
European Heart Journal - Cardiovascular Imaging (2026) 00, 1–29 
https://doi.org/10.1093/ehjci/jeag060

EACVI DOCUMENT

Indications, protocols, and interpretation of 
cardiovascular imaging for the evaluation and 
management of athletes. A Clinical Consensus 
Statement of the European Association of 
Preventive Cardiology (EAPC) and the European 
Association of Cardiovascular Imaging (EACVI) 
of the European Society of Cardiology (ESC).  
Part 2—Cardiovascular Magnetic Resonance, 
Cardiac CT and Nuclear Imaging
Viviana Maestrini, (Chair)  1,2*, Sabiha Gati, (Co-chair)3,4, Flavio D’Ascenzi5,  
Ana G. Almeida6, Mats Borjesson  7,8, Silvia Castelletti  9, Elena Cavarretta  10,11, 
Guido Claessen12,13,14,15, Edoardo Conte  16, Maria Sanz-de la Garza17,  
Antonio Dello Russo18,19, Marc R. Dweck20, Alessia Gimelli21, Massimo Imazio22,  
Andre La Gerche  23, Jonathon Leipsic  24, Pal Maurovich-Horvat25, Aneil Malhotra26, 
James C. Moon27,28, David Niederseer  29,30,31, Robin Nijveldt  32, Danilo Neglia33, 
Antonis Pantazis34, Martina Perazzolo Marra  35, Francesca Pugliese  36,37,  
Vassilios S. Vassiliou38,39, Sanjay Sharma40, Steffen E. Petersen37,41, Michael Papadakis40, 
Antonio Pelliccia  2, and Daniele Andreini, (Chair)16,42

1Department of Medical and Cardiovascular Science, Sapienza University of Rome, viale del Policlinico 155, Rome 00161, Italy; 2Institute of Sport Medicine and Science, 
National Italian Olympic Committee, Largo Piero Gabrielli 1, Rome 00197, Italy; 3School of Medicine, Imperial College London, London, UK; 4Department of Cradiovascular 
Medicine, Imperial College London and Royal Brompton Hospital, London, UK; 5Sports Cardiology and Rehab Unit, Department of Medical Biotechnologies, University of 
Siena, Siena, Italy; 6Heart and Vessels Department, Faculty of Medicine of Lisbon, University Hospital Santa Maria, ULSSM, CCUL@RISE, Lisbon, Portugal; 7Department of 
Molecular and Clinical Medicine, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden; 8Center for Lifestyle Intervention, Department MGAÖ, Sahlgrenska 
University Hospital, Gothenburg, Sweden; 9Cardiothoracic Department, University Hospital Santa Maria della Misericordia, Udine, Italy; 10Department of Medical-Surgical 
Sciences and Biotechnologies, Sapienza University, Latina, Italy; 11Advanced Cardiovascular Therapies Unit, Bambino Gesù Children’s Hospital, IRCCS, Rome, Italy; 12Faculty 
of Medicine and Life Sciences, Limburg Clinical Research Center, Hasselt University, Biomedical Research Institute, Diepenbeek, Belgium; 13Hartcentrum Hasselt, KU Leuven, 
Leuven, Belgium; 14Department of Cardiology, Jessa Ziekenhuis, Stadsomvaart 11, Hasselt 3500, Belgium; 15Department of Cardiovascular Sciences, KU Leuven, Leuven, 
Belgium; 16Department of Cardiology and Cardiovascular Imaging, Galeazzi-Sant’Ambrogio Hospital, Milan, Italy; 17Cardiovascular Institute, Hospital Clínic, Institut 
d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Barcelona, Spain; 18Cardiology and Arrhythmology Clinic, Marche University Hospital, Ancona 60126, 
Italy; 19Department of Biomedical Sciences and Public Health, Marche Polytechnic University, Ancona 60121, Italy; 20British Heart Foundation Centre for Cardiovascular 
Science, University of Edinburgh, Edinburgh, United Kingdom; 21Imaging Department, Fondazione Toscana Gabriele Monasterio, Pisa, Italy; 22Department of Medicine 
(DMED), University of Udine, and Cardiothoracic Department, University Hospital Santa Maria della Misericordia, Udine, Italy; 23Heart, Exercise and Research Trials Lab, 
St Vincents Institute of Medical Research, Melbourne, Victoria, Australia; 24Department of Radiology, St Paul’s Hospital, University of British Columbia, Vancouver, Canada; 
25Department of Radiology, Medical Imaging Centre, Semmelweis University, Budapest, Hungary; 26Institute of Sport, Manchester Metropolitan University, Manchester, UK; 
27Institute of Cardiovascular Science, University College London, London, United Kingdom; 28Barts Heart Centre, The Cardiovascular Magnetic Resonance Imaging 
Unit and The Inherited Cardiovascular Diseases Unit, St Bartholomew’s Hospital, London, UK; 29Hochgebirgsklinik Davos, Medicine Campus Davos, Davos, Switzerland; 

* Corresponding author. E-mail: viviana.maestrini@uniroma1.it

This article has been co-published with permission in the European Journal of Preventive Cardiology and the European Heart Journal – Cardiovascular Imaging. All rights reserved. 
© The European Society of Cardiology 2026. The articles are identical except for minor stylistic and spelling differences in keeping with each journal’s style. Either citation can 
be used when citing this article.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcim

aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30Center of Translational and Experimental Cardiology, Department of Cardiology, University Hospital Zuirch, University of Zurich, Zurich, Switzerland; 31Christine Kühne— 
Center for Allergy Research and Education, Medicine Campus Davos, Davos, Switzerland; 32Department of Cardiology, University Medical Center Utrecht, Utrecht, The 
Netherlands; 33Cardiovascular Department, Fondazione Toscana Gabriele Monasterio, Pisa, Italy; 34Royal Brompton and Harefield Hospitals, Royal Brompton Hospital, 
London, UK; 35Department of Cardiac, Thoracic, and Vascular Sciences and Public Health, University of Padova, Padova, Italy; 36Centre for Advanced Cardiovascular Imaging, 
William Harvey Research Institute, Queen Mary University of London, London, UK; 37Barts Heart Centre, St Bartholomew’s Hospital, Barts Health National Health Service 
Trust, West Smithfiled, London, UK; 38Institute of Metabolic Health, Norwich Medical School, University of East Anglia and Norfolk, Norwich, UK; 39Bob Champion Research 
and Education, Norwich University Hospital, Norwich, UK; 40Cardiovascular Sciences Research Centre, Cardiology Clinical Academic Group, St George’s University of 
London, London, UK; 41William Harvey Research Institute, National Institute for Health and Care Research Barts Biomedical Research Centre, Queen Mary University 
London, Charterhouse Square, London, UK; and 42Department of Biomedical and Clinical Sciences, University of Milan, Milan, Italy

Received 10 December 2025; revised 15 February 2026; accepted 16 February 2026; online publish-ahead-of-print 23 June 2026

The number of individuals engaging in sports continues to rise, and identifying those with cardiac substrates associated with in
creased risk of exercise-related adverse events is crucial. Athlete evaluation requires a refined diagnostic strategy to distinguish 
physiological cardiac remodelling from pathology. This joint European Association of Preventive Cardiology/European Association 
of Cardiovascular Imaging consensus provides a multimodality approach for advanced cardiovascular imaging in sports cardiology. 
Cardiovascular magnetic resonance, cardiac computed tomography, and nuclear imaging each offer complementary insights into car
diac structure, function, coronary anatomy, tissue characterization, perfusion, and inflammation. When integrated with clinical data 
and first-line tests, they improve diagnostic precision and risk stratification in scenarios frequently encountered in athletes, including 
ventricular arrhythmias, cardiomyopathies, congenital coronary anomalies, inflammatory myocardial disease, and coronary artery dis
ease. Standardized protocols tailored to age, training, and clinical indication are essential to ensure reliability and avoid misinterpret
ing physiological adaptation as disease. The consensus emphasizes responsible reporting, considering performance and legal 
implications of diagnoses, and recommends second-line imaging when justified. Functional imaging, for ischaemia or inflammation, 
is central in guiding return-to-play decisions. Persistent evidence gaps include limited normative datasets across athletic subgroups 
and uncertain significance of subtle tissue abnormalities. Overall, this consensus supports harmonized, safe, and judicious multimod
ality imaging to protect athletes while preventing unnecessary sport restriction.

Keywords sport cardiology • cardiovascular magnetic resonance (RMC) • cardiac computed tomography (CCT) • 
nuclear imaging • athletes’ heart

Introduction
Background and aims
Participation in sports continues to increase, highlighting the need 
to identify athletes with cardiac substrates that increase the risk of 
exercise-related adverse events. Accurate evaluation requires a 
refined diagnostic approach to distinguish physiological cardiac 
remodelling from underlying pathology. Cardiovascular magnetic 
resonance (CMR), cardiac computed tomography (CCT), and nu
clear imaging provide complementary information on cardiac 
structure, function, coronary anatomy, tissue characterization, 
perfusion, and inflammation. When integrated with clinical assess
ment and first-line testing, these techniques improve diagnostic 
accuracy and risk stratification in common athletic scenarios, in
cluding ventricular arrhythmias (VAs), cardiomyopathies, congeni
tal coronary anomalies (CCA), inflammatory myocardial disease, 
and coronary artery disease (CAD) in master athletes (MA).

Although recommendations for cardiovascular imaging in ath
letes have previously been published,1 primarily emphasizing 
echocardiography, specific advice on the indications, protocols, 
and interpretation of CMR, CT and nuclear imaging in this popu
lation are missing and timely.

Accordingly, this clinical consensus statement was developed 
through collaboration between experts from European 
Association of Preventive Cardiology (EAPC) and European 
Association of Cardiovascular Imaging (EACVI) both constituent 
association of the European Association of Cardiology (ESC), fo
cusing on the role of three imaging modalities for the diagnosis 
and prognostic characterizations of relevant cardiac conditions 
for both competitive or amateurs’ athletes.

The objectives are: 

(1) to describe the appropriate clinical indication for CMR, cardiac 
CT, and nuclear images in athletes;

(2) to advice how to perform CMR, cardiac CT, and nuclear im
aging in athletes, focusing on major challenge encountered in 
clinical practice.

(3) To describe how to interpret cardiac CMR, CT, and nuclear im
aging in athletes;

This document is part of a series of two manuscripts, which 
will address several modalities within cardiovascular imaging in 
athletes. For this reason, the introduction on cardiovascular 
adaptations to exercise and training and definition of athlete is 
included in the first document2 and are not duplicated here.

CMR in sport cardiology
The ability of CMR to evaluate morphology and characterize 
myocardial tissue composition sets it apart from other imaging 
modalities complementing information obtained through echo
cardiography. Abnormalities in tissue characterization warrant 
restrictions on competitive sport in some cases.

However, CMR in athletes can present with certain chal
lenges. Technical issues may arise during scanning, and accurate 
data interpretation requires a detailed understanding of 
exercise-induced cardiac remodelling. In addition, the clinical 
significance of subtle morphological abnormalities of myocardial 
scarring also requires careful evaluation.

Beyond these technical considerations, CMR reports for elite 
and professional athletes can have serious consequences, 
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including the potential impact on their career, as well as poten
tial implications for physicians’ insurance coverage, and legal 
matters. For this reason, it is crucial to uphold a strong sense 
of responsibility in all aspects of the process: from requesting in
vestigations when clinically indicated, to ensuring their execu
tion meets the highest standards and interpreting findings 
with due diligence, particularly when dealing with potentially 
subclinical or equivocal findings.

Cardiac CT and nuclear imaging in sport 
cardiology
Approximately 60% of cardiac diseases associated with sudden 
cardiac death (SCD) in young athletes have a structural basis and 
over 80% of fatalities in older (i.e. MA >35-years-old) athletes 
are linked to atherosclerotic coronary artery disease.3 These 
statistics underscore the need for comprehensive screenings 
and assessments to promptly detect these potential pathologies 
and implement tailored risk stratification as basis for advice to 
ensure the safety of athletes during physical exertion. 
Pragmatic screening strategies, such as 12-lead electrocardiog
raphy (ECG), are effective for identifying various electrical 
diseases and raising suspicion about an underlying cardiomyop
athy. A recent study of Malhotra et al. showed that cardiac 
diseases associated with SCD were identified in 0.38% of ado
lescent soccer players in a cohort that underwent cardiovascular 
screening.4 However, they are inadequate for detecting CAD 
and aortopathy.

Coronary computed tomography angiography (CCTA) is the 
most sensitive method for detecting CAA and atherosclerotic 
CAD.5,6 Despite concerns regarding radiation exposure, modern 
scanners equipped with prospective ECG gating enable image 
acquisition in a single heartbeat, significantly reducing radiation 
exposure to less than 1 millisievert (mSv). Besides visualizing 
coronary anatomy in young athletes, CCTA has emerged as a 
powerful diagnostic and prognostic tool for assessing the pres
ence and severity of any atherosclerotic CAD, providing infor
mation beyond the coronary artery calcium score (CACS). 
With the addition of intravenous contrast, CCTA permits quali
tative, semi-quantitative and quantitative plaque analysis and is 
effective for detecting high-risk plaque markers.7,8 This technol
ogy has revolutionized the diagnosis and management of CAD in 
MA, providing detailed and accurate morphologic insights that 
can impact their care and outcomes, especially when combined 
with functional evaluation.

Moreover, CT exhibits superior spatial resolution than echo
cardiography in assessing athletes with aortopathy. It may also 
help investigate claustrophobic athletes and athletes with im
plantable devices in whom CMR imaging may be contraindi
cated or associated with undesirable artefacts.

Nuclear imaging uses various radioactive tracers to visualize 
and evaluate organ and tissue functionality.9 Within the domain 
of sports cardiology, nuclear imaging assumes a role in the as
sessment of individuals with known CAD, complementing func
tional information to the anatomical data. Additionally, nuclear 
imaging is helpful in detecting inflammatory conditions such as 
myocarditis and sarcoidosis, although its application in sport car
diology is uncommon.

Clinical indication
CMR
Given its strengths on morpho-functional evaluation and tissue 
characterization, the indications for CMR have recently ex
panded,10 necessitating an update of its appropriateness and 

effectiveness in the field of sports cardiology. From a practical 
clinical perspective, several major conditions represent the 
most common reasons for CMR referral in athletes: 

(1) Abnormal ECG findings (e.g. infero-lateral inverted T-waves)
(2) VAs with morphologies other than fascicular or outflow tract 

origins,11 polymorphic, repetitive or exercise-induced
(3) A sub-optimal acoustic window on echocardiography, prevent

ing complete visualization of the left ventricle (LV) apex, lateral 
free wall or right ventricle (RV)

(4) Borderline echocardiographic findings, such as suspected 
pathological LV hypertrophy (LVH) or mildly depressed LV 
function.

In a large cohort of well-trained recreational and elite athletes 
(n = 503, 82% male, mean age 33 ± 15 years), CMR findings were 
positive in (i) 23% of cases referred due to abnormalities on his
tory and physical examination; (ii) 34% of cases with abnormal 
T-wave patterns; (iii) 37% of cases with VAs with morphologies 
other than fascicular or outflow tract origins; and (iv) 58% of 
cases with borderline echocardiographic findings.12 VAs were 
the most common indication for CMR, which revealed late gado
linium enhancement (LGE) in 54% of cases, usually associated 
with VAs morphologies other than fascicular or outflow-tract 
origins, particularly repetitive and polymorphic patterns. Other 
CMR-detected abnormalities included hypertrophic cardiomy
opathy (24%) and dilated cardiomyopathy (14%). Although 
these data originate from a single-centre study, they highlight 
the importance of carefully selecting the clinical indication to 
CMR minimize the number of normal testing.

CCT and nuclear imaging
Clinical abnormalities
There are three main reasons why cardiovascular CT imaging 
may be appropriate in an athlete: 

(1) Risk stratification of CAD
(2) Evaluation of symptoms suggestive of myocardial ischaemia
(3) Evaluation of suspected CCA.

CACS evaluation utilizes low-dose CT without the need for 
contrast and might be appropriate in middle-age or older athlete 
in whom a positive result may influence the choice of preventive 
therapies13 such as statin therapy. It is noteworthy that al
though an athletic lifestyle is associated with a better cardiovas
cular (CV) risk profile and possible lower incidence of CV events 
and improved longevity,14,15 several studies have consistently 
showed increased calcium in endurance athletes.16–19 Thus, 
there is something of a mismatch between the higher burden 
of CAD and a lower risk of coronary adverse events that need 
to be considered.

CCTA requires administration of iodine-based contrast and 
ECG gating with the quality of imaging being dependent on 
low heart rates. The main indications for CCTA are symptoms 
suggestive of myocardial ischaemia. Typical symptoms include 
exertional chest, arm, or jaw tightness although other symptoms 
(anginal equivalents) include breathlessness or fatigue with 
exercise that is new and increases with exercise intensity. 
Ischaemic symptoms generally resolve with a few minutes of ex
ercise cessation. Sometimes athletes will provide a good de
scription of ischaemic preconditioning in which an athlete may 
experience chest pain early during exercise but then, after rela
tive rest, can return to similar or even more intense exercise 
without symptoms. CCTA is an accurate, non-invasive imaging 
technique that characterizes coronary anatomy, atherosclerotic 
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plaque burden, and lumen stenoses enabling their identification 
and quantitative assessment, thereby supporting accurate 
diagnosis and management, including antianginal therapy or 
revascularization.

Sudden onset of breathlessness with or without pleuritic 
chest pain should raise suspicion of a pulmonary embolus, par
ticularly if accompanied by risk factors such as recent travel, 
an elevated D-dimer test, or a known deep venous thrombosis. 
CT pulmonary angiography is the test of choice for assessing 
whether a defect compromises the pulmonary vasculature filing.

Nuclear imaging is generally not indicated in asymptomatic ath
letes. Stress nuclear imaging and other stress imaging tests, such 
as stress echocardiography or stress CMR, are commonly used in 
athletes with low probability of obstructive CAD, if clinically indi
cated, where they have comparable diagnostic accuracy. After 
CCTA, nuclear imaging (or stress CMR/echocardiography) 
may be required to complement anatomical information by asses
sing the functional significance of coronary lesions to guide 
management.

ECG abnormalities and ventricular arrhythmias
ECG evaluation in athletes is primarily intended to identify sub- 
clinical cardiomyopathies or channelopathies. Echocardiography 
is generally the first-line evaluation when cardiomyopathy is sus
pected. In contrast, the resting 12-lead ECG is typically normal in 
the athlete with symptoms suggestive of exertional angina.20

ECG findings such as Q-waves or T-wave abnormalities in the 
athlete with CAD resulting in a previous myocardial infarction 
are found in a minority of athletes and have relatively poor sen
sitivity for coronary vessel disease.21 Thus, ECG abnormalities 
are an uncommon reason to refer an athlete for CCTA or nuclear 
imaging. However, an exception may be represented by the 
detection of VAs in the 12-lead ECG. In this case, the morph
ology of the ectopic beats and the age of the athletes will guide 
the indication for additional imaging testing, specifically to 
CCTA, as specified below.22 The same indication originates 
from the occurrence of repolarization abnormalities (i.e. ST 

segment depression with negative T-wave) during exercise, po
tentially compatible with the presence of a myocardial bridge or 
coronary artery lesions in MA.

