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BACKGROUND: Ventricular arrhythmias (VAs) are a major concern in athletes. We sought to determine the prognostic role of 
noninvasive and invasive assessments in athletes with complex VAs.

METHODS: One-hundred-ninety athletes (82% male; 28 [19–43] years; 148 [78%] competitive athletes) with frequent or 
exercise-induced premature ventricular complexes or nonsustained ventricular tachycardia were included in a multicenter 
cohort study and categorized based on VA ECG morphology into common (n=99) and uncommon (n=91) VA groups. 
Each athlete underwent a comprehensive diagnostic workup, including cardiac magnetic resonance in 94% (n=178) and 
electrophysiology study/electroanatomical mapping in 87% (n=166). The primary end point was the occurrence of sudden 
death or sustained VAs during long-term follow-up.

RESULTS: Athletes with uncommon VA morphology had higher rates of abnormal findings at multimodality assessment and 
more final diagnoses of structural heart disease. Over a median follow-up of 6.2 (4.3–8.1) years, 7 (4%) athletes experienced 
a primary outcome event, including 1 sudden death. Interestingly, no events occurred in athletes with common morphology 
VAs. In univariable Cox models, factors associated with the