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ABSTRACT
Purpose
To describe the overlap between structural abnormalities typical of arrhythmogenic right ventricular cardiomyopathy (ARVC) and physiological right ventricular adaptation to exercise and differentiate between pathologic and physiologic findings using CMR. 
Methods
We compared CMR studies of 43 patients (mean age 49±17 years, 49% males, 32 genotyped) with a definitive diagnosis of ARVC with 97 (mean age 45±16 years, 61% males) healthy athletes. 
Results
CMR was abnormal in 37 (86%) patients with ARVC, but only 23 (53%) fulfilled a major or minor CMR criterion according to the TFC. 7/20 patients who did not fulfil any CMR TFC showed pathological finding (RV RWMA and fibrosis in the LV or LV RWMA). RV was affected in isolation in 17 (39%) patients and 18 (42%) patients showed biventricular involvement. Common RV abnormalities included RWMA (n=34; 79%), RV dilatation (n=18; 42%), RV systolic dysfunction (≤45%) (n=17; 40%) and RV LGE (n=13; 30%). The predominant LV abnormality was LGE (n=20; 47%). 22/32 (69%) patients exhibited a pathogenic variant: PKP2 (n=17, 53%), DSP (n=4, 13%) and DSC2 (n=1, 3%). Sixteen (16%) athletes exceeded TFC cut-off values for RV volumes. None of the athletes exceeded a RV/LV end-diastolic volume ratio >1.2, nor fulfilled TFC for impaired RV ejection fraction.
Conclusions 
The majority (86%) of ARVC patients demonstrate CMR abnormalities suggestive of cardiomyopathy but only 53% fulfil at least one of the CMR TFC. LV involvement is found in 50% cases. In athletes, an RV/LV end-diastolic volume ratio >1.2 and impaired RV function (RVEF≤45%) are strong predictors of pathology.
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INTRODUCTION
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited condition that is characterized by progressive fibrofatty replacement of the myocardium and a predilection for fatal arrhythmias [1–4]. The diagnosis of ARVC is complex and based on the Task Force Criteria (TFC) which include a series of clinical, electrocardiographic and structural/functional traits [5]. Due to its ability to accurately assess regional wall motion abnormalities, chamber volume and systolic function, cardiac magnetic resonance (CMR) was incorporated in the revised 2010 TFC for the diagnosis of ARVC and is increasingly used in the diagnostic work-up of suspected cases [6–8]. Specifically, the combination of right ventricular (RV) regional wall motion abnormalities (RWMA) and RV chamber dilatation and/or RV systolic dysfunction constitute the major and minor TFC.
Since the publication of the TFC in 2010, it has become increasingly apparent that ARVC is a bi-ventricular disease in a considerable proportion of cases, including isolated left ventricular (LV) involvement in some cases. These observations have resulted in calls for revising the existing diagnostic criteria as well as the nomenclature of the condition [9,   10]. In addition, the TFC RV values indicative of a diagnosis of ARVC are based on data derived from 44 patients who were investigated at multiple centres against a control group of 462 ostensibly healthy individuals who were not matched for age or sex. As such, the accuracy of the proposed cut-off values remains unclear. Highly trained athletes are a prime example of this challenge, as they often reveal a physiological increase in RV size and mild reduction in RV fractional area during resting conditions which may result in an erroneous diagnosis of ARVC [11–15]. 
The aims of our study were to characterize a cohort of patients with ARVC with CMR and to define the overlap in terms of structural cardiac changes between ARVC and healthy athletes through CMR parameters. 