General principles
CMR
Protocols and reporting
CMR protocols for athletes are largely similar to disease-specific 
protocols for non-athletes,10 but may require adjustments 
based on the clinical indication (Figures 1 and 2, Table 1). The 
presence of shunts should be carefully evaluated, particularly 
if disproportionate dilatation is present. Dedicated sequences 
can be acquired to detect and evaluate the severity of valve 
disease. Additionally, evaluating the potential for CCA is critical. 
In every scan, especially in young athletes and those with chest 
pain or exertional syncope, imaging sequences should be 
incorporated to visualize coronary artery origins. This can be 
achieved using 3D whole heart coronary magnetic resonance 
angiography. Additional sequences may be appropriate when 
cardiomyopathy or myocarditis are suspected. In MA, the focus 
shifts towards detecting acquired cardiovascular diseases, such 
as myocardial scarring and ischaemia. Athletes may present un
ique challenges during scans, particularly due to sinus bradycar
dia, which can complicate image acquisition. Given the potential 
clinical impact of LGE, post-contrast imaging should be of the 
highest quality, minimizing artefacts. Table 2 outlines common 
technical challenges encountered during CMR in athletes, and 
potential solutions.

A CMR report for an athlete, like any other patient, should pri
marily address the clinical question that prompted the scan. 
While certain measurements and descriptions should be in
cluded in virtually all reports, the interpretation and conclusions 
must focus on the clinical indication and the pertinent findings 
relevant to answering that specific query (Table 1). CMR report
ing is generally similar for athletes and non-athletes, except for 

Figure 1 Strength of advice for clinical management considerations.
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the reference range limits. Ideally, the reporting physician 
should consider the athlete’s ethnicity, sport type and level of 
conditioning to provide context and ensure accurate interpret
ation of the images and data. The best-evidenced technique 
for assessing the ‘expected’ cardiac remodelling in athletes is 
recognizing the strong correlation between VO2peak and ven
tricular volumes.25,26 However, because cardiopulmonary exer
cise testing is not routinely performed, it is essential to obtain 
detailed information about the athlete’s training history. 
Factors such as sports discipline and exercise intensity play a 

crucial role in determining the expected degree of cardiac 
remodelling and addressing specific clinical questions.27

Therefore, both the clinical indication and the athlete’s training 
history should be clearly stated at the beginning of the report.

The presence and distribution of LGE must be carefully eval
uated, ensuring that all potential pitfalls (e.g. trabeculae, cleft,28

anterior septal perforator arteries29,30) are excluded. If mapping 
sequences are available and included in the scan, their results 
should be incorporated into the report, following established 
guidelines.31

Figure 2 Indication for CMR scanning and reporting in athletes. CMR, cardiovascular Magnetic resonance; LGE, late gadolinium en
hancement; LV, Left ventricle; Vas, ventricular arrhythmias.
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Table 1 Sequences, measures, and interpretation of cardiac structure while scanning and reporting in athletes

Structure Sequence Measures Interpretation

Left ventricle
Volumes, mass 
and wall 
thickness

SSFP Cine (short-axis stack and 
3 long-axis views)

LV volumes, SV and mass should be 
presented with and without 
indexing to BSA. 

Wall thickness should be measured 
in multiple segments from a 
short-axis end-diastolic frame

• Although the report should describe structure 
relative to non-athletic norms, subsequent 
interpretation should place the results in 
relation to the degree of athletic conditioning.

• Athletic remodelling (endurance and mixed 
disciplines) can lead to balanced chamber 
dilatation (volume ratio between LV/RV = 1), 
eccentric LVH, and a low-normal ejection 
fraction with high/normal SV

• Note that LV mass is largely determined by the 
overall ventricular size and wall thickness, and it 
is frequently increased in athletes

• In cases of extreme remodelling, other features 
should be consistent: look for sinus bradycardia, 
dilated IVC, and muscle composition in the 
localizers

Function SSFP cine Endocardial tracing to determine 
volumes, ejection fraction and SV

• Qualitative assessment of regional and global 
function with reference to the ejection fraction.

Oedema T2-weighted and T2 mapping Qualitative assessment of focal 
changes and region of interest 
quantification

• Focal increases in signal or increases in T2 
mapping times are suggestive of oedema.

Fibrosis LGE imaging, T1 mapping 
(native and post contrast 
with ECV calculation)

Qualitative assessment of focal scar 
and quantification of diffuse 
fibrosis with mapping

• Awareness of low-risk or benign patterns (e.g. 
inferior hinge-point) prevalent in athletes and 
sedentary controls.

• Mid-myocardial and sub-epicardial patterns 
have been associated with arrhythmias in 
athletes.

• Native T1 Mapping values and ECV should be 
similar to (or slightly lower than) those in a 
non-athletic populationRight ventricle

Volumes, mass 
and wall 
thickness

SSFP cine (short-axis stack, 
long-axis and focused 
outflow tract views)

RV volumes and SV should be 
presented with and without 
indexing to BSA.

• Although the report should describe structure 
relative to non-athletic norms subsequent 
interpretation should place the results relative 
to the degree of athletic conditioning

Function SSFP cine Axial stack can be 
acquired for RWMA of the 
RV free wall.

Endocardial tracing to determine 
volumes, ejection fraction and SV

• Qualitative of regional and global function with 
reference to the ejection fraction.

Oedema and 
fat suppression

Inversion recovery May enable assessment of fat 
infiltration

• The accuracy and importance of fat suppression 
for RV has been questioned.

Fibrosis LGE imaging Qualitative assessment of 
post-gadolinium enhancement

• This can be a difficult qualitative assessment 
and can only be stated confidently when there 
is adequate wall thicknessAtria

Size Cine long-axis Volume derived from 4 and 
2-Chamber

• Generally less accurate than echo unless 
carefully planned. Note the susceptibility to 
foreshorteningVascular

Coronary ostia Navigated cine +/− 3D Ostia location • Anomalous coronaries should be assessed in 
young athletes, in case of symptoms during 
effort, abnormal exercise test or evidence of 
endocardial injury.

Continued
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CMR normal reference range for chamber size and function and 
tissue characterization in athletes
Defining normal reference ranges for chamber size and function 
is essential for evaluating both healthy individuals and athletes, 
considering impact of exercise-induced adaptation can be con
sidered. Several factors influence this adaptation, including 
age, sex, ethnicity, sport type, training volume and intensity. 
Accurate interpretation is crucial to differentiate physiological 
remodelling from pathological changes that may indicate an 

inherited or acquired cardiac condition. Endurance training is 
generally associated with eccentric hypertrophy, whereas 
strength training leads to concentric hypertrophy. Although 
this framework is widely recognized, not all athletes exhibit 
these distinct patterns of cardiac remodelling. Recent studies 
of large cohorts of elite athletes across various sports disciplines 
show considerable variability in LV geometry, with normal LV 
geometry being common and eccentric hypertrophy present in 
some athletes.32,33 Data on sedentary subjects cannot be used 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Continued

Structure Sequence Measures Interpretation

Aortic root Cine +/− 3D angiography Carefully planned short-axis or 
angio sequences can be used to 
accurately assess aortic diameter

• Slightly larger vascular dimensions may be 
expected but prognostic cut-offs unchanged.

Valves
Structure and 
function

Cine +/− velocity-encoding Qualitative assessment in most 
instances looking for flow 
acceleration

• Similar evaluation as non-athletes

Other
Pericardium T1, T2 and post-contrast Assess for effusions, oedema, LGE

BSA, body surface area; ECV, extracellular volume; IVC, inferior vena cava; LGE, late gadolinium enhancement; LV, left ventricle; LVH, left ventricle hypertrophy; RV, 
right ventricle; RWMA, regional wall motion abnormalities; SV, Stroke volume.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Common issues encountered when scanning athletes by CMR and possible suggested solutions to solve them

Issue Possible solutions

During scanning
Body 
composition

Low body fat is related to higher volume of distribution for 
gadolinium-based contrast agents. This may mean 
faster apparent washout

• Image late gadolinium enhancement earlier than usual can 
be an option or additional LGE may be required in cases of 
fast wash-out rates

Bradycardia Conventional cines designed around HR 70 bpm may take 
a very long acquisition time

• Increase segmentation if the athlete has difficulty 
maintaining the apnoea

Late gadolinium 
enhancement

More complete longitudinal recovery (bradycardia), faster 
gadolinium washout

• Longer T1 times may be needed
• Alternatively switch to trigger 1 (where may be normal or 

even shorter)
• Consider increasing segmentation

Coronary origins Bradycardia may make navigated imaging very prolonged • Prolonged diastole and large coronaries may make cines 
for coronary origins easy: a stack of short axis aortic valve 
views just above the valve, a coronal LVOT for left main 
stem and the basal SA stack for right coronary origin.

• Check for an anomalous circumflex on the 4chamber cine 
(‘RAC sign’23 and ‘crossed aorta’24)  

T1 and ECV 
mapping

Bradycardia may confound; tissue characterization 
alterations from athleticism

• Sequences with robust heart rate independence should be 
used (e.g. 5 s(3 s)3 s MOLLI rather than heart beat based 
sampling schemes.

Oedema Bradycardia may length significantly the T-weighted 
sequences

• In case of extreme bradycardia resulting in a prolonged 
apnoea that the athlete is unable to sustain, T2 Mapping 
can be more advantageous

ECV, extracellular volume; HR, heart rate; LVOT, left ventricle outflow tract; RAC, retroaortic anomalous coronary artery.
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to interpret athletes data.34,35 Among athletes, available studies 
are heterogeneous in terms of population, training regimes and 
sport type. The only meta-analysis dedicated to athletes in
cluded 983 male Caucasian athletes and provided mean values, 
1st and 95th percentile for LV and RV volumes and function in 
athletes practicing endurance, mixed or combined sports 
(Tables 3 and 4).35 However, this study excluded several import
ant subgroups, specifically adolescent athletes, female athletes, 
non-Caucasian athletes or athletes engaging in purely isometric 
sports due to the paucity of published data.39 More recently, 
additional studies have provided CMR reference values in 
both adolescent36 and female athletes.36–38,40 Tables 3 and 4
present the most recent reference values from the wider cohort 
currently available. However, non-Caucasian athletes remain 
underrepresented, which may limit the interpretation of their 
measurements. It is important to note that, while these docu
ments aim to provide reference values, they remain somewhat 
imprecise because they lack sport-specific data that account 
for the intensity and volume of habitual training regimens. 
Similarly, balanced atrial dilatation is recognized as part of 
physiological cardiac remodelling in athletes, yet CMR-derived 
reference ranges for atrial dimensions remain limited to small 
cohorts.41 Further multicentre studies are timely and necessary 
to address these limitations.

Emerging data on tissue characterization, including minor 
insertion-point fibrosis and extracellular volume (ECV) assess
ment, highlight the need for larger, more diverse studies to es
tablish robust reference values. Currently, LGE is considered 
an abnormal finding in athletes except at the inferior RV inser
tion point (hinge point) where it is commonly observed. 
(Figure 3). Mapping techniques provide additional insights into 
tissue characterization. Athletes with the most significant LV re
modelling, primarily those in endurance and mixed, exhibited the 

lowest T1 mapping values compared to sedentary controls and 
other sports.42,43 Additionally, male athletes have lower T1 
mapping values than female athletes.42 However, no significant 
difference in T2 mapping was observed across sporting disci
plines and between genders.42,43

CCT
Protocols and reporting
In the last decade, impressive technological developments in 
both scanners and post-processing tools have improved the im
aging quality of CCTA, even under challenging situations, such 
as high heart rate or heart rate variability, or high body mass in
dex.44 Several multicentre trials and registries, such as the large 
PROTECTION VI, have shown a significant reduction in average 
radiation exposure from CCTA.45 In sport cardiology, it is crucial 
to obtain artefact-free images, especially for case of CCA in 
young competitive athletes and atherosclerotic plaque assess
ment in MA. For these reasons, the use of a recent scanner gen
eration, equipped with wide Z-axis coverage and fast gantry 
rotation time is suggested and nowadays offered by the four 
vendors (Table 5). Special attention to radiation exposure must 
be reserved for young athletes. Approaches such as prospective 
ECG-gating, low tube voltage, and iterative reconstruction, 
which are available on the most of scanners in clinical use, are 
highly suggested. Wide coverage detector, fast gantry rotation 
and low-concentration contrast agents may be considered to re
duce Iodine load to the young athletes.46

As for CMR, CCTA reporting is generally similar for athletes 
and non-athletes. The components of the report include indica
tion for procedure, patient clinical data, technical procedure 
information, image quality, clinical scan findings, and interpret
ation. In particular, the specific reason for ordering the test 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Selected studies on CMR reference values in athletes

Study Study type N of athletes Age range 
(years)

Ethnicity Male sex Sport type Training regimen Years of 
training

D’Ascenzi 
et al 201835

meta-analysis (27 
studies)

983 18–55 Caucasian 100% males Endurance, 
mixed, 
combined

>6 h/week —

Csecs et al. 
201936

observational 
prospective study

327 (215 
adults; 
112 
adolescents)

adults >18; 
adolescents 
14–18

Caucasian 67% male 
adults; 
87% male 
adolescents

skill, power, 
mixed, 
endurance

22.5 ± 4 h/w in male 
adults 
20 ± 6 in female 
athletes; 
13 ± 5 in male 
16 ± 6 in female 
adolescent athletes.

—

Maceira et al. 
202337

observational 
prospective study

148 18–50 Caucasian 64.8% males Low, medium, 
high intensity

16.4 ± 7.9 h/week 10.6 ± 5.3

De Bosscher 
et al, 202338

Observational 
prospective study

201 17–20 Caucasian 79% males Endurance: 
58% cycling, 
23% running, 
11% triathlon, 
5% rowing

>3 h/week and 
competing at national 
and international 
level

—

The table includes a meta-analysis, which collected data from 27 studies, and three other studies published after the meta-analysis.
h/w, hours per week.
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should be identified and documented (e.g. symptoms, positive 
stress test results, risk factors, others). Major aspects of image 
acquisition should be documented in the report, including the 
type of study, equipment, technical acquisition protocol type, 
amount and timing of contrast or other medications, and some 
measure of the radiation dose. Current studies include CACs, 
CCTA, the pulmonary veins, the cardiac veins, the left ventricular 
outflow tract, congenital heart disease (CHD), and other cardiac 
morphologies, with late Iodine enhancement of detecting myo
cardial scar. Three broad categories, such as coronary findings, 

non-coronary cardiac findings, and non-cardiac findings are im
portant to include in the report. Coronary anatomy should be 
described in terms of left or right dominance and includes po
tentially relevant variance (e.g. absent left main). If coronary 
disease is present, stenosis severity, plaque morphology, and 
extent should be described. Stenosis severity may be described 
qualitatively (e.g. mild, moderate, severe, or occluded) or pref
erably with an estimated percentage of diameter obstruction in 
the following categories: 0) Normal: absence of plaque and no 
luminal stenosis; 1) Minimal: plaque with <25% stenosis; 2) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Basic CMR LV and RV indexed parameters in different athletic populations

Study LVEDVi 
mL/m2

LVESVi, 
mL/m2

LVSVi 
mL/m2

LVEF, 
%

LVMi, 
g/m2

RVEDVi, 
mL/m2

RVESVi, 
mL/m2

RVEF, 
%

D’Ascenzi, male endurance athletesa 111 ± 4 
95% CI 
104–121

49 ± 2 
95% CI 
45–55

63 ± 6 
95% CI 
45–79

59 ± 1 
95% CI 
58–61

72 ± 2 
95% CI 
68–76

120 ± 3 
95% CI 
113–126

55 ± 2 
95% CI 
49–61

54 ± 1 
95% CI 
52–56

Csecs et al, male adult 122 ± 15 53 ± 10 69 ± 8 54 ± 4 86 ± 16 127 ± 17 57 ± 11 55 ± 4
Csecs et al, female adult 106 ± 12 44 ± 7 61 ± 8 58 ± 5 63 ± 10 106 ± 14 44 ± 7 58 ± 5
Csecs et al, male adolescent 112 ± 13 46 ± 8 66 ± 9 59 ± 5 72 ± 11 113 ± 14 48 ± 9 58 ± 5
Csecs et al, female adolescent 103 ± 13 42 ± 8 62 ± 9 60 ± 5 62 ± 10 106 ± 14 42 ± 8 59 ± 4
Maceira, high intensity sport 106 ± 19 40 ± 10 na 63 ± 6 83 ± 16 105 ± 17 41 ± 11 61 ± 7
Maceira, medium intensity sport 103 ± 16 37 ± 9 na 64 ± 6 80 ± 19 104 ± 19 41 ± 10 61 ± 6
Maceira, low intensity sport 79 ± 10 28 ± 7 na 65 ± 7 65 ± 14 81 ± 12 31 ± 9 61 ± 6
Maceira, male endurance athletes 109 ± 17 42 ± 11 na 63 ± 6 91 ± 14 107 ± 17 43 ± 11 61 ± 6
Maceira, female endurance athletes 93 ± 13 37 ± 6 na 63 ± 7 73 ± 11 95 ± 15 38 ± 7 60 ± 5
De Bosscher, endurance athletes 117 ± 18 50 ± 11 na 57 ± 5 79 ± 14 131 ± 23 64 ± 15 52 ± 6

All values are mean ± standard deviation except D’Ascenzi et al., which is a meta-analysis therefore values are mean ± standard error and 95% confidence intervals.
LVEDVi, indexed left ventricle end-diastolic volume; LVEF, left ventricle ejection fraction; LVESVi, indexed left ventricle end-diastolic volume; LVMassi, indexed left 
ventricle mass; RVEDVi, indexed right ventricle end-diastolic volume; RVEF, right ventricle ejection fraction; RVESVi, indexed right ventricle end-diastolic volume.
aMean ± Standard Error; 95% CI: confidence interval.

