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Abstract
Exercise associated benefits on the cardiovascular systems are well established. Although exercise associated sudden cardiac death is rare, most deaths in young athletes are due to hereditary or congenital cardiac diseases.  Athletic adaptation itself is associated with several structural changes that overlap those observed in individuals with cardiomyopathies, often leading to dilemmas for the clinician regarding life changing decisions including advice against competitive sports participation. Cardiovascular magnetic resonance (CMR) plays an increasingly important role in helping to establish an accurate diagnosis in these individuals. This review highlights the role of CMR in differentiating physiological adaptation in athletes from pathology. 

Abbreviations: 
ARVC – Arrythmogenic right ventricular cardiomyopathy
CMR- Cardiovascular magnetic resonance 
DCM – Dilated cardiomyopathy
ECV – Extracellular volume 
EF – Ejection fraction
HCM – Hypertrophic cardiomyopathy
LGE- Late gadolinium enhancement
LV – Left ventricle
LVNC – Left ventricular non-compaction
RV – Right ventricle
SCD – Sudden Cardiac Death




Introduction
The benefits of exercise on the cardiovascular system are well established.1  Exercise curbs several risk factors for atherosclerosis and reduces the risk of an adverse event from coronary artery disease by 50% in the 5th and 6th decades of life. In this regard, young athletes symbolize the essence of good health.  These individuals impress with their extraordinary physical skills and stamina. However, occasionally a young athlete may die suddenly during training or competition.  Such events are catastrophic, not only because of the number of life years lost in an apparently healthy individual, but also because they frequently occur in the public domain. 

Exercise associated sudden cardiac death (SCD) in the young is rare, affecting 1 in 50,000 athletes. The mean age of the athletes affected in Europe is 23 years old. Males are more vulnerable than females with a 9:1 ratio and black athletes are more susceptible than white athletes with an 8:1 ratio.2  Almost 80% of athletes are asymptomatic prior to death.  Most deaths occur during or just after exercise, suggesting that the multiple stresses of exercise including dehydration, electrolyte imbalance, adrenergic surge, and acid base disturbance may act as a trigger for arrhythmia in these predisposed athletes.  The majority of deaths are due to electrical and structural diseases, which can be diagnosed during life and for which there are several interventions to modify the natural history of diseases, including prevention of sudden death. 

Based on the aforementioned considerations, there are several initiatives to identify young athletes at risk. These range from mandatory cardiovascular screening in the highest echelons of sport, charitable organisations offering subsidised screening programmes, or investigation of a young person with symptoms suggestive of cardiovascular disease or a family history of inherited cardiovascular disease. However athletic adaptation itself is associated with a number of electrical and structural changes that overlap with commonly recognised features of several cardiomyopathies. Such issues usually affect athletes with a left ventricular wall thickness >12mm or athletes with large left or right ventricular cavities and reduced ejection fraction. Athletes of African or Afro-Caribbean origin (black) engaged in explosive sprint sports with a start-stop nature, such as soccer, and endurance athletes provide challenging clinical scenarios where an inaccurate diagnosis may result in unnecessary disqualification or potentially jeopardise a young life.  Cardiovascular magnetic resonance (CMR) is an essential tool for facilitating an accurate diagnosis in these athletes and this review will address the role of CMR in differentiating athlete’s heart from structural heart disease. 

Role of CMR
CMR has an important role in providing detailed characterisation of the myocardium with high temporal and spatial resolution. Functional cine CMR sequences (i.e. steady-state free precession) allow delineation of the epicardial and endocardial borders of the ventricles, accurate measurement of ventricular wall thickness, regional hypertrophy, and wall motion abnormalities. CMR also provides full ventricular coverage with no interslice gap for accurate assessment of ejection fraction and the ability to image in any plane, permits analysis of coronary origins. CMR also has the unique capability of detecting myocardial fibrosis with late gadolinium imaging which often provides clarification of a disease process in athletes with structural features overlapping with cardiomyopathy (“the grey zone”).  Other CMR sequences of value include stress perfusion for ischaemia assessment, T2 STIR (or mapping) for myocardial oedema in acute myocarditis, and T1 mapping/extracellular volume assessment for interstitial fibrosis. 