MATERIALS AND METHODS
Study population
Patients with ARVC
The patient cohort consisted of 43 consecutive patients with a diagnosis of ARVC who were investigated with CMR at the St George’s University Hospital inherited cardiac conditions (ICC) and sports cardiology clinic between 2008 and 2018. Only patients who fulfilled a definitive diagnosis of ARVC according to the 2010 TFC prior to undergo CMR scan, were included in the study (Figure 1). All patients were comprehensively evaluated with history, clinical examination, 12-lead ECG, signal-averaged ECG, transthoracic echocardiogram, exercise tolerance test and 24h Holter monitoring. Genetic testing was performed in 32 (74%) patients (30 probands). All patients remained under regular follow-up at the same centre.
Fig 1. Task Force criteria fulfilled by each study patient to allow a definite diagnosis of ARVC prior to CMR scan. Abbreviations: ECHO: echocardiography, Repolarization abn: repolarization abnormalities, depolarization abn: depolarization abnormalities.
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Athletes
The athlete cohort consisted of 97 ostensibly healthy athletes who were investigated with a CMR. A case-control study design was adopted where we attempted to match the ARVC and athletic cohorts for age, gender, and ethnicity. Athletes were recruited utilizing 2 different sources: 1) Thirty-one competitive athletes who were referred to the sports cardiology clinic for the investigation of possible cardiomyopathy between 2014 and 2018. Athletes participated in running (n=12, 31%), rugby (n=9, 23%), football (n=7, 22%), basketball (n=1, 2%) and rowing, (n=2, 6%), engaging at least 10 hours of exercise per week. The main reasons for referral were T wave inversion (TWI) in the anterior leads (n=20), cardiac symptoms (palpitations or chest pain where cardiac investigations did not reveal any pathological finding (n=9), and premature ventricular contractions on the baseline ECG (n=1). None of the athletes had a family history of premature sudden cardiac death or inherited cardiac conditions. Overt cardiac disease was excluded after comprehensive evaluation including 12-lead ECG, transthoracic echocardiogram, exercise tolerance test, 24h Holter monitoring and CMR. 
2) Sixty-six healthy, asymptomatic veteran (> 40 years of age) endurance runners of whom 26% also participated in other sports such as cycling and/or swimming. All athletes engaged in at least 10 hours of exercise per week. The veteran athletes were prospectively enrolled in a study previously published [16] and the cohort comprised 152 athletes who were tested with several cardiac investigations including CMR. Of these, 68 showed LGE. For the present study, only athletes with RV insertion point LGE (24/68) were included, while the ones with other LGE patterns (subendocardial, subepicardial, mid-wall, patchy or involving papillary muscles) were excluded. This choice was motivated by the fact that while RV insertion point LGE is considered a normal finding[17], the clinical significance of other LGE patterns is not well defined in this context (possibly representing cardiac pathology) and the aim of the study was to select a cohort of healthy athletes where possible structural changes were due to physiological conditioning rather than a possible cardiac condition. 
The investigation conforms with the principles outlined in the Declaration of Helsinki [18] and with the local legal requirements. For master athletes written consent was obtained from all participants, and ethical approval was granted by the National Research Ethics Service and the Southwest-Central Bristol committee.
Cardiac magnetic resonance 
Cardiac magnetic resonance was performed with a Philips Achieva 3.0T TX (Amsterdam, The Netherlands) scanner and a 1.5T magnet (Avanto, Siemens Healthineers) scanner. For the assessment of LV and RV RWMA, ventricular volumes and mass, breath-hold steady-state, free precession (SSFP) cines images were used in short axis (from atrioventricular plane to the apex, 7-mm slice thickness, no gap) and in axial views (from diaphragm to the entire outflow tract, 5-mm slice thickness, no gap) [19]. Dedicated long axis views of RV were acquired. A stack of transverse slices covering the entire RV was obtained. Late gadolinium enhancement images were acquired ten minutes after intravenous bolus injection of 0.2 mmol/Kg gadoterate meglumine (Dotarem) or 0.1 mmol/Kg of Gadovist. Appropriate inversion times were set to null normal myocardium (range 250-300 msec, obtained from TI-scout sequences) and LGE images were phase swapped to exclude artefact when required. ECG gating was obtained for all patients. The scans were reported by a Cardiologist with level III accreditation from the European Society of Cardiology and revised blindly by two cardiologists with expertise in CMR. The presence of LGE was visually estimated. Volumes and function of both ventricles and LV mass were measured using standard techniques [20] and analysed using semi-automated cvi42 software (Circle Cardiovascular Imaging Inc, Calgary, Alberta, Canada). All volumes and masses were indexed for age and body surface area (BSA)[21]. Right ventricular regional wall motion abnormalities (RWMA) were classified as akinesia, dyskinesia and aneurysm. To be reproducible, we considered 3 main myocardial regions: RV free wall, anterior wall/RVOT and apex. Based on the TFC, a CMR was considered to fulfil diagnostic criteria in the presence of RWMA and either a ratio of RV end-diastolic volume to BSA 110mL/m2 for males and 100 mL/m2 for females or RV ejection fraction 40% for major criterion, and either a ratio of RV end-diastolic volume to BSA 100 to <110 mL/m2 (male) and 90 to <100 mL/m2 (female) or RV ejection fraction >40% to 45%  for minor criterion. 
Statistical Analysis
[bookmark: _Hlk535056392]Statistical analysis was performed using the PASW software (PASW 18.0 Inc, Chicago, IL) and the Medcalc software (version 17.4, Ostend, Belgium). Results are expressed as mean ± SD for continuous variables or as number of cases and percentage for categorical variables. Comparison between groups was performed using Student’s t-tests for continuous variables with adjustment for unequal variance if needed and chi-square tests or Fisher Exact Tests for categorical variables. Regression analysis was used to determine relations between continuous variables. For inter-observer variability, in cases where there was disagreement between the 2 operators regarding the qualitative assessment of the wall motion or the presence of LGE, the data were adjusted to the assessment of a third experienced (European Society of Cardiology level III accreditation) operator (GF). Cohen’s kappa (k) coefficient was used to calculate the overall inter-observer reliability in CMR measurements of RV and LV volumes.