Figure 3 Example of late gadolinium enhancement. (A) LGE at the inferior hinge-point is observed in healthy athletes (white arrow). (B) 
Mid-myocardial LGE observed at the inferior RV insertion presenting with focal hypertrophy in an athlete with HCM (white arrow). C and 
D show two athletes with pathological non-ischaemic LGE, sub-epicardial, at the lateral wall (white arrows).
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Mild: 25% to 49% stenosis; 3) Moderate: 50% to 69% stenosis; 
4) Severe: 70% to 99% stenosis; 5) Occluded. Plaque type 
should be described as calcified, mixed or noncalcified. CACS 
quantification should be included when available. Other mor
phologic descriptors of a stenotic lesion, such as extensive 
length, bifurcation or ostial involvement, location in a tortuous 
segment, eccentric position, apparent dissection or ulceration 
may also be appropriate.47 When CCTA is performed in MA 
for suspected CAD, a detailed description of plaque features 
that have been associated with high-risk of developing acute 
coronary syndrome at follow-up (i.e. positive remodelling, 
small spotty calcification, low-attenuation plaque, napkin-ring 
sign) is highly suggested, which may help to define the eligibil
ity of the athlete to competitive sports.48 When CCTA is per
formed in young athletes for suspected or known congenital 
coronary anomaly, a detailed description of the high-risk ana
tomical features, such as inter-arterial course and intra-mural 
tract, slit-like ostial morphology, acute takeoff angle, >5 mm 
length of lumen narrowing, >50% diameter stenosis in the nar
rowed portion, have to be mandatory included in the report
ing49 (Figure 4).

Nuclear imaging
To avoid repetition the section ‘protocol’ and ‘reporting’ for nu
clear imaging are included in the document on stress imaging.

Differential diagnosis between 
athlete’s heart and cardiomyopathy
CMR for the differential diagnosis of 
hypertrophic cardiomyopathy
It is known that 2–3% of White athletes and up to 13–18% of 
Black athletes exhibit increased LV thickness in a range of 13– 
16 mm, which may overlap with hypertrophic cardiomyopathy 
(HCM).50,51 This typically occurs in highly trained endurance 
male athletes, while in females, the grey zone is defined by a 
wall thickness between 11 and 13 mm.52,53 In physiological re
modelling, wall thickening is typically symmetric and occurs 
with combined LV dilatation, resulting in eccentric LVH 
(Figure 5A–C). In contrast, HCM is characterized by regional 
wall thickening with a non-dilated LV (asymmetric hypertrophy 
with abnormal LV shape) and abnormal diastolic function in 80% 
of non-athletic cases54 and (Figure 5G–I and L-N). Athletes with 
HCM often present with a distinct subset of characteristics fea
tures compared with sedentary HCM patients. These athletes 
may have relatively mild wall thickening (15–16 mm), a relatively 

larger LV cavity, and normal diastolic function.55 However, most 
still exhibit asymmetric wall thickening, with one-third showing 
hypertrophy confined to the LV apex. A small proportion had 
concentric LVH with wall thickness between 13 and 15 mm. 
Applying current echocardiographic criteria to competitive ath
letes with HCM may fail to identify certain cases, especially 
those with apical HCM, relatively large LV cavities, or normal 
diastolic function. Many athletes with HCM, however, present 
with an abnormal ECG, which may be useful to suspect/confirm 
the diagnosis.

Although echocardiographic algorithms may aid in differenti
ating physiological LVH from HCM, CMR imaging provides high 
spatial resolution, enabling more accurate assessment of LV wall 
and cavity, especially when echocardiographic images are un
clear or the hypertrophy is subtle or focal—such as apical, infer
ior, and lateral wall hypertrophy. In athletes with T-wave 
inversion, echocardiography diagnosed HCM in only 20% of 
cases, while CMR significantly improved detection (by identify
ing other 35% of cases), particularly in those with marked repo
larization changes and apparently normal echocardiograms.56

Therefore, in any case where the suspicion for HCM is high, 
such as in case of deep infero-lateral T-wave inversion, investi
gations should include CMR.

Approximately 65% of HCM patients show macroscopic myo
cardial fibrosis in the hypertrophied area, though the absence of 
LGE does not definitively rule out the disease, especially in ado
lescent and young individuals.57,58 In HCM, LGE at the RV infer
ior insertion point is mid-myocardial (Figure 3B), whereas, in 
healthy athletes, fibrosis is typically found at the hinge point 
(Figure 3A). T1 Mapping may provide additional information use
ful to distinguish between HCM and exercise-related cardiac re
modelling.42,59–61 Physiological LVH is primarily due to myocyte 
enlargement rather than increased extracellular matrix, resulting 
to lower native T142 and ECV values than in controls and HCM 
patients.59 In HCM, pathological LVH correlates with increased 
ECV, indicating that a significant portion of the LV mass is attrib
utable to extracellular matrix expansion (i.e. fibrosis).62

However, low ECV values may be detected in certain hypertro
phied areas, reflecting a mixture of cellular hypertrophy and fi
brotic myocardium (disarray).63 Although T1 mapping shows 
promise, the data are limited and require validation in a larger 
cohort of athletes to establish its clinical utility (Figure 6).

CMR for the differential diagnosis of dilated 
cardiomyopathy
Dilated cardiomyopathy (DCM) is a rare but recognized cause of 
death in athletes, contributing to approximately 1% of all SCD.64

It is characterized by LV dilation and impaired systolic function 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5 Major technical parameters of the premium scanners from the different vendors

Canon GE Healthcare Philips Siemens

Model name Aquilion One Prism Revolution Apex Elite Spectral CT 7500 Somatom Force
Z Detector size 160 mm 160 mm 80 mm 57.6 mm × 2
Cell dimension 0.5 mm 0.625 mm 0.625 mm 0.6 mm
Max Rotation speed 0.275 s 0.23 s 0.27 s 0.25 s
kVp selection 80–135 kVp 70–140 kVp 80–140 kVp 70–150 kVp
mA selection 10–900 mA 10–1300 mA 10–1000 mA 20–1300 mA
Deep learning recon AiCE, PIQE TrueFidelity Precise Image n/a
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unrelated to abnormal loading conditions or coronary artery dis
ease.58 DCM can also affect the RV in 20–60% of cases.65 On the 
other hand, the athlete’s heart is also associated with biventricu
lar dilation, and in highly trained endurance athletes, occasionally, 
with low-normal LV ejection fraction (EF).66 Moreover, early 
DCM may also present with normal or mildly reduced LVEF in 
the range observed in athletes, creating a ‘grey-zone’ where 
physiological adaptations and pathology overlap. CMR is particu
larly helpful in distinguishing these conditions by accurately as
sessing ventricular volumes, function, and tissue characterization.

An unbalanced LV dilatation, along with low EF and stroke 
volume (SV) suggests DCM, whereas a low-normal EF with ba
lanced ventricle dilation (LV/RV ratio = 1) and high SV is more in
dicative of an athletes’ physiological remodelling (Figure 3D–F). 

Secondly, a LV end diastolic diameter >60 mm occurred in ap
proximately 15% of elite athletes who participated in vigorous 
training programmes, (<1%)67,68 while a diameter >70 mm is un
common in athletes.68,69 If accompanied by wall thinning, or a 
reduced LVEF or SV, particularly in sports less commonly asso
ciated with dilation (e.g. strength or skill athletes), this raises sus
picion of DCM. If balanced biventricular dilation is associated 
with mild LVH, a low heart rate and high SV, this would support 
athletic remodelling. In addition, the presence of mid-wall LGE 
(particularly septal) is seen in about a third of DCM patients58

and supports the diagnosis, although its absence does not ex
clude DCM. Furthermore, athletes can favourably augment car
diac output,70 and LVEF in response to exercise, whereas DCM 
patients have a blunted response. Exercise imaging tests 

Figure 4 Indication for CT scanning and reporting in athletes.
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(routinely echocardiography, while stress CMR is currently lim
ited to a select number of centres) can help distinguish the 
two entities71 (Figure 6).

CMR results should be evaluated in conjunction with the clin
ical history, examination, and other available tests and in se
lected cases a re-evaluation after detraining may be helpful.72

CMR for the differential diagnosis of 
arrhythmogenic cardiomyopathy
Over time, the clinical paradigm of arrhythmogenic right ven
tricular cardiomyopathy has evolved from a primary focus on se
vere RV disease and malignant VAs to a more comprehensive 
concept that encompasses biventricular or left-dominant forms 
of the disease.58 In contrast to the previous 2010 Task Force 
Criteria,73 the updated European Task Force consensus report 
specifically refers to an arrhythmogenic cardiomyopathy 
(ACM), improving the detection of LV involvement.74

It is important to understand that the utility of morpho- 
functional abnormalities to distinguish subjects with ACM 
from healthy endurance athletes may be limited, as both groups 
can exhibit significant changes in cardiac volumes and EF.35,66 In 
a subgroup of highly trained endurance athletes, up to 16% may 
present low EF. It has been reported that highly trained cyclists 
the RVEF of 44 ± 3% and/or LVEF 47% to 50%.66 On the other 
hand, highly trained athletes presenting with life-threatening 
VAs75–77 and underlying structural damage, as evidenced by 
the presence of LGE or low voltage areas on electro-anatomical 
mapping, often display only a mild degree of ventricular 

dysfunction, which is not distinguishable from athletic cardiac 
remodelling. Caution is needed when evaluating cardiac volume 
and function in athletes suspected of having ACM. In such cases, 
additional evaluation with exercise imaging (CMR or echocardi
ography)70,78,79 and strain analysis80 may be a useful diagnostic 
approach.

When evaluating the RV, both the presence of RWMA and 
global dilation or dysfunction is required to fulfil a major 
morpho-functional criterion. RWMA, even in the absence of glo
bal ventricular dilation or dysfunction, is highly specific to ARC 
and is not expected in healthy athletic cardiac remodelling81,82

(Figure 5O–Q).
A key update in the latest task force criteria is the inclusion of 

LV non-invasive tissue characterization by CMR (i.e. LGE im
aging), which is now considered equivalent in weight to invasive 
endomyocardial biopsy.83 Importantly, LGE at the RV insertion 
points (hinge-point fibrosis) is a common finding in athletes 
and is regarded as benign. It is also essential to differentiate 
small mid-wall patches of LGE, which have been reported in 
up to 10–20% of MA,84 from larger, striae (or band) pattern of 
myocardial LGE, as only the latter is considered indicative of 
left form of arrhythmogenic cardiomyopathy (Figure 3C and 
D).83

Although CMR has low diagnostic sensitivity for detecting of 
LGE in the RV due to the thin RV wall and suboptimal resolution, 
detecting RV LGE is a valuable sign for ACM diagnosis after rul
ing out other causes of scarring, including ischaemic heart dis
ease or congenital conditions such as Tetralogy of Fallot. 
Consequently, the presence of LGE in at least one RV region, 

Figure 6 Imaging features of athlete’s heart vs. cardiomyopathy assessed by echocardiography and CMR and the additional role of CT 
and nuclear imaging. ACM, arrhythmogenic cardiomyopathy; CCT, cardiac computed tomography; DCM, dilated cardiomyopathy; ECV, 
extracellular volume fraction; EF, ejection fraction; GLS, global longitudinal strain; LGE, late gadolinium enhancement; LV, left ventricle; 
LVH, left ventricular hypertrophy; HCM, hypertrophic cardiomyopathy; RV, right ventricle; RWMA, regional wall motion abnormalities; 
SV, stroke volume.
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as identified through CMR myocardial tissue characterization, 
has been established as a minor RV criterion74 (Figure 6).

CMR for the differential diagnosis of left 
ventricular excessive trabeculation
The latest version of the guidelines considers excessive trabecu
lation as a phenotypic trait that can occur either in isolation or in 
association with other developmental abnormalities, LVH, dila
tation, and/or systolic dysfunction.58 A recent expert panel pa
per on excessive trabeculation of the left ventricle and the ESC 
guidelines for the management of cardiomyopathies58,85 pro
vide three key messages: 

(1) Replace the term ‘non-compaction’ with ‘hypertrabeculation’ 
with or without associated cardiomyopathy;

(2) Excessive trabeculation may be present as a normal variant;
(3) The presence of a trabecular pattern should not determine, per 

se, a clinical management.

Investigations have documented a reversible phenotypic ex
pression in athletes characterized by enhanced ventricular tra
beculation. This is recognized as a morphological by-product 
of increased cardiac preload requirements induced by rigorous 
physical training. The incidence of cases meeting the criteria 
for excessive trabeculation, as determined through echocardio
graphic assessments, varies, with reported rates ranging from 
1.4% to 8.1% among competitive athletes.86–90 Such variability 
is influenced by differing diagnostic criteria, ethnic backgrounds, 
and the nature of the athletic disciplines considered.

Rather than being distracted by the presence or extent of ex
cessive trabeculation in athletes, the focus for clinicians should 
be on interpreting the history, physical examination and infor
mation from clinical tests, including cardiac imaging, to deter
mine whether ventricular function and the degree of cardiac 
remodelling, such as dilatation and hypertrophy, are consistent 
with an athlete’s heart. The thickness of the compacted layer 
should also be considered. If there is any concern in the clinical 
information available that leads to a suspicion that findings are 
not entirely consistent with physiological cardiac remodelling, 
only then should athletes be managed according to the guide
lines as likely DCM, with potential follow-up, advice to adapt ex
ercise regimens or initiate specific medical management for 
DCM.

Genotype-positive phenotype-negative 
athletes and screening of first-degree relative 
of patients with cardiomyopathy
In individuals who are judged to be genotype-positive and 
phenotype-negative by echocardiography or family members 
(FMs) of patients with an inherited cardiomyopathy, CMR may 
identify subtle phenotypes of disease expression and should 
be considered in these individuals as part of their baseline as
sessment, as reported in the 2023 ESC Guidelines for the man
agement of cardiomyopathies.58 CMR is particularly valuable in 
clinical scenarios including athletes with localized hypertrophy 
in areas where echocardiography may struggle, such as the 
apex or anterolateral wall,91,92 or identifying subtle regional 
wall motion abnormalities, particularly in the RV.81 Although 
not diagnostic, subtle structural abnormalities (i.e. abnormal 
papillary muscle insertions,93 septal convexity,94 and mitral 
valve leaflets abnormalities91,95) should be documented. 
Another common scenario in which CMR can increase the diag
nostic yield is athletes with isolated T-wave inversion. Among 

69 athletes diagnosed with cardiomyopathy after comprehen
sive evaluation for deep T-wave inversion, echocardiography 
was diagnostic in 37 (54%) cases. CMR identified an additional 
24 cases of cardiomyopathy or healed myocarditis, in whom 
the echocardiogram was reported as suspicious or normal.56

CMR may be useful in younger athletes where disease pheno
type may be subtle, but the risk of SCD from cardiomyopathy 
during sports is considered higher. CMR is crucial for detecting 
isolated non-ischaemic LGE when no other morphological fea
tures on echocardiography suggest structural heart disease, as 
in the context of non-dilated left ventricular cardiomyopathy 
(NDLVC), where the presence of non-ischaemic LGE is funda
mental for the diagnosis. The evaluation of tissue characteriza
tion should include pre- and post-contrast T1 mapping. 
T1-mapping is advisable, particularly in mild disease and/or 
young FMs, in which LGE may be absent.63,96,97 Based on 
both the initial assessment and clinical course, CMR scans 
should be repeated at follow-up to establish a definite diagnosis 
and monitor disease progression.58

The additional value of CCT for differential 
diagnosis between cardiomyopathies and 
athletes’ heart
CCTA is primarily utilized to rule out concomitant CAD or myo
cardial bridging in individuals with HCM. This is because many of 
them exhibit confounding symptoms and similar ECG patterns. 
Additionally, it is employed to reasonably exclude ischaemic 
aetiology in individuals with a dilated left ventricle and impaired 
contraction. CCT is also important for evaluating individuals 
with cardiomyopathy when CMR is not an option due to claus
trophobia or implantable devices that may cause artefacts and 
inadequate image quality. In this setting, CCT enables precise 
definitions of cardiac volume and function, accurate measure
ments of LV wall thickness, including its apical portion, and 
can also be used for tissue characterization to identify myocar
dial scar or fat. Delayed myocardial enhancement using iodine is 
the equivalent of LGE at CMR and is able to detect and charac
terize the pattern of myocardial scar in different forms of cardio
myopathy.98 The scar pattern may help to determine the precise 
nature of cardiomyopathy; for example, ACM vs. sarcoid cardio
myopathy and CT contrast studies perform equally well com
pared with CMR-contrast ones,99 although myocardial oedema 
assessment is poor. Overall, CCT can provide diagnostic and 
prognostic information comparable to CMR in patients unable 
to undergo CMR.100

The additional value of nuclear imaging for 
the differential diagnosis between athlete’s 
heart and cardiomyopathies
In individuals with suspected or established DCM or NDLVC, 
the role of radionuclide imaging is limited. However, 18F-FDG 
can aid in identifying myocardial inflammation associated with 
active sarcoidosis and other atypical forms of myocarditis.58

Isolated cardiac uptake has also been described in patients 
with ACM in the period of ‘hot phases’. Moreover, PET using 
15O-water, 13N-ammonia or 82-Rubidium, combined with di
pyridamole, adenosine or regadenoson, evaluates microvascular 
dysfunction in HCM, DCM, or NDLVC phenotypes, offering pre
dictive value for adverse outcomes irrespective of the cardiomy
opathy subtype.
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Inflammatory myocardial disease and 
pericarditis
The role of CMR
CMR is crucial for diagnosing inflammatory diseases of the myo
cardium and pericardium and for follow-up studies evaluating 
treatment response and residual effects.101

Myocarditis and pericarditis, like any other inflammatory pro
cess, are responsible for the appearance of oedema, hyper
aemia, and myocardial necrosis with fibrosis. T2-weighted 
imaging detects myocardial and pericardial oedema as an in
creased signal intensity, while the presence of fibrosis may be 
detected by LGE.102 The presence of myocardial LGE indicates 
increased extracellular space due to necrosis and, oedema in 
the acute phase (up to 3 months) and to myocardial scar in the 
chronic phase. Classical CMR criteria, the so-called 
Lake-Louise criteria for the diagnosis of myocarditis,103 were re
cently updated to include T1 and T2 mapping as possible con
tributing techniques.104

In pericarditis, pericardial inflammation is associated with 
neovascularization and chronic inflammation. For pericarditis, 
the following features are those to be taken into account: (i) 
pericardial thickening (>2 mm), (ii) pericardial oedema on 
T2-weighted imaging, (iii) pericardial LGE, and (iv) pericardial 
effusion.101

Since myocarditis and pericarditis are both inflammatory con
ditions, the timing is important: when clinically suspected, CMR 
should ideally be performed within 2 weeks of symptom onset. 
Follow-up CMR should be performed at least 1 month after the 
acute phase, ideally 3–6 months, to detect residual LGE, which 
indicates myocardial fibrosis in myocarditis and chronic pericar
dial inflammation in pericarditis.

For athletes, evidence of myocardial and pericardial inflam
matory findings on CMR is important for the diagnosis and for 
objectively assessing clinical remission and time to return to 
play, which should be associated with normalization of clinical, 
laboratory, and CMR findings (specifically the absence of oe
dema and the assessment of possible residual LGE).3 The per
sistence of ongoing inflammation evolving into chronic 

myocarditis can lead to prolongation of the withdrawal from 
sports participation.

