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Exercise imaging, particularly exercise stress echocardiography (ESE), has become a pivotal non-invasive tool for evaluating cardiovascular 
function in athletes and for distinguishing physiological adaptations from pathological conditions. This Clinical Consensus Statement by the 
European Association of Preventive Cardiology and the European Association of Cardiovascular Imaging synthesizes current evidence and 
provides practical guidance on indications, protocols, and interpretation of exercise imaging modalities in both competitive and recreation
al athletes. The document emphasizes the role of ESE in assessing cardiac reserve, unmasking concealed cardiomyopathies, and stratifying 
risk in clinical scenarios such as T-wave inversion, exercise-induced repolarization abnormalities, and extreme ventricular remodelling. 
Special attention is given to imaging protocols tailored to the athletic population, including dynamic assessment of the right and left ven
tricles, atria, and valvular function during various exercise modalities, highlighting the importance of the functional evaluation in athletes 
and active individuals. Additionally, the consensus explores the integration of advanced techniques such as cardiopulmonary exercise test
ing and exercise cardiac magnetic resonance imaging, highlighting their complementary roles in comprehensive cardiovascular evaluation. 
The statement advocates for individualized testing strategies that consider sport-specific demands, demographic factors such as body size, 
sex, ethnicity, and the underlying pathology. It also underscores the importance of exercise imaging in guiding sports eligibility and in tai
loring exercise prescription for competitive athletes, as well as for patients willing to participate in recreational sports or exercise programs.

Graphical Abstract

Clinical indications to exercise imaging in athletes.

Keywords sports cardiology • athlete’s heart • imaging • echocardiography • CMR • nuclear imaging • exercise 
echocardiography • stress echocardiography
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Introduction
Background and aims of practical advice
Exercise imaging techniques are a cornerstone of contemporary 
cardiac evaluation in athletes. By combining exercise stress test
ing with advanced cardiac imaging, these techniques can com
prehensively assess cardiovascular performance not only at 
baseline but also during exercise and unmask silent 
abnormalities.

Exercise stress echocardiography (ESE) is a reliable, safe, and 
non-invasive diagnostic tool that combines exercise stress test
ing with echocardiographic imaging to evaluate cardiovascular 
responses to effort. It has gained relevance in evaluating ath
letes and individuals practising sports, enabling the identifica
tion of cardiovascular abnormalities elicited by exercise and 
providing information on cardiac function, contractile reserve, 
functional capacity, and exercise-induced arrhythmias, which, 
combined with clinical and ECG findings, allow for the detection 
or exclusion of cardiac pathologic conditions. As a safe and well- 
tolerated test, compared with pharmacologic stress, it is more 
physiologic, yields more comprehensive data, and is thus the 
mode of choice in athletes.1

In parallel, exercise nuclear imaging is an established method 
for characterizing myocardial perfusion and viability and for de
fining the presence of myocardial ischaemia. It encompasses the 
use of diverse radioactive tracers to visualize and evaluate organ 
and tissue function, offering valuable insights into myocardial 
pathophysiology beyond anatomical imaging.2 In sports cardi
ology, it plays a defined role in the evaluation of individuals 
with coronary anomalies. Its main objective is to identify indu
cible myocardial ischaemia, thereby facilitating risk stratification 
and decision-making in the management of athletes and 
exercisers.

Moreover, in the last few years, advanced exercise imaging 
has been applied with success for a comprehensive evaluation 
of the cardiovascular response during exercise and promising 
tools, such as exercise cardiac magnetic resonance (CMR) and 
cardiopulmonary exercise test (CPET) imaging, have further sti
mulated interest towards the application of exercise imaging 
techniques in athletes.

This clinical consensus statement was developed by an inter
national group of experts in sports cardiology, cardiovascular 
imaging and exercise physiology and is Part 1 of two documents 
dedicated to imaging in athlete’s heart, with Part 2 dedicated to 
CMR, cardiac computed tomography, and nuclear imaging.3 The 
manuscript was prepared through a structured, non-systematic 
review of the literature using the PubMed, Embase, and Scopus 
databases, covering publications from January 2000 to 
December 2025, with special focus on studies published within 
the last 10 years and all available scientific data were combined 
with panel of experts. The writing group critically appraised evi
dence, and recommendations were conceived through expert 
consensus.

Contemporary recommendations for sports participation in
creasingly rely on comprehensive cardiovascular evaluation to 
support shared decision-making in competitive and recreational 
athletes with suspected or established cardiovascular disease.4
In this context, functional, exercise-based cardiovascular as
sessment plays a central role in refining diagnosis, risk stratifica
tion, and exercise prescription. Accordingly, this clinical 
consensus statement does not aim to replace existing guidelines 
but rather to complement and operationalize current recom
mendations by integrating exercise imaging into practical sports 
cardiology workflows. Its objective is to provide guidance on the 

clinical indications, practical execution, advantages, and limita
tions of exercise imaging techniques for cardiovascular evalu
ation in competitive and recreational athletes. Beyond 
summarizing the available evidence, the document also identi
fies further research directions, particularly focused on defining 
and validating specific protocols and clinical applications in spe
cific settings.5,6

Cardiovascular adaptations in athletes and 
main determinants
Exercise is a subcategory of physical activity and is characterized 
by its planned, structured, and repetitive nature to maintain or 
improve fitness and/or health.7 Athletes are defined as indivi
duals who are regularly engaged in exercise training and partici
pate in sports competitions.8 Prolonged and repetitive exercise 
training leads to structural, functional and electrical adaptations 
of the cardiovascular system to meet the exercise-induced 
metabolic demands8; this cardiac remodelling is known as ‘the 
athlete’s heart’.

Physiological adaptations commonly observed in athletes 
include bradycardia, increased thickness of cardiac walls, dila
tation of cardiac chambers, increased thickness of cardiac 
walls, bradycardia, enhanced diastolic function, and dilatation 
of conduit arteries (Figure 1).8 The magnitude of 
exercise-induced cardiac adaptations is dependent on several 
factors, including: 

(1) Exercise dose. Cardiac remodelling begins after ∼3 months of 
exercise training at ∼3–4 h per week,8 with larger adaptations 
in athletes training at higher volumes, higher intensities, and/or 
for more years.9

(2) Type of exercise. Based on the physiological characteristics of 
exercise training (i.e. intensity, isotonic/isometric components, 
sport-specific skills), four distinct sports disciplines can be 
defined8,10: (i) skill sports (e.g. golf), (ii) power sports (e.g. 
weightlifting), (iii) mixed sports (e.g. soccer), and (iv) endurance 
sports (e.g. triathlon). Due to differences in cardiovascular in
volvement across types of sports, cardiac remodelling is most 
prominent in endurance athletes, followed by mixed, power, 
and, to a lesser extent (if any), skill athletes.8

(3) Age. Exercise training induces significant cardiac adapta
tions at all ages. It can partially attenuate age-related de
cline in cardiovascular diastolic function,11 and although it 
induces significant cardiac adaptations already during 
childhood, these adaptations are more pronounced after 
puberty.12,13

(4) Sex. The extent of exercise-induced cardiac remodelling is 
similar in female and male athletes. However, sex-specific 
adaptations have to be considered: female athletes often ex
hibit a lower degree of left ventricular (LV) eccentric remodel
ling compared to males14,15; T-wave inversion16 in leads V1– 
V3 is more common in females, while early repolarization and 
LV hypertrophy are more common in male athletes.17

(5) Race. Ethnicity is a major determinant of exercise-induced car
diac adaptations, with more pronounced electrical and struc
tural adaptations in athletes of African or Afro-Caribbean 
origin (black athletes) vs. white athletes.18,19 There is less 
data available among Arabic and Asian athletes, but most stud
ies show adaptations similar to those observed in Caucasian 
athletes.19

(6) Body size. Heart size is dependent on body size, so normaliza
tion is key to isolating the effects of exercise training on cardiac 
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dimensions. Body surface area is a commonly used index for 
cardiac parameters, given the ease of measuring height and 
weight. Alternatively, fat-free mass can be used where 
available.19

(7) Genetics. An important non-modifiable factor contributing to 
exercise-induced cardiac remodelling is the athlete’s genetic 
signature. Certain signalling pathways for cardiac adaptations 
have been identified,20 which may contribute to physiological 
vs. pathological remodelling processes, although scientific 
data are still relatively scarce. For example, a recent study on 
elite endurance athletes showed that a reduced LV ejection 
fraction (EF) may be determined by a combination of genetic 
predisposition and exercise training and is associated with an 
increased risk of ventricular arrhythmias.21

Exercise echocardiography
General principles: from physiology to clinical 
protocols
Athletic conditioning results in physiological cardiac chamber 
enlargement, which is ultimately aimed at generating the higher 
cardiac outputs required for improved performance. It has been 
observed that elite athletes may exhibit, in association with 
bradycardia, lower resting left and right ventricular (RV) function 
[mildly reduced EF, RV fractional area change, and global longi
tudinal strain (GLS)] compared to non-athletic individuals.22,23

This is a consequence of the enlarged chambers requiring a low
er contractile state to deliver a sufficient stroke volume at rest. 
In association, the low resting HR is secondary to increased va
gal tone.24 The difference between resting and maximum LV 
contractility and HR increase is termed the cardiac reserve, 
and due to lower basal values, this reserve is greater in athletes 
than in non-athletes.25 During exercise, the working myocar
dium is subjected to increased oxygen demand. A healthy, ath
letic individual with normal coronary arteries has full capacity 
to enhance the supply of blood flow to match the increasing de
mand for myocardial oxygen consumption and, hence, can meet 
the required cardiac reserve.

