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Abstract

Background: The electrocardiogram (ECG) screening in athletes is essential due to the unique cardiac adaptations induced by intensive
training. However, differentiating between physiological adaptations and pathological abnormalities remains a significant challenge,
particularly when considering variations across different sports, ages, and genders. Methods: A systematic review of observational
studies published between 2015 and 2025 was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. Data were extracted from 20 studies examining ECG changes in athletes across endurance, strength, and
mixed sports, encompassing both adolescent and adult populations. Results: Commonly observed ECG changes included increased QRS
amplitude, T-wave inversions, and sinus bradycardia, particularly in endurance athletes, while strength-based athletes frequently exhibited
left ventricular hypertrophy. Male athletes showed higher QRS voltages, longer QRS durations, and higher PR intervals, whereas female
athletes demonstrated elevated resting heart rates and prolonged corrected QT interval (QTc) intervals. Adolescents who engaged in
regular sports displayed fewer abnormal ECG findings than adults; however, high-intensity training in adolescent athletes was associated
with right atrial enlargement and increased P-wave duration. Detraining effectively reversed certain ECG changes, including prolonged
QT intervals and T-wave abnormalities, though these changes often reappeared upon resumption of intense training. Notably, de novo
ECG abnormalities, such as T-wave inversions and ST-segment depression, were identified in athletes with post-COVID-19 infections.
This review also highlights the financial burden of widespread ECG screening, but reinforces the importance of ECG screening in
preventing sudden cardiac death (SCD) through comprehensive cardiac evaluations. Conclusion: This review emphasizes the complexity
of ECG interpretation in athletes, highlighting sport-specific, gender-based, and age-related variations. The persistent high false-positive
rates underscore the need for refined, sport-specific ECG guidelines. Recent recognition of sports medicine as a primary specialty
within the European Union (EU) reinforces the importance of comprehensive physician training. Integrating artificial intelligence (Al)
technology into ECG screening can enhance diagnostic accuracy, reduce costs, and facilitate large-scale implementation. Meanwhile,
collaborative efforts among clinicians, researchers, and policymakers are essential to developing cost-effective and standardized ECG
screening protocols, ensuring improved athlete care, and advancing the field of sports cardiology.
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1. Introduction ECG screening in the context of sports medicine, aligning
with European standards for athlete health assessments. In-
terpreting ECG among athletes presents unique challenges

' one ) due to physiological adaptations resulting from intensive
and management of cardiac pathologies, including myocar- training [3,4]. Sports and Exercise Medicine (SEM) is a
dial infarction, congestive heart failure, and arrhythmias

[1]. The ECG’s utility extends beyond pathological diag-
nosis; it is also employed in evaluating healthy individu-

The electrocardiogram (ECG) is an indispensable tool
in cardiology, serving as a cornerstone in the diagnosis

multidisciplinary specialty supporting athlete performance
while ensuring health through regular PPE and medical
monitoring, as highlighted by the European Federation of
als during fitness assessments, pre-employment screenings, Sports Medicine Associations (EFSMA) through the Sci-
and before participation in sports events. Pre-participation entific and Educational Commission. ECG screening is a
medical evaluation (PPE) for elite athletes is crucial, as  ritical component of PPE, especially in Europe where it
highlighted in recent research [2], which emphasizes the s srongly recommended, despite debates about its neces-
role PPE in ensuring safe participation in sports, detecting sity in all athletes [2]. SEM professionals aim to detect

potential complications early, and facilitating personalized life-threatening complications, optimize performance, and
medical monitoring. This underscores the significance of
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guide training and recovery strategies, further reinforcing
the significance of ECG in SEM. Advances in digital ECG
interpretation have enhanced accuracy, making it more re-
liable than traditional visual analysis alone [5].

Athletes frequently exhibit specific ECG alterations,
including increased QRS voltage, early repolarization pat-
terns, and sinus bradycardia. These findings are attributed
to cardiac anatomical and physiological changes, such as
cardiac enlargement and heightened vagal tone mediated
by the vagus nerve [6]. In moderate cases, these adapta-
tions may result in left ventricular hypertrophy (LVH), ev-
ident through increased QRS amplitude and T-wave inver-
sions on the ECG [7,8]. Severe cases may progress to hy-
pertrophic cardiomyopathy (HCM), a condition associated
with significant clinical complications [9].

Differentiating between physiological adaptations and
pathological abnormalities is critical in clinical practice.
Physicians must balance avoiding unnecessary interven-
tions with detecting insidious cardiac pathologies that may
predispose athletes to sudden cardiac death (SCD) [10].
The International Criteria for Electrocardiographic Inter-
pretation in Athletes, established by Drezner et al. [11],
provides updated consensus standards to aid physicians in
recognizing normal athletic adaptations versus pathologi-
cal findings, enhancing the accuracy of athlete ECG assess-
ments, and supporting sport-specific cardiac evaluations.
Additionally, Ragazzoni et al. [12] highlighted the need for
specific ECG interpretation guidelines in pediatric athletes,
proposing an algorithm that helps differentiate normal, bor-
derline, and abnormal findings, thereby enhancing early di-
agnosis and management of potential cardiac conditions.