The role of CT
Recent data demonstrated the feasibility and diagnostic accur
acy of myocardial fibrosis detection by cardiac CT vs. CMR.98

Even if CMR remains the gold standard for myocardial tissue 
characterization, CT with a dedicated acquisition protocol to 
identify late iodine enhancement (LIE) may represent a good al
ternative, especially in specific settings75,105 (Figure 7). Of inter
est, the radiation dose needed for myocardial/pericardial 
inflammation and fibrosis assessment is negligible and usually 
below 1 mSV.98 These characteristics make CCT an appropriate 
alternative to CMR for identification or exclusion of the pres
ence of myocardial fibrosis in young athletes, when CCT is per
formed for CCA evaluation. Similarly, LIE could be identified in 
acute or sub-acute pericarditis as with CMR, but this application 
is supported by very few data. On the contrary, CCT may pro
vide important information regarding the presence of systemic 
disease in very selected cases of idiopathic pericardial effu
sion.76 However, the routine use of CCT for diagnosis and prog
nosis evaluation in both myocarditis and pericarditis is still not 
supported by large clinical trials and should be limited to very se
lected cases, especially among young athletes.

The role of nuclear imaging
Nuclear imaging techniques, including SPECT and PET, provide 
crucial insights into myocardial inflammation, perfusion defects, 
and viability, supporting the early detection and precise charac
terization of myocarditis and pericarditis.

PET imaging with 18F-FDG may be useful in patients with 
suspected myocarditis who cannot undergo CMR.106 In subjects 
with suspected cardiac sarcoidosis, PET imaging with 18F-FDG 
and perfusion tracers helps exclude alternative diagnoses (e.g. 
ischaemic heart disease) and provides patterns of inflamma
tion/fibrosis that are helpful for detecting detect active myocar
dial inflammation.

Figure 7 Myocardial late iodine enhancement at Cardiac CT. A case of 35-year-old male athletes with sustained ventricular tachycardia 
with contraindication to CMR (claustrophobia). Cardiac CT dedicated to late iodine enhancement well highlighted the presence of LIE 
with non-ischaemic pattern on both anterior and inferior wall of left ventricular (panel A and B, left ventricle short axis; panel C left ven
tricle long-axis view).
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Coronary disease
Athletes with cardiovascular risk factors
Regular physical activity plays a crucial role in managing sev
eral risk factors associated with CAD.3 Given that CAD can of
ten be subclinical or unrecognized, it’s essential to assess CAD 
risk before participating in physical activities. The 2021 ESC 
Guidelines on cardiovascular disease prevention focus pri
marily on assessing the risk factors for atherosclerotic CAD, 
which remains a major cause of morbidity and mortality in 
Europe.107 The guidelines recommend using an updated 
SCORE algorithm to estimate an individual’s 10-year risk of 
fatal and non-fatal CAD events, such as myocardial infarction 
and stroke. This algorithm, known as SCORE2, categorizes in
dividuals aged 40–69 years into low-to-moderate, high, or 
very high risk based on non-modifiable factors such as age, 
sex, and country, as well as modifiable risk factors such 
as smoking status, blood pressure, and non-HDL cholesterol. 
For individuals aged ≥70 years, a separate algorithm, 
SCORE2-OP, applies.

Asymptomatic athletes identified as having a high or 
very-high-risk profile according to the SCORE2 risk charts 
should undergo initial medical screening, including clinical exam
ination, ECG, and an exercise test.40 If the initial screening is 
negative, there is typically no need for further tests. However, 
it’s crucial to remain vigilant for mild symptoms suggestive of 
chronic coronary syndrome and initiate appropriate investiga
tion when necessary. Based on these premises, while regular 
physical activity confers numerous health benefits, it is essential 
to tailor exercise recommendations based on individual risk pro
files, especially in CAD. Pre-participation assessment using risk 
algorithms such as SCORE2 can help identify potential risks 
and guide appropriate management strategies for athletes and 
individuals engaging in physical activity.107

CCT
CCT, including unenhanced CT for CACS and CCTA, has the 
highest negative predictive value for ruling out CAD among non- 
invasive investigations, in both obstructive (≥50% stenosis) and 
non-obstructive (<50% stenosis) disease.108 Recent studies 
using CACS and CCTA have shown that active middle-aged 
male athletes with a history of high lifelong exercise exhibit a 
have prevalence of CAC and atherosclerotic plaques.16

However, the most active group displayed a more benign coron
ary atherosclerosis phenotype, characterized by a higher preva
lence of calcified plaques16 except in the MASTER@HEART 
study.18 In asymptomatic MA, CACS greater than 400 provides 
strong prognostic value compared with CACS of zero.109

Therefore, CACS may be appropriate in MA (over of 35 years 
of age) as a useful marker to improve cardiovascular risk strati
fication.110 CCTA may be particularly useful for evaluating MA 
with an abnormal or borderline stress test, or when clinical sus
picion is raised by factors such as age, sex, symptoms, or 
risk-SCORE assessment.111 The recent update to the Italian re
commendations on sports cardiology112 recommended CCTA in 
athletes when three or more elevated cardiovascular risk factors 
are present, regardless of stress ECG findings. CCTA is the only 
non-invasive imaging modality that can provide detailed plaque 
characterization and quantification. The application of the latest 
scanner generations, such as photon-counting CT, will further 
reduce the radiation dose. When combined with AI-based image 
post-processing, plaque assessment and prognostication will 
further improve.113,114 The role of CCTA as a primary imaging 
test is expected to increase in younger asymptomatic athletes 

with abnormal stress tests and a higher risk profile of CAD. 
However, further investigations are warranted to clarify the 
role of CCTA in this context, and it is important to note that 
there is still no evidence that the use of CACS or CCTA in pri
mary prevention reduces the risk of SCD or cardiac events in 
athletes.

Nuclear imaging
In general, nuclear imaging is rarely indicated in asymptomatic 
athletes. It can be performed in subjects with a high or very high- 
risk profile, particularly when CAD is highly suspected or docu
mented after the initial evaluation, to re-stratify risk and guide 
management. As compared to other stress imaging tests, in po
pulations with low prevalence of obstructive coronary disease, 
nuclear imaging is more sensitive for the recognition of inducible 
myocardial ischaemia.105

Suspected or known chronic coronary artery 
disease in master athletes
CMR
For the anatomical diagnosis of atherosclerotic coronary artery 
disease, CCTA is the gold standard. However, to evaluate 
whether CAD is causing myocardial ischaemia, myocardial perfu
sion imaging with CMR using adenosine or regadenoson is re
commended in the 2024 ESC Guidelines for the management 
of chronic coronary syndrome108 Following stress perfusion im
aging, LGE images are obtained to assess the presence of previ
ous myocardial infarcts. Findings are reported as ‘ischaemia’ in 
case of a stress perfusion defect without, or with limited, suben
docardial myocardial infarction, or as ‘no ischaemia’ in case of a 
stress perfusion with transmural myocardial infarction. Visual as
sessment of the stress perfusion images is well established for 
both diagnosis and prognosis, and quantitative analysis may offer 
more precise information in multi-vessel disease, being less ob
server dependent.115 Dobutamine stress perfusion and cine im
aging are preferred in young with CCA to detect myocardial 
ischaemia.116 In the diagnostic work-up for athletes with acute 
coronary syndromes, CMR cine, T2-weighted and LGE imaging 
can be of clinical value, especially in patients with a working diag
nosis of myocardial infarction with non-obstructive coronary ar
teries (MINOCA).117 In the evaluation of suspected MINOCA, 
CMR reclassifies the majority of patients to the correct diagno
sis,118 and can rule-out true MINOCA, which is important since 
a normal scan carries a good prognosis.119

CT
CCTA plays a role on in diagnosis and prognosis in MA with sus
pected or established CAD3 (Figure 8). Both CAC and CAD are 
more common in long-term endurance MA than in non-athletes 
matched for age and risk profile16–18,120–122 (Table 6), but the 
prognostic significance of these findings remains unclear. 
Regarding diagnosis, CCTA is today the most accurate non- 
invasive test for identifying significant CAD (sensitivity in diag
nosing >50% stenosis vs. invasive angiography of 97%).6
Based-on prospective trials, CCTA is integrated in the routine 
clinical management of patients with suspected CAD as a first- 
line diagnostic and prognostic method. The addition of CCTA 
to the standard clinical care markedly clarifies the diagnosis of 
chest pain due to CAD and results in a better management, ex
emplified by a reduction >40% in the incidence of myocardial in
farction, according to the SCOT-HEART trial.123,124 For 
athletes, the 2020 ESC Guidelines on sport cardiology do not 
routinely recommend CCTA for first-line screening of those at 
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low risk. However, CCTA is recommended if the exercise stress 
test is equivocal or the ECG is uninterpretable.3,108

In athletes with known CAD, ESC recommends for the risk 
stratification additional functional testing (maximal stress test
ing) to anatomical imaging (CCTA, invasive angiography).3
Moreover, CCTA may offer prognostic information in athletes 
with CAD. In some multicentre studies, identification of high- 
risk coronary features, including positive remodelling (PR) 
and low-attenuation plaques by CCTA, improved the prognos
tic stratification, compared to that derived from the degree of 
stenosis alone7,8,125 (Figure 9). Recently, the ESC Guidelines on 
chronic coronary syndrome108 recognized that the assessment 
of fractional flow reserve CT-derived (FFRCT) may be consid
ered in patients with a known intermediate coronary artery 
stenosis in a proximal or mid-coronary segment on CCTA 
(Class IIb) and for identifying patients at high risk of adverse 
events in case of one vessel disease of the proximal LAD 
≥70% stenosis on CCTA (Class I). Two recent studies have 
shown that FFRCT is feasible and effective for evaluating cor
onary physiology in endurance athletes126,127 and may be par
ticularly useful when moderate or heavily calcified stenoses 
have been detected at CCTA, allowing deferral of additional 
functional tests such as nuclear imaging.

Nuclear imaging
In general, nuclear cardiology plays an important role in diagnos
ing and stratifying the risk of patients with suspected or known 
CAD,108 as well as after coronary intervention. This also applies 
to athletes, with special consideration. Regarding diagnosing 
CAD in asymptomatic athletes, the recent ESC Guidelines on 
Sports Cardiology,3 recommend a maximal exercise test or an 
equivalent stress test for athletes with a high-risk SCORE. 
Myocardial perfusion imaging serves this role by providing valu
able insights into myocardial blood flow and perfusion, aiding 
early detection of ischaemia. For athletes, the preferred method 
of stress is exercise, which provided valuable functional informa
tion. A detailed description of the role of nuclear imaging in ath
letes with suspected or known CAD is reported in the part of this 
Consensus Document dedicated to stress imaging modalities.

Congenital coronary anomaly in young 
athletes
Adult (sports) cardiologists may come across very selected CHD, 
with CCA being the most commonly encountered.128,129 CCA 
have an estimated prevalence of 0.21–5.79% in the general 
population.1 Of note, they are the second most common cardio
vascular cause (14%) of SCD in athletes under 35 years of age 
90. Risk is particularly significant if a coronary artery originates 
from the opposite sinus of Valsalva and has an intraarterial 
course.1

CMR
ESC guidelines on adult CHD130 indicates CCT as the preferred 
technique for the evaluation of CCA, while AHA considers either 
CT or CMR angiography. The latter is a good alternative because 
it does not use radiation, which is particularly important for 
younger patients.131 Evaluation for CCA is indicated in symptom
atic athletes or when CCA is suspected on echocardiography.

For CMR assessment, 3D whole-heart coronary CMR angiog
raphy is the reference technique. A recent study compared the 
use of respiratory self-navigated coronary artery CMR at 1.5 T 
with CT angiography and demonstrated that CAA could be de
tected with high accuracy.132 The cine stack on the aortic valve 
can also help identify the coronary origins. Other abnormal ap
pearances in the four-chamber view, including the ‘RAC sign’23

of the ‘crossed aorta’24 should also be noted and should raise 
suspicion.

Reports should always include the anatomic origin of the 
coronary artery, any coronary artery abnormalities, and their re
lationship with other cardiac structures. If available, the 
presence and severity of inducible ischaemia related to the 
anomalous coronary artery should be assessed and described.

CCT
CCA is classified as an abnormality of origin or course. CCT 
provides an accurate evaluation of coronary artery origin and 
course (i.e. inter-arterial vs. retro-aortic) with identification of 

Figure 8 Major clinical indications for Cardiac CT in young and master athletes.
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high-risk features like the slit-like ostial morphology, the acute 
take-off angle and the presence of orifice >2 cm above the 
sino-tubular junction, and length of lumen narrowing133

(Figure 8). Similarly, CCT may provide accurate identification 
of myocardial bridges, whose length and depth can be quanti
fied with high accuracy (Figure 10), parameters associated with 
risk stratification for adverse events at follow-up.134 In particu
lar, the bridge is considered ‘deep’ if its depth into the myocar
dium is ≥2 mm and ‘long’ if its length is ≥2.5 cm.24 A follow-up 
in MA with a bridge may be recommended to assess plaque 
progression, in particular at the site of the bridge entrance. 
Taking into consideration that most of patients and athletes 
with CCA needing advanced cardiological evaluation are of 
young age, it should be underlined that CCT in these patients 
using a dedicated acquisition protocol and a last-generation 
scanner should be performed with less than 1–2 mSV. A major 
strength of CCT in athletes is the possibility of knowing the 
coronary and aorta anatomy from the same study as the exclu
sion of CAD. Results of cardiac imaging may then guide sports 
participation counselling for patient-athletes.3 Sport cardiolo
gists may encounter in their practice adult with CH where 

there is anomalous orientation of the coronary arteries as per 
pathology (i.e. tetralogy of Fallot) or where coronary arteries 
have been reimplanted (i.e. dextro-Transposition of the great 
arteries). CCT findings for such a peculiar population should 
always be discussed and interpreted together with CHD spe
cialist and integrated with functional test like stress echocardi
ography. Beyond the CCA field, CCT may also be useful for 
assessing cardiac and vascular anatomy after surgical or inter
ventional procedures in case of subjects with operated adult 
CHD, such as atrial or ventricular septal defect, patent foramen 
ovale or bicuspid aortic valve, to evaluate their eligibility to re
turn to sport activities.

Nuclear imaging
In the ischaemic evaluation of CCA, SPECT-myocardial perfusion 
imaging (with physical rather than pharmacological stress) has 
been proposed as first-line imaging method. In several studies, 
SPECT has shown favourable diagnostic results. PET-myocardial 
perfusion imaging could alternatively be appropriate. Patients pre
senting with CCA and ischaemic symptoms may not necessarily 
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Table 6 Main studies correlating coronary atherosclerosis and endurance activities

Author No. of 
athletes

Type of activity Endpoints Conclusion

Merghani (Circulation 
2017)17

152 ran ≥10 miles or cycled ≥30 miles per 
week and have continued to do so for 
≥10 years, and competed in ≥10 
endurance events

Coronary artery 
calcium (CAC); 
Plaque 
composition.

Male athletes are more likely to have a 
CAC score >300 Agatston units or 
coronary plaques compared with 
sedentary males with a similar risk 
profile.

De Bosscher (Eur 
Heart J. 2023)18

382 cycling ≥8 h or running ≥6 h per week, 
or triathlon (combination of 
swimming, cycling, and running) ≥8 h 
per week for at least 6 months prior 
to baseline. Lifelong and late-onset 
athletes started regular endurance 
exercise training at <30 years and 
>30 years of age, respectively.

Prevalence of 
coronary plaque 
and type of plaque

Lifelong athletes had more coronary 
plaques and more coronary proximal 
plaques (calcific, noncalcific, mixed)

Aengevaeren 
(Circulation 
2017)16

289 Running, Cycling, Tennis with different 
levels of intensity as light (<3 METs), 
moderate (3 to 6 METs), vigorous (6 
to 9 METs), or very vigorous (≥9 
METs)

CAC; Progression of 
plaques;

Exercise intensity but not volume was 
associated with progression of 
coronary atherosclerosis

Mohlenkamp (Eur. 
Heart J. 2008)122

108 Running at least 5 marathons during the 
previous three years

CAC; LGE CAC distribution was similar in athletes 
and in age-matched controls; CAC and 
the number of number of marathons 
predict the presence of LGE

Schwarts (Mo. Med 
2014)120

50 Male runners who had participated in 
25 consecutive Twin Cities Marathon 
races

Association the 
correlation 
between CAC and 
risk factors

CAC score is related to CAD risk factors 
and not the number of marathons run 
or years of running.

Jafar (Mayo Clin. 
Proc. Innov. Qual. 
Outcomes 
2019)121

56 Runners or triathletes who had run 
competitively for 10 or more years

CAC Significantly higher rate of coronary 
artery calcification existed in 
long-term marathon, ultramarathon, 
and extreme runners than in 
sub-marathon runners

18                                                                                                                                                                                         V. Maestrini et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



Figure 9 High-risk coronary plaque characteristics at CCTA. In (A—long axis) and (B—cross section) an example of spotty calcification is 
illustrated (white arrow). A plaque characterized by positive remodelling (white contour) and low attenuation value (HU = 22) is repre
sented in panel (C ). In (D) an example of Napkin-ring sing is depicted.

Figure 10 CCTA characterization of a myocardial bridging and a CCA. Deep and long myocardial bridge of left anterior descendent ar
tery (mid segment) (panel A); cardiac CT enables accurate evaluation of depth (5.6 mm in panel B) and length (26.7 mm in panel C ). In 
panel D, E and F a congenital coronary artery abnormality with right coronary artery from the left coronary sinus; cardiac CT highlights 
the presence of ostial slit-like morphology (panel E).
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have CCA as the cause of ischaemia, especially in the absence of 
high-risk features. Additional factors contributing to myocardial is
chaemia could involve coexisting atherosclerotic coronary artery 
disease (especially in middle-aged or elderly patients), or in rare 
cases, microvascular disease, and coronary vasospasm.135

Hybrid imaging (that combines CCTA with SPECT or PET) may 
help to determine if ischaemia is anatomically related to the 
CCA.136 Notably, only exercise-SPECT/PET must be performed, 
while drug testing with vasodilators cannot replicate the ischae
mic mechanism in athletes with CCA.

