnetic resonance; ECHO=echocardiography; FWLS=free-wall longitudinal strain; GLS=global longitudinal 
strain; GCS=global circumferential strain; GRS=global radial strain; LV=left ventricle; RV=right ventricle. 
  

Parameter AUC Cutoff Sensitivity Specificity 
ECHO LV GLS 0.862 -20.35 0.85 0.71 
ECHO LV GCS 0.714 -19.75 0.80 0.50 
ECHO LV GRS 0.615  39.51 0.72 0.41 
ECHO RV GLS 0.852 -20.45 0.78 0.83 
ECHO RV FWLS 0.822 -20.05 0.73 0.87 

 

Parameter AUC Cutoff Sensitivity Specificity 
CMR LV 2DGLS 0.844 -19.92 0.81 0.71 
CMR LV 3DGLS 0.772 -16.08 0.76 0.81 
CMR LV 2DGCS 0.797 -21.16 0.73 0.70 
CMR LV 3DGCS 0.778 -17.45 0.71 0.85 
CMR LV 2DGRS 0.825  36.16 0.95 0.64 
CMR LV 3DGRS 0.817  37.45 0.81 0.73 
CMR RV 2DGLS 0.778 -24.60 0.83 0.68 
CMR RV 2DGCS 0.839 -12.95 0.76 0.85 
CMR RV 2DGRS 0.793  51.29 0.71 0.73 
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FIGURES 

Central illustration. Imaging features of arrhythmogenic cardiomyopathy (AC). [1] Cardiac Magnetic 
Resonance (CMR) tissue characterization through Late Gadolinium Enhancement (LGE) technique in 
different AC phenotypes. (a-b) Lone right ventricular (RV) AC: marked RV dilatation with RV aneurysms 
and extensive LGE; (c-d) biventricular AC: aneurysm of RV free-wall and multiple areas of left ventricular 
(LV) LGE; (e-f) left-dominant AC: extensive LGE of inferior, posterior and lateral LV walls with epicardial 
distribution. [2] (a) Fat infiltration demonstrated by «India Ink» artifact in CMR balanced steady state free 
precession imaging confirmed by the detection of (b) hyperintense signal in proton-density-
weighted black-blood turbo spin-echo images in the same anatomical location. [3] Analysis of RV strain 
through Speckle Tracking Echocardiography. [4] Analysis of biventricular strain through feature tracking 
CMR imaging. 
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Figure 1. Scatter plots describing the correlation between LV GLS assessed by STE and FT-CMR analysis. 
A) correlation between echocardiographic LV GLS and CMR LV 2DGLS. B) correlation between 
echocardiographic LV GLS and CMR LV 3DGLS. 
 

 
  
Legend. ECHO=echocardiography; CMR=cardiac magnetic resonance; FT=feature tracking; GLS=global longitudinal strain; LV=left 
ventricle; STE=speckle tracking echocardiography. 
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Figure 2. Scatter plots describing the correlation between LV GRS assessed by STE and FT-CMR analysis. 
A) correlation between echocardiographic LV GRS and CMR LV 2DGRS. B) correlation between 
echocardiographic LV GRS and CMR LV 3DGRS. 
 
 

 
 
Legend. ECHO=echocardiography; CMR=cardiac magnetic resonance; GRS=global radial strain; LV=left ventricle. 
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Figure 3. Scatter plots describing the correlation between LGE extension expressed as percentage of LV 
myocardial mass and GLS assessed by A) STE and B-C) FT-CMR analysis. 

 

 
 
 
Legend. ECHO=echocardiography; CMR=cardiac magnetic resonance; FT=feature tracking; GLS=global longitudinal strain; 
LGE=late gadolinium enhancement; LV=left ventricle; STE=speckle tracking echocardiography. 
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Figure 4. Scatter plots describing the correlation between fat and LGE extension expressed as percentage 
of total RV myocardial area and RV GLS (A and B) and RV FWLS (C and D) assessed by STE. 
 

 

 
 
 
Legend. ECHO=echocardiography; CMR=cardiac magnetic resonance; GLS=global longitudinal strain; LGE=late gadolinium 
enhancement; RV=right ventricle. 
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Figure 5. Scatter plots describing the correlation between LGE extension expressed as percentage of LV 
myocardial mass and 2D (A and B) and 3D (C and D) GCS and GRS assessed by FT-CMR. 
 

 

 
 
Legend. CMR=cardiac magnetic resonance; GLS=global longitudinal strain; GCS= global circumferential strain; GRS= global radial 
strain; LGE=late gadolinium enhancement; LV=left ventricle. 
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Figure 6. Scatter plots describing the correlation between LGE extension expressed as percentage of total 
RV myocardial area and deformation indices assessed by FT-CMR. A) CMR RV 2DGLS. B) CMR RV 2DGCS. 
C) CMR RV 2DGRS. 
 
 

 
 
 
Legend. CMR=cardiac magnetic resonance; GLS=global longitudinal strain; LGE=late gadolinium enhancement; RV=right ventricle. 
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Figure 7. Receiver-operating characteristic (ROC) curves of echocardiographic myocardial deformation 
indices for differentiation of patients with AC from control subjects. AUC indicates area under the curve. 
LV strain analysis (A). RV strain analysis (B). 
 

 

 
 
 
Legend. ECHO=echocardiography; FWLS=free-wall longitudinal strain; GLS=global longitudinal strain; GCS=global circumferential 
strain; GRS=global radial strain; LV=left ventricle; RV=right ventricle. 
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Figure 8. Receiver-operating characteristic curves of CMR myocardial deformation indices for 
differentiation of patients with AC from control subjects. AUC indicates area under the curve. LV 2D strain 
(A) LV 3D strain (B) RV 2D strain (C). 
 
 

 
 
 
Legend. CMR=cardiac magnetic resonance; ECHO=echocardiography; GLS=global longitudinal strain; GCS=global circumferential 
strain; GRS=global radial strain; LV=left ventricle; RV=right ventricle. 
 