This review aimed to explore recent advances and
address new questions in the field: What novel insights
have emerged in the past decade regarding ECG changes
in athletes across different sports? How do contempo-
rary studies differentiate ECG patterns in adolescents ver-
sus adults? Has recent research clarified the influence of
sports categories (endurance, strength, mixed) on ECG out-
comes? New findings have also highlighted emerging fac-
tors such as gender-based variations, training intensity ef-
fects, and post-coronavirus disease 2019 (COVID-19) car-
diac changes, reflecting the evolving understanding of ath-
letic cardiac adaptations in recent years.

The objectives of this review are to critically analyze
recent literature regarding ECG findings in athletes. It em-
phasizes the importance of periodic reviews to refine and
enhance interpretation guidelines. By synthesizing contem-
porary data, this review aims to highlight the evolving chal-
lenges and advancements in distinguishing physiological
adaptations from pathological findings, thereby supporting
the development of accurate and sport-specific ECG inter-
pretation standards.

2. Literature Review
2.1 Methodology

This systematic review employed the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines to ensure a transparent and replica-
ble methodology. The objective was to collect and evalu-
ate peer-reviewed studies published between 2015 and 2025
that investigated ECG changes in athletes across various
sports. Inclusion criteria encompassed observational stud-
ies focusing on endurance, strength, and mixed sports in
adolescent and adult athletes. Studies not reporting ECG
findings, involving athletes with cardiac comorbidities, or
classified as editorials, commentaries, or review papers
were excluded.

PubMed/Medline was used as the primary electronic
database for article retrieval. Other databases included
Cochrane Reviews, PEDro, and the Google Scholar search
engine. The search itself involved the use of a combination
of Medical Subject Headings (MeSH) terms and/or key-
words in the Title and abstracts, that were related to ECG,
athletes, and sport types. The search strategy is presented
in Table 1 while the PubMed search outcomes can be seen
in Appendix Table 4.

Duplicates were removed using Zotero. Two review-
ers independently screened the titles and abstracts, with a
third reviewer consulted to resolve any discrepancies. Data
extraction included information on athlete demographics,
sport type, training level, and ECG findings, organized in
Microsoft Excel. The quality of the study was assessed us-
ing the Newcastle-Ottawa Scale, without consideration of
a bias risk. Since the data was publicly available, ethical
approval was not required.

2.2 Results

From all 20 studies [13—32] found, we noticed recur-
rent themes (Fig. 1). These included common ECG changes

Table 1. Search strategy keywords.

Search # Search term

#1 electrocardiography [MeSH Terms]
#2 athletes [MeSH Terms]

#3 sports [MeSH Terms]

#4 endurance sports [Title/Abstract]
#5 strength sports [Title/Abstract]
#6 mixed sports [Title/Abstract]

#7 ECG changes [Title/Abstract]
#8 screening [Title/Abstract]

#9 #1 AND #2

#10 #1 AND #3

#11 #1 AND #4 OR #5 OR #6
#12 #1 AND #2 AND #7

#13 #1 AND #2 AND #8
MeSH, Medical Subject Headings; ECG, electro-
cardiogram.
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Studies from databases/registers (n = 152)
PubMed (n = 84)
Embase (n =12)
ICTRP (n = 35)
CT.gov (n=21)
Cochrane Library (n = 0)
PEDro (n=0)

References from other sources (n =0)
Citation searching (n = 0)
Grey literature (n = 0)

Identification

References removed (n = 68)
Marked as ineligible by automation tools (n = 68)

Y

Studies screened (n = 84)

| Studies excluded (n = 28)
Wrong study design (n = 28)

v

Studies sought for retrieval (n = 56)

2| Studies not retrieved (n = 0)

v

Studies assessed for eligibility (n = 56)

Screening

A4

A4

Studies excluded (n = 36)
Wrong outcomes (n = 36)
Wrong indication (n = 0)
No reportable data items (n = 0)

Studies included in review (n = 20)

Fig. 1. PRISMA flowchart. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PubMed, Pub-
lic/Publisher MEDLINE; Embase, Excerpta Medica Database; ICTRP, International Clinical Trials Registry Platform; CT.gov, Clin-

icalTrials.gov; PEDro, Physiotherapy Evidence Database.

along with their reversibility, consistent gender, and age
differences in ECG findings, sports-specific adaptations, as
well as risk factors.

The common ECG changes noted included QRS am-
plitude and T-wave inversions (TWI) which were often as-
sociated with left ventricular hypertrophy. Sinus bradycar-

&% IMR Press

dia was consistently reported in most athletes. In endurance
athletes, early repolarization patterns were frequently ob-
served. Most interestingly certain studies reported prolon-
gation of QT interval, but this was reversed following ‘de-
training’ (Table 2, Ref. [13-32]).


https://www.imrpress.com

Amongst the gender and age differences, there were
several salient findings. Most studies showed males as hav-
ing higher QRS voltages as well as longer QRS durations
and higher PR intervals. In comparison, females had higher
resting heart rates but longer QTc intervals. The incidence
of abnormal ECG findings, however, was more often re-
ported in males. Regarding age, adolescents who were reg-
ular in sports showed a lower prevalence of abnormal ECG
findings compared to adult athletes. However, when the
abnormalities were detected, they often manifested as in-
creased QRS voltage or TWI. Additionally, adolescents en-
gaged in high-intensity training beyond typical levels for
their age group, showed cardiac changes such as right atrial
enlargement, which were also indicated by an increase in
P-wave duration (Table 2).