RESULTS
Cardiac magnetic resonance in patients with ARVC
The characteristics of patients with ARVC are reported in Table 1. 

Table 1. Demographics and CMR data of the ARVC patients. Abbreviations: BSA: body surface area; CMR: Cardiac magnetic resonance; LGE: late gadolinium enhancement, LV: left ventricle; LVEDV: left ventricular end-diastolic volume, LVEF: left ventricular ejection fraction, RV: right ventricle; RVEDV: right ventricular end-diastolic volume, RVEF: right ventricular ejection fraction, RVESV: right ventricular end-systolic volume, RVOT: right ventricular outflow tract, RWMA: regional wall motion abnormalities.
	
	ARVC patients 
(n=43)

	Demographics

	Age years
	49±17 [24-86]

	Males n (%)
	21 (49%)

	White n (%)
	35 (81%)

	CMR features

	LVEDV ml
	152±38 [67-238]

	LVEDV/BSA ml/m2
	81±18 [45-125]

	LVEF %
	61±9 [39-80]

	RVEDV ml
	183±64 [102-405]

	RVEDV/BSA ml/m2
	97±32 [19-168]

	RVESV ml
	100±59 [33-320]

	RVESV/BSA ml/m2
	53±31 [19-168]

	CMR major volume criteria n (%)
	13 (30)

	CMR minor volume criteria n (%)
	5 (12)

	RVEF %
	48±13 [18-69]

	CMR major function criteria n (%)
	10 (23)

	CMR minor function criteria n (%)
	9 (21)

	RV RWMA n (%)
     RV apical n (%)
     RV free wall n (%)
     RV anterior wall/RVOT n (%)
	34 (79)
12 (23)
26 (60)
22 (51)

	LGE n (%)
     LGE RV only n (%)
     LGE LV only n (%)
     LGE biventricular n (%)
     LGE LV inferolateral wall n (%)
     LGE interventricular septum n (%)
     LGE LV extensive/circumferential n (%)
     LGE RV free wall n (%)
	28 (65)
8 (19)
15 (35)
5 (12)
10 (23)
6 (14)
6 (14)
13 (30)




The CMR was abnormal in 37 (86%) patients. The RV was affected, in isolation, in 17 (40%) patients. The LV was involved in 20 (47%) cases, with 18 (42%) patients exhibiting biventricular involvement and 2 (5%) patients showing isolated LV involvement (Figure 2).