Other common clinical indications
Ventricular arrhythmias in athletes
The role of CMR
VAs and specifically premature ventricular arrhythmias (PVCs) 
in competitive athletes may be a benign phenomenon, but they 

can also be a sign of a concealed life-threatening condition. The 
evaluation of athletes with VAs requires integrating several as
pects derived from clinical history (age, family history of SCD, 
atherosclerotic cardiovascular disease risk factors, symptoms), 
physical examination, 12-lead ECG, and maximal exercise 
testing.137 A qualitative analysis of PVCs is warranted for the 
appropriate management of competitive athletes.3,11,129

Morphology and complexity of PVCs, rather than their fre
quency, can predict the probability of an underlying structural 
heart disease.138 Indeed, in the presence of arrhythmias with 
high-risk (e.g. RBBB with a wide QRS or left bundle branch 
block, LBBB with intermediate or superior axis, couplets with 
short RR interval, non-sustained VT, short coupling interval 
with ‘R on T’ phenomenon), particularly when complex and 
with an increased burden during exercise, the indication for 
CMR is crucial, even if echocardiography is normal.139 CMR 
is able to unmask life-threatening conditions such as NDLVC 
including LV non-ischaemic scar and arrhythmogenic left ven
tricular cardiomyopathy, all of which can present with normal 

Figure 11 PVCs with features considered at high risk to be associated with non-ischaemic LGE. In this figure the high-risk features of 
PVS are reported and an example is provided. On the left there is the echocardiogram of an athlete with PVCs with high-risk features. 
The echocardiogram is normal, but the CMR reveals non-ischaemic LGE (sub-epicardial distribution). LBBB, left bundle branch block; 
LGE, late gadolinium enhancement; LV, left ventricle; NSVT, non-sustain ventricular tachycardia; RBBB, right bundle branch block.
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echocardiographic findings,58,140,141 A careful analysis of the 
resting ECG is needed, as T-wave inversion, complex PVCs 
and exercise-induced PVCs with RBBB or polymorphic morph
ology have been identified among the predictors of abnormal 
findings on CMR.142,143 More recently, the association of un
common PVCs with low QRS voltages and the reproducibility 
of these findings at repeated exercise testing has been demon
strated to improve risk stratification and appropriate CMR re
ferral of athletes with apparently idiopathic PVCs144,145

(Figure 11).
The presence of PVCs with a low-risk pattern, in the absence 

of heart disease, is typically associated with a good prognosis. 
These PVCs are not associated with tachycardia-mediated car
diomyopathy even in the presence of a high arrhythmic burden. 
They are typical of young athletes and usually do not require 
CMR.3,138,141

Notably, when deciding on sports eligibility, the morphology 
of PVCs can also be extremely useful in interpreting LV non- 
ischaemic scars related to previous myocarditis or cardiomyop
athies, in determining whether PVCs originate from the anatom
ic site where LGE is identified.

In conclusion, in selected cases of athletes with uncommon 
PVCs, CMR allows an early diagnosis of concealed, life- 
threatening cardiac conditions where echocardiography can be 
completely normal (e.g. LV non-ischaemic scar). CMR should 
not be mandatory for all athletes with PVCs, particularly when 
the PVCs are common and have a benign prognosis.

The role of CCT and nuclear imaging
While monomorphic infundibular or fascicular PVCs that are 
suppressed during exercise are generally benign in the absence 
of other risk features,137 high-risk feature of PVCs and/or ab
normal findings from history and/or physical examination war
rant the prescription of second line tests.146 Given its 
potential to reliably delineate coronary artery anatomy, rule 
out obstructive CAD, and accurately characterize the athero
sclerotic plaque burden, CCTA is indicated in case of high-risk 
PVCs/VT especially in MA (>40 years old in both males and 
females); furthermore, CCTA is also indicated in younger ath
letes with high-risk VAs in case of suspicion of CCA.49,147

Exercise-induced VAs may be associated with an increased 
risk of death and cardiovascular events during follow-up across 
the spectrum of pre-test probability of CAD, in both symptom
atic148 and asymptomatic adult/senior subjects.149 Indeed, 
high-grade PVCs occurring during recovery were associated 
with long-term risk of cardiovascular mortality in asymptomatic 
individuals, whereas PVCs occurring only during exercise were 
not associated with such an increased risk.150

In nuclear imaging techniques, SPECT as PET can be used to 
identify and quantify myocardial ischaemia,108 and to provide 
prognostic information in subjects with exercise-induced VAs at 
intermediate to high pre-test probability of CAD.108

Furthermore, SPECT and PET may provide functional information 
that may can non-invasively complement the anatomical informa
tion provided by CCTA, when appropriate approaches are used to 
minimize radiation exposure.108 In particular, there is a growing 
interest in stress PET which is able to provide information on ab
solute myocardial blood flow (MBF) and on MBF reserve151

which increases the sensitivity in detecting myocardial ischaemia. 
Quantitative perfusion PET is also useful for identifying coronary 
microvascular dysfunction in patients with angina or ischaemia in 
the absence of epicardial obstructive CAD (ANOCA/INOCA) and 
may inform treatment.108 SPECT and PET are not currently in
cluded in the suggested work-up for VAs secondary to CAD in 

most recent ESC guidelines on the management of VAs.152

However, SPECT and PET can be considered in patients with 
high PVC and in those patients with high chest muscle mass, 
who might have CTA quality issues. In highly selected cases, i.e. 
patients with coexisting high-risk VAs, atrioventricular conduc
tion disturbances (especially high-degree atrioventricular block), 
and/or left ventricular dysfunction/scarring (especially basal sep
tal thinning) in the absence of CAD or another explanation, 
fluorine-18 fluorodeoxyglucose-positron emission tomography 
(18F-FDG PET) is indicated, and may allow the non-invasive diag
nosis of cardiac and/or extracardiac sarcoidosis.106,153 Finally, 
PET may also provide diagnostic and prognostic information in 
the highly selected group of patients with suspected arrhythmic 
myocarditis, or with active inflammatory phases of genetic car
diomyopathies, although athlete-specific data on this topic are 
currently lacking.

Aortopathy and bicuspid aortic valve
CMR
As in the general population, the bicuspid aortic valve (BAV) 
is the most common CHD in adult athletes. Echocardiography 
is the first-line imaging technique for the evaluation. 
Nevertheless, CMR may provide additional information that be
comes essential in certain clinical scenarios.

Cine CMR sequence offers a precise evaluation of aortic valve 
morphology and motion, as well as a reliable quantification of 
aortic stenosis by direct orifice planimetry. CMR can be particu
larly useful in cases of a sub-optimal acoustic window. 
Additionally, CMR is the ‘gold-standard’ for assessing LV func
tion and volumes, allowing an accurate assessment of LV remod
elling over time and the distinction between a physiological 
response to exercise or the result of the volume/pressure over
load induced by a dysfunctional aortic valve. Normal CMR va
lues for LV function and volumes are available for adult 
endurance athletes and should be used in this population (refer 
to paragraph 2.1.3 and Table 3).

In addition, phase-contrast flow mapping sequences in CMR 
quantify trans-aortic flows with high accuracy and reproducibility, 
which is particularly useful for assessing complex regurgitant jets 
that are inadequately evaluated by echocardiography. The evalu
ation of the origin of coronary arteries should be integrated into 
the scan. CMR is also a reliable and reproducible imaging modality 
for evaluating BAV-associated aortopathy and other aortopa
thies. Electrocardiogram-gated contrast-enhanced 3D angiog
raphy or 3-dimensional SSP of the aorta offers a multiplanar 
visualization of the entire aorta and allows the identification of 
BAV-associated congenital defects such as aortic coarctation or 
patent ductus arteriosus, as well as an accurate measurement 
of aortic diameters without the use of ionizing radiation.99 CMR 
is recommended for the monitoring of thoracic aortic dimensions 
over time as indicated in the 2024 ESC Guidelines for the man
agement of peripheral arterial and aortic diseases,100 in whom a 
long-term follow-up is warranted and limiting radiation exposure 
is of particular importance. No specific aortic dimensions normo
grams are available for the athletic population; thus, in the ab
sence of dedicated data, normograms for the general 
population should be applied. Likewise, the use of Z-score is indi
cated in children and adolescent athletes, as well as in those with 
extremely small or large body sizes. Finally, in recent years, 
3D-cine phase-contrast with three-directional velocity encoding 
(4D-flow) has emerged to study intravascular flow allowing the 
estimation of wall shear stress. These sequences have aided our 
understanding of the mechanisms underlying BAV-associated 
aortic dilation, though they currently remain a research tool.58
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CCT
The extent of aortic remodelling due to increased parietal ten
sion secondary to vigorous athletic exercise is usually mild. 
Data from young athletes <35 years have highlighted mildly lar
ger aortic root diameters compared with control subjects, al
though absolute aortic diameters in young athletes rarely 
exceeded 40 mm in males and 34 mm in females.154 Data in pro
fessional athletes occasionally showed higher frequency (up to 
21%) of aortic enlargement (>40 mm) compared to controls 
with matched cardiovascular risk. It is unlikely that such mild 
anatomical remodelling is associated with an increased risk of 
aortic events.155

Actual dilatation of the thoracic aorta is usually asymptomatic 
and often remains unnoticed on physical examination and by 
ECG assessment. In any case, due to the large size of many ath
letes, it could be reasonable to index the aorta calibres to the 
body-surface area or better to height.156 Presentation as an 
acute aortic syndrome is a very uncommon, well-recognized 
cause of SCD in athletes.3 Confirmation of a dilated aorta man
dates that subjects are assessed, case by case, for the risk of aor
tic rupture. Hereditary thoracic aortic conditions such as 
Marfan’s syndrome, bicuspid aortic valve, positive family history 
of sudden cardiac death or of non-fatal acute aortic syndrome, 
large aortic diameters, arterial hypertension, as well as practice 
of vigorous strength exercise in predisposed individuals confer a 
higher risk of aortic rupture.157 Echocardiography can be used 
routinely to monitor ascending aorta size and aortic valve func
tion. Echocardiography, however, cannot provide a comprehen
sive evaluation of the entire aorta.158 CCT angiography is a 
superior method for depicting the baseline anatomy of the en
tire aorta. These modalities define the size and length of aneur
ysmal foci throughout the aorta and can characterize aortic wall 
changes (dissection, atherosclerotic plaques). In CMR, CT may 
also be required when echocardiography provides discordant 
measurements. Compared with echocardiography, CT is typical
ly less operator-dependent and less affected by patient anat
omy/acoustic windows. However, CMR may be preferable to 
CT to minimize lifetime radiation exposure, particularly in young 
individuals undergoing long-term surveillance.157,159 CT may be 
indicated if there are contraindications to CMR or for accurate 
planning of percutaneous or surgical intervention. Patients 
with a hereditary thoracic aortic condition should undergo regu
lar imaging screening of the ascending aorta. The schedule may 
vary case by case and should generally take advantage of the 
mix of available imaging modalities. The general recommenda
tion is to perform a baseline assessment by CT or CMR, then fol
lowed by echocardiography, if all segments of the dilated aorta 
can be comprehensively evaluated and there are no discordant 
measurements.159

In athletes with a non-dilated aorta (<40 mm), whether bicus
pid or tricuspid, a follow-up interval of up 2–3 years is recom
mended in the ESC Guidelines on the diagnosis and treatment 
of aortic diseases, usually with echocardiography.157,159 In ath
letes with moderately dilated aorta (40–45 mm), bicuspid or tri
cuspid valve, the follow-up interval may be ideally every year, 
depending on growth rate. In athletes with a dilated aorta 
(>45 mm), annual echocardiography, or more frequent echocar
diography in cases of accelerated growth, is suggested.159

BAV is the most common congenital abnormality with a 
prevalence of 2–3% among young athletes and up to 6% of pa
tients presenting for transcatheter aortic valve replacement 
(TAVR).160 There have been a number of proposed classifica
tions of BAV morphology, including the most accepted 
Sievers, which essentially focuses on the number of raphes, 

i.e. rudimentary soft tissue related to non-separation of two 
cusps.160 More recently, a TAVR focused and simplified BAV 
classification has been proposed. It helps to differentiate BAV 
morphology regarding (i) the number of commissures (two vs. 
three) and (ii) the presence or absence of a raphe which has 
been explored extensively in the TAVR literature and recent 
CT guidelines.161 There are known differences in the incidence 
of ascending aortic dilation and aneurysms, which are less com
mon in non-raphe type Bicuspid Valves than traditional Sievers 
BAV.162 CCT plays a fundamental role in distinguishing a raphe 
from non-separation of 2 cusps or a so-called tri-commissural bi
cuspid valve, by providing consistent anatomical clarity with 
raphe terminating below the sino-tubular junction whereas 
fused cusps with tri-commissural anatomy extends to the sino- 
tubular junction.163 Characterization of the aortic root, assess
ment of calcification distribution and of the aortic annular geom
etry are key components in the evaluation of bicuspid aortic 
valve disease in athletes and non-athletes alike.164

Nuclear imaging
Nuclear imaging does not have a current clinical role in the assess
ment of athletes with suspected aortopathy. However, several 
novel techniques hold promise in refining the risk stratification 
of patients with aortic disease. In particular, PET imaging enables 
quantification of the activity of specific pathological processes 
within the aorta, using 18F-FDG and 68Ga-DOTATATE to assess 
inflammatory activity and 18F-fluoride to measure calcification 
activity.165,166

Mitral valve prolapse
CMR
Mitral valve prolapse (MVP) is a common valve abnormality167 in 
Western countries with a similar prevalence (0.6–3.1%) among 
athletes compared to the general population. Generally, MVP 
is a benign condition without significant mitral regurgitation or 
haemodynamic impact on the LV. However, a small yet poorly 
defined subset of individuals remains at a higher risk of malig
nant VAs and SCD with an annual incidence of <1% in unse
lected individuals with MVP, though no definite data exists for 
athletes. Recent studies using CMR have described the morpho
logical and tissue abnormalities associated with ‘arrhythmic’ 
MVP, which have been used for risk stratification (mitral annulus 
disjunction and the presence of non-ischaemic LGE at the basal 
infero-lateral wall of the LV).168

In athletes, the presence of MVP requires two different clinical 
workups. First, if MVP is associated with moderate-to-severe re
gurgitation, echocardiography remains the imaging modality of 
choice. However, if an arrhythmic burden is documented on 
echocardiography in athletes with MVP without significant regur
gitation, CMR could be performed, particularly in athletes with 
VAs with a RBBB morphology and a wide QRS, or with symptoms, 
such as syncope or family history of SCD.

The acquisition protocol should include traditional long-axis 
views and a short-axis cine stack covering the entire ventricle 
(pay attention to include part of the left and right atria for full 
coverage since systolic-diastolic excursion may be exaggerated 
in MVP). Additional radial cine sequences for mitral valve seg
mentation can be useful to clarify valve anatomy. Phase contrast 
sequences may be useful for quantifying regurgitation and ex
cluding an intracardiac shunt as a source of arrhythmias. 
Finally, post-contrast sequences are mandatory to evaluate 
the possible presence of LGE.

In addition to a standard assessment of the severity of any po
tential regurgitation, for MVP the following parameters should 
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Table 7 Key messages on the role of CMR, CCT and nuclear imaging in athletes

HCM CMR provides superior spatial resolution compared with echocardiography, enabling accurate quantification of LVH 
distribution and detection of subtle or localized patterns (e.g. apical, inferior, lateral) that may be missed on 
ultrasound. 

In athletes with T-wave inversion and normal echocardiography, CMR significantly improves diagnostic yield. 
LGE identifies replacement myocardial fibrosis, present in ∼65% of patients with HCM but not in athletes. 
Inferior RV insertion point differs between HCM and athletes: athletes present hinge-point LGE patterns (finding not 
correlated with prognosis) while HCM presents mid-myocardial LGE. 

T1 mapping and ECV quantification provide incremental tissue characterization: physiological LVH presents lower T1/ 
ECV due to predominantly myocyte hypertrophy. 
CCT with concomitant late enhancement analysis can offer similar diagnostic and prognostic information for athletes 
unable to undergo CMR.

DCM Balanced LV/RV dilation with mild LVH, high SV and low resting HR supports physiological adaptation, whereas isolated 
or predominant LV enlargement with low SV suggests DCM. 

Very large LV dimensions accompanied by wall thinning or reduced function—particularly in strength/skill athletes- raise 
suspicion for pathology. 

Mid-wall LGE, especially in the septum, supports a diagnosis of DCM when present, although its absence does not 
exclude it. 

CTT is primarily utilized to rule out concomitant CAD in athletes with suspected or known DCM. 
CCT with concomitant late enhancement analysis can offer similar diagnostic and prognostic information for athletes 

unable to undergo CMR.
ACM RWMA—even without global dilation—are highly specific for ACM and are not seen in healthy athletes. 

Benign hinge-point fibrosis at RV insertion sites is common in athletes and should not be misinterpreted as ACM. 
A striae pattern of LV LGE is strongly suggestive of arrhythmogenic LV involvement. 

RV LGE has limited sensitivity due to technical challenges, but it is a pathological finding when present. 
CCT with concomitant late enhancement analysis can offer similar diagnostic and prognostic information for athletes 

unable to undergo CM.
Hypertrabeculation Excessive trabeculation can be found as a normal physiological variant, particularly in athletes exposed to high preload 

condition and may be reversible if function, chamber enlargement and wall thickness remain appropriate for training 
load. 
CMR contributes to comprehensive assessment by evaluating ventricular volumes, systolic function, wall thickness 
and patterns of remodelling to determine whether findings align with physiological athlete’s heart or suggest 
underlying pathology.

G+/P- or FMs CMR can detect early localized structural abnormalities not visible on echocardiography (e.g. apical hypertrophy, subtle 
RV abnormalities, non-ischaemic scar). 

CMR is valuable for surveillance, helping monitor progression in younger genotype-positive athletes where disease 
phenotype may be subtle, but the risk of SCD during sports is nevertheless higher. 

CMR is part of their baseline assessment
Inflammatory 

diseases
CMR is essential for diagnosing myocardial and pericardial inflammation and for follow-up to assess treatment response 

and residual damage. 
Optimal diagnostic performance requires CMR early (within 2 weeks of symptom onset), especially myocarditis, with 

follow-up after recovery to document resolution or persistent fibrosis. 
CCT may represent an alternative to CMR for identification or exclusion of myocardial fibrosis even in young athletes 

who have an indication to CT for assessing a suspected CCA. 
A routine use of cardiac CT for diagnosis and prognosis evaluation in both myocarditis and pericarditis is not advised. 
Nuclear imaging techniques offer an alternative option for myocardial inflammation in case of CMR contraindication.

Master athletes Asymptomatic MA at high or very high risk according to ESC Prevention Guidelines SCORE2 models may be considered 
for non-invasive imaging, if CAD is suspected after initial evaluation, aligning with current ESC Guidelines for chronic 
coronary syndromes/ESC Sports Cardiology guidelines. 

CACS might be considered in MA as marker to improve cardiovascular risk stratification. 
CCTA provides detailed plaque characterization and quantification and may be proposed in asymptomatic MA with 

abnormal stress tests or high clinical suspicion of CAD. 
MA with previously unrecognized anginal symptoms, abnormal or equivocal exercise tests, or moderate obstructive 

CAD on CCTA may benefit from functional stress tests, particularly stress nuclear imaging with SPECT or PET, which 
offer sensitive detection of myocardial ischemia. 