When considering sport-specific adaptations, athletes
involved in endurance sports, such as marathon running and
cycling, displayed a higher prevalence of sinus bradycardia,
early repolarization, and right atrial enlargement. Strength
athletes, such as those who lifted weights, were more likely
to exhibit signs of LVH and increased QRS voltage. Ath-
letes participating in mixed sports like soccer or basketball,
displayed a combination of endurance and strength-related
ECG changes, including both increased QRS voltage and
sinus bradycardia (Table 2).

One of the most clinically significant findings, was
that detraining effectively reversed certain ECG changes,
such as prolonged QT interval and T-wave abnormalities.
In some cases, these changes returned to baseline upon re-
training. Moreover, a study reported a high false-positive
rate when using standard ECG criteria to screen patients
[19]. Notably, we found only one study that identified
new ECG changes in athletes after COVID-19 infection,
which included T-wave inversions and ST-segment depres-
sion (Table 2).

The included studies highlighted that youth athletes
frequently exhibited ECG abnormalities, such as TWI,
bradycardia, and prolonged QT intervals, with increased in-
cidence during the COVID-19 pandemic due to the risk of
myocarditis. Furthermore, exercise-induced acquired long
QT syndrome (LQTS) was also noted, with ECG abnor-
malities resolving after detraining but recurring with high-
intensity training. These findings highlight the necessity of
comprehensive cardiac screening and monitoring in young
athletes.

Extensive diagnostic evaluations—including cardiac
imaging, Holter monitoring, and genetic testing—proved
essential in identifying complex arrhythmias and distin-
guishing between congenital and acquired cardiac condi-
tions across all studies, not just youth athletes. Studies
also acknowledged the financial burden of ECG-inclusive
screening programs but emphasized their vital role in pre-
venting sudden cardiac death [13,33].

Overall, the results indicate that ECG alterations,
such as left ventricular hypertrophy, QT prolongation, and

other cardiac changes, are frequently observed in athletes.
These alterations generally revert to baseline after periods
of detraining, while youth athletes exhibit vulnerability to
COVID-19-related myocarditis and training-induced car-
diac adaptations.

2.3 Discussion

This review was only partially successful in address-
ing all research questions. While the influence of specific
sports on ECG changes and the impact of age differences
were evident, only one study identified a particular risk fac-
tor unrelated to the type of sport. Nevertheless, the findings
presented in this review provide valuable insights into the
subject matter.

Accurately distinguishing between physiological
adaptations and pathological conditions when interpreting
ECG findings in athletes is paramount. Athletes frequently
exhibit ECG changes as a direct consequence of cardiac
adaptations to the increased physiological demands im-
posed by intense physical training. Common adaptations
such as increased QRS voltage, sinus bradycardia, and
early repolarization patterns are typically benign and reflect
normal cardiac remodeling. However, more pronounced
changes, particularly in athletes engaged in endurance
or strength-based sports, such as LVH, present a greater
challenge. LVH, characterized by elevated QRS amplitude
and TWI, results from the heart’s adaptive response to meet
the heightened oxygen demands of skeletal muscles by
increasing left ventricular dimensions to maintain adequate
cardiac output [6,7].

The necessity of this differentiation extends beyond
clinical relevance to financial implications. Misinterpret-
ing physiological adaptations as pathological abnormalities
can lead to significant financial burdens on healthcare sys-
tems, sports organizations, and athletes. Avoiding unwar-
ranted diagnostic evaluations is essential to prevent esca-
lating costs while ensuring that genuine pathological con-
ditions are identified and managed appropriately. There-
fore, accurate interpretation of ECG findings is critical not
only for safeguarding athlete health but also for minimizing
the economic strain associated with excessive medical ex-
aminations. Previous cost analyses of athlete ECG screen-
ing have not adequately considered various policies and
practices across different countries and federations. Un-
til all stakeholders convene to establish a unified approach
that prioritizes athlete well-being, it remains challenging
to draw definitive conclusions on the cost-effectiveness of
widespread ECG screening. While it is impossible to assign
a price to an athlete’s life, implementing a sport-specific
risk stratification system, potentially integrated with predic-
tive modeling, could enhance screening precision, reduce
unnecessary tests, and help forecast the future risk of SCD
through simulation-based technologies.
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Table 2. Data synthesis from observational studies.
Study Study type Country  Sample Size  Age range Male number Sport type Training level Main findings Duration of Limitations
follow-up
[13,14] Retrospective Switzerland 891 Mean age 14.8 65% male Various sports, ~ Youth athletes ~ Abnormal findings including T-wave 6 years Limited to Swiss pediatric athletes;
observational pediatric  years (range 8 to predominantly inversion potential selection bias; findings may not
study athletes 17) football be generalizable to other populations.
The cost of screening was 122 USD per
athlete.
19 athletes (2.1%) had abnormal ECG
findings, predominantly males,
performing endurance sports; further
investigations found no relevant
pathology.
[15] Observational Netherlands 1436 18-19 72% males College sports Medical Higher PR intervals, lead voltages, and Not Only included young athletes from a
cross-sectional clearance before QRS duration in males. Higher resting  specified specific program.
joining a college heart rates, and QTc intervals in
sports program females.