Differentiating Athlete’s Heart From Hypertrophic Cardiomyopathy.
Approximately 2% of white athletes and up to 13% of black athletes have a LV wall thickness of 13-16mm, which may be consistent with morphological mild hypertrophic cardiomyopathy (HCM).  The differentiation between HCM and physiological LV hypertrophy is one of the commonest scenarios encountered in sports cardiology. Although there are echocardiography based algorithms to help differentiate physiological LV hypertrophy from HCM, the data available make comparisons between sedentary individuals with HCM and athletes with physiological LV hypertrophy.3, 4 In general, HCM is characterised by left ventricular hypertrophy with a non-dilated LV and abnormal diastolic function in 80%.5  Until recently the cardiovascular adaptation in athletes with HCM was unknown. In 2015, Sheikh et al. reported electrical and structural cardiac manifestations in 102 athletes diagnosed with HCM during pre-participation screening or family screening.6 The athletes were asymptomatic and competed in regular sport at regional, national or international level at the time of diagnosis. The study showed that most athletes with HCM have relatively mild LVH (15-16 mm), a larger LV cavity and normal indices of diastolic function compared with sedentary HCM patients.  Among athletes with HCM, 85% showed an asymmetric pattern of LV hypertrophy, which was confined to the LV apex in 36% of cases. Only a very small proportion of athletes fulfilled the conventional ‘grey’ zone, i.e.  concentric LVH with maximum LV wall thickness ranging between 13-15mm. In these individuals, an important minority (13%) had an LV cavity size≥ 54mm, and almost 100% had normal indices of diastolic function measured with mitral valve inflow Doppler and tissue Doppler at the level of the mitral annular ring. Another important point emphasised by this study was that almost all athletes (98%) showed lateral T-wave inversion on the electrocardiogram. If current echocardiographic criteria were applied to competitive athletes with HCM, then a significant proportion with apical HCM, those with a large LV cavity and those with entirely normal diastolic function, may not be detected. In this regard the 12-lead ECG may be the “tell-tale” feature and for this reason all athletes with deep T wave inversion, (other than T wave in leads V1-V4 in black athletes) should be investigated with CMR (Figure1).7  In a recent study, Schnell et al. assessed 155 athletes with deep T-wave inversion, of which 80% was confined to the lateral leads.8 Almost 40% of the athletes were subsequently diagnosed with cardiomyopathy. Echocardiography was diagnostic in 24% of athletes. CMR confirmed all of the echocardiographic diagnoses and revealed additional cases of cardiomyopathy or healed myocarditis in a further 24 athletes, demonstrating that CMR significantly increases the diagnostic yield of cardiomyopathy in athletes with marked repolarisation changes and a normal echocardiogram. 

CMR with its high spatial resolution can better define wall thickness where echocardiographic images are ambiguous. In addition, CMR can define regions of subtle localised patterns of hypertrophy not clearly visualised on echocardiography, including apical and lateral wall hypertrophy (Figure 2). Tissue characterisation using LGE allows identification of macroscopic replacement fibrosis. In HCM, myocardial fibrosis is usually patchy occurring within maximally hypertrophied segments. In the presence of LV hypertrophy, the existence of fibrosis greatly helps to clarify the diagnosis of HCM. One study has shown that quantification of fibrosis may be relevant to arrhythmic risk and prognosis,9 however other studies have only been able to show an association between LGE in subsequent development of heart failure rather than sudden cardiac death.10 11  Macroscopic myocardial fibrosis is detected in just over 50% of HCM patients; therefore, the absence of LGE cannot be used to exclude HCM.9  In such cases, the novel technique of T1 mapping and extracellular volume assessment (ECV), which is still a research tool, may provide quantitative assessment of myocardial composition (i.e. total extent of expanded extracellular space) for athletes with a wall thickness between 12-15mm. 