Continued
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Table 7 Continued

CCTA might be advisable in asymptomatic lifelong MA with elevate CV risk profile or with ECG abnormalities at rest. 
CCTA is advised in all cases when exercise stress test is equivocal or the ECG is uninterpretable. 
CMR stress perfusion allows detection of myocardial ischaemia and guide management when coronary atherosclerosis 

is suspected.
CCA in young 

athletes
CMR angiography is a radiation-free alternative to CT and is particularly valuable in younger athletes when evaluating 

suspected CCA 
When present, inducible ischaemia related to the CCA can be assessed with stress CMR to guide risk stratification and 

sports eligibility. 
CCTA is the gold standard for identification and evaluation of origin an course of CCA. 
PET/CT and PET-myocardial perfusion imaging are the method of choice to detect ischaemia in the presence of CCA, 

however, concomitant other factors such as atherosclerotic coronary artery disease, microvascular disease, or 
coronary vasospasm should be appropriate. 

Hybrid imaging (i.e. SPECT/PET and CCTA) may be an option for assessing the anatomical situation of a CCA in relation 
to ischaemia

VAs CMR can identity concealed structural heart disease (e.g. non-ischaemic LV scar, arrhythmogenic cardiomyopathy) in 
patients with PVCs with high-risk features: RBBB with a wide QRS or left bundle branch block, LBBB with 
intermediate or superior axis, complex, with an increased burden during exercise; R on T phenomenon, TVNS) 
especially when ECG shows additional abnormalities (e.g. T-wave inversion, low QRS voltages). 

CMR is not routinely required in athletes with low-risk arrhythmias, normal evaluation, normal ECG, where prognosis is 
generally benign. 

CCTA is indicated to rule out coronary artery disease in MA with high-risk PVCs/VT and to identify coronary artery 
anomalies in younger athletes when suspected. 

SPECT/PET can assess inducible ischaemia and provide prognostic information, complementing CCTA when anatomical 
and functional correlation is needed. 

FDG-PET is useful in highly selected athletes with ventricular arrhythmias and suspected inflammatory or infiltrative 
disease (e.g. cardiac sarcoidosis, arrhythmic myocarditis).

BAV and aortopathy Mild aortic remodelling (with absolute dimensions still within normal limits) due to increased parietal tension of the aorta 
can be secondary to vigorous athletic exercise. 

CMR provides accurate assessment of aortic valve morphology, function, and severity of stenosis/regurgitation, 
especially when echocardiographic windows are suboptimal. 

CMR is the gold standard for quantifying LV volumes and function, helping distinguish athlete’s remodelling from 
pathology related to pressure or volume overload. 

CMR enables comprehensive evaluation of BAV-associated aortopathy, including precise measurement of thoracic 
aorta dimensions and identification of associated congenital abnormalities—without radiation exposure. 

Athletes with moderately dilated aorta (40–45 mm), bicuspid or tricuspid valve, should have periodical follow-up with 
echocardiography. In athletes with dilated aorta (>45 mm), follow-up should be close (every year). In both cases, CCT 
may be the modality of choice for follow-up where echocardiography is difficult due to imaging windows or provides 
inconsistent data. 

Characterization of the aortic root and assessment of calcification distribution and annular geometry by CCT are key 
components in the evaluation of bicuspid aortic valve in athletes and non-athletes alike. 

Nuclear imaging does not have a current clinical role in the assessment of athletes with suspected aortopathy and heart 
valve disease.

MVP CMR improves risk stratification by identifying specific arrhythmic MVP features: mitral annular disjunction (MAD) and 
non-ischaemic LGE in the basal inferolateral LV wall/papillary muscles. 

CMR is indicated in athletes with MVP and VAs or concerning symptoms (e.g. syncope), even when mitral regurgitation 
is not severe on echocardiography. 

CMR can provides accurate assessment of regurgitation severity, valve anatomy, and LV remodelling when ultrasound 
windows are inadequate.

CCT plays a growing role for the diagnosis and characterization of mitral valve prolapse complementing 
echocardiography.

ACM, arrhythmogenic cardiomyopathy; BAV, bicuspid aortic valve; CCA, Coronary arteries anomalies; DCM, dilated cardiomyopathy; ECV, extracellular volume 
fraction; FMs, family members; G+/P−, genotype positive, phenotype negative; HCM, hypertrophic cardiomyopathy; HR, heart rate; LBB, left bundle branch block; 
LGE, late gadolinium enhancement; MA, master athletes; MVP, mitral valve prolapse; LV, left ventricle; LVH, left ventricular hypertrophy; PVCs, premature 
ventricular contractions; RBBB, right bundle branch block; RV, right ventricle; RWMA, regional wall motion abnormalities; SV, stroke volume; VAS, ventricular 
arrhythmias.
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be included: leaflet involvement (bileaflet or only anterior/pos
terior); leaflet thickness, maximal systolic excursion specifying 
whether it appears on a 2- or 3- chamber view; presence of mi
tral annular disjunction (defined as the separation between left 
atrial (LA) wall at the level of MV junction and the LV free 
wall) and curling (defined as unusual systolic motion of the pos
terior mitral ring on the adjacent myocardium)169; the presence 
of a typical pattern of LGE in MVP (mid-myocardial stria on 
infero-lateral basal wall of the LV± at the level of the papillary 
muscles).170

CT
Cardiac CT plays a growing role in the diagnosis and character
ization also of mitral valve prolapse, complementing echocardi
ography and CMR particularly as it relates to the confirmation of 
the presence and extent of mitral annular disjunction. While 
echocardiography remains the gold standard for the localization 
of the prolapsing scallop and the regurgitant jet, CT provides 
additional information on peri-valvular anatomy.171

Conclusion
Advanced cardiovascular imaging plays a central role in the 
evaluation and management of athletes, enabling accurate dif
ferentiation between physiological adaptations to exercise and 
potentially life-threatening cardiac disease. CMR is the refer
ence technique for the comprehensive assessment of cardiac 
structure, function and tissue characterization, enabling early 
detection of cardiomyopathies and inflammatory diseases, par
ticularly when echocardiography is inconclusive. CCT provides 
an unparalleled definition of coronary anatomy, making it the 
gold standard for identifying coronary anomalies in the younger 
athletes and characterizing atherosclerotic disease in MA, while 
also supporting assessment of aortic pathology and valvular dis
ease when echocardiography or CMR is limited or contraindi
cated. Nuclear imaging complements these modalities by 
identifying inducible ischaemia and active inflammation in se
lected clinical scenarios, refining risk stratification and manage
ment decisions (Table 7).

Appropriate test selection, standardized protocols, and expert 
interpretation that integrate sport-specific cardiac adaptation— 
are essential to avoid misdiagnosis and unnecessary restriction 
from sport. Importantly, imaging findings must always be con
textualized within the athlete’s clinical presentation, training 
profile, and competitive environment.

Overall, CMR, CCT and nuclear imaging significantly enhance 
diagnostic precision and prognosis assessment in athletes, ul
timately supporting safe participation in sports and optimizing 
long-term cardiovascular health. Developing standardized pro
tocols for athletes will ensure consistency and reliability across 
different institutions, facilitating large-scale research and data 
assessment across populations. Longitudinal studies could pro
vide insights into the long-term effects of high-intensity training 
on cardiac health and inform the development of preventive and 
therapeutic strategies. Progress in these research areas could 
significantly improve our understanding and treatment of car
diac conditions in athletes.

Acknowledgements
This document has been reviewed by Vincent Aengevaeren, 
Philippe Bertrand, Yohann Bohbot, Giovanni Di Salvo, Erwan 
Donal, Niall Keenan, Aniela Monica Petrescu, Ivan Stankovic, 
Valtteri Uusitalo, and Alessandro Zorzi.

Author contributions
Viviana Maestrini (Conceptualization, Writing—review & editing 
[lead]), Sabiha Gati (Writing—review & editing [co-lead]), Flavio 
D’ascenzi (Writing—review & editing [supporting]), Ana 
Almeida (Writing—review & editing [supporting]), Mats 
Borjesson (Writing—review & editing [supporting]), Silvia 
Castelletti (Writing—review & editing [supporting]), Elena 
Cavarretta (Writing—review & editing [supporting]), Guido 
Claessen (Writing—review & editing [supporting]), Edoardo 
Conte (Writing—review & editing [supporting]), Maria Sanz De 
La Garza (Writing—review & editing [supporting]), Antonio 
Dello Russo (Writing—review & editing [supporting]), Marc 
Dweck (Writing—review & editing [supporting]), Alessia 
Gimelli (Writing—review & editing [supporting]), Massimo 
Imazio (Writing—review & editing [supporting]), Andre La 
Gerche (Writing—review & editing [supporting]), Jonathon 
Leipsic (Writing—review & editing [supporting]), Pal 
Maurocvich Horvat (Writing—review & editing [supporting]), 
Aneil Malhotra (Writing—review & editing [supporting]), James 
C Moon (Writing—review & editing [supporting]), David 
Niederseer (Writing—review & editing [supporting]), Robin 
Nijveldt (Writing—review & editing [supporting]), Danilo Neglia 
(Writing—review & editing [supporting]), Antonis Pantazis 
(Writing—review & editing [supporting]), Martina Perazzolo 
Marra (Writing—review & editing [supporting]), Francesca 
Pugliese (Writing—review & editing [supporting]), Vassilios 
S. V Vassiliou (Writing—review & editing [supporting]), Sanjay 
Sharma (Writing—review & editing [supporting]), Steffen E 
Petersen (Writing—review & editing [supporting]), Michael 
Papadakis (Writing—review & editing [supporting]), Antonio 
Pelliccia (Writing—review & editing [supporting]), and Daniele 
Andreini (Writing—review & editing [lead])

Conflict of interest: S.E.P. provides consultancy to Circle 
Cardiovascular Imaging, Inc., Calgary, Alberta, Canada. J.L. is a con
sultant to and holds stock options in Heart Flow. The rest of the 
authors declare that they have no conflicts of interest. The 
following co-authors are Associate Editors of the European 
Heart Journal Cardiovascular Imaging: Ana G. Almeida, Pal 
Maurovich-Horvat, Robin Nijveldt, and Danilo Neglia.

Data availability
There are no new data associated with this article.

References
1. Pelliccia A, Caselli S, Sharma S, Basso C, Bax JJ, Corrado D et al. European 

Association of Preventive Cardiology (EAPC) and European Association of 
Cardiovascular Imaging (EACVI) joint position statement: recommendations 
for the indication and interpretation of cardiovascular imaging in the evalu
ation of the athlete’s heart. Eur Heart J 2018;39:1949–69.

2. D’Ascenzi F, Sanz-de la Garza M, Maestrini V, Cameli M, DweckMR, Gimelli A 
et al. Indications, protocols, an interpretation of cardiovascular imaging for 
the evaluation and management of athletes. A clinical Consensus 
Statement of the European Association of Preventive Cardiology (EAPC) 
and the European Association of Cardiovascular Imaging (EACVI) of the 
European Society of Cardiology (ESC). Part 1—Exercise imaging. Eur J 
Preventive Cardiol 2026.

3. Pelliccia A, Sharma S, Gati S, Bäck M, Börjesson M, Caselli S et al. 2020 ESC 
guidelines on sports cardiology and exercise in patients with cardiovascular 
disease. Eur Heart J 2021;42:17–96.

4. Malhotra A, Dhutia H, Finocchiaro G, Gati S, Beasley I, Clift P et al. Outcomes 
of cardiac screening in adolescent soccer players. N Engl J Med 2018;379: 
52434.

5. Cheezum MK, Liberthson RR, Shah NR, Villines TC, O’Gara PT, Landzberg MJ 
et al. Anomalous aortic origin of a coronary artery from the inappropriate si
nus of valsalva. J Am Coll Cardiol 2017;69:1592–608.

Indications, protocols, and interpretation of cardiovascular imaging for the evaluation and management of athletes                                25
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



6. Knuuti J, Ballo H, Juarez-Orozco LE, Saraste A, Kolh P, Rutjes AWS et al. The 
performance of non-invasive tests to rule-in and rule-out significant coronary 
artery stenosis in patients with stable angina: a meta-analysis focused on 
post-test disease probability. Eur Heart J 2018;39:3322–30.

7. Motoyama S, Ito H, Sarai M, Kondo T, Kawai H, Nagahara Y et al. Plaque char
acterization by coronary computed tomography angiography and the likeli
hood of acute coronary events in mid-term follow-up. J Am Coll Cardiol 
2015;66:337–46.

8. Andreini D, Magnoni M, Conte E, Masson S, Mushtaq S, Berti S et al. Coronary 
plaque features on CTA can identify patients at increased risk of cardiovascu
lar events. JACC Cardiovasc Imaging 2020;13:1704–17.

9. Han D, Hyun MC, Miller RJH, Gransar H, Slomka PJ, Dey D et al. 10-year ex
perience of utilizing a stress-first SPECT myocardial perfusion imaging. Int J 
Cardiol 2024;401:131863.

10. Kramer CM, Barkhausen J, Bucciarelli-Ducci C, Flamm SD, Kim RJ, Nagel E. 
Standardized cardiovascular magnetic resonance imaging (CMR) protocols: 
2020 update. J Cardiovasc Magn Reson 2020;22:17.

11. Corrado D, Drezner JA, D’Ascenzi F, Zorzi A. How to evaluate premature ven
tricular beats in the athlete: critical review and proposal of a diagnostic algo
rithm. Br J Sports Med 2020;54:1142–8.

12. Maestrini V, Penza M, Monosilio S, Borrazzo C, Prosperi S, Filomena D et al. 
The role of cardiac magnetic resonance in sports cardiology: results from a 
large cohort of athletes. Clin Res Cardiol 2024;113:781–9.

13. Ahmed AI, Saad JM, Han Y, Alfawara MS, Soliman A, Nabi F et al. Prognostic 
interplay between coronary artery calcium scoring and cardiorespiratory 
FItness: the CAC-FIT Study. Mayo Clin Proc 2022;97:1269–81.

14. Kujala UM, Tikkanen HO, Sarna S, Pukkala E, Kaprio J, Koskenvuo M. 
Disease-specific mortality among elite athletes. JAMA 2001;285:44–5.

15. Foulkes S, Hewitt D, Skow R, Dover D, Kaul P, La Gerche A et al. Outrunning 
the grim reaper: longevity of the first 200 sub-4 min mile male runners. Br J 
Sports Med 2024;58:717–21.

16. Aengevaeren VL, Mosterd A, Braber TL, Prakken NHJ, Doevendans PA, 
Grobbee DE et al. Relationship between lifelong exercise volume and coron
ary atherosclerosis in athletes. Circulation 2017;136:138–48.

17. Merghani A, Maestrini V, Rosmini S, Cox AT, Dhutia H, Bastiaenan R et al. 
Prevalence of subclinical coronary artery disease in masters endurance ath
letes with a low atherosclerotic risk profile. Circulation 2017;136:126–37.

18. De Bosscher R, Dausin C, Claus P, Bogaert J, Dymarkowski S, Goetschalckx K 
et al. Lifelong endurance exercise and its relation with coronary atheroscler
osis. Eur Heart J 2023;44:2388–99.

19. Claessen G, Eijsvogels TMH, Albert CM, Baggish AL, Levine BD, Marijon E 
et al. Coronary atherosclerosis in athletes: emerging concepts and preventive 
strategies. Eur Heart J 2025;46:890–903.

20. Abernathy JR, Thorn MD, Trobaugh GB, Ekelund LG, Maciolowski M, 
Lupovetsky B et al. Prevalence of ischemic resting and stress electrocardio
graphic abnormalities and angina among 40- to 59-year-old men in selected 
U.S. and U.S.S.R. populations. Circulation 1988;77:270–8.

21. Lander BS, Duffy EY, Hennessey JA, Tolani S, Patel N, Bohnen MS et al. 
Electrocardiographic findings in female professional basketball athletes. 
JAMA Cardiol 2024;9:475–9.

22. Compagnucci P, Casella M, Narducci ML, Conte E, Cammarano M, Pelargonio 
G et al. Long-term risk assessment in athletes with complex ventricular ar
rhythmias. Circ Arrhythm Electrophysiol 2025;18:e013480.

23. Witt CM, Elvert LA, Konik EA, Ammash NM, Foley DA, Foley TA. The RAC 
sign: retroaortic anomalous coronary artery visualization by transthoracic 
echocardiography. JACC Cardiovasc Imaging 2018;11:648–9.

24. Wierzbowska-Drabik K, Kasprzak JD, Mrozowska-Peruga E, Peruga JZ. 
Circumflex origin from right coronary artery-the anomaly that should not 
be omitted during echocardiography-“crossed aorta” and “bleb sign” presen
tation after stents implantation. Echocardiography 2016;33:659–60.

25. La Gerche A, Burns AT, Taylor AJ, Macisaac AI, Heidbüchel H, Prior DL. 
Maximal oxygen consumption is best predicted by measures of cardiac size 
rather than function in healthy adults. Eur J Appl Physiol 2012;112:2139–47.

26. Letnes JM, Nes BM, Langlo KAR, Aksetøy IA, Lundgren KM, Skovereng K 
et al. Indexing cardiac volumes for peak oxygen uptake to improve differen
tiation of physiological and pathological remodeling: from elite athletes to 
heart failure patients. Eur Heart J Cardiovasc Imaging 2023;24:721–9.

27. Maestrini V, Squeo MR, Monosilio S. The challenge of interpreting cardiac 
adaptation to exercise: the importance of picking up the training history. 
Eur Heart J 2024;46:187–9.

28. Turkbey EB, Nacif MS, Noureldin RA, Sibley CT, Liu S, Lima JA et al. 
Differentiation of myocardial scar from potential pitfalls and artefacts in de
layed enhancement MRI. Br J Radiol 2012;85:e1145–54.

29. Ma P, Shang Y, Hu Y, Liu J, Zhou X, Wang J. Linear late gadolinium enhance
ment in the basal anterior septum and lateral wall may represent the contrast 

enhancement of vessels: a CMR and CCTA comparison study. J Cardiol 2022; 
79:581–7.

30. Monosilio S, Squeo MR, Casciani E, Pelliccia A, Maestrini V. Perforating arter
ies at mid-interventricular septum: another late gadolinium enhancement pit
fall in athletes? J Cardiovasc Med 2025;26:527–8.

31. Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman P 
et al. Clinical recommendations for cardiovascular magnetic resonance map
ping of T1, T2, T2* and extracellular volume: a consensus statement by the 
Society for Cardiovascular Magnetic Resonance (SCMR) endorsed by the 
European Association for Cardiovascular Imaging (EACVI). J Cardiovasc 
Magn Reson 2017;19:75.

32. Di Gioia G, Crispino SP, Maestrini V, Monosilio S, Ortolina D, Segreti A et al. 
Lack of cardiac remodelling in elite endurance athletes: an unexpected and 
not so rare finding. Eur J Appl Physiol 2024;124:2725–35.

33. Boraita A, Díaz-Gonzalez L, Valenzuela PL, Heras ME, Morales-Acuna F, 
Castillo-García A et al. Normative values for sport-specific left ventricular di
mensions and exercise-induced cardiac remodeling in elite Spanish male and 
female athletes. Sports Med Open 2022;8:116.