Gender-related ECG differences in
young athletes.

Elite athletes De-novo ECG changes including Not Limited to elite soccer players; potential

[16] Observational UK 511 soccer Median age 21  Not specified Soccer
study players years (18-26 reduction in T-wave amplitude, T-wave  specified selection bias; findings may not be
years) inversion, and ST-segment depression generalizable to other sports or athlete
populations; follow-up duration not
specified.
3% of athletes demonstrated de-novo
ECG changes post-COVID-19
infection; 88% were diagnosed with
cardiac inflammation
[17] Observational Italy 310 Median age 14 65% males Various sports Intensive Prolonged QT interval, T- wave 3—4 months,  Limited to those actively practicing
retrospective (range 6-25) weekly training abnormalities up to 7 sports, excludes long-term follow-up.
months for
some
Many QTc normalized after detraining;
40% reverted with retraining.
Considered acquired LQTS.
[18] Observational Spain 6401 Mean + SD age  93.8% males Soccer Pre- CSP: QRS <100 ms, S wave <40 ms in Not Limited to children attending a PPS
cohort 11.2 + 2.9 years participation I or V6 together with an RSR pattern in  specified program within a specific period.
(range 5-16 screening (PPS) lead-V1
years)

A higher proportion of athletes with
CSP compared to IRBBB. CSP might
have been misdiagnosed as IRBBB.
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Table 2. Continued.

Study  Study type Country  Sample Size ~ Age range Male number Sport type Training level Main findings Duration of Limitations
follow-up
[19]  Observational USA 1596 16.2-26.3 708 High school, Mixed High rate of positive responses to AHA Not High false positive rate, regional
Study college, and guidelines, varying ECG results based  specified limitation, need for updated screening
professional on interpretation criteria. guidelines.
athletes
[20]  Cohort Study Norway 81 35-74 63 Endurance sports High High negative predictive value of 5 months Small sample size, limited number of
PCVE. Detected CVD in 20% of master female participants, self-reported
athletes, primarily in the symptom questionnaires.
group.
[21]  Observational Spain 356 (308 36.4 years Not specified Various sports Competitive Left atrial enlargement is common in Not The study is limited to the analyzed
study athletes, 48 (athletes), 49.3 including training adult competitive athletes but not specified  population and may not be generalizable
controls)  years (controls) competitive accompanied by a significant to all athletes; potential bias due to
athletes modification in electrocardiographic sample selection and specific population
parameters traits.
No relevant differences in P-wave
duration, prevalence of interatrial block,
or morphology-voltage-P-wave
duration score
[22]  Observational France 2457 35+ Not specified Leisure time Mixed Positive exercise ECG correlated with 3years  No specific funding for the study, limited
Study sportsmen and higher CVD risk factors, supporting the to asymptomatic participants.
sportswomen use of exercise ECG in screening.
[23]  Retrospective Spain 3747 11-16 years 77.5% male Various sports, ~ Youth athletes ~ Low prevalence of abnormal ECGs Not Limited to a specific age group (11-16
observational athletes predominantly (2.05%); differences by age and sex; specified  years); potential for high false positives;
study aged 11-16 football and supportive of Seattle criteria for may not be generalizable to other
years basketball screening young athletes populations or age groups.
[24]  Observational Poland 40 amateur Not specified ~ Not specified Marathon running Amateur Resting ECGs showed abnormalities in Not Small sample size; limited to amateur
Study male (amateur) runners 92.5% of subjects, mostly sinus specified male marathon runners; potential
marathon bradycardia; post-exercise ECGs selection bias; findings may not be
runners showed right atrial enlargement in generalizable to other populations.
42.5% of subjects
[25]  Observational USA 2900 Mean age 20 32% female, Various sports ~ College athletes Identified major non-COVID-19 Not Findings limited to college athletes;
Study college years 27% black cardiovascular pathology in 1/500 specified potential for inconsistent reporting of
athletes athletes; limited value of TTE in coronary anatomy and aortic dimensions;
athletes with normal ECG may not be generalizable to other
populations.
[26] Comparative Poland 67 39 + 8 (males), 40 males,27 Marathon runners Amateurs Increased P-wave amplitude in males Not Small sample size; limited to amateur
study 40 £ 7 females undergoing  post-marathon; QTc prolongation more  specified marathon runners.
(females) 12-lead electro- pronounced in males

cardiogram
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Table 2. Continued.