Swoboda et al. assessed 40 highly trained athletes with physiological LV hypertrophy with CMR and 1 mapping and demonstrated an inverse relationship between ECV and LV wall thickness.12 These findings suggest that physiological LV hypertrophy is due to myocyte enlargement rather than increased extracellular matrix.  In contrast, the pathological LV hypertrophy of HCM correlated directly with ECV indicating that a significant proportion of the LV mass is due to an increase in extracellular matrix. Among athletes with a LV wall thickness of 12-15mm, an ECV >22.5% showed sensitivity of 100% and specificity of 90% for diagnosing HCM.  McDiarmid et al. compared the ECV in 30 endurance athletes and 15 healthy controls. 13  They found that athletes with very high peak VO2 (>60mls/kg/min) had the largest compartmentalised mass i.e. mass constituted by myocyte enlargement, compared with untrained athletes and individuals with a peak VO2 <60mL/kg/min. Despite its potential in differentiating between physiological LV hypertrophy and HCM, T1 mapping requires validation in a much larger cohort of athletes particularly those with HCM. 

Differentiating Athlete’s Heart From Arrythmogenic Right Ventricular Cardiomyopathy 
The distinction between physiological right ventricular (RV) enlargement and arrythmogenic right ventricular cardiomyopathy (ARVC), a genetic disease associated with fibro-fatty infiltration of the RV myocardium is increasingly important.  Arrythmogenic right ventricular cardiomyopathy accounts for 4-22% of SCD in athletes.14 CMR is superior to echocardiography in providing detailed characterisation of the RV volume, function and regional wall motion abnormalities, given its high spatial resolution. It is well recognised that up to 14% of endurance athletes exhibit anterior T-wave inversion in V1-V2/V315 and up to 40% of endurance athletes show a right ventricular out-flow dimensions within the range that would be consistent with a diagnosis of ARVC.16 Furthermore, a significant proportion of endurance athletes reveal a borderline low RV fractional area change17 and  2.5% of athletes have ventricular extra-systoles arising from the RV out-flow tract which are the commonest type of ventricular extra-systoles identified in patients with ARVC. The current imaging task force criteria for ARVC include RV dysfunction and RV akinesia before a diagnosis of ARVC can be considered. Echocardiography may fail to identify subtle RV wall motion abnormalities. Conversely, usual wall motion anomalies adjacent to the insertion of the moderator band may be potentially misinterpreted as pathology.  

Zaidi et al.16 assessed the accuracy of the diagnostic criteria for ARVC when applied to athletes with T-wave inversion and attempted to identify discriminators between physiological adaptation and pathology. The authors comprehensively assessed 45 athletes with T-wave inversion, 35 athletes without T-wave inversion and 35 young patients with ARVC using 12-lead ECG, echocardiography, CMR, exercise treadmill test, 24-hour Holter ECG and signal average-ECG. The main findings were that balanced biventricular dilatation was likely to represent a benign manifestation of training in asymptomatic athletes without a relevant family history of cardiomyopathy or SCD. In contrast, a RV ejection fraction <45% on CMR, RV end-diastolic volume/LV end-diastolic volume>1.3:1, regional wall motion abnormalities in RV and presence of LGE were highly indicative of ARVC.  

The thin walled RV poses challenges in the assessment of global RV LGE in ARVC, however, recent advances in 3D-LGE allow improved visualisation of fibrosis and should be considered where there is suspicion of subtle fibrosis (Figure 3). Furthermore, RV insertion point fibrosis appears to be common in athletes and may be observed in up to 40%. It is considered to be a benign feature from the mechanical pull of the thinned wall RV during exercise on the RV/LV septal insertion hinge point. 18

Advances in the molecular genetics of ARVC and pathology studies have revealed that the disease process may also affect the LV and occasionally be confined solely to the LV.19 20  In the latter case, the presence of a non-ischaemic pattern of LGE affecting an athlete with a high ventricular ectopic burden but otherwise preserved and synchronous ventricular contraction may signal a potentially serious cardiomyopathy which will not be detected with echocardiography.21 Indeed, all athletes with a high ectopic burden with normal cardiac structure and function on echocardiography should be referred for CMR (Figure).  	Comment by S Sharma: Ref Gherardo paper in JACC	Comment by S Sharma: You have used the wrong reference:
Zorzi et al.  Non ischaemic left ventricular scar as a substrate of life threatening arrhythmias and sudden cardiac death in competitive athletes.  Circ EP. 2016; 9:e004229

Differentiating Athlete’s heart and Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM) is defined as a dilated LV with reduced ejection fraction in the absence of significant ischaemic heart disease, hypertension or valvular disease and is a rare but recognised cause of SCD in athletes.22  In the majority of athletes with DCM, the inability to generate a satisfactory cardiac output during exercise selects them out for competitive sport. 	Comment by S Sharma: Where is the ref he asked for?