Fig 2. study cohort. Fiftyfour percent of patients fulfilled at least one TF criterion. Seventeen patients (39%) had a right-dominant form of the disease, eighteen (42%) had biventricular involvement and two (5%) had LV involvement only. The  CMR was normal in 6 patients. Percentages of patients harbouring genetic variants were calculated on total number of patients investigated with genetic test.
Major volume criterion: RVEDV/BSA ≥110 ml/m2 in males or 100 ml/m2 in females; minor volume criterion: RVEDV/BSA ≥100 ml/m2 in males and ≥90ml/m2 in females. Major function criterion: RVEF ≤40%; minor function criterion: RVEF >40% ≤45%.
Abbreviations: DSC2: desmocollin 2; DSP: desmoplakin; Gene –ve: gene negative, no genetic variants detected; PKP2: plakophillin 2; VUS: variance of unknown significance.
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The most common RV abnormalities included RWMA (n=34; 79%), RV dilatation fulfilling a major or minor volume TFC (n=18; 42%), impaired RV systolic function (ejection fraction ≤45%: n=17; 40%) and LGE (n=13; 30%). Right ventricular RWMA predominantly affected the RV free wall and the anterior wall (n=26; 60%), the right ventricular outflow tract (RVOT) (n=22; 51%), and the RV apex (n=12; 28%).
The predominant LV abnormality was LGE (n=20; 47%), with a smaller proportion of patients
exhibiting RWMA (n=6; 14%) and impaired systolic function (LVEF <50%: n=6; 14%). 
[bookmark: _Hlk535059992]Left ventricular RWMA affected predominantly the inferolateral wall (3 out of 6).
For measurements of average LV and RV volumes the intraclass correlation coefficient was > 0.85. For qualitative parameters, such as RWMA and presence of LGE, the agreement between the two readers was 80%.
Cardiac magnetic resonance in healthy athletes
The characteristics of the athletes are reported in Table 2. Sixteen (16%) athletes exceeded the cut-off values for RV volumes used as a major (n=10; 10%) or a minor (n=6; 6%) TFC. None of the athletes fulfilled the TFC for impaired (≤45%) RV ejection fraction.

Table 2. Comparison between athletes and ARVC patients. Legends: abbreviations as per Table 1. LVSV: left ventricular stroke volume; RVSV: right ventricular stroke volume.