Study  Study type Country  Sample Size ~ Age range Male number Sport type Training level Main findings Duration of Limitations
follow-up
[27] Prospective Canada 1419 Range (12-35  Not specified Young SCBC Diagnoses: 4 pre-excitation, 1 long QT Not High number of false positives with
cohort screening years) competitive questionnaire  syndrome, 1 mitral valve prolapse, 1 specified physical examination strategy.
athletes and ECG hypertrophic cardiomyopathy
without physical
examination
[28]  Observational Italy 33 (18 23 years Not specified ~ Various sports ~ Competitive Athletes had larger right ventricular  18.7 months ~ Small sample size; limited to a single
Study athletes, 15  (athletes), 32 (mixed and training unipolar scar areas; lower VA center; potential selection bias; findings
nonathletes) years endurance) recurrence in detrained athletes may not be generalizable to other
(nonathletes) compared to nonathletes populations; follow-up duration may be
insufficient to capture long-term
outcomes.
[29]  Observational Finland 154 sports 15.5 years Not specified  Various sports  Varies between Various ECG changes including heart 4 years The sample size may not be
Study clubs, 100 (mean) groups: ‘always rate, PR interval, QRS duration, QRS representative of all athletes; potential
secondary athletes’, ‘never axis, QRS amplitude, T axis, QT selection bias; is limited to the Finnish
schools athletes’, interval population.
‘changers’
[30]  Observational USA 26 women  42-82 years Not specified Marathon Long-term  Long-term marathon running in women Not Small sample size; limited to women
Study marathon (mean) running runners is associated with low coronary plaque  specified runners; potential selection bias; findings
runners (long-term) formation and favorable cardiovascular may not be generalizable to other
risk profiles compared to sedentary populations or male runners.
women
[31]  Retrospective Serbia 640 Range (10-14  Not specified Various Mixed Increased number of ECG findings Not Limited to young athletes, the potential
Study years) (volleyball, requiring additional cardiac specified influence of COVID-19 on results.
soccer, examination in young athletes during
basketball, COVID-19.
swimming, etc.)
[32]  Observational USA 519 NBA 24.8 years Not specified Basketball Professional Abnormal findings include T-wave Not The findings are specific to NBA athletes
Study athletes (mean) athletes inversions and prolonged QTc interval.  specified and may not be generalizable to athletes

T-wave inversion more common in
athletes with higher left ventricular
relative wall thickness

in other sports; limited serial follow-up
data and a lack of comparative ECG data
for nonathletes with similar biometrics to
the NBA cohort.

ECQG, electrocardiogram; LQTS, long QT syndrome; CSP, crista supraventricularis pattern, IRBBB, incomplete right bundle branch block; LVH, left ventricular hypertrophy; AHA, American Heart Association;
PCVE, preparticipation cardiovascular evaluation; CVD, cardiovascular disease; TTE, transthoracic echocardiography; SCBC, screening for conditions at risk of sudden cardiac death; VA, ventricular arrhythmia;

NBA, National Basketball Association.
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The distinction between HCM and arrhythmogenic
right ventricular cardiomyopathy (ARVC) remains one of
the most challenging aspects of ECG interpretation in ath-
letes when TWTI is present in the anterior leads. While these
findings may indicate underlying cardiomyopathy, they can
also represent benign physiological adaptations to inten-
sive training. Similarly, prolonged QT intervals may be a
hallmark of LQTS, a potentially life-threatening condition.
Accurate differentiation is imperative, as misclassification
can lead to unnecessary investigations or missed diagnoses
that increase the risk of SCD [9—-11]. The reversibility of
many ECG changes following detraining as documented in
several studies, supports the notion that numerous adap-
tations are physiological rather than pathological. Never-
theless, clinicians must remain vigilant, particularly when
faced with deep TWI in multiple leads or markedly pro-
longed QT intervals, as these findings warrant further in-
vestigation to exclude underlying pathology [17,34].

In this context, recent guidelines from the Italian So-
ciety of Sports Cardiology (SICSPORT) [35] offer essential
insights into the interpretation of TWI in athletes. Recog-
nizing the diagnostic challenge posed by TWI, these guide-
lines provide a framework for distinguishing between be-
nign adaptations and serious cardiac pathologies, empha-
sizing the importance of TWI localization, clinical features,
and demographic factors. The document highlights the
need for comprehensive assessments and regular follow-
ups, ensuring athlete safety while avoiding unnecessary re-
strictions and minimizing financial burdens associated with
over-examination. African and Afro-Caribbean athletes
show a higher prevalence of repolarization anomalies, such
as TWI, especially in the anterior and inferior leads. No-
tably, black athletes are 2.5 times more likely to present
with ECG abnormalities compared to white athletes, which
are often misinterpreted as pathological. This increased
prevalence of TWI in black athletes is typically a normal
ethnic variant linked to the athlete’s heart but can lead to
unnecessary testing and interventions if not correctly iden-
tified. A more nuanced approach to ECG interpretation in
these populations is critical to prevent over-investigation
and reduce the associated clinical and financial burden [36].