34. Zhan Y, Friedrich MG, Dendukuri N, Lu Y, Chetrit M, Schiller I et al. 
Meta-analysis of normal reference values for right and left ventricular quan
tification by cardiovascular magnetic resonance. Circ Cardiovasc Imaging 
2024;17:e016090.

35. D’Ascenzi F, Anselmi F, Piu P, Fiorentini C, Carbone SF, Volterrani L et al. 
Cardiac magnetic resonance normal reference values of biventricular size 
and function in male athlete’s heart. JACC Cardiovasc Imaging 2019;12: 
1755–65.

36. Csecs I, Czimbalmos C, Toth A, Dohy Z, Suhai IF, Szabo L et al. The impact of 
sex, age and training on biventricular cardiac adaptation in healthy adult and 
adolescent athletes: cardiac magnetic resonance imaging study. Eur J Prev 
Cardiol 2020;27:540–9.

37. Maceira AM, Monmeneu JV, López MP, García MP, Higueras L, Masiá MD 
et al. Reference ventricular dimensions and function parameters by cardio
vascular magnetic resonance in highly trained Caucasian athletes. J 
Cardiovasc Magn Reson 2023;25:12.

38. De Bosscher R, Claeys M, Dausin C, Goetschalckx K, Claus P, Herbots L et al. 
Three-dimensional echocardiography of the athlete’s heart: a comparison 
with cardiac magnetic resonance imaging. Int J Cardiovasc Imaging 2023;39: 
295–306.

39. Gati S, Sharma S. Determinants of the athlete’s heart: a cardiovascular mag
netic resonance imaging study. Eur J Prev Cardiol 2020;27:536–9.

40. Rowe S, Janssens K, Mitchell A, D’Ambrosio P, De Paepe J, Van Soest S et al. 
Female endurance athletes: smaller hearts but similar relationship between 
ventricular size, fitness and fibrosis as male athletes. Br J Sports Med 2025; 
59:1211–8.

41. Javed W, Price NJ, Saunderson CE, McDiarmid AK, Erhayiem B, Farooq M 
et al. Cardiovascular magnetic resonance assessment of left atrial size and 
function in endurance athletes. Future Cardiol 2022;18:697–707.

42. Prosperi S, Monosilio S, Lemme E, Filomena D, Penza M, Birtolo LI et al. CMR 
native T1 and T2 mapping in Olympic athletes: the influence of sports discip
line and sex. Eur Heart J Cardiovasc Imaging 2024;26:89–95.

43. Graziano F, Balla D, Juhasz V, Sydo N, Kiss O, Csulak E et al. Cardiopulmonary 
physical fitness and tissue characterization through T1 and T2 mapping: new 
insights on athlete’s heart. Eur J Prev Cardiol 2025:zwaf616. Online ahead of 
print. doi:10.1093/eurjpc/zwaf616.

44. Andreini D, Pontone G, Mushtaq S, Conte E, Perchinunno M, Guglielmo M 
et al. Atrial fibrillation: diagnostic accuracy of coronary CT angiography per
formed with a whole-heart 230-microm spatial resolution CT scanner. 
Radiology 2017;284:676–84.

45. Stocker TJ, Deseive S, Chen M, Leipsic J, Hadamitzky M, Rubinshtein R et al. 
Rationale and design of the worldwide prospective multicenter registry on ra
diation dose estimates of cardiac CT angiography in daily practice in 2017 
(PROTECTION VI). J Cardiovasc Comput Tomogr 2018;12:81–5.

46. Andreini D, Mushtaq S, Conte E, Segurini C, Guglielmo M, Petullà M et al. 
Coronary CT angiography with 80 kV tube voltage and low iodine concentra
tion contrast agent in patients with low body weight. J Cardiovasc Comput 
Tomogr 2016;10:322–6.

47. Leipsic J, Abbara S, Achenbach S, Cury R, Earls JP, Mancini GJ et al. SCCT 
guidelines for the interpretation and reporting of coronary CT angiography: 
a report of the Society of Cardiovascular Computed Tomography 
Guidelines Committee. J Cardiovasc Comput Tomogr 2014;8:342–58.

48. Marchetti D, Conte E, Porto I, Zeppilli P, Andreini D. Ischemic heart disease. J 
Sports Med Phys Fitness 2025;65:1105–9.

49. Guarnieri G, Conte E, Marchetti D, Schillaci M, Melotti E, Provera A et al. 
Clinical and CT features, clinical management, and decision on sport eligibility 

26                                                                                                                                                                                         V. Maestrini et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



of professional athletes with congenital coronary anomalies: a case series 
study. J Cardiovasc Dev Dis 2024;12:13.

50. Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper limit of 
physiologic cardiac hypertrophy in highly trained elite athletes. N Engl J Med 
1991;324:295–301.

51. Basavarajaiah S, Boraita A, Whyte G, Wilson M, Carby L, Shah A et al. Ethnic 
differences in left ventricular remodeling in highly-trained athletes relevance 
to differentiating physiologic left ventricular hypertrophy from hypertrophic 
cardiomyopathy. J Am Coll Cardiol 2008;51:2256–62.

52. Pelliccia A, Maron BJ, Culasso F, Spataro A, Caselli G. Athlete’s heart in wo
men. Echocardiographic characterization of highly trained elite female ath
letes. JAMA 1996;276:211–5.

53. Rawlins J, Carre F, Kervio G, Papadakis M, Chandra N, Edwards C et al. Ethnic 
differences in physiological cardiac adaptation to intense physical exercise in 
highly trained female athletes. Circulation 2010;121:1078–85.

54. Maron BJ. Distinguishing hypertrophic cardiomyopathy from athlete’s heart: 
a clinical problem of increasing magnitude and significance. Heart 2005;91: 
1380–2.

55. Sheikh N, Papadakis M, Schnell F, Panoulas V, Malhotra A, Wilson M et al. 
Clinical profile of athletes with hypertrophic cardiomyopathy. Circ 
Cardiovasc Imaging 2015;8:e003454.

56. Schnell F, Riding N, O’Hanlon R, Axel Lentz P, Donal E, Kervio G et al. 
Recognition and significance of pathological T-wave inversions in athletes. 
Circulation 2015;131:165–73.

57. Chan RH, Maron BJ, Olivotto I, Pencina MJ, Assenza GE, Haas T et al. 
Prognostic value of quantitative contrast-enhanced cardiovascular magnetic 
resonance for the evaluation of sudden death risk in patients with hyper
trophic cardiomyopathy. Circulation 2014;130:484–95.

58. Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, Basso C 
et al. 2023 ESC guidelines for the management of cardiomyopathies. Eur 
Heart J 2023;44:3503–626.

59. McDiarmid AK, Swoboda PP, Erhayiem B, Lancaster RE, Lyall GK, Broadbent 
DA et al. Athletic cardiac adaptation in males is a consequence of elevated 
myocyte mass. Circ Cardiovasc Imaging 2016;9:e003579.

60. Swoboda PP, Garg P, Levelt E, Broadbent DA, Zolfaghari-Nia A, Foley AJR 
et al. Regression of left ventricular mass in athletes undergoing complete de
training is mediated by decrease in intracellular but not extracellular compart
ments. Circ Cardiovasc Imaging 2019;12:e009417.

61. Treibel TA, Kozor R, Menacho K, Castelletti S, Bulluck H, Rosmini S et al. Left 
ventricular hypertrophy revisited: cell and matrix expansion have disease- 
specific relationships. Circulation 2017;136:2519–21.

62. Swoboda PP, McDiarmid AK, Erhayiem B, Broadbent DA, Dobson LE, Garg P 
et al. Assessing myocardial extracellular volume by T1 mapping to distinguish 
hypertrophic cardiomyopathy from athlete’s heart. J Am Coll Cardiol 2016;67: 
2189–90.

63. Castelletti S, Menacho K, Davies RH, Maestrini V, Treibel TA, Rosmini S et al. 
Hypertrophic cardiomyopathy: insights from extracellular volume mapping. 
Eur J Prev Cardiol 2022;28:e39–41.

64. Finocchiaro G, Papadakis M, Robertus JL, Dhutia H, Steriotis AK, Tome M 
et al. Etiology of sudden death in sports: insights from a United Kingdom re
gional registry. J Am Coll Cardiol 2016;67:2108–15.

65. Manca P, Nuzzi V, Cannatà A, Castrichini M, Bromage DI, De Luca A et al. The 
right ventricular involvement in dilated cardiomyopathy: prevalence and 
prognostic implications of the often-neglected child. Heart Fail Rev 2022; 
27:1795–805.

66. Claessen G, De Bosscher R, Janssens K, Young P, Dausin C, Claeys M et al. 
Reduced ejection fraction in elite endurance athletes: clinical and genetic 
overlap with dilated cardiomyopathy. Circulation 2024;149:1405–15.

67. Pelliccia A, Culasso F, Di Paolo FM, Maron BJ. Physiologic left ventricular cav
ity dilatation in elite athletes. Ann Intern Med 1999;130:23–31.

68. Gati S, Sharma S, Pennell D. The role of cardiovascular magnetic resonance 
imaging in the assessment of highly trained athletes. JACC Cardiovasc 
Imaging 2018;11:247–59.

69. Kübler J, Burgstahler C, Brendel JM, Gassenmaier S, Hagen F, Klingel K et al. 
Cardiac MRI findings to differentiate athlete’s heart from hypertrophic 
(HCM), arrhythmogenic right ventricular (ARVC) and dilated (DCM) cardio
myopathy. Int J Cardiovasc Imaging 2021;37:2501–15.

70. Millar LM, Fanton Z, Finocchiaro G, Sanchez-Fernandez G, Dhutia H, 
Malhotra A et al. Differentiation between athlete’s heart and dilated cardio
myopathy in athletic individuals. Heart 2020;106:1059–65.

71. La Gerche A, Claessen G, Van de Bruaene A, Pattyn N, Van Cleemput J, 
Gewillig M et al. Cardiac MRI: a new gold standard for ventricular volume 
quantification during high-intensity exercise. Circ Cardiovasc Imaging 2013; 
6:329–38.

72. Petek BJ, Groezinger EY, Pedlar CR, Baggish AL. Cardiac effects of detraining 
in athletes: a narrative review. Ann Phys Rehabil Med 2022;65:101581.

73. Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA et al. 
Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: 
proposed modification of the Task Force Criteria. Eur Heart J 2010;31: 
806–14.

74. Corrado D, Anastasakis A, Basso C, Bauce B, Blomström-Lundqvist C, 
Bucciarelli-Ducci C et al. Proposed diagnostic criteria for arrhythmogenic car
diomyopathy: European Task Force consensus report. Int J Cardiol 2024;395: 
131447.

75. Heidbüchel H, Hoogsteen J, Fagard R, Vanhees L, Ector H, Willems R et al. 
High prevalence of right ventricular involvement in endurance athletes 
with ventricular arrhythmias. Role of an electrophysiologic study in risk strati
fication. Eur Heart J 2003;24:1473–80.

76. Lie OH, Klaboe LG, Dejgaard LA, Skjolsvik ET, Grimsmo J, Bosse G et al. 
Cardiac phenotypes and markers of adverse outcome in elite athletes with 
ventricular arrhythmias. JACC Cardiovasc Imaging 2021;14:148–58.

77. Venlet J, Piers SR, Jongbloed JD, Androulakis AF, Naruse Y, den Uijl DW et al. 
Isolated subepicardial right ventricular outflow tract scar in athletes with ven
tricular tachycardia. J Am Coll Cardiol 2017;69:497–507.

78. La Gerche A, Claessen G, Dymarkowski S, Voigt JU, De Buck F, Vanhees L 
et al. Exercise-induced right ventricular dysfunction is associated with ven
tricular arrhythmias in endurance athletes. Eur Heart J 2015;36:1998–2010.

79. Claessen G, Schnell F, Bogaert J, Claeys M, Pattyn N, De Buck F et al. Exercise 
cardiac magnetic resonance to differentiate athlete’s heart from structural 
heart disease. Eur Heart J Cardiovasc Imaging 2018;19:1062–70.

80. Czimbalmos C, Csecs I, Dohy Z, Toth A, Suhai FI, Müssigbrodt A et al. Cardiac 
magnetic resonance based deformation imaging: role of feature tracking in 
athletes with suspected arrhythmogenic right ventricular cardiomyopathy. 
Int J Cardiovasc Imaging 2019;35:529–38.

81. Zaidi A, Sheikh N, Jongman JK, Gati S, Panoulas VF, Carr-White G et al. 
Clinical differentiation between physiological remodeling and arrhythmo
genic right ventricular cardiomyopathy in athletes with marked electrocar
diographic repolarization anomalies. J Am Coll Cardiol 2015;65:2702–11.

82. D’Ascenzi F, Solari M, Corrado D, Zorzi A, Mondillo S. Diagnostic differenti
ation between arrhythmogenic cardiomyopathy and athlete’s heart by using 
imaging. JACC Cardiovasc Imaging 2018;11:1327–39.

83. Corrado D, Perazzolo Marra M, Zorzi A, Beffagna G, Cipriani A, Lazzari M et al. 
Diagnosis of arrhythmogenic cardiomyopathy: the Padua criteria. Int J Cardiol 
2020;319:106–14.

84. Zhang CD, Xu SL, Wang XY, Tao LY, Zhao W, Gao W. Prevalence of myocar
dial fibrosis in intensive endurance training athletes: a systematic review and 
meta-analysis. Front Cardiovasc Med 2020;7:585692.

85. Petersen SE, Jensen B, Aung N, Friedrich MG, McMahon CJ, Mohiddin SA 
et al. Excessive trabeculation of the left ventricle: JACC: cardiovascular im
aging expert panel paper. JACC Cardiovasc Imaging 2023;16:408–25.

86. Caselli S, Ferreira D, Kanawati E, Di Paolo F, Pisicchio C, Attenhofer Jost C 
et al. Prominent left ventricular trabeculations in competitive athletes: a pro
posal for risk stratification and management. Int J Cardiol 2016;223:590–5.

87. Caselli S, Attenhofer Jost CH, Jenni R, Pelliccia A. Left ventricular noncom
paction diagnosis and management relevant to pre-participation screening 
of athletes. Am J Cardiol 2015;116:801–8.

88. Gati S, Papadakis M, Van Niekerk N, Reed M, Yeghen T, Sharma S. Increased 
left ventricular trabeculation in individuals with sickle cell anaemia: physi
ology or pathology? Int J Cardiol 2013;168:1658–60.

89. de la Chica JA, Gómez-Talavera S, García-Ruiz JM, García-Lunar I, Oliva B, 
Fernández-Alvira JM et al. Association between left ventricular noncompac
tion and vigorous physical activity. J Am Coll Cardiol 2020;76:1723–33.

90. Spinelli A, Monosilio S, Di Gioia G, Pedrizzetti G, Tonti G, Daniello CD et al. 
Hypertrabeculation in olympic athletes: advanced LV function analysis by 
CMR. J Cardiovasc Dev Dis 2025;12:388.

91. Hughes RK, Shiwani H, Rosmini S, Augusto JB, Burke L, Jiang Y et al. 
Improved diagnostic criteria for apical hypertrophic cardiomyopathy. JACC 
Cardiovasc Imaging 2024;17:501–12.

92. Hughes RK, Augusto JB, Knott K, Davies R, Shiwani H, Seraphim A et al. 
Apical ischemia is a universal feature of apical hypertrophic cardiomyopathy. 
Circ Cardiovasc Imaging 2023;16:e014907.

93. Kozor R, Nordin S, Treibel TA, Rosmini S, Castelletti S, Fontana M et al. Insight 
into hypertrophied hearts: a cardiovascular magnetic resonance study of pap
illary muscle mass and T1 mapping. Eur Heart J Cardiovasc Imaging 2017;18: 
1034–40.

94. Reant P, Captur G, Mirabel M, Nasis A, M. Sado D, Maestrini V et al. Abnormal 
septal convexity into the left ventricle occurs in subclinical hypertrophic car
diomyopathy. J Cardiovasc Magn Reson 2015;17:64.

Indications, protocols, and interpretation of cardiovascular imaging for the evaluation and management of athletes                                27
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



95. Seitler S, De Zoysa Anthony S, Obianyo CCC, Syrris P, Patel V, Sado DM et al. 
Systolic anterior motion of the anterior mitral valve leaflet begins in 
subclinical hypertrophic cardiomyopathy. Eur Heart J Cardiovasc Imaging 
2023;25:86–94.

96. Augusto JB, Nordin S, Vijapurapu R, Baig S, Bulluck H, Castelletti S et al. 
Myocardial edema, myocyte injury, and disease severity in fabry disease. 
Circ Cardiovasc Imaging 2020;13:e010171.

97. Nordin S, Kozor R, Bulluck H, Castelletti S, Rosmini S, Abdel-Gadir A et al. 
Cardiac fabry disease with late gadolinium enhancement is a chronic inflam
matory cardiomyopathy. J Am Coll Cardiol 2016;68:1707–8.

98. Andreini D, Conte E, Mushtaq S, Melotti E, Gigante C, Mancini ME et al. 
Comprehensive evaluation of left ventricle dysfunction by a new computed 
tomography scanner: the E-PLURIBUS Study. JACC Cardiovasc Imaging 
2023;16:175–88.

99. Lee HJ, Im DJ, Youn JC, Chang S, Suh YJ, Hong YJ et al. Assessment of myo
cardial delayed enhancement with cardiac computed tomography in cardio
myopathies: a prospective comparison with delayed enhancement cardiac 
magnetic resonance imaging. Int J Cardiovasc Imaging 2017;33:577–84.

100. Kalisz K, Rajiah P. Computed tomography of cardiomyopathies. Cardiovasc 
Diagn Ther 2017;7:539–56.

101. Schulz-Menger J, Collini V, Groschel J, Adler Y, Brucato A, Christian V et al. 
2025 ESC guidelines for the management of myocarditis and pericarditis. 
Eur Heart J 2025;46:3952–4041.

102. Kumar S, Khubber S, Reyaldeen R, Agrawal A, Cremer PC, Imazio M et al. 
Advances in imaging and targeted therapies for recurrent pericarditis: a re
view. JAMA Cardiol 2022;7:975–85.

103. Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G, Alakija P, Cooper 
LT et al. Cardiovascular magnetic resonance in myocarditis: a JACC White 
Paper. J Am Coll Cardiol 2009;53:1475–87.

104. Ferreira VM, Schulz-Menger J, Holmvang G, Kramer CM, Carbone I, Sechtem 
U et al. Cardiovascular magnetic resonance in nonischemic myocardial in
flammation: expert recommendations. J Am Coll Cardiol 2018;72:3158–76.

105. Conte E, Carbucicchio C, Catto V, Kochi AN, Mushtaq S, De Iuliis PG et al. Live 
integration of comprehensive cardiac CT with electroanatomical mapping in 
patients with refractory ventricular tachycardia. J Cardiovasc Comput Tomogr 
2022;16:262–5.

106. Sharma R, Kouranos V, Cooper LT, Metra M, Ristic A, Heidecker B et al. 
Management of cardiac sarcoidosis. Eur Heart J 2024;45:2697–726.

107. Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M et al. 
2021 ESC guidelines on cardiovascular disease prevention in clinical practice. 
Eur Heart J 2021;42:3227–337.

108. Vrints C, Andreotti F, Koskinas KC, Rossello X, Adamo M, Ainslie J et al. 2024 
ESC guidelines for the management of chronic coronary syndromes. Eur 
Heart J 2024;45:3415–537.

109. Radford NB, DeFina LF, Leonard D, Barlow CE, Willis BL, Gibbons LW et al. 
Cardiorespiratory fitness, coronary artery calcium, and cardiovascular dis
ease events in a cohort of generally healthy middle-age men: results from 
the cooper center longitudinal study. Circulation 2018;137:1888–95.

110. D’Ascenzi F, Baggiano A, Cavigli L, Mandoli GE, Andreini D, Marallo C et al. 
The role of cardiac computed tomography in sports cardiology: back to the 
future! Eur Heart J Cardiovasc Imaging 2022;23:e481–93.

111. Gervasi SF, Palumbo L, Cammarano M, Orvieto S, Di Rocco A, Vestri A et al. 
Coronary atherosclerosis in apparently healthy master athletes discovered 
during pre-PARTECIPATION screening. Role of coronary CT angiography 
(CCTA). Int J Cardiol 2019;282:99–107.

112. Zeppilli P, Biffi A, Cammarano M, Castelletti S, Cavarretta E, Cecchi F et al. 
Italian cardiological guidelines (COCIS) for competitive sport eligibility in ath
letes with heart disease: update 2024. Minerva Med 2024;115:533–64.

113. Föllmer B, Williams MC, Dey D, Arbab-Zadeh A, Maurovich-Horvat P, 
Volleberg R et al. Roadmap on the use of artificial intelligence for imaging 
of vulnerable atherosclerotic plaque in coronary arteries. Nat Rev Cardiol 
2024;21:51–64.

114. Mézquita AJV, Biavati F, Falk V, Alkadhi H, Hajhosseiny R, Maurovich-Horvat 
P et al. Clinical quantitative coronary artery stenosis and coronary athero
sclerosis imaging: a Consensus Statement from the Quantitative 
Cardiovascular Imaging Study Group. Nat Rev Cardiol 2023;20:696–714.

115. Villa ADM, Corsinovi L, Ntalas I, Milidonis X, Scannell C, Di Giovine G et al. 
Importance of operator training and rest perfusion on the diagnostic accur
acy of stress perfusion cardiovascular magnetic resonance. J Cardiovasc 
Magn Reson 2018;20:74.

116. Doan TT, Molossi S, Sachdeva S, Wilkinson JC, Loar RW, Weigand JD et al. 
Dobutamine stress cardiac MRI is safe and feasible in pediatric patients 
with anomalous aortic origin of a coronary artery (AAOCA). Int J Cardiol 
2021;334:42–8.

117. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H et al. 
2017 ESC guidelines for the management of acute myocardial infarction in 
patients presenting with ST-segment elevation: the task force for the 
management of acute myocardial infarction in patients presenting with 
ST-segment elevation of the European Society of Cardiology (ESC). Eur 
Heart J 2018;39:119–77.

118. Liang K, Bisaccia G, Leo I, Williams MGL, Dastidar A, Strange JW et al. CMR 
reclassifies the majority of patients with suspected MINOCA and non 
MINOCA. Eur Heart J Cardiovasc Imaging 2023;25:8–15.

119. Konst RE, Parker M, Bhatti L, Kaolawanich Y, Alenezi F, Elias-Smale SE et al. 
Prognostic value of cardiac magnetic resonance imaging in patients with a 
working diagnosis of MINOCA-an outcome study with up to 10 years of 
follow-up. Circ Cardiovasc Imaging 2023;16:e014454.

120. Schwartz RS, Kraus SM, Schwartz JG, Wickstrom KK, Peichel G, Garberich RF 
et al. Increased coronary artery plaque volume among male marathon run
ners. Mo Med 2014;111:89–94.

121. Jafar O, Friedman J, Bogdanowicz I, Muneer A, Thompson PD, Ling J et al. 
Assessment of coronary atherosclerosis using calcium scores in short- and 
long-distance runners. Mayo Clin Proc Innov Qual Outcomes 2019;3:116–21.

122. Mohlenkamp S, Lehmann N, Breuckmann F, Brocker-Preuss M, Nassenstein 
K, Halle M et al. Running: the risk of coronary events: prevalence and prog
nostic relevance of coronary atherosclerosis in marathon runners. Eur Heart J 
2008;29:1903–10.

123. SCOT-HEART investigators. CT coronary angiography in patients with sus
pected angina due to coronary heart disease (SCOT-HEART): an open-label, 
parallel-group, multicentre trial. Lancet 2015;385:2383–91.

124. Williams MC, Hunter A, Shah ASV, Assi V, Lewis S, Smith J et al. Use of cor
onary computed tomographic angiography to guide management of patients 
with coronary disease. J Am Coll Cardiol 2016;67:1759–68.

125. Conte E, Annoni A, Pontone G, Mushtaq S, Guglielmo M, Baggiano A et al. 
Evaluation of coronary plaque characteristics with coronary computed tom
ography angiography in patients with non-obstructive coronary artery dis
ease: a long-term follow-up study. Eur Heart J Cardiovasc Imaging 2017;18: 
1170–8.

126. Gassenmaier S, Tsiflikas I, Greulich S, Kuebler J, Hagen F, Nikolaou K et al. 
Prevalence of pathological FFR(CT) values without coronary artery stenosis 
in an asymptomatic marathon runner cohort. Eur Radiol 2021;31:8975–82.

127. Feuchtner GM, Langer C, Senoner T, Barbieri F, Beyer C, Bonaros N et al. 
Differences in coronary vasodilatory capacity and atherosclerosis in endur
ance athletes using coronary CTA and computational fluid dynamics (CFD): 
comparison with a sedentary lifestyle. Eur J Radiol 2020;130:109168.

128. Han BK, Rigsby CK, Leipsic J, Bardo D, Abbara S, Ghoshhajra B et al. 
Computed tomography imaging in patients with congenital heart disease, 
part 2: technical recommendations. An Expert Consensus Document of the 
Society of Cardiovascular Computed Tomography (SCCT): endorsed by the 
Society of Pediatric Radiology (SPR) and the North American Society of 
Cardiac Imaging (NASCI). J Cardiovasc Comput Tomogr 2015;9:493–513.

129. Budts W, Pieles GE, Roos-Hesselink JW, Sanz de la Garza M, D’Ascenzi F, 
Giannakoulas G et al. Recommendations for participation in competitive 
sport in adolescent and adult athletes with Congenital Heart Disease 
(CHD): position statement of the Sports Cardiology & Exercise Section of 
the European Association of Preventive Cardiology (EAPC), the European 
Society of Cardiology (ESC) Working Group on Adult Congenital Heart 
Disease and the Sports Cardiology, Physical Activity and Prevention 
Working Group of the Association for European Paediatric and Congenital 
Cardiology (AEPC). Eur Heart J 2020;41:41919.

130. Baumgartner H, De Backer J. The ESC clinical practice guidelines for the man
agement of adult congenital heart disease 2020. Eur Heart J 2020;41: 
4153–4.

131. Bluemke DA, Achenbach S, Budoff M, Gerber TC, Gersh B, Hillis LD et al. 
Noninvasive coronary artery imaging: magnetic resonance angiography and 
multidetector computed tomography angiography: a scientific statement 
from the american heart association committee on cardiovascular imaging 
and intervention of the council on cardiovascular radiology and intervention, 
and the councils on clinical cardiology and cardiovascular disease in the 
young. Circulation 2008;118:586–606.

132. Walsh R, Nielsen JC, Ko HH, Sanz J, Srivastava S, Parness IA et al. Imaging of 
congenital coronary artery anomalies. Pediatr Radiol 2011;41:1526–35.

133. Conte E, Marchetti D, Melotti E, Schillaci M, Mushtaq S, Maffi V et al. Clinical 
and cardiac CT characteristics of congenital coronary abnormalities occa
sionally detected in a middle-aged population: a long-term follow-up study. 
J Cardiovasc Comput Tomogr 2024;18:375–82.

134. Andreini D, Conte E, Monizzi G, Prestini B, Ratti A, Belmonte M et al. 
Predictors of adverse cardiac events of coronary myocardial bridging 

28                                                                                                                                                                                         V. Maestrini et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026



diagnosed with computed tomography angiography. Int J Cardiol 2024;406: 
131997.

135. Gräni C, Buechel RR, Kaufmann PA, Kwong RY. Multimodality imaging in in
dividuals with anomalous coronary arteries. JACC Cardiovasc Imaging 2017; 
10:471–81.

136. Uebleis C, Groebner M, von Ziegler F, Becker A, Rischpler C, Tegtmeyer R 
et al. Combined anatomical and functional imaging using coronary CT angiog
raphy and myocardial perfusion SPECT in symptomatic adults with abnormal 
origin of a coronary artery. Int J Cardiovasc Imaging 2012;28:1763–74.

137. Dello Russo A, Compagnucci P, Casella M, Gasperetti A, Riva S, Dessanai MA 
et al. Ventricular arrhythmias in athletes: role of a comprehensive diagnostic 
workup. Heart Rhythm 2022;19:90–9.

138. Di Florio A, Fusi C, Anselmi F, Cavigli L, Focardi M, Cameli M et al. Clinical 
management of young competitive athletes with premature ventricular 
beats: a prospective cohort study. Int J Cardiol 2021;330:59–64.

139. Finocchiaro G, Zorzi A, Abela M, Baggish A, Castelletti S, Cavarretta E et al. 
Abnormal electrocardiogram findings in athletes. Eur Heart J 2025;46: 
1803–15.

140. Schnell F, Claessen G, La Gerche A, Bogaert J, Lentz PA, Claus P et al. 
Subepicardial delayed gadolinium enhancement in asymptomatic athletes: 
let sleeping dogs lie? Br J Sports Med 2016;50:111–7.

141. Zorzi A, Perazzolo Marra M, Rigato I, De Lazzari M, Susana A, Niero A et al. 
Nonischemic left ventricular scar as a substrate of life-threatening ventricular 
arrhythmias and sudden cardiac death in competitive athletes. Circ Arrhythm 
Electrophysiol 2016;9:e004229.

142. Cipriani A, Zorzi A, Sarto P, Donini M, Rigato I, Bariani R et al. Predictive value 
of exercise testing in athletes with ventricular ectopy evaluated by cardiac 
magnetic resonance. Heart Rhythm 2019;16:239–48.

143. Sciarra L, Golia P, Scarà A, Robles AG, De Maio M, Palamà Z et al. 
Electrocardiographic predictors of left ventricular scar in athletes with right 
bundle branch block premature ventricular beats. Eur J Prev Cardiol 2024; 
31:486–95.

144. Brunetti G, Graziano F, Cavigli L, Cipriani A, D’Ascenzi F, Bauce B et al. 
Reproducibility of ventricular arrhythmias at exercise testing for prediction 
of non-ischaemic left ventricular scar in athletes. Eur J Prev Cardiol 2023; 
30:107–16.

145. Zorzi A, Bettella N, Tatangelo M, Del Monte A, Vessella T, Poscolieri B et al. 
Prevalence and clinical significance of isolated low QRS voltages in young 
athletes. Europace 2022;24:1484–95.

146. Zorzi A, D’Ascenzi F, Andreini D, Castelletti S, Casella M, Cavarretta E et al. 
Interpretation and management of premature ventricular beats in athletes: 
an expert opinion document of the Italian Society of Sports Cardiology 
(SICSPORT). Int J Cardiol 2023;391:131220.

147. Valeri Y, Compagnucci P, Volpato G, Luciani L, Crepaldi E, Maiorino F et al. 
Idiopathic premature ventricular contraction catheter ablation, sedentary 
population vs. athlete’s populations: outcomes and resumption of sports ac
tivity. J Clin Med 2024;13:1871.

148. Udall JA, Ellestad MH. Predictive implications of ventricular premature con
tractions associated with treadmill stress testing. Circulation 1977;56:985–9.

149. Jouven X, Zureik M, Desnos M, Courbon D, Ducimetière P. Long-term out
come in asymptomatic men with exercise-induced premature ventricular de
polarizations. N Engl J Med 2000;343:826–33.

150. Refaat MM, Gharios C, Moorthy MV, Abdulhai F, Blumenthal RS, Jaffa MA 
et al. Exercise-induced ventricular ectopy and cardiovascular mortality in 
asymptomatic individuals. J Am Coll Cardiol 2021;78:2267–77.

151. Bateman TM, Heller GV, Beanlands R, Calnon DA, Case J, deKemp R et al. 
Practical guide for interpreting and reporting cardiac PET measurements of 
myocardial blood flow: an information statement from the American 
Society of Nuclear Cardiology, and the Society of Nuclear Medicine and 
Molecular Imaging. J Nucl Med 2021;62:1599–615.

152. Zeppenfeld K, Tfelt-Hansen J, de Riva M, Winkel BG, Behr ER, Blom NA et al. 
2022 ESC guidelines for the management of patients with ventricular ar
rhythmias and the prevention of sudden cardiac death. Eur Heart J 2022; 
43:3997–4126.

153. Cheng RK, Kittleson MM, Beavers CJ, Birnie DH, Blankstein R, Bravo PE et al. 
Diagnosis and management of cardiac sarcoidosis: a scientific statement 
from the American Heart Association. Circulation 2024;149:e1197–216.

154. Pelliccia A, Di Paolo FM, De Blasiis E, Quattrini FM, Pisicchio C, Guerra E et al. 
Prevalence and clinical significance of aortic root dilation in highly trained 
competitive athletes. Circulation 2010;122:698–706, 3 p following 706.

155. Churchill TW, Groezinger E, Kim JH, Loomer G, Guseh JS, Wasfy MM et al. 
Association of ascending aortic dilatation and long-term endurance exercise 
among older masters-level athletes. JAMA Cardiol 2020;5:522–31.

156. Carbone A, Monda E, Ferrara F, Franzese M, Bottino R, Russo V et al. 
(November 26, 2024) Aortic dimension in elite athletes: updated systematic 
review and meta-analysis. Eur J Prev Cardiol, doi:10.1093/eurjpc/zwae385

157. Erbel R, Aboyans V, Boileau C, Bossone E, Bartolomeo RD, Eggebrecht H 
et al. 2014 ESC guidelines on the diagnosis and treatment of aortic diseases: 
document covering acute and chronic aortic diseases of the thoracic and ab
dominal aorta of the adult. The Task Force for the Diagnosis and Treatment 
of Aortic Diseases of the European Society of Cardiology (ESC). Eur Heart J 
2014;35:2873–926.

158. La Gerche A, Baggish AL, Knuuti J, Prior DL, Sharma S, Heidbuchel H et al. 
Cardiac imaging and stress testing asymptomatic athletes to identify those 
at risk of sudden cardiac death. JACC Cardiovasc Imaging 2013;6:993–1007.

159. Kuijpers JM, Mulder BJ. Aortopathies in adult congenital heart disease and 
genetic aortopathy syndromes: management strategies and indications for 
surgery. Heart 2017;103:952–66.

160. Sievers HH, Schmidtke C. A classification system for the bicuspid aortic valve 
from 304 surgical specimens. J Thorac Cardiovasc Surg 2007;133:1226–33.

161. Verma R, Cohen G, Colbert J, Fedak PWM. Bicuspid aortic valve associated 
aortopathy: 2022 guideline update. Curr Opin Cardiol 2023;38:61–7.

162. Michelena HI, Della Corte A, Evangelista A, Maleszewski JJ, Edwards WD, 
Roman MJ et al. International consensus statement on nomenclature and 
classification of the congenital bicuspid aortic valve and its aortopathy, for 
clinical, surgical, interventional and research purposes. Eur J Cardiothorac 
Surg 2021;60:448–76.

163. Jilaihawi H, Chen M, Webb J, Himbert D, Ruiz CE, Rodés-Cabau J et al. A bi
cuspid aortic valve imaging classification for the TAVR era. JACC Cardiovasc 
Imaging 2016;9:1145–58.

164. Blanke P, Weir-McCall JR, Achenbach S, Delgado V, Hausleiter J, Jilaihawi H 
et al. Computed tomography imaging in the context of Transcatheter Aortic 
Valve Implantation (TAVI)/Transcatheter Aortic Valve Replacement (TAVR): 
an expert consensus document of the society of cardiovascular computed 
tomography. JACC Cardiovasc Imaging 2019;12:1–24.

165. Dweck MR, Khaw HJ, Sng GK, Luo EL, Baird A, Williams MC et al. Aortic sten
osis, atherosclerosis, and skeletal bone: is there a common link with calcifica
tion and inflammation? Eur Heart J 2013;34:1567–74.

166. Forsythe RO, Dweck MR, McBride OMB, Vesey AT, Semple SI, Shah ASV 
et al. (18)F-sodium fluoride uptake in abdominal aortic aneurysms: the 
SoFIA(3) Study. J Am Coll Cardiol 2018;71:513–23.

167. Tsampasian V, Militaru C, Parasuraman SK, Loudon BL, Lowery C, Rudd A 
et al. Prevalence of asymptomatic valvular heart disease in the elderly popu
lation: a community-based echocardiographic study. Eur Heart J Cardiovasc 
Imaging 2024;25:1051–8.

168. Sabbag A, Essayagh B, Barrera JDR, Basso C, Berni A, Cosyns B et al. EHRA 
expert consensus statement on arrhythmic mitral valve prolapse and mitral 
annular disjunction complex in collaboration with the ESC council on valvular 
heart disease and the European Association of Cardiovascular Imaging en
dorsed cby the Heart Rhythm Society, by the Asia Pacific Heart Rhythm 
Society, and by the Latin American Heart Rhythm Society. Europace 2022; 
24:1981–2003.

169. Perazzolo Marra M, Basso C, De Lazzari M, Rizzo S, Cipriani A, Giorgi B et al. 
Morphofunctional abnormalities of mitral annulus and arrhythmic mitral 
valve prolapse. Circ Cardiovasc Imaging 2016;9:e005030.

170. Basso C, Perazzolo Marra M, Rizzo S, De Lazzari M, Giorgi B, Cipriani A et al. 
Arrhythmic mitral valve prolapse and sudden cardiac death. Circulation 2015; 
132:556–66.

171. Blanke P, Naoum C, Webb J, Dvir D, Hahn RT, Grayburn P et al. Multimodality 
imaging in the context of transcatheter mitral valve replacement: establishing 
consensus among modalities and disciplines. JACC Cardiovasc Imaging 2015; 
8:1191–208.

Indications, protocols, and interpretation of cardiovascular imaging for the evaluation and management of athletes                                29
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/advance-article/doi/10.1093/ehjci/jeag060/8713181 by guest on 13 July 2026