	
	ARVC patients 
(n=43)
	Athletes 
(n=97)
	P

	Age years
	49±17 [24-86]
	45±16 [16-73]
	0.14

	Males n (%)
	21 (49)
	59 (61)
	0.18

	White n (%)
	35 (81)
	71 (73)
	0.31

	LVEDV ml
	152±38 [67-238]
	157±32 [94-248]
	0.49

	LVEDV/BSA ml/m2
	81±18 [45-125]
	89±17 [57-147]
	0.02

	LVESV ml/m2
	62 ± 26 [18-130]
	53 ± 18 [19-118]
	0.03

	LVESV/BSA ml/m2
	33 ± 14 [11-71]
	30 ± 9 [12-64]
	0.15

	LVEF %
	61±9 [39-80]
	67±6 [53-82]
	<0.001

	LVSV ml
	90 ± 21
	104 ± 19
	<0.001

	RVEDV ml
	183±64 [102-405]
	144±37 [79-256]
	<0.001

	RVEDV/BSA ml/m2
	97±32 [19-168]
	81±18 [44-128]
	0.005

	RVESV ml
	100±59 [33-320]
	46±25 [11-134]
	<0.001

	RVESV/BSA ml/m2
	53±31 [19-168]
	26±13 [7-68]
	<0.001

	RVEF %
	48±13 [18-69]
	70±9 [48-88]
	<0.001

	RVEF≤40% n (%)
	10 (30)
	0
	0.001

	RVEF≤40% n (%)
	18 (42)
	0
	<0.001

	RVSV ml
	83 ± 21
	94 ± 21
	0.005

	RVEDV/LVEDV
	1.21±0.3 [0.67-1.77]
	0.91±0.1 [0.65-1.2]
	<0.001

	RVEDV/LVEDV>1.20 n (%)
	18 (42)
	0
	<0.001




Comparison of cardiac MRI features in patients with ARVC and in healthy athletes
A comparison between the demographic and CMR characteristics of patients with ARVC and athletes is reported in Table 2. The LV and the RV ejection fraction were significantly lower in patients with ARVC compared to athletes. None of the athletes revealed RV RWMA. Left ventricular end-diastolic volumes were higher in athletes, whereas RV end-diastolic volumes were considerably higher in patients with ARVC. This was reflected by a RV/LV end-diastolic volume ratio >1.2 in 42% of patients compared to none of the athletes. We observed an inverse relationship between RV volumes indexed for BSA and age in athletes (r= -0.41, p<0.001) (Figure 3). In contrast, there was no significant association between RV dimensions and age in patients with ARVC (r=-0.005, p=0.97). Twenty-eight (72%) patients with ARVC had impaired RV systolic function compared to none of the athletes. 

Fig 3. Relationship between RV dimensions and age in healthy athletes.
Males: Blue circle; Females: Pink squares. Dashed blue line: threshold value for RV dilatation in males; dashed pink line: threshold value for RV dilatation in females (as per major ARVC criteria). Abbreviations: LV: left ventricular; RV: right ventricular; RWMA: regional wall motion abnormalities.
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Performance of the revised TFC
Twenty-three (53%) ARVC patients fulfilled a major (n=14; 33%) or minor (n=9; 21%) CMR TFC (Figure 2). Of the 20 patients who did not fulfil the TFC, 7 (35%) showed a combination of RV RWMA and a non-ischaemic pattern of major focal fibrosis in the LV (47%) or LV regional wall motion abnormalities (14%) (Figure 4).
Fig 4. Venn diagram showing electrical, structural, and pathogenic variants in patients with ARVC who did not fulfil CMR TFC. Panel: CMR short axis and long axis views of the heart of a 54-year-old patient with a plakophillin2 (PKP2) mutation diagnosed with ARVC; RV volumes are within normal limits (RVEDV/BSA 84ml/m2), with an RVEDV/LVEDV ratio of 1.0, a small aneurysmal segment in the basal RV wall (gold arrow) is present, and LGE at the basal interventricular septum and lateral wall (yellow arrows). Abbreviations: RVEDV: right ventricular end-diastolic volume.
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Eighteen (42%) patients exceeded the cut-off values for RV volumes used as a major (n=13; 30%) or a minor (n=5; 12%) TFC (Table 1, Figure 2). There was a trend for males to more frequently exceed the cut-off values for RV volumes compared to female patients (57% vs. 27%, p=0.07) (Table 1 in Supplementary Material). Applying the RV volume and systolic function TFC values to the entire study population, showed a sensitivity of 53%, a specificity of 83% and an accuracy of 0.68 in differentiating ARVC from physiological adaptation to exercise (Table 3).

Table 3. Performance of CMR volume and function Task Force Criteria for differentiating ARVC from healthy athletes of similar age and sex


	MAJOR CRITERIA
· Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
· and 1 of the following
· Ratio of RV end-diastolic volume to BSA 110mL/m2 (male) or 100 mL/m2 (female)
· or RV ejection fraction 40%

	MINOR CRITERIA
· Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
· and 1 of the following
· Ratio of RV end-diastolic volume to BSA 100 to <110 mL/m2 (male) or 90 to <100 mL/m2 (female)
· or RV ejection fraction >40% to 45% 

	ISOLATED MAJOR RV SIZE CRITERIA
Sensitivity                                           
Specificity 
Accuracy                                       
	