Athletic individuals with an underlying cardiac disease [e.g. 
inherited cardiomyopathy or underlying coronary artery 

disease (CAD)] may have a compromised coronary reserve 
that may limit the heart’s response to the increasing chal
lenges of exercise.26–28 This can be observed as reduced car
diac reserve, with a blunted functional response and/or direct 
impairment and serves as the rationale for ESE. On the con
trary, athletes with a normal coronary reserve have a normal 
inotropic response during exercise. Therefore, ESE is indi
cated to unmask the grey zone of the athlete’s heart function 
and improve the diagnostic yield of underlying structural heart 
disease (SHD).

Interpretation of exercise imaging in competitive and recre
ational athletes should primarily be based on the direction and 
magnitude of change from resting conditions rather than on iso
lated absolute values obtained at peak exercise. Resting imaging 
provides the essential anatomical and functional reference, 
while exercise imaging allows assessment of ventricular reserve, 
haemodynamic adaptation, and appropriateness of the cardio
vascular response to physiological stress.29

There is currently no consensus on the specific protocols to 
be employed for ESE in an athletic population. However, there 
are general principles hence it is reasonable to propose: that 
an athletic individual undergo an exercise protocol (rather 
than a pharmacological stimulus) on a dedicated supine/semi- 
supine cycle ergometer. This allows for true physiological stress, 
whilst enabling diagnostic-quality echocardiographic images. 
The protocol design should aim to push the athlete to the max
imum effort possible. This is achieved by gradually increasing 
the intensity of exercise through incremental increases in work
load, with the magnitude and timing of these increments flexible 
and dependent on the athlete’s cardiorespiratory fitness. The 
protocol should always include a recovery period to allow the 
HR and cardiac contractile state to return to baseline levels. 
Echocardiographic images should be acquired at baseline, 
throughout the protocol at each workload increment and into 
recovery.

Exercise stress echocardiography can be performed using a 
semi-supine position, or images can be collected during upright 
cycling, particularly among young athletes, in whom the echo
cardiographic windows may be permissive. echocardiographic 
images and data, the latter is more physiological, particularly 
for athletes accustomed to cycling, and usually yields a higher 
heart rate (HR)peak and, in a combined evaluation with CPET, a 

Figure 1 Determinants of exercise-induced cardiovascular adaptation. AV, atrioventricular; LBBB, left bundle branch block.
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higher VO2peak.30,31 Sometimes, ESE on the treadmill has also 
been applied, particularly in runners. With the latter approaches, 
athletes usually reach higher HRpeak and develop their full po
tential exercise capacity better than on recumbent cycling, 
therefore increasing the sensitivity of the ESE. However, echo
cardiographic acquisition and image quality may be significantly 
affected. Therefore, the protocol choice should be tailored to 
each individual and not separated from the resources and ex
pertise available at each centre.

Alternative methods have been proposed, such as acquiring 
images at a percentage of the athlete’s HR reserve (defined as 
the difference between maximum HR and basal HR). It is import
ant to note that athletes often exceed their age-predicted max
imum HR; therefore, the use of peak HR as a test endpoint 
should be limited to cases where it has been pre-calculated at 
VO2peak.

Further research is warranted to validate the current proto
cols in different settings, balancing their clinical value with 
time and costs. Alongside acquiring the echocardiographic 
images (with inherent rhythm ECG), systemic blood pressure, 
HR, and symptoms should be recorded. Figure 2 provides an ex
emplar protocol for ESE in an athletic individual.

How to image the right ventricle during 
exercise
Evaluating the right ventricle (RV) by transthoracic echocardiog
raphy is quite challenging during exercise due to the complex RV 
geometry and the high heart and respiratory rates. Guidelines 
recommend a graded, semi-supine exercise protocol, with im
aging acquisition at each stage of stress, to support the perform
ance, interpretation, and application of stress echocardiography 
in ischaemic heart disease.32 Conventional long and inflow para
sternal views, the latter obtained with anterior tilting of the 
probe from a conventional long parasternal view, provide a 
qualitative assessment of RV size. Doppler interrogation can 
be performed in parallel to a typically mild tricuspid regurgita
tion (TR) jet at the RV inflow in the parasternal view to estimate 
pulmonary artery pressure. Also, a transition view from the 
short-axis view at the level of the great vessels to the four- 
chamber view could allow parallel alignment with a tiny TR jet, 
particularly during exercise. Intravenous administration of agi
tated saline or ultrasound contrast can improve the detectability 
of the TR Doppler signal when it is weak and help confirm a valid 
velocity envelope33; however, this should be used selectively 
and interpreted with caution, as contrast-enhanced Doppler en
velopes may sometimes appear more diffuse and could poten
tially overestimate peak TR velocity if not carefully aligned 
and analysed.34 Finally, the four-chamber apical view focused 
on the RV is crucial, particularly for ensuring correct endocardial 
delineation and adequate myocardial tracking to measure RV 
volumes and strain. This view can be obtained from the apex lat
eral tilting of the probe. Comparison of exercise and baseline 
images is maximized when reproducible views are acquired.

A comprehensive evaluation of the RV in the athlete should 
include tricuspid annular motion, lateral annular tissue Doppler 
velocities, strain imaging, and 2D assessment of RV size and 
function from an RV-focused apical four-chamber view.35

Three-dimensional echocardiography provides more accurate 
RV volumetric assessment at rest and may be considered during 
exercise in selected cases when image quality, HR, and local ex
pertise allow. However, due to technical limitations during exer
cise, 2D parameters and qualitative assessment remain the 
primary tools for RV evaluation in most athletic settings.

Accordingly, practical approaches to RV assessment during 
exercise rely primarily on focused RV apical views, real-time, 
or multi-beat acquisitions when feasible, and consistent use of 
the same software platform for baseline and exercise measure
ments. When comprehensive volumetric analysis cannot be re
liably obtained, functional indices such as fractional area change 
and longitudinal strain provide robust and clinically meaningful 
information. Reference values for RV size and function at 
rest36 and during exercise37 are available for athletes involved 
in high-dynamic sports and should be used to support accurate 
interpretation in this specific population.

Acquisition of RV volumes during exercise is technically feas
ible but remains challenging due to high HR, respiratory motion, 
and the complex geometry of the RV. In addition, volumetric 
quantification during exercise is highly dependent on acquisition 
strategy and post-processing software, which may limit repro
ducibility across centres. Practical approaches to RV assessment 
during exercise therefore rely on focused RV apical views, real- 
time, multi-beat acquisitions (at least five consecutive cardiac 
cycles recorded whenever feasible), and consistent use of the 
same software platform for baseline and exercise measure
ments. When comprehensive volumetric analysis cannot be re
liably obtained, functional indices such as fractional area change 
and longitudinal strain provide robust and clinically meaningful 
information.