Endurance athletes such as long-distance runners, swimmers, rowers and cyclists may develop significant chamber dilatation due to long-term volume and pressure overload, which overlaps with DCM.  Pelliccia et al. assessed 1309 elite athletes and observed that the LV end-diastolic dimension exceeded the normal limits of >54mm in 584 (45%) athletes and 14% had an end-diastolic dimension >60mm.23 Similarly, an echocardiographic study by Abergel et al. of 286 elite professional cyclists competing in the ‘Tour de France’ competition showed that 214 athletes (75%) had an LVEDD outside the normal range (cut-off of 57.4mm as the upper limit of normal), with 147 athletes (51%) having an LVEDD >60mm and 4 (1.4%) athletes with LVEDD>70mm.24  

Although there are echocardiographic values from many thousands of athletes of differing demographics and sporting practices, normal CMR values in athletes have been reported by few centers and from a less diverse sporting population. Prakken et al. provide the largest CMR data describing the normal range of cardiac morphology and function.25, 26  They compared biventricular volumes, masses and dimensions in 222 endurance athletes (79 elite and 143 recreational; 42% female) with 114 age and sex-matched non-athletes. Indexed LV end-diastolic volume and wall mass were higher in regular and elite athletes than in non-athletes. Male sex, BSA and training hours per week were associated with larger ventricular volumes and greater mass.  Approximately 50% of elite male athletes revealed a short-axis LV diameter >60mm in and short-axis and a RV diameter exceeded 50mm. 16% of elite female athletes showed a LV diameter > 60 mm or a RV diameter > 50 mm. 

A common misconception amongst physicians is that the resting LV ejection fraction (EF) should be normal in athletes. In reality, athletes with large LV volumes do not require a high EF to deliver a cardiac output of 5L/min at rest. Indeed, endurance athletes may show a low LV EF. Among Tour de France cyclists, 37% had LV EF ≤60%, 15% had an EF of 52-56% and 11% had an EF<52% but no less than 45%.24  Similarly, CMR also underestimates overall cardiac function at rest. Prakken et al.25 assessed the resting EF in 79 elite athletes and revealed a mean LV EF of 55 +/- 5.5% and mean RV EF 50 +/- 4.4%.  Interestingly, in their cohort 22 (28%) athletes had a resting LV EF of 45-50% and 19 athletes (24%) had a lower EF of 40-45%.  These observations have the potential of an erroneous diagnosis of DCM in an athlete.  In such cases, the detection of LGE in the mid wall of the LV is almost pathognomonic of an underlying cardiomyopathy in a patient with an increased LV volume and reduced EF, but the absence of LGE does not necessarily exclude a DCM.27

Perhaps differentiating physiological LV/RV enlargement from DCM requires a technique to enable comprehensive assessment of biventricular filling and emptying during exercise.  Exercise echocardiography can be helpful in cases where athletes exhibit a combination of LV dilatation and suppressed or low-normal resting EF. Abernethy et al. demonstrated normalization of LV function with exercise in all their athletes with reduced resting systolic function. 28 In contrast, patients with DCM rarely demonstrate the ability to augment cardiac output in response to increased metabolic demands.29  Simultaneous measurement of gas exchange during a cardiopulmonary exercise testing may also prove useful in the diagnosis of DCM 30 although an exercise CMR based study comparing athletes with physiological LV enlargement and athletes with DCM showed that the peak VO2 consumption values between the groups were not discriminative.(Ref)	Comment by S Sharma: Claessen abstract