30% (17% to 46%)
90% (82% to 95%)
0.6 (0.51 to 0.68)

	ISOLATED MINOR RV SIZE CRITERIA
Sensitivity                                         		 
Specificity  
Accuracy                                     	 	
	
12% (4% to 25%)
94% (87% to 98%)
0.53 (0.44 to 0.61)

	ISOLATED MAJOR RV FUNCTION CRITERIA
Sensitivity                                          		
Specificity  
Accuracy                       		
	
23% (12% to 39%)
100% (96% to 100%)
0.62 (0.53 to 0.7)

	ISOLATED MINOR RV FUNCTION CRITERIA
Sensitivity                                         		
Specificity        
Accuracy                           		
	
21% (10% to 36%)
100% (96% to 100%)
0.6 (0.52 to 0.69)

	MAJOR/MINOR RV SIZE/FUNCTION CRITERIA*
Sensitivity                                         		
Specificity        
Accuracy                          		
	
53% (38% to 69%)
83% (75% to 90%)
0.68 (0.6 to 0.76)




* sensitivity/specificity/accuracy for at least one of size or function major or minor criterion.



Genetic yield by ventricular involvement
Twenty-two (69%) of the 32 patients (20 out of the 30 probands) investigated with genetic testing had a pathogenic variant in the following genes: plakophillin 2 (PKP2) (n=17, 53%), desmoplakin (DSP) (n=4, 13%) and desmocollin 2 (DSC2) (n=1, 3%) (Figure 2). Three (9%) patients revealed a variant of uncertain significance (VUS) and 7 (22%) did not harbour any variants. There was similar yield of pathogenic variants in desmosomal genes in patients with isolated RV involvement or biventricular involvement (69% vs 83%, p=0.44) (Figure 2). The correlation between imaging features and genetic status is shown in Table 2 in Supplementary Material.

DISCUSSION
Cardiovascular magnetic resonance is widely used in clinical practice for the evaluation of invdividuals with suspected ARVC [22]. Our study show that most patients with ARVC (86%) exhibited one or more CMR abnormalities that would raise suspicion of cardiomyopathy. Conversely, only 53% of patients with ARVC fulfilled any of the CMR TFC and interestingly, a significant proportion of the remaining 47%, exhibited LV abnormalities and specifically LGE. Abnormalities in the LV, often in the absence of significant RV dilatation or systolic dysfunction, but in the presence of RV RWMA are those that provide the most useful diagnostic information in individuals with suspected ARVC. 

A diagnosis of ARVC has significant implications on athletes. Apart from strong recommendations against participating in competitive sports[23,24], recent data reveal that even exercise intensities exceeding 6 METS, may accelerate the disease process [25]. Our results reveal that almost one fifth of athletes exhibit RV volumes on CMR that may contribute to a diagnosis of ARVC according to the current TFC. In line with previous studies showing that RV physiological remodelling is common in young athletes, in our cohort athletes with RV enlargement were mainly young and there was an inverse relationship between RV size and age, with master athletes exhibiting normal RV dimensions even though they engaged in 3 decades of exercise. Importantly, we demonstrated that athletes have balanced RV enlargement with a RV/LV end diastolic volume ratio ≤1.2. Conversely, in patients with ARVC a RV/LV end diastolic volume ratio >1.2 was found in 42% of the cohort. 

Cardiac MRI features in ARVC
Although ARVC was initially considered a disease of the RV, subsequent studies have suggested that LV involvement is common [9,26–28]. In our study, nearly half of the patients showed LV involvement. Regional wall motion abnormalities were present in the majority of patients and noted mostly at the level of the basal RV free wall, the RVOT and occasionally affecting the RV apical segments. Left ventricular RWMA affected predominantly the inferolateral wall. These findings are in keeping with data showing that the RV apex, which was traditionally thought to be frequently involved as part of the “triangle of dysplasia” (RV base, outflow tract and apex), is relatively spared, particularly in the early stages of the disease [29,30]. 