Interpretation of RV dimensions and function during exercise 
should primarily focus on dynamic changes relative to baseline 
rather than on isolated absolute values. In healthy athletes, 
mild RV dilatation or borderline functional parameters at rest of
ten normalize or improve during exercise, reflecting preserved 
RV functional reserve. Conversely, a blunted, absent, or para
doxical RV response during exercise supports the presence of 
an underlying pathological substrate and should be interpreted 
in conjunction with resting imaging findings and the overall clin
ical context.38

How to image the left ventricle during 
exercise
Imaging the LV during exercise presents both opportunities and 
challenges, offering insights into dynamic cardiac changes dur
ing physical activity. Exercise tests enable accurate quantifica
tion of LV volumes, mass, and function during training, 
providing a comprehensive assessment of cardiac performance. 
During exercise, the heart undergoes dynamic changes in size 
and function, necessitating precise imaging techniques. 
Echocardiography facilitates real-time visualization of LV func
tion and has the potential to provide a more comprehensive un
derstanding of cardiac responses to stress.39 Imaging the LV 
during exercise might also reveal differences between physio
logical adaptations to exercise and pathological changes in the 
heart, aiding in the early detection of cardiac abnormalities in 
athletes.40 The ESE indication would define the exercise proto
col to use and the views to prioritize when acquiring images. 
Standardizing image acquisition is essential to obtain consistent 
images, and ideally, the same sonographer should assess them to 
limit inter-observer variability.41

A graded semi-supine exercise with imaging acquisition at 
each stage of stress is the first recommendation of the 
American Society of Echocardiography (ASE) guidelines on 
stress echocardiography in ischaemic and non-ischaemic heart 
disease1,32 for the evaluation of LV global and segmental con
tractility reserve and LV diastolic functional reserve. Treadmill 
exercise should be considered an alternative, as both diastolic 
and systolic abnormalities may persist after exercise, according 
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to the ASE guidelines on stress echocardiography in ischaemic 
and non-ischaemic heart disease.1,32 Standard views for the as
sessment of global and regional wall motion include the para
sternal long- and short-axis images and apical four- and 
two-chamber views. In addition, the apical long-axis and subcos
tal views would provide additional information when standard 
views are suboptimal.32 An apical five-chamber view with the 
acquisition of a pulsed Doppler of the aorta would allow for 
the estimation of stroke volume at each step of the text.

Suboptimal images limit the evaluation of LV function during 
exercise due to noise artefacts, tachycardia, and increased chest 
wall movement. To mitigate these limitations and to facilitate 
the selection of representative beats with acceptable image 
quality, at least five consecutive cardiac cycles should be re
corded for each view whenever feasible. 3D imaging offers po
tential advantages in terms of accuracy and anatomical 
assessment and allows simultaneous acquisition of four-, three-, 
and two-chamber views; however, its utility during exercise is 
limited by technical constraints and reduced temporal reso
lution.42 Left ventricular strain analysis has demonstrated the 
potential to enhance diagnostic accuracy, particularly in detect
ing subtle abnormalities not apparent with conventional mea
sures alone. Uncertainties remain, however, with limited 
studies examining LV during exercise and a lack of clear guid
ance on interpreting pathological changes during exercise.

For the evaluation of LV diastolic functional reserve, mitral E, 
A, E/A, septal and lateral e′, E/e′ ratio by tissue Doppler imaging 
should be recorded at baseline, at low-level exercise (when E 
and A waves are not yet fused), and during the recovery period 
using the apical four-chamber view. In addition, pulmonary sys
tolic pressure should be measured at each exercise step.2

For the evaluation of dynamic LV obstruction, either in the 
context of hypertrophic cardiomyopathy (HCM) or not, an ESE 

obtained during upright cycling is more appropriate, given that 
this test should elicit a higher exercise-induced LV outflow tract 
obstruction (LVOTO) gradient as compared to supine or semi- 
supine cycling; notably, the largest gradients are obtained 
when the test is performed on a treadmill.43 While post-exercise 
left ventricular outflow tract (LVOT) gradients may reach higher 
absolute values, their incremental clinical value over exercise 
gradients remains uncertain, particularly with respect to symp
tom reproduction and therapeutic decision-making. Therefore, 
exercise-induced LVOT gradient is considered the most clinical
ly relevant parameter in the evaluation of competitive and rec
reational athletes with HCM. Dynamic intracardiac 
obstruction, however, is not exclusive to obstructive HCM, 
and may also be observed in patients with mild concentric 
hypertensive LV hypertrophy or in conditions associated with 
reduced preload, such as hypovolaemia. In these settings, ob
struction is typically preload- and loading-condition–dependent 
and should be interpreted in the appropriate clinical context to 
avoid diagnostic misclassification, particularly when differenti
ating physiological adaptation from pathological hypertrophy.

Imaging the LV during exercise requires a balance between 
practicality and diagnostic accuracy. Data obtained from im
aging the LV during exercise can contribute to future research 
on physiological adaptations to exercise and may have clinical 
applications in assessing cardiovascular risk profiles and guiding 
exercise-based interventions.39

How to image the right and left atrium during 
exercise
Imaging the right and left atrium (RA and LA) with transthoracic 
echocardiography during exercise should include conventional 
apical four- and two-chamber views with dedicated acquisitions 

Figure 2 Protocol and equipment required for exercise stress echocardiography. The workload should be increased progressively at 
each step of the protocol. HR, heart rate; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; RW, regional wall motion 
abnormalities; LVOT, left ventricular outflow tract; RVSP, right ventricular systolic pressure; RVFAC, right ventricular area change; 
TAPSE, tricuspid annulus plane systolic excursion.
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aimed at measuring biatrial size at end-systole, avoiding fore
shortening.1,44 Notably, atrial enlargement, a physiologic adap
tation to exercise conditioning, is usually observed in athletes, 
particularly endurance athletes, even in the early phases of their 
careers.45–47 This physiological remodelling is confirmed by the 
characterization of the biatrial function using speckle-tracking 
echocardiography (STE), demonstrating normal reservoir func
tion at rest48 and normal stiffness.49–51 Two techniques have 
been described for analysing atrial function at rest,52,53 using 
the QRS or P wave as a reference point, respectively, with the 
former offering slightly higher feasibility and less time-wasting 
than the latter.

Speckle-tracking echocardiography can also be applied to as
sess biatrial function during exercise. Exercise stress echocardi
ography, with an accurate analysis of phasic volumes and STE, 
provides crucial information on changes in atrial function and 
filling pressure during exercise54 that can be particularly useful 
in individuals with valvular heart disease, atrial fibrillation (AF), 
and heart failure.55–57 In healthy individuals, atrial function in
creases at low- and moderate-intensity exercise and remains un
changed at high-intensity exercise, in which the increase in 
cardiac output relies more on the rise in HR.58 As such, similarly 
to the protocol applied for the ventricles, atrial function should 
be assessed at each step of exercise and not just at peak effort.

Exercise nuclear imaging
Indication
Competitive and recreational athletes may undergo nuclear 
cardiac imaging for selected clinical indications, most commonly 
myocardial perfusion imaging (MPI) for the evaluation of sus
pected CAD or, less commonly, for the assessment of congenital 
coronary anomalies. Because athletes—particularly younger 
individuals—may undergo repeated imaging over the course of 
their careers, careful attention to cumulative radiation exposure 
is essential, and strategies to reduce radiation dose are 
warranted.

Modern nuclear cardiology technologies, such as cadmium 
zinc telluride cameras, offer higher sensitivity and spatial 
resolution, enabling substantial reductions in radiation dose 
compared with conventional systems. Several studies have 
shown up to a 50% dose reduction without compromising 
diagnostic accuracy.59,60 In addition, the use of stress-first (or 
stress-only) protocols can further limit exposure by avoiding un
necessary rest imaging.2

Age and clinical profile remain key determinants of imaging 
choice. Younger athletes, who may require long-term 
surveillance or repeated imaging, benefit from stricter dose- 
minimization strategies. Conversely, master athletes—particularly 
recreational athletes—often present with multiple cardiovascular 
risk factors, making nuclear imaging more frequently indicated. 
Tailoring nuclear cardiology protocols to age, sporting history, car
diovascular risk, and expected lifetime radiation exposure is there
fore essential to ensure safe and effective cardiac assessment.

Protocols
Whenever feasible, competitive and recreational athletes 
should be stressed using physical exercise, as it provides several 
advantages over pharmacological vasodilators. Exercise stress 
improves image quality by diverting blood from the gastrointes
tinal tract to the heart muscle, and it allows superior risk strati
fication for coronary anomalies and myocardial bridging, as it 
better reflects the true haemodynamic impact of exertion than 

vasodilators. On the contrary, vasodilator stress may be pre
ferred in AF and left bundle branch block, as exercise can be lim
ited by submaximal effort, and arrhythmias may complicate 
interpretation. Vasodilators do not require an increase in HR, 
minimizing LV dyssynchrony and allowing for more reliable im
aging.61 Additionally, hybrid imaging approaches, such as cal
cium scoring or computed tomograpjhy angiography (CTA) 
integrated with single photon emission computed tomography 
(SPECT)/CT or positron emission tomography (PET)/CT, may 
be considered to improve patient stratification (Figure 3).