The cardiovascular adaptations induced by different
sports reflect the unique hemodynamic and physiological
demands on the athlete’s heart. This is particularly evident
in endurance sports, where athletes such as marathon run-
ners, cyclists, and swimmers experience significant volume
overload due to prolonged aerobic activity. Consequently,
the heart experiences structural remodeling, characterized
by an increase in left ventricular cavity and wall thickness to
enhance cardiac output and efficiency during sustained ex-
ercise. Endurance athletes commonly exhibit sinus brady-
cardia and early repolarization patterns on ECG, findings
that were consistently reported across multiple studies [7,8].

In contrast, strength-based sports such as weightlift-
ing impose a predominant pressure overload on the cardio-

vascular system due to short but intense bursts of isomet-
ric activity. However, recent evidence suggests that even
elite weightlifters typically do not develop significant my-
ocardial hypertrophy under physiological training condi-
tions. Echocardiographic data from Olympic athletes re-
vealed that all weightlifters demonstrated normal left ven-
tricular (LV) geometry, without signs of concentric or ec-
centric remodeling, despite high training volumes [37]. Ac-
cording to the 2023 Italian Cardiological Guidelines (CO-
CIS) cardiology protocols for pre-participation evaluation,
the diagnostic threshold for HCM is an LV wall thickness
>15 mm, while the “grey zone” (13—15 mm) occurs in
fewer than 3-5% of Caucasian male athletes but may be
present in up to 18-20% of athletes of African descent.
For Caucasian females, LV wall thickness typically does
not exceed 12 mm, while in African females, the thresh-
old is 13 mm. When wall thickness measurements ex-
ceed these physiological ranges, clinicians must consider
the possibility of pathological hypertrophy (e.g., HCM) or
non-physiological influences such as anabolic-androgenic
steroid use [9,36,38]. Chronic use of anabolic substances
has been linked to disproportionate increases in LV mass,
impaired diastolic function, and the development of a proar-
rhythmic myocardial substrate, thereby mimicking or am-
plifying features of HCM [39]. Therefore, any finding of
increased LV wall thickness in strength athletes warrants
a comprehensive differential diagnosis that integrates eth-
nicity, training load, hypertrophy pattern, reversibility upon
detraining, and a comprehensive assessment of potential
doping history [40,41].

Mixed sports exhibit a combination of cardiovascular
adaptations associated with endurance and strength train-
ing, though to a lesser extent than specialized sports. For
instance, football players may not sustain prolonged exer-
tion comparable to marathon runners nor generate the in-
tense pressure loads seen in weightlifters. Nonetheless,
ECG findings in football players frequently demonstrate in-
creased QRS voltage, indicative of strength-related adap-
tations, alongside sinus bradycardia, reflecting endurance
training effects [4].

The classification of sports disciplines based on acute
physiological responses and long-term cardiac remodeling
further underscores the variability in cardiovascular adap-
tations across different athletic activities, as highlighted
by the European Association of Preventive Cardiology
(EAPC) [42]. Mixed sports, such as football, rugby, and
basketball, are characterized by alternating phases of dy-
namic and static exertion, resulting in moderate cardiac re-
modeling marked by an increase in left ventricular cavity
size with modest changes in wall thickness. This aligns with
the observed ECG findings of increased QRS voltage and
sinus bradycardia, reflecting the combined influence of en-
durance and strength demands.

The sport-specific nature of ECG changes necessitates
interpretation criteria that account for the physiological de-

&% IMR Press


https://www.imrpress.com

Table 3. Assessment of studies via Newcastle-Ottawa scale.

(max 4 stars) (max 2 stars)

Selection Comparability Outcome/exposure

Total score

(max 3 stars) (max 9 stars)

Study

Albinski et al., 2022 [13] 22,881
Bessem et al., 2017 [15] 2. 2.8. 2.1
Bhatia et al., 2023 [16] 2 8.8, 0.1
Dagradi et al., 2020 [17] Fkkok
Diaz-Gonzalez et al., 2020 [18] 22,88
Dunn et al., 2015 [19] 2.2.8.8 ¢
Grimsmo et al., 2024 [20] Yk k
Herrera et al., 2022 [21] 2888 ¢
Hupin et al., 2024 [22] 28,881
Idiazabal-Ayesa et al., 2023 [23] ok %k ok
Kaleta et al., 2018 [24] 280
Klein et al., 2023 [25] 2. 8.8. 0.1
Lasocka et al., 2021 [26] * kK
McKinney et al., 2017 [27] 22,88
Narducci et al., 2020 [28] %k k
Pentikiinen et al., 2022 [29] 2888
Roberts et al., 2017 [30] * %k k
Sargevi¢ and Tepavéevié, 2021 [31]  kkk*k
Waase et al., 2018 [32] 2.2.2.0

* ok ok Kk 9
** * %Kk 9
** * %Kk 9
** * %Kk 9
*k * Kk 9
*k *kk 9
*k ** 7
** *kk 9
** *kk 9
* ok ok k 9
** Kk 7
** * %Kk 9
** *k 7
*k * Kk 9
*k ** 7
*k * Kk 9
*k ** 7
** *kk 9
* ok ok k 9

Stars (%) represent the quality score assigned to each domain based on the Newcastle-Ottawa Scale

(NOS). A maximum of 4 stars can be awarded for selection, 2 for comparability, and 3 for out-

come/exposure, totaling up to 9 stars. Higher scores indicate better methodological quality.

mands of different sports. The latest International Criteria
for Electrocardiographic Interpretation in Athletes [11] pro-
vides a robust framework for distinguishing physiological
adaptations from pathological findings, though further re-
finement is required to accommodate the unique cardiovas-
cular responses observed across diverse sports. Addition-
ally, the influence of factors such as ethnicity and gender
on ECG patterns warrants further investigation to enhance
the accuracy and reliability of athlete screening.