La Gerche et al. described a novel technique of real-time-ungated CMR measuring biventricular volumes during high intensity exercise. 31 Electrocardiographic and respiratory movements were retrospectively synchronized enabling compensation for the cardiac cycle and respiratory phase. The real-time-ungated sequence was compared with standard exercise CMR with ECG gating and furthermore, the accuracy of this new sequence was substantiated with invasive direct Fick method of cardiac output assessment. The authors tested 34 active subjects of whom 4 were competitive athletes. A separate cohort of 19 subjects participated in the validation and reproducibility phase of the study.  The technique was deemed feasible, reproducible and accurate in their cohort of subjects. Interestingly, athletes (n=10) demonstrated an increase in resting cardiac output from mean 8.4±2.6L/min to 25.4±4.5L/min with exercise.  The same authors subsequently developed an in-scanner real-time CMR protocol to assess dynamic increases in ventricular function with exercise (Ref).  More recently, Le et al.32 also described an in-scanner exercise real-time CMR protocol that was tested in 11 athletes and 11 non-athletes and showed that the technique was highly reproducible. Such techniques have to facilitate the differentiation between physiology and pathology in athletes with large ventricular volumes and mildly low ejection fractions. 	Comment by S Sharma: This should be removed. It does not add anything. 	Comment by S Sharma:  

. La Gerche A, Claessen G, Dymarkowski S et al. Exercise-induced right ventricular
dysfunction is associated with ventricular arrhythmias in endurance athletes. Eur Heart J
2015;36:1998-2010

Although still a research tool, T1 mapping and ECV may provide quantitative assessment of myocardial composition in athletes within the grey zone.  In a recent study by Mordi et al. T1 and T2 mapping was assessed in 16 patients with non-ischaemic DCM with an EF between 45-55%, 21 healthy controls and 21 males with a history of aerobic exercise for at least 6 hours per week and an EF between 45-55%.33 The authors reported higher native T1, ECV and T2 relaxation times in patients with DCM compared with controls and athletes. In their study, native T1 provided the best method of differentiation between individuals who exercised and patients with DCM. Importantly, a quarter of the patients with DCM had mid-wall fibrosis with the potential of falsely raising the native T1 value.  Further studies in larger cohorts are necessary to establish the role of T1 mapping in differentiating physiological cardiac adaptation from DCM.

[bookmark: _GoBack]Left Ventricular Non-Compaction in Athletes
Left ventricular non-compaction (LVNC) is characterized by a double-layered LV myocardial wall architecture comprising of a thin compacted epicardial layer and a trabeculated inner endocardial layer.  It is well recognized that a high proportion of athletes (8%) fulfill current echocardiographic criteria for LVNC criteria (Figure 4).34 It is unlikely that such a high proportion of individuals have genuine cardiomyopathy.35  Data from patients with chronic anaemia, and pregnant women suggest that increased LV trabeculations may occur due to a chronic increase in preload.35, 36 CMR with its superior spatial resolution provides a detailed assessment of the thin epicardial layer and can differentiate endocardial trabeculations from apical HCM and crypts within the epicardium, which are rarely detectable with echocardiography. Furthermore, CMR is more specific for regional wall motion abnormalities and quantifying impaired LV function as well as confirming pathology in the presence of fibrosis. There are currently several CMR criteria proposed for the diagnosis of LVNC. The first from Petersen et al. in 2005 and proposed a ratio of >2.3 in diastole as a differentiating factor for LVNC.37  The Multi-ethnic Study of Atherosclerosis (MESA) demonstrated that the Petersen criteria had low specificity forin the excludingsion of people without LVNC.38  Furthermore, the measurements in the long-axis views are variable due to difficulty excluding the papillary muscle structure. Jacquier et al. proposed a slightly different approach to the diagnosis of LVNC by calculating the LV trabecular mass and showing that a trabecular mass >20% of the total LV mass was predictive of LVNC.39 Subsequent evaluation of the Jacquier criteria by others in other published literature has demonstrated a poor interobserver variability.40 Captur et al. summarized global LV trabecular complexity as a continuous variable termed fractal dimension.41  A fractal dimension cut-off  1 .3 providedgave the optimal prediction for patients with LVNC.  The fractal approach was reproducible compared with LVNC analysis techniques proposed by Petersen and Jacquier. However, specific software is required and large-scale trials are necessaryrequired to validate this technique.  Furthermore, a diagnosis of LVNC should not solely rely on imaging alone and should take in to account the clinical presentation, family history,  and 12-lead ECG and cardiac functionimaging findings to increase the sensitivity of diagnosis.