As recommended by the 2024 ESC Guidelines on Chronic 
Coronary Syndrome,62 competitive and recreational athletes 
may also undergo stress cardiac PET imaging, which offers su
perior sensitivity for detecting myocardial perfusion abnormal
ities and viability, and, as previously discussed, provides a 
more targeted approach to reduce radiation exposure compared 
with conventional nuclear techniques.

Finally, the selection of exercise nuclear imaging protocols 
should be individualized for each athlete, taking into account 
age, the likelihood of repeated imaging over the course of their 
life and the reliability of the chosen modality for specific cardiac 
conditions. Tailoring nuclear cardiology protocols to individual 
athlete profiles, as in the study’s clinical objectives, is essential 
to ensure cardiac assessment and optimize safety.

Common clinical scenarios: putting 
theory into practice
These scenarios are intended to reflect a continuum of clinical 
presentations and exercise imaging responses, including border
line or equivocal findings, emphasizing interpretation within the 
broader clinical, electrocardiographic, and physiological context 
rather than reliance on isolated thresholds.

T-wave inversion at rest
T-wave inversion (TWI) at rest preceded by convex ST-segment 
elevation in V1–V4 is common in black/African athletes and in 
V1–V3 in children and adolescent athletes; therefore, according 
to the current recommendations, further assessment is not re
quired in this scenario if there are no symptoms, no positive fam
ily history, or no abnormal physical examination.22 Conversely, 
TWI involving the inferior and/or lateral leads, or pathological 
anterior TWI, warrants comprehensive investigation and sur
veillance to exclude an underlying cardiomyopathy, as these 
patterns may represent the earliest manifestation of SHD.22

T-wave inversion can be accompanied by LV remodelling; an ac
curate analysis of cardiac function during exercise may help dis
tinguish between an athlete’s heart and SHD, providing 
information on electrical and functional responses to this stimu
lus. Athletes demonstrate greater contractile reserve, with a lar
ger increase in stroke volume and LVEF during exercise and only 
a small increase in HR.63–66 Exercise stress echocardiography 
with STE analysis demonstrates that a <2% increase in GLS dur
ing exercise indicates limited contractile reserve, which is more 
suggestive of cardiomyopathy.67 Combined with CPET, a 
VO2max >50 mL/kg/min or >20% above the predicted value 
may help differentiate between an athlete’s heart and patho
logical hypertrophy, although some athletes with morphologic
ally mild HCM may achieve higher values.68

T-wave inversion may also raise suspicion of myocarditis. 
Resting wall motion abnormalities may be absent, and mildly re
duced LVEF can be seen even in healthy athletes, making diag
nosis challenging. Speckle-tracking echocardiography can reveal 
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subclinical myocardial dysfunction,69,70 while the presence of 
ventricular arrhythmias increases the likelihood of an inflamma
tory substrate.71 In this clinical context, CMR is the reference 
non-invasive imaging modality for confirming or excluding myo
carditis, allowing detection of myocardial oedema, active inflam
mation, and fibrosis through parametric mapping and late 
gadolinium enhancement, in accordance with contemporary 
ESC recommendations.

TWI may also indicate ischaemic heart disease, particularly 
during exercise or even at rest, particularly in master athletes, 
as a sign of ischaemic injury. Therefore, as it is described in detail 
in Section 3.2, it is crucial to exclude the possibility of CAD or 
congenital coronary anomalies.

Finally, TWI could be the first expression of arrhythmogenic 
cardiomyopathy (ACM). Exercise imaging techniques are espe
cially useful for identifying ACM at early stages, when evalu
ation at rest may not detect significant abnormalities.36 During 
exertion, healthy athletes typically show an augmentation of 
RV function, whereas a blunted response or the development 
of regional wall motion abnormalities should raise suspicion of 
cardiomyopathic processes.36 However, this observation is 
based on studies with small dataset and further researchers in 
this field are needed.

Exercise-induced repolarization 
abnormalities (in young and master athletes)
Electrocardiogram (ECG) exercise-induced ST-T segment de
pression may suggest myocardial ischaemia, most commonly 
due to CAD in master athletes or, in young athletes, to anomal
ous coronary arteries or myocardial bridging. Contemporary im
aging analysis during exercise provides information on cardiac 
function, cardiac reserve, exercise capacity, and structural 
causes of arrhythmias.7,72

In this setting, ESE can evaluate cardiac contractile LV reserve 
and the occurrence of LV dysfunction during exercise. In sus
pected acquired or congenital CAD, the focus should be on 
evaluating LV contractile reserve during exercise.73 A physio
logical response consists of a global increase in contractility, 
LVEF, and cardiac output, whereas new or worsening wall mo
tion abnormalities in ≥2 contiguous segments indicate ischae
mia; conversely, improvement of ≥1 grade in dysfunctional 
segments suggests myocardial viability.73 The global contractile 
reserve is usually defined as an increase in LVEF of >10% in pa
tients without regional resting dysfunction. Exercise stress 
echocardiography is also of great value for risk stratification, 
as patients with positive exercise ECG but negative ESE have 
a low incidence of adverse events in the medium- to long-term, 
supporting the generally good prognosis associated with normal 
ESE and its indication in cases of abnormal ECG or a doubtful 
ECG stress test.8 Furthermore, when we suspect ischaemic 
heart disease, we should consider adding the assessment of sub
clinical carotid atherosclerosis by carotid ultrasound. This evalu
ation has demonstrated that ESE increases prognostic value, 
particularly in patients without inducible ischaemia, in whom 
the absence of plaques was associated with a significant de
crease in cardiovascular event incidence, whereas their pres
ence was associated with a four-fold increase.74,75 Although 
ESE enhances the sensitivity of exercise ECG for detecting 
CAD, false-positive, and false-negative results may occur. 
Therefore, careful selection of athletes based on pre-test prob
ability, individual risk, clinical presentation, and the aim of a 
functional test is crucial for selecting the appropriate test and in
creasing sensitivity and specificity, given the availability of dif
ferent, reliable tests to detect CAD or coronary anomalies.76

The results of ESE should be interpreted within the patient’s 
clinical context, taking into account the individual cardiovascular 
risk profile. While coronary computed tomography angiography 
(CCTA) primarily provides anatomical information on coronary 
arteries, ESE offers functional insights, including LV perform
ance under stress. Therefore, the integration of these comple
mentary imaging modalities allows a more comprehensive and 
clinically meaningful assessment.

Indeed, CCTA remains the non-invasive gold-standard tech
nique for anatomical assessment, offering precise visualization 
of coronary anatomy for both congenital anomalies and athero
sclerotic lesions. While CCTA defines the structural substrate, it 
may not fully capture the functional significance of detected le
sions or microvascular abnormalities. In this context, stress myo
cardial perfusion imaging with SPECT offers a complementary 
functional perspective,62 enabling quantitative assessment of 
myocardial perfusion and inducible ischaemia, and detecting re
gional abnormalities that may not be evident on ESE. Beyond 
diagnosis, quantitative data provided by exercise nuclear im
aging support treatment decisions and refine risk stratification 
in sports cardiology.

When interpreting MPI in competitive and recreational ath
letes, sport-specific microcirculatory adaptations should be con
sidered. Endurance athletes—engaged in prolonged submaximal 
training—may show increased capillary density and more effi
cient myocardial blood flow distribution,77 whereas power ath
letes, exposed to short high-intensity bursts, may exhibit 
transient vasoconstrictive responses.77 These physiological dif
ferences can influence perfusion patterns and should be inte
grated into MPI interpretation.

Overall, while ESE remains the first-line functional test in ath
letes, SPECT provides complementary perfusion information, 
and CCTA represents the gold-standard technique for anatom
ical evaluation. A multimodality strategy offers a comprehensive 
assessment of structure, function, and perfusion, improving 
diagnostic accuracy, guiding management, and enabling perso
nalized exercise prescription.