Focal myocardial fibrosis detected with LGE was noted in 65% of patients. The RV was affected, in isolation, in 19% of patients, while LGE in the LV myocardium was reported in almost half (47%) of the cohort. Late gadolinium enhancement is not included in the current TFC due to concerns about several limitations. The assessment of LGE in the RV myocardium is often challenging due to the relatively thin walls and the highly trabeculated architecture which may result in “entrapment” of the gadolinium and over interpretation of abnormal appearances (5). In contrast, myocardial tissue characterisation of the LV with gadolinium is reliable and offers an opportunity to incorporate it in novel diagnostic criteria with a focus on bi-ventricular disease [10].

The presence of biventricular involvement would have classified as abnormal 7 of the 20 CMRs which did not fulfil the TFC, thereby increasing the sensitivity of the CMR criteria from 53% to 70%. Therefore LV abnormalities such as non-ischaemic LGE or LV RWMA when present in combination with RV RWMA should be considered as part of the CMR diagnostic criteria for ARVC, even in the absence of significant RV dilatation or RV systolic dysfunction. Mimics of ARVC that may exhibit bi-ventricular involvement such as cardiac sarcoid and inflammatory cardiomyopathies should be excluded [31,32].
Genetic correlations
The diagnostic yield of genetic testing was similar in right sided and biventricular disease.
Consistent with the literature, pathogenic or likely pathogenic variants in PKP2 represented the majority (17/22; 77%) of the positive genetic yield in the ARVC patients [22,33. Interestingly, although PKP2 variants are traditionally described in predominant RV involvement [28,34,35] in our cohort these variants were frequently found in biventricular disease. This may simply reflect the ability of the CMR to detect RWMA and myocardial fibrosis, assigning more cases from right dominant to biventricular disease. As previously described, DSP pathogenic variants were reported mainly in left dominant cases[35]. 

Limitations
[bookmark: _Hlk27132943]Our study has some limitations. The sample size was relatively small, but comparable to previous publications. Our institution is a national referral centre; therefore, it is possible that more complex cases of ARVC were referred, resulting in a possible bias towards a higher number of cases with biventricular involvement. On the other hand, use of the traditional ARVC TFC is likely to have excluded individuals with predominantly LV disease. In an attempt to compare patients with ARVC with healthy athletes, we considered athletes without evidence of significant LGE although recent studies have shown that LGE may be identified in a considerable proportion of male masters athletes, however, usually in the absence of any RV abnormalities [36]. The decision to exclude athletes exhibiting significant LGE was governed by the uncertainties surrounding the aetiology and long-term significance of this specific feature in athletes. Although myocarditis and subclinical infarction due to embolic plaques or demand ischaemia have been proposed as potential mechanisms, it is also possible that some athletes may have a genetic or acquired form of arrhythmogenic cardiomyopathy.  
[bookmark: _Hlk27133180]For qualitative parameters, such as RWMA, the agreement between the 2 experienced interpreters was 80% which reflects an intrinsic limitation of RV assessment, and which further strengthens the value of using the easier quantitative parameters such as RVEF and the RVEDV/LVEDV ratio. Furthermore, since the beginning of our study, some new CMR techniques have been developed (for example, feature tracking myocardial strain) which proved to have additional value in this setting, identifying even subclinical RV dysfunction [37].
Finally, although all athletes underwent extensive evaluation to exclude a cardiomyopathy it is possible that some may express overt phenotype at a later age. 

Conclusions
The majority (86%) of patients with ARVC demonstrate structural abnormalities suggestive of cardiomyopathy on CMR but only 53% fulfil at least one CMR Task Force criterion. The emergence of ARVC as a biventricular disease provides an opportunity to re-evaluate the diagnostic criteria and include LV involvement in conjunction with RV involvement to improve diagnostic accuracy. According to the CMR TFC for ARVC, 42% of patients with ARVC and 16% of athletes show RV enlargement. In athletes, an RV/LV end-diastolic volume ratio >1.2 and impaired RV function (RVEF≤45%) are strong predictors of pathology. 
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