Myocarditis in Athletes
Myocarditis is an important cause of arrythmogenic SCD in young athletes. It is recommended that all athletes in whom myocarditis is suspected should be investigated with CMR. Grun et al. investigated 203 biopsy proven viral myocarditis patients and showed that LGE was the best predictor of mortality (HR 12.8) that was independent of symptoms, EF and LV end-diastolic volume. 42 Whereas asymptomatic athletes with myocarditis may return to sport if they have a normal echocardiogram, exercise capacity and no arrhythmias, the current European sports cardiology consensus is that the precise timing for return may be guided by the presence of LGE (Figure 5). Athletes with LGE should be advised to refrain for competition for 6 months.  Formal prospective studies are required to determine whether LGE provides prognostic information about the management of athletes with myocarditis. 	Comment by S Sharma: Another new paper was published on line in JACC last week. May be worth getting this.

Congenital Coronary Artery Anomaly in Athletes
Congenital coronary artery anomalies may cause SCD in young athletes particularly if a coronary artery originates from the opposite sinus of Valsalva and has an inter-arterial course between the aorta and the pulmonary artery.  The risk is greater if the left coronary artery originates from the right sinus of Valsalva.43 The prevalence of anomalous coronary origins is ≤0.45%.43 Anomalous coronary artery origin should be considered in any athlete presenting with unexplained chest pain or syncope. The origin of the coronary arteries is possible with echocardiography using the short axis views of the aorta.44 Although visualisation of the left coronary artery is possible in up to 97% cases, identification of the origin of the right coronary artery may not be possible is as many as 20% of athletes.45 The spatial resolution for imaging the coronary arteries with CMR angiography is inferior to CT coronary angiography although CMR angiography has the capability of visualising the origins and proximal course of the arteries (Figure 6).46 Furthermore, CMR stress perfusion allows for assessment of inducible ischaemia, which has an important role in decisions relating to surgical intervention in asymptomatic right coronary origin from the left sinus of Valsalva.  

Veteran Athletes
Over the past few decades, endurance events such as the marathon, triathlon and iron-man have become increasingly popular with individuals in their fifth decade onwards.  Indeed, such veteran athletes comprise almost 40% of major marathons and many have exercised intensively for decades. In parallel, there have been several reports demonstrating high concentration of biomarkers of cardiac damage and transient reduction in ventricular function after exercise.  
It has been postulated that such biochemical and functional profiles (albeit transient) may reflect a subclinical myocarditis that may ultimately result in a substrate for arrhythmogenesis.   Animal studies in rats forced to exercise for an hour per day for 16 weeks have shown fibrosis in the atria and RV, impaired LV relaxation and ease of inducibility of both atrial fibrillation and ventricular tachycardia.47  Although no study in humans who have exercised intensively have been able to link troponin leak with myocardial inflammation,48 there are emerging reports that life long athletes reveal an increased prevalence of myocardial fibrosis compared to sedentary counterparts of similar age.49  

The initial studies in veteran athletes were conducted by Breuckmann et al.50  The authors assessed 102 healthy asymptomatic veteran male marathon runners aged 50-72 years who had completed at least 5 marathons during the past 3 years and revealed a non-significant increase in prevalence of LGE between athletes and age-matched controls (12% vs 4%, p=0.07).  Of the 12 athletes with LGE, 5 had a subendocardial distribution typical of coronary artery disease pattern infarction and 7 had non-specific mid-myocardial patchy pattern of LGE.   An important limitation of this study was that over 50% of athletes were previous smokers and further 4.6% current smokers raising the possibility that the subendocardial LGE was the result of coronary disease and endothelial dysfunction. The 7 individuals with non-coronary artery disease LGE pattern raised the possibility that life long distance running may cause myocardial scarring. Wilson et al. also assessed 12 life-long veteran endurance athletes all of whom had run over 100 marathons with CMR and LGE and identified myocardial fibrosis in 6 (50%) athletes compared with 20 age matched veteran controls and 17 younger male endurance athletes.51 Four athletes had a non-specific LGE pattern, 1 had findings consistent with previous myocarditis and 1 with features of myocardial infarction.  The authors demonstrated that LGE is associated with the number of years of training (p<0.001), and number of competitive marathons (p<0.001) completed. 