In symptomatic athletes with angina or equivalents and a 
moderate pre-test likelihood of obstructive CAD, sequential or 
combined anatomical and functional imaging—such as CCTA 
with stress SPECT or quantitative PET—may be needed to diag
nose obstructive ischaemia or angina/ischaemia with non- 
obstructive coronary arteries and can enhance prognostic 
assessment.62

Extreme left ventricular remodelling
Some male athletes exhibit more substantial LV remodelling, 
which overlaps with HCM or dilated cardiomyopathy (DCM).78

Between 2 and 3% of white males and up to 13–18% of black 
males reveal an LV wall thickness of 13–15 mm.79,80

International clinical experience indicates that an LV wall thickness 
>15 mm should be considered a pathological finding, irrespective 
of ethnicity, as recommended by the 2023 ESC Guidelines for the 
management of cardiomyopathies.81 Furthermore, competitive 
athletes usually exhibit larger LV dimensions—due to 
training-induced remodelling—as compared to HCM patients.82

Differentiation between the two entities by echocardiography is 
reliant on parameters assessed at rest: the pattern of LV hyper
trophy, the magnitude of LV enlargement, indices of diastolic func
tion83,84 but also during exercise: concomitant dynamic LVOTO 
and LV contractile reserve. Athletes with HCM rarely exhibit sys
tolic anterior motion of the mitral valve at rest; however, an exer
cise echocardiogram may unmask both systolic anterior motion 
and LVOTO, with consequent diagnostic and risk-stratification 
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implications.85 Notably, LVOTO should not be confused with the 
eccentric mitral regurgitation (MR) jet, which can sometimes be 
difficult during exercise. Resting LV systolic function, as assessed 
by GLS, is usually preserved in patients, including those with active 
HCM. During exercise, LV contractile reserve assessed by GLS de
monstrated good accuracy in differentiating athletes with HCM 
from healthy athletes. As patients with HCM have a more limited 
response, healthy athletes show a greater increase, indicating a 
strong functional reserve.86 Furthermore, the evaluation of LV 
mechanical dispersion (defined as the standard deviation of the 
time measured from the beginning of the QRS complex to the 
peak longitudinal strain in apical four- and two-chamber views) 
in resting conditions and while exercising also has emerged as a 
good parameter for discriminating between HCM and athlete’s 
heart. In a recent study by Klaeboe et al.,87 LV mechanical disper
sion >44 ms in resting conditions was the optimal cut-off for dif
ferentiating between athletes and HCM mutation carriers (area 
under the curve 0.78, 95% CI 0.65–0.91). However, no up-to-date 
data are available to establish an accurate threshold for this param
eter when evaluated during exercise.

In contrast to the low prevalence of physiological LV hyper
trophy, a larger proportion of male athletes exhibit an LV cavity 
≥60 mm,88 occasionally associated with a concomitant, mildly de
pressed resting LV EF of 48–54%.17,89 The prevalence of an en
larged LV cavity >60 mm ranges from 14 to 50%19,78 and is most 

prominent in highly trained endurance athletes. In such cases, the 
evaluation of LV systolic function at rest by conventional tissue 
Doppler or myocardial deformation techniques may have limited 
capacity for differentiating between physiological LV enlargement 
and mild expression of DCM in fit individuals, since there is consid
erable overlap in s′ values between the two groups and athletes 
with a mildly depressed LVEF may also show low GLS.21,90

Similarly, most active individuals with DCM may have normal indi
ces of diastolic function.16 Similarly, most active individuals with 
DCM may have normal indices of diastolic function.16 In this clinical 
scenario, resting CMR provides incremental value by enabling ac
curate biventricular volumetric assessment and detection of myo
cardial fibrosis. The presence of late gadolinium enhancement 
may support the diagnosis of early DCM in young athletes and 
may help differentiate pathological remodelling from physiological 
adaptation.17

Although data are limited by small cohorts, the evaluation of 
LV contractile reserve by exercise echocardiography has de
monstrated promising results in this scenario. A study compar
ing 35 highly active individuals with DCM and 25 athletes 
with a dilated LV and mildly depressed baseline LVEF revealed 
that failure to increase the LVEF by ≥11% from baseline to 
peak exercise had a sensitivity of 77.1% and a specificity of 
96% in predicting DCM.21 Furthermore, failure to achieve a 
peak LVEF >63% had a sensitivity of 82.9% and a specificity 

Figure 3 A 62-year-old male presenting with recent onset of exertional dyspnoea and exercise-induced ventricular ectopy, referred for 
cardiovascular evaluation prior to resuming competitive cycling activity. During preliminary exercise testing, ventricular extrasystoles 
occurred at a workload of 200 W (1 min). The patient subsequently underwent exercise stress myocardial perfusion scintigraphy, achiev
ing 175 W for 1 min with a rate–pressure product of 26 520 and only sporadic premature ventricular beats at peak stress. Stress per
fusion imaging demonstrated extensive inducible ischaemia involving all three major coronary territories. These findings were 
subsequently confirmed by invasive coronary angiography, documenting multivessel coronary artery disease.
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of 92% for predicting DCM. Collectively, these two parameters 
increased the sensitivity to 86% for detecting DCM.21 Adding 
contrast when assessing ventricular function during exercise 
further enhances diagnostic accuracy by improving delineation 
of endocardial borders, particularly in athletes with suboptimal 
acoustic windows.91 Further studies in larger cohorts are re
quired to realize the full potential of myocardial reserve in differ
entiating between physiological LV enlargement with mildly 
depressed LVEF and morphologically mild DCM.

Extreme right ventricular remodelling
The RV of athletes requires specific attention because there can 
be significant overlap between a healthy and diseased RV, par
ticularly among those undergoing the highest volumes of in
tense endurance exercise training. Marked RV dilation is 
common in elite endurance athletes, and, although remodelling 
associated with ‘athlete’s heart’ is symmetrical mainly, there is a 
slight increase in the RV:LV ratio that should be seen as part of 
the normal spectrum of athletic conditioning.92,93 Similarly, 
slight reductions in RV strain, fractional area change, and EF 
are common in ostensibly healthy athletes and need to be care
fully differentiated from disease.17,94

In the athlete with marked remodelling of the RV, exercise can 
be an invaluable tool to assist in differentiating between health 
and disease. When considering athletic remodelling, the main 
differential diagnoses are ACM, DCM, and an intracardiac shunt, 
such as an atrial septal defect (ASD). Although exercise RV im
aging can be abnormal in patients with ASD,95,96 this is rarely 
an indication for exercise imaging and is best evaluated with 
resting imaging, including transoesophageal echocardiography.

The rationale for using exercise RV imaging to differentiate 
between athletic remodelling and cardiomyopathy is based on 
the observation that subtle RV dysfunction may become pro
nounced during severe, prolonged exercise and remain so for 
more than 24 h.36 Furthermore, the process of exercising the 
athlete under observation provides an opportunity to assess 
the incidence and pattern of arrhythmias. Exercise imaging can 
be achieved with echocardiography or cardiac CMR (which 
will be described in more detail later). Exercise stress echocardi
ography has demonstrated utility in identifying pathological at
tenuations in contractile augmentation.95,96 It has been 
established that although resting function may be low-normal 
or mildly reduced in healthy endurance athletes, it normalizes 
with exercise when measured as either fractional area change 
or longitudinal strain.94 Conversely, in athletes with pathology 
(RV arrhythmias and/or cardiomyopathy), there may be a slight 
increase, or even a paradoxical decrement, in these mea
sures.95,96 All studies to date that have assessed contractile re
serve in athletes have used semi-supine bicycle ergometry to 
acquire real-time imaging during exercise at each stage of stress. 
Formal quantification of RV measures is recommended accord
ing to the guidelines on the clinical use of stress echocardiog
raphy in non-ischaemic heart disease from the ASE, and as 
advised by international experts40,95,96 (with care taken to maxi
mize the RV dimensions), but sometimes, the failure of augmen
tation is profound and can be readily identified with a qualitative 
appraisal.