Several studies have explored the impact of gender
differences on ECG findings in athletes. It is well estab-
lished that male athletes typically have greater muscle mass,
both in skeletal muscles and in the myocardium. This in-
creased myocardial mass contributes to enhanced electrical
activity on ECG, as evidenced by higher QRS voltages and
longer QRS durations observed in male athletes, a finding
consistently reported in various studies [15,23]. Further-
more, the greater overall muscle mass in male athletes in-
creases circulatory demands during intense physical train-
ing, prompting further cardiac adaptations. In contrast, fe-
male athletes demonstrate higher resting heart rates and pro-
longed QTc intervals, which cannot be solely attributed to
smaller myocardial mass. Hormonal factors, particularly
the effects of estrogen on cardiac repolarization, alongside
differences in autonomic tone—specifically lower vagal
tone in females—also contribute to these gender-specific
ECG variations.

&% IMR Press

The findings of this review highlight the unique chal-
lenges associated with cardiac screening in youth athletes.
ECG abnormalities such as T-wave inversions, bradycardia,
and prolonged QT intervals, were frequently observed, par-
ticularly during the COVID-19 pandemic, where potential
myocarditis ECG changes were noted due to post-COVID
syndrome. Although these changes are less prevalent in ath-
letes, abnormalities such as TWI and ST-segment changes
have been documented, indicating possible myocardial in-
flammation, especially myocarditis, which, while rare,
presents an arrhythmogenic risk. To ensure proper diagno-
sis and mitigate potential risks, including SCD, ECG find-
ings should be followed by more specific tests like cardiac
magnetic resonance (CMR) [43]. The reversible nature of
exercise-induced acquired LQTS, which resolves after de-
training but recurs with high-intensity training, highlights
the critical need for comprehensive cardiac monitoring in
this population.

Pediatric athletes present challenges due to ongo-
ing growth and maturation influencing cardiac adaptation.
Ragazzoni et al. [12] emphasize the need for tailored ECG
interpretation in young athletes and propose an algorithm
to differentiate physiological adaptations from pathology,
stressing age-specific guidelines for early detection of con-
ditions like myocarditis and channelopathies to prevent
SCD.
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Table 4. Search strategy outcomes on PubMed.

Sort By

Filters

Search Details

Results

Time

Search Query

number

1 (electrocardiography [MeSH Terms]) AND (athletes [MeSH
Terms]) AND (y_10 [Filter])

2 (electrocardiography [MeSH Terms]) AND (“sports” [MeSH

Terms])
3 (((electrocardiography [MeSH Terms]) AND (strength sports
[Title/Abstract])) OR (endurance sports [Title/Abstract])) OR

(mixed sports [Title/Abstract])

4 ((electrocardiography [MeSH Terms]) AND (athletes [MeSH

Terms]) AND (y_10 [Filter]) AND ((y_10 [Filter]) AND
(observationalstudy [Filter]))) AND (ECG changes
[Title/Abstract])
5 ((electrocardiography [MeSH Terms]) AND (athletes [MeSH

Terms]) AND (y_10 [Filter]) AND ((y_10 [Filter]) AND
(observationalstudy [Filter]))) AND (screening [Title/Abstract])

First author

First author

First author

First author

First author

In the last 10 years,
observational study

In the last 10 years,
observational study
In the last 10 years,
observational study

In the last 10 years,

observational study

In the last 10 years,

observational study

(“electrocardiography” [MeSH Terms] AND “athletes” [MeSH
Terms] AND “2015/02/10 00:00:3000/01/01 05:00” [Date -
Publication]) AND ((y_10 [Filter]) AND (observationalstudy

[Filter]))

(“electrocardiography” [MeSH Terms] AND “sports” [MeSH
Terms]) AND ((y_10 [Filter]) AND (observationalstudy [Filter]))
((“electrocardiography” [MeSH Terms] AND “strength sports”
[Title/Abstract]) OR “endurance sports” [Title/Abstract] OR
“mixed sports” [Title/Abstract]) AND ((y_10 [Filter]) AND
(observationalstudy [Filter]))
(“electrocardiography” [MeSH Terms] AND “athletes” [MeSH
Terms] AND “2015/02/10 00:00”:3000/01/01 05:00” [Date -
Publication] AND (*2015/02/10 00:00:3000/01/01 05:00” [Date
- Publication] AND “observational study” [Publication Type])
AND “ecg changes” [Title/Abstract]) AND ((y_10 [Filter]) AND
(observationalstudy [Filter]))
(“electrocardiography” [MeSH Terms] AND “athletes” [MeSH
Terms] AND “2015/02/10 00:00:3000/01/01 05:00” [Date -
Publication] AND (*2015/02/10 00:00:3000/01/01 05:00” [Date
- Publication] AND “observational study” [Publication Type])
AND “screening” [Title/Abstract]) AND ((y_10 [Filter]) AND
(observationalstudy [Filter]))