A CMR study of 158 veteran athletes (28 young athletes, 71 veteran controls and 21 young controls) demonstrated that both young and veteran athletes have greater LV mass on CMR than their sedentary counterparts.49, 52 The myocardial native T1 signal, which is a measure of the interstitial space and its constitution and the ECV compartment, was lower in athletes than controls suggesting that the increased LV mass in athletes is due to cellular hypertrophy rather than expansion of interstitial space.  Comparison of young athletes with older athletes showed that younger athletes were capable of developing a greater LV mass than older athletes, however, T1 mapping and extracellular volume measurements were no different between younger or older athletes.  These findings suggest that life long exercise results in expansion in interstitial space or diffuse fibrosis. Furthermore, veteran athletes that ran long distance compared with those who participated in short distances had larger end-diastolic volumes, greater LV mass but smaller T1 signal and lower extracellular volume.  The authors also identified minor fibrosis within RV insertion points, papillary muscles or RV trabeculae in 44% of athletes and 10% of controls. There were no differences in the prevalence of minor focal fibrosis between veteran athletes and young athletes; however, focal fibrosis was more common in male athletes compared with female athletes. Major fibrosis within the compacted myocardium was almost exclusively present in 11.4% of veteran male athletes with age being the only independent predictor. An ischaemic LGE pattern was identified in one third of veterans, 56% showed a non-ischaemic pattern and 11% demonstrated both patterns. This study was cross-sectional; therefore, the significance of myocardial fibrosis in veteran athletes is uncertain and larger prospective studies are required.

Conclusion
CMR has a pivotal role in evaluating cardiac structural changes in competitive athletes who often present with challenging and diagnostic dilemmas. CMR enables the detection of athletes at risk of SCD by providing precise assessment of the LV and RV function and tissue characterisation. Recent advances in T1 mapping provide a valuable opportunity to study the significance of life long exercise on the myocardium.
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Figure Legends

Figure 1: Step-wise approach to cardiovascular assessment of athletes. 
Step 1: 12-lead ECG, to assess any training unrelated electrocardiographic changes; Step 2: Echocardiography to assess biventricular size, regional wall motion, function and valves. 
Step 3:  CMR is performed either in the presence of normal echocardiographic findings or for prognostic value. 
In centres where advanced imaging is available the clinician may proceed directly to CMR following identification of abnormalities on the 12-lead ECG.

Figure 1: CMR demonstrating examples of LV hypertrophy and patterns of fibrosis in different clinical conditions.
Top and middle panel: Long and short axis of cardiac structure on cine still images demonstrating pattern of left ventricular hypertrophy; lower panel – myocardial fibrosis pattern on late gadolinium enhancement imaging. 

Figure 2: Example of an athlete with arrythmogenic cardiomyopathy of the LV.
Images 1,2 & 3 exhibit left and right chambers and images 4-8 show extensive sub-epicardial and mid-myocardial fibrosis in an athlete with arrythmogenic cardiomyopathy.

Figure 3: Example of an athlete with increased LV trabeculation.
Panel A & B demonstrates echocardiographic and CMR visualisation of excess left and right ventricular trabeculation; panel C: late gadolinium enhancement imaging showed no myocardial fibrosis in this individual.

Figure 4: Assessment of an athlete with myocarditis
A: Flow diagram to aid assessment of an athlete with myocarditis. B: CMR example of an athlete with myocarditis (1 & 2: HLA and Mid-ventricular SAX cine still; 2 & 3: Positive T2-STIR of HLA and SAX demonstrating myocardial oedema/inflammation; 4 & 5: Late gadolinium enhancement showing sub-epicardial and mid-myocardial patchy fibrosis.

Figure 5: CMR demonstrating examples of coronary artery anomaly.
A: Normal left and right coronary origins. B: Anomalous left coronary artery arising from the right coronary origin with a malignant course between the aorta and pulmonary trunk. C: Anomalous right coronary artery arising from the left coronary origin and coursing between the aorta and pulmonary trunk.
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