Atrial remodelling
The atria of well-trained athletes are enlarged and have slightly 
decreased reservoir and contractile functions but reduced stiff
ness in resting conditions.51 Atria serve as reservoirs for filling 
the ventricles, and these physiological adaptations enable ath
letes’ atria to accommodate the massive increase in stroke 

volume during high-intensity aerobic exercise. While the en
largement of the atria supposes an enhanced volume reserve, 
the slight decrease in atrial function at rest supposes a greater 
margin for atrial function to rise during exercise; in other words, 
it supposes an enhanced atrial contractile reserve.97 Recent data 
in elite athletic populations further support this concept, dem
onstrating that left and right atrial reservoir, conduit, and con
tractile strain assessed by STE are closely related to the extent 
of LV remodelling, to cardiorespiratory fitness and vary accord
ing to sex and sporting discipline.98

Atrial strain in resting conditions has been demonstrated to be 
a predictor of the occurrence of AF in different clinical scenarios, 
such as hypertension99 or HCM.100 In addition, atrial function at 
rest has been shown to predict exercise capacity in patients with 
heart failure.101,102 Recently, evaluation of atrial functional re
serve has emerged as a promising marker for early detection 
of atrial cardiomyopathy. In the general population, an impaired 
LA functional reserve could distinguish individuals with paroxys
mal AF from healthy individuals, even when the atria were not 
yet enlarged.103 Furthermore, an impaired LA functional reserve 
was associated with a greater risk of cardiovascular events in 
DCM patients.104 In addition, a limited RA reservoir and con
tractile reserve were associated with poor cardiac output and 
depressed exercise capacity in heart failure with preserved 
EF,105 while impaired LA reserve was identified as an early 
sign of transition from the asymptomatic phase to overt heart 
failure with preserved EF.102 In the athlete’s clinical scenario, a 
recent study in master athletes confirmed what had already 
been shown in the general population: an impaired LA functional 
reserve might be an early predictor of paroxysmal AF.106

Mild-to-moderate valvular heart disease
Mitral valve
Competitive and recreational athletes with moderate-to-severe or 
severe primary MR3,107 may refer to themselves as ‘asymptomat
ic’, so the use of ESE is helpful to unmask reduced functional cap
acity, a considerable increase in systolic pulmonary artery pressure 
(sPAP), changes in mitral regurgitant volume and the occurrence of 
symptoms during exercise. The latter and the baseline effective 
orifice area are independent predictors of symptoms at rest at 2 
years.108 Moreover, an early increase in sPAP during exercise 
(>15 mmHg at the first exercise stage) was independently asso
ciated with an increased risk of cardiovascular events at 3-year 
follow-up.109 The indication for surgery in asymptomatic indivi
duals with severe MR is based on the presence of LV dysfunction 
(LVEF ≤60%) and significant LV dilation (LV end-systolic diameter 
≥40 mm); however, lifelong endurance athletes can exhibit 
marked exercise-induced LV remodelling and overlap with these 
parameters.110,111 Therefore, ESE helps demonstrate a normal in
crease in LVEF at peak exercise and identifies a specific subset of 
asymptomatic but high-risk athletes who will benefit from early 
surgery, as well as those with discordance between symptoms 
and MR grade.

In addition, after a successful mitral valve repair and in com
petitive and recreational athletes with significant MR but with
out indications for surgery, ESE provides useful information 
for exercise prescription and sports eligibility, including biventri
cular contractile reserve, valvular gradients, regurgitations, pul
monary artery pressure, and diastolic function.8,112 The 
evaluation of diastolic function during exercise is challenging 
after mitral repair surgery, as Doppler parameters may be af
fected by the procedure and the presence of a prosthetic mater
ial. In fact, after surgical implantation of a ring or a prosthetic 
valve, mitral E velocity increases and e′ velocity decreases, 
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increasing the ratio between these parameters even when LA 
pressure is within normal limits. In this clinical scenario, addition
al parameters should be assessed; specifically, the ratio of the 
isovolumetric relaxation time to the time interval between the 
onset of E velocity and e′ velocity can successfully track changes 
in mean pulmonary capillary wedge pressure.113

The role of ESE in mitral stenosis is limited to evaluating the 
rise in the mean transmitral gradient and sPAP when there is a 
discrepancy between those parameters at rest and the referred 
symptoms.

Mitral valve prolapse is a relatively common condition found in 
athletes, and its characterization is crucial for appropriate clinical 
and sports management, given its role as a cause of sudden cardiac 
death.114 Resting echocardiography is important for preliminary 
risk stratification, including the evaluation of the presence of mitral 
annular disjunction. Similar to other valvular heart anomalies, ESE 
plays a crucial role in evaluating, in a single test, functional cap
acity, supraventricular and ventricular arrhythmias during exercise, 
LV contractile reserve and LV function during exercise, mitral valve 
function, and sPAP during exercise.113

In selected cases, transoesophageal echocardiography and 
cardiac CMR are indicated to further refine risk stratification 
and define the appropriate surgical indication.

Aortic valve
Aortic valve disease is common in the general population and is 
usually an age-related degenerative process predominantly affect
ing individuals in their 5th decade and onwards. However, there is 
a pertinent population of younger individuals with bicuspid aortic 
valve disease, presenting 1–2%, who are asymptomatic and aspire 
to participate in competitive sports.115 There is a theoretical pos
sibility that intensive exercise may accelerate valvular dysfunction 
with an increased preload, stroke volume, and afterload and cause 
compensatory hypertrophy, myocardial ischaemia, pulmonary 
hypertension, and arrhythmias.116 Current ongoing studies are fo
cused on addressing these challenging questions.117–119 Exercise 
stress echocardiography is recommended in specific cases to as
sess the severity of the valve defect, according to the guidelines 
on clinical use of stress echocardiography by the ASE, the 2020 
ESC guidelines on sports cardiology and exercise in patients 
with cardiovascular disease, and the 2021 ESC/EACTS guidelines 
for the management of valvular heart disease.7,40,110 Exercise 
stress echocardiography has emerged as the tool to unmask ‘pseu
doasymptomatic’ athletes with aortic stenosis (those without self- 
reporting symptoms).6 Exercise stress echocardiography is par
ticularly important for assessing the haemodynamic response in 
moderate and severe aortic (bicuspid) stenosis as a guide to exer
cise prescription and to identify pseudosevere aortic stenosis or 
true severe aortic stenosis.110 An increase in mean aortic valve 
pressure gradient >18–20 mmHg was associated with an in
creased risk of cardiac-related events in severe aortic stenosis. A 
decrease in LVEF during exercise to <50% and the development 
of exercise-induced pulmonary hypertension >50 mmHg may be 
helpful for risk stratification of asymptomatic competitive and rec
reational athletes with severe aortic stenosis.

During the test, it is important to monitor blood pressure and 
ECG: indeed, a progressive drop in systolic blood pressure with 
exercise, or failure to increase systolic blood pressure by at least 
20 mmHg, identifies individuals at higher risk, as does the pres
ence of exercise-induced sustained/non-sustained ventricular 
tachycardia.110 Data on the role of ESE in asymptomatic severe 
aortic regurgitation are still scarce, but ESE is recommended ac
cording to the guidelines on clinical use of stress echocardiog
raphy by the ASE2 for the evaluation of symptoms, LV 

function, and sPAP120 and future, large-scale studies are needed 
to fully validate ESE in the setting of aortic valve diseases and 
particularly in the complex analysis of the haemodynamic re
sponse in athletes.

Pulmonary and tricuspid valve
Pulmonary stenosis, if mild or treated successfully, does not 
cause significant exercise impairment, and young patients 
have normal exercise capacity and can confidently engage in 
physical activity.121,122 Follow-up of athlete patients with trea
ted pulmonary stenosis should include ESE to assess residual 
pulmonary valve gradient, RV function, and RV systolic pressure 
during exercise. In complex pulmonary outflow pathology, such 
as Tetralogy of Fallot, exercise echocardiography is equally help
ful for estimating peak pulmonary outflow, RV pressure gradi
ents, and RV function.123 Mild isolated pulmonary 
regurgitation at rest is common in healthy athletes and repre
sents a non-pathological condition. Likewise, in patients with 
pulmonary valve pathology, even if pulmonary regurgitation is 
moderate or severe at rest, it can decrease during exercise 
and, in these cases, should not prompt treatment or exercise re
striction.124 Exercise imaging of the tricuspid valve is indicated 
to assess RV pressures during exercise, which is a predictor of 
performance and RV function but also to predict outcomes in 
athlete patients with tricuspid dysplasia or Ebstein’s anomaly, 
where exercise tolerance is significantly reduced, and decline 
of exercise performance correlates with progression of dis
ease.125 Exercise stress echocardiography plays a significant 
role in identifying the pathophysiology of raised RV pressures 
and pulmonary arterial hypertension. In particular, it can aid in 
the detection and risk stratification of mild pulomnary arterial 
hypertension (PAH) and help unmask exercise-related symp
toms and differentiate between physiology and pathophysi
ology.126 Where available, ESE should, therefore, be part of 
the regular functional assessment in athletes with congenital 
pathologies of the RV and RV outflow tract.127

Exercise-related pre-syncope or syncope in 
athletes
Syncope involves a transient, complete loss of consciousness 
followed by spontaneous recovery. Syncope in competitive 
and recreational athletes can be broadly categorized into neur
ally mediated (vasovagal) syncope and cardiogenic syncope, 
which is suggestive of underlying cardiac disease. Neurally 
mediated syncope or pre-syncope carries a benign prognosis, 
occurs following cessation of exercise and is commonly ob
served after endurance events when athletes are unable to 
stand or walk unaided.128 Patients with neurally mediated syn
cope typically experience a brief prodromal period with warning 
symptoms such as light-headedness, nausea, diaphoresis, and 
tunnel vision.