24

28

10

14

6:34:51

6:35:35

6:36:59

6:38:56

6:39:31

MeSH, Medical Subject Headings.
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The review emphasizes the importance of balanc-
ing early detection of life-threatening conditions against
the risk of overdiagnosis and unnecessary exclusion from
sports. This is a call for further research and tailored rec-
ommendations for pediatric athletes.

The primary challenge in athlete screening lies in bal-
ancing the accurate detection of cardiac abnormalities with
the financial and logistical burdens of widespread ECG use.
The high false-positive rate often leads to unnecessary in-
vestigations, increased healthcare costs, and psychological
stress for athletes. The European Society of Cardiology
(ESC) and the Italian Society of Sports Cardiology have
made significant contributions to refining ECG interpreta-
tion guidelines for athletes, promoting evidence-based stan-
dards to enhance diagnostic accuracy. Their efforts aim
to address sport-specific, gender-specific, and age-related
ECG variations, ensuring more reliable assessments and re-
ducing false-positive rates. The EFSMA has also advo-
cated for a standardized PPE protocol across Europe, in-
cluding mandatory 12-lead ECGs, to provide equitable and
comprehensive cardiac screening for all athletes. Notably,
recreational athletes often train at intensities comparable
to professionals, further underscoring the need for uniform
screening standards. While comprehensive screening is of-
ten accessible to elite athletes through well-funded orga-
nizations, ensuring affordable PPE for all individuals par-
ticipating in regular sports is essential. The financial bur-
den of ECG screening can be prohibitive [13], especially in
resource-limited settings, necessitating cost-effective solu-
tions and specialized training for healthcare providers [34].

2.4 Limitations

This review offers valuable insights into ECG screen-
ing in athletes; however, several limitations must be
acknowledged. The literature search was restricted to
English-language studies published in the past decade, po-
tentially excluding significant findings from non-English
sources, particularly those from Eastern countries. The in-
clusion of only observational studies, due to a lack of ran-
domized controlled trials, limits the strength of the evidence
presented. Case reports were also excluded, as many in-
volved athletes with pre-existing or newly developed car-
diac conditions, which conflicted with the review’s inclu-
sion criteria. Statistical analysis was hindered by the hetero-
geneity of study outcomes and methodologies, with some
studies focusing on elite athletes and others on amateurs.
Notably, the included studies varied widely in population
demographics (age, sex, ethnicity), athletic level (elite vs.
amateur), and sport type (e.g., endurance vs. strength). Fur-
thermore, ECG interpretation criteria were not uniform—
some studies employed the Seattle criteria or the 2017 Inter-
national Recommendations—introducing variability in the
classification and reporting of ECG abnormalities. Differ-
ences in study design (cross-sectional vs. longitudinal) and
inconsistent follow-up durations further limit the compara-
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bility of findings and the ability to conclude long-term out-
comes. Despite these limitations, the risk of bias was gen-
erally low across the included studies, although some were
constrained by small sample sizes (Table 3, Ref. [13,15—
32)).

3. Conclusions

The interpretation of ECG changes in athletes presents
a complex challenge, demanding clear differentiation be-
tween physiological adaptations and pathological abnor-
malities. This systematic review highlights sport-specific,
gender-based age-related ECG variations and persistent
high false-positive rates during screenings. The recent EC
Delegated Act (April 2024) recognizing SEM as a primary
specialty under European Union (EU) law reinforces the
need for comprehensive training of SEM physicians. Long-
term, multicentric studies across diverse populations, in-
cluding pediatric and veteran athletes, are essential to re-
fining ECG interpretation standards. Integrating artificial
intelligence (AI) technology can enhance accuracy, reduce
costs, and identify subtle cardiac risks, making large-scale
screenings more efficient and affordable. Future research
could benefit from expanding the search to include mul-
tilingual sources, particularly non-English language pub-
lications, to further enhance the universality and global
applicability of the findings. A refined risk stratification
model based on sports discipline, along with a compre-
hensive framework for follow-up, is essential for improv-
ing ECG screening accuracy and ensuring proper cardio-
vascular management in athletes. Collaborative efforts be-
tween clinicians, researchers, and policymakers are vital
for developing sport-specific, cost-effective ECG guide-
lines. Equipping both current and future SEM physicians
with advanced diagnostic tools and Al-driven solutions will
improve athlete care without imposing additional costs,
supporting accessible and standardized cardiac evaluations
across all sports disciplines. This forward-thinking ap-
proach will drive innovation in sports cardiology, advance
athlete health management, and ensure that physicians are
well-prepared to meet the evolving challenges of sports car-
diology.
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