Syncope that occurs abruptly during exercise and without warn
ing symptoms is an ominous sign, requiring a comprehensive evalu
ation to exclude conditions associated with sudden cardiac arrest, 
including cardiomyopathies, coronary artery anomalies, and ion 
channel disorders (such as long QT syndrome or catecholaminergic 
polymorphic ventricular tachycardia).129–132

In particular, coronary artery anomalies are a leading cause of 
sudden cardiac arrest in adolescent athletes and must be ex
cluded in young athletes presenting with exertional syncope 
or chest pain.114,133

All competitive and recreational athletes with syncope should 
have a medical history, physical exam, and a resting 12-lead 
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ECG.134,135 If the history is typical of neurally mediated syncope, 
a normal physical exam and ECG, further testing is generally not 
indicated.135 In the evaluation of athletes with syncope during 
exercise, transthoracic echocardiography is recommended as 
the initial imaging test to evaluate for coronary artery anomalies, 
cardiomyopathies and obstructive valvular and LVOTO accord
ing to the recommendations on the use of multimodality cardio
vascular imaging in young adult competitive athletes by the ASE, 
the HRS expert consensus statement on arrhythmias in the ath
lete, and international experts.134,136,137 In athletes with 
exercise-related syncope, ESE may also unmask LVOTO, signifi
cant valvular pathology, and exercise-induced ventricular ar
rhythmias not evident on a resting ECG or standard 
echocardiography and may reproduce the symptoms if they 
are related to exercise. Figure 4 reports the utility of ESE in a 
case of an athlete with pre-syncope. Additional cardiac CMR 
or cardiac tomography may be needed to exclude coronary 
anomalies and myocardial diseases.136

Special considerations on advanced 
and combined functional testing
Pharmacologic stress echocardiography
Dobutamine stress echocardiography (DSE) and ESE (treadmill or 
bicycle) are both diagnostic tools employed to evaluate cardiac 
function and identify stress-induced abnormalities. While exercise 
is generally considered the primary choice due to its physiological 
relevance, particularly in competitive athletes, the selection be
tween these stress tests depends on individual athlete characteris
tics and clinical objectives, necessitating a balance between 
controlled stress and physiological accuracy. Dobutamine stress 
echocardiography does not faithfully replicate the intricate 
haemodynamic and neurohormonal changes induced by exercise, 
encompassing psychological motivation and responses from vari
ous bodily systems, including the central and peripheral nervous 
systems, the lungs, the pulmonary circulation, the myocardium, 
the valves, the coronary circulation, the peripheral circulation, 
and skeletal muscle. During both ESE and DSE, a generalized in
crease in regional wall motion and thickening is typically observed, 
accompanied by an increment in LVEF, primarily attributed to re
duced systolic dimensions. While exercise naturally triggers a sub
stantial increase in HR (two- to three-fold), contractility (three- to 
four-fold), and systolic blood pressure (by 50%), DSE, via dobuta
mine’s action on beta-1 adrenergic receptors, markedly elevates 
HR (two- to three-fold), end-diastolic volume (1.2-fold), and systol
ic arterial pressure (1.5- to two-fold). This contributes significantly 
to heightened myocardial oxygen consumption. In the context of 
ESE, and more generally of exercise testing, it is extremely import
ant to reach the maximal effort.138 Notably, during ESE, the dur
ation of exercise and maximum workload, along with the 
achieved HR, tend to be slightly lower in the supine position, pri
marily due to the development of leg fatigue at an earlier stage 
of exercise.139 Moreover, for a given level of stress in the supine 
position, the end-diastolic volume and mean arterial blood pres
sure are higher. These differences contribute to elevated wall 
stress and an associated increase in myocardial oxygen demand 
compared with an upright bicycle test.

Notably, DSE is the most widely available and used method 
for assessing viable myocardium and, at low doses, is also 
used to evaluate individuals with low-flow, low-gradient aortic 
stenosis.73

Dipyridamole is another stressor used for stress echocardiog
raphy.73 While dobutamine stimulates adrenoreceptors, 

dipyridamole (which accumulates endogenous adenosine) sti
mulates adenosine receptors. Therefore, they induce ischaemia 
through different haemodynamic mechanisms: dobutamine pri
marily increases myocardial oxygen demand and dipyridamole 
(or adenosine) mainly decreases subendocardial flow supply. 
Although exercise, high-dose dobutamine and high-dose dipyr
idamole have similar accuracies and sensitivities,73 ESE is usually 
preferred in competitive athletes, with dobutamine used as an 
alternative.

Therefore, when possible, in competitive athletes and particu
larly in young individuals, ESE should be preferred over DSE, 
which increases myocardial oxygen demand similarly to exer
cise, and is used when ESE is not performed. The need for a 
stable acoustic window in master athletes with an intermediate 
likelihood of CAD, in the absence of contraindications to dobu
tamine, may justify selecting this type of stressor in these ath
letes. Notably, submaximal (physical or pharmacological) 
stresses have suboptimal diagnostic value.

Cardiopulmonary exercise test imaging
Cardiopulmonary exercise test with exercise imaging has 
emerged as a crucial test for assessing exercise physiology and 
its insights.140 It allows a thorough and reproducible assessment 
of exercise integrative physiology, exploring the determinants of 
maximal exercise performance involving the pulmonary, cardio
vascular, muscular, and cellular oxidative systems.140

Analysis of physiological response to exercise
Exercise is, by definition, the best physiological modelling of O2 
transport from air to mitochondria.140 The haemodynamic re
sponse to the progressive O2 muscular demand is warranted 
by the Fick principle, which states that VO2 = CO × [CaO2– 
CvO2], where CO is cardiac output [stroke volume × heart 
rate], and [CaO2–CvO2] represent arterial and venous oxygen 
content, respectively, and their difference reflects the amount 
of oxygen extracted by peripheral tissues. O2 utilization de
pends on delivery and extraction. The athlete is an example of 
the synchrony and harmonization between the organ systems 
involved in O2 uptake. The optimal O2 delivery depends on a 
set of fine biological interactions between the components of 
the O2 transport chain, which requires oxygenation of the blood 
in the lung (alveolar diffusion), normal O2-carrying capacity of 
the blood by CO and Hb concentration yielding to working mus
cles flow redistribution (delivery or convection) and adequate O2 
release, diffusion from capillaries to cells, to finalize tissue ex
traction. The single contribution of each component of Fick’s 
equation determinants to VO2 changes is ∼1.2-, 2.5-, and 
2.5-fold for stroke volume, heart rate, and CaO2–CvO2, respect
ively.141 Healthy adults can increase VO2 up to six-fold during 
exercise at a rate of ≈6 mL/min CO increase needed for every 
1 mL/min increase in VO2.142 Mechanisms that regulate CO re
serve to maintain this 6:1 relationship are not well understood, 
but CO is normally well maintained in this range, even when sys
temic blood flow is acutely challenged. Measuring peak VO2 
and, especially, the percentage predicted, normalized to age-, 
sex-, and weight-based normative values, is the gold standard 
for objectively assessing functional capacity and its correlates 
in health and disease.140

The role of cardiopulmonary exercise test imaging for exercise 
prescription
Cardiopulmonary exercise test is a valuable method for distin
guishing between physiological adaptation to exercise training 
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and superimposed pathophysiological findings in competitive 
and recreational athletes, particularly when combined with 
stress imaging techniques, e.g. echocardiography or cardiac 
CMR. In this context, CPET has the advantage of providing con
tributory information on gas exchange and imaging techniques 
to implement knowledge of the haemodynamic response by as
sessing the progressive cardiac and circulatory coupling during 
physical performance.

The applications of CPET imaging have been proposed in sev
eral settings, especially in heart failure diagnostics and patho
physiology, as this may relate cardiac function to clearly 
defined CPET exercise references, e.g. pre-test, ventilatory 
thresholds (VT1 and VT2) and maximal exercise (VO2peak or 

VO2max).143,144 The experience and data combining both meth
ods in athletes with and without cardiopulmonary disease are 
still rare, and it seems quite early to include the simultaneous ap
plication into routine diagnostic recommendations. However, 
CPET and ESE, when performed separately, can significantly 
yield individual information for exercise prescription regarding 
upper limits of endurance exercise intensities and exercise pre
scriptions according to VTs,145,146 particularly in patients under 
beta-blocker therapy. Both methods, when combined, retrieve 
information from ECG recordings on exercise-induced arrhyth
mias, blood pressure during increased exercise, O2-diffusion 
capacity, potential deterioration of myocardial and valvular func
tion, LVOTO in HCM patients,147 or changes in pulmonary 

Figure 4 Clinical case example illustrating the incremental diagnostic value of exercise stress echocardiography in an athlete with ex
ertional pre-syncope due to a subaortic membrane: exercise stress echocardiography was performed in an adolescent basketball player 
who complained of dizziness while performing intense aerobic exercise. The resting 2D echocardiography showed mild left ventricular 
hypertrophy (interventricular septum and posterior wall were 12 mm) with a relatively low LV cavity (LV end-diastolic diameter was 
42 mm). The Doppler evaluation revealed mild aortic regurgitation (A) and aliasing immediately before the aortic valve, suggesting a sub
aortic membrane (B). During exercise, stress echocardiography demonstrated a progressive increase in the subaortic gradient, associated 
with the development of a dynamic component of the left ventricular outflow tract obstruction (C–E), reproducing the patient’s symp
toms. Surgical resection of the subaortic membrane and localized septal myomectomy were subsequently performed. Post-operative 
imaging demonstrated complete resolution of the colour Doppler aliasing and mild aortic regurgitation, confirming the haemodynamic 
significance of the subaortic obstruction identified during exercise stress echocardiography. (F and G) Comparative preoperative and 
postoperative images, respectively.
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pressures during exercise. Accordingly, by applying CPET and 
exercise echocardiography, exercise intensities for endurance 
training can be prescribed to achieve maximal peripheral stress 
while simultaneously sparing myocardial strain and avoiding de
terioration of exercise-aggravated pathology. Different methods 
have been described for conducting this examination, including 
supine, recumbent, and upright cycling, and, in selected cases, 
even treadmill.28 Notably, it is important to select the most ap
propriate methods, as different techniques have been shown 
to yield distinct VO2peak and VTs, each with a corresponding 
HR. Moreover, they are associated with differences in the car
diac response to exercise (e.g. different LVOT gradients in 
HCM patients).1 This is particularly important when the indica
tion for CPET imaging is exercise prescription (see Figure 5).

Exercise cardiac magnetic resonance
Exercise CMR is emerging as a promising tool for evaluating cardiac 
volumes during exercise.148 Although pharmacological stress may 
be more convenient in terms of imaging quality, it does not elicit 
the same neurohormonal and haemodynamic changes as physical 
exercise and carries a higher risk of adverse events.149 However, 
we must consider that using exercise as a stressor in CMR intro
duces inherent technical challenges during acquisition and post- 
processing.148 Firstly, cycling within the narrow CMR bore requires 
careful positioning and image planning to avoid knee collisions. Also, 
the increased physical and respiratory motion can result in artefacts 
and imaging away from the initially planned slice location. Finally, 

accurate ECG monitoring is not feasible within the CMR bore be
cause the signal is significantly distorted by magnetohydrodynamic 
effects, with implications for ECG gating and safety monitoring. 
Issues with ECG gating can be overcome by using real-time imaging 
sequences that enable cardiac imaging without ECG gating and dur
ing free breathing.150 It should be acknowledged that ventricular vo
lumes assessed during exercise may differ according to the imaging 
modality used. While exercise CMR provides a highly accurate volu
metric assessment, exercise echocardiography allows real-time 
evaluation of haemodynamics and myocardial performance. At pre
sent, modality-specific reference values for ventricular volumes dur
ing exercise are limited, and interpretation should therefore 
prioritize internal consistency and relative changes from rest within 
the same technique.149

Given these technical constraints, achieving true peak exer
cise within the CMR environment is often not feasible, particu
larly due to respiratory motion and spatial limitations within the 
scanner bore. Importantly, recent evidence indicates that clinic
ally meaningful information on ventricular volumes and con
tractile reserve can be obtained during low- to 
moderate-intensity, symptom-limited exercise, without the 
need to reach maximal HR.151 Accordingly, exercise cardiac 
CMR should be considered a physiology-guided assessment ra
ther than a maximal stress test, with exercise intensity tailored 
to optimize image quality, symptom reproduction, and haemo
dynamic insight rather than predefined HR targets.

Exercise cardiac CMR offers higher accuracy for assessing 
left, particularly RV, volume changes during exercise compared 

Figure 5 Use of combined cardiopulmonary exercise testing and exercise echocardiography for exercise prescription in a patient with 
hypertrophic cardiomyopathy. This test provides relevant information, including VO2peak, ventilatory thresholds, and dynamic gradients 
during exercise.
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Figure 6 (A and B) Clinical advice for the use of exercise imaging techniques in athletes. ESE, exercise stress echocardiography; HCM, 
hypertrophic cardiomyopathy; LVOTO, left ventricular outflow tract obstruction; LV, left ventricular; DCM, dilated cardiomyopathy; EF, 
ejection fraction; RV, right ventricular; LA, left atrium; CPET, cardiopulmonary exercise testing; CMR, cardiac magnetic resonance.
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to echocardiography; however, analysing volumes and derived 
measures such as stroke volume and EF remains laborious and 
requires manual contouring and compensation for respiratory 
motion.139 Future developments in artificial intelligence may 
overcome this limitation. The magnitude of physiological adap
tation to supine exercise in the CMR bore depends on the 
type of exercise used: bicycle ergometer, stepper-stress, or 
post-exercise imaging. Irrespective of the exercise modality, 
stroke volume, and EF are expected to increase during exercise 
due to progressive reductions in end-systolic volume, with no 
change in end-diastolic volume. In well-trained athletes, EF 
typically increases by more than 10% during exercise, whereas 
individuals with underlying cardiomyopathy exhibit an attenu
ated increase in EF.25

Due to its superior accuracy in assessing the right ventricle, ex
ercise cardiac CMR could benefit the evaluation of congenital 
heart disease,150 pulmonary hypertension, or when right heart 
pathology is suspected in athletic individuals (e.g. ACM).152 In 
the context of left-sided disease, exercise-cardiac CMR has shown 
promising results in evaluating patients with CAD. However, ESE 
is the preferred technique for evaluating valvular heart disease, 
with superior ability to assess haemodynamics (e.g. pulmonary 
and arterial pressures, tissue Doppler imaging, and regurgitation 
jets) during exercise.149 Currently, the use and dissemination of 
exercise cardiac CMR is challenged by the need for a 
CMR-compatible ergometer, the lack of standardized protocols 
and cumbersome offline analysis. Future technical development 
and artificial intelligence could help simplify this test, which can 
be considered a downstream modality for specific indications, 
mainly when volumetric assessment is of primary importance.

Clinical advice for the use of exercise imaging techniques in ath
letes is summarized in Figure 6A and B, while the clinical application 
and parameters to be evaluated for ESE in athletes for pre- 
participation screening and exercise prescriptions are reported in 
Figure 7.

Conclusions and future perspectives
Stress imaging techniques have emerged as reliable, comprehen
sive tests to obtain diagnostic and prognostic information in com
petitive and recreational athletes with suspected or established 
cardiovascular disease, providing information that complements 
resting and anatomical evaluations. Exercise stress echocardiog
raphy is currently the most widely available and clinically applic
able modality. Advanced functional approaches, including CPET 
imaging and stress CMR may offer complementary information 
in selected clinical scenarios, further enhancing the understanding 
of cardiovascular responses to exercise (Graphical Abstract).

This document emphasizes the need for future research to fo
cus on the standardization and validation of exercise imaging 
protocols specific to athletic populations. In addition, it under
scores the need for large prospective studies to define normal 
reference values during exercise across sex, age, ethnicity, and 
sports discipline as well as to clarify the prognostic implications 
of exercise-derived functional parameters. Finally, it encourages 
the application of technological advances, particularly artificial 
intelligence-assisted image acquisition and analysis for enhan
cing feasibility, reproducibility, and broader clinical adoption of 
exercise imaging techniques in clinical practice.

Figure 7 Clinical application and parameters to be evaluated for exercise stress echocardiography in athletes for pre-participation 
screening and exercise prescriptions. ESE, exercise stress echocardiography; PPS, pre-participation screening; ExP, exercise prescrip
tion; SHD, structural heart disease; MR, mitral regurgitation; LV, left ventricular; RV, right ventricular; sPAP, systolic pulmonary artery 
pressure; CPET, cardiopulmonary exercise testing; WMA, wall motion abnormalities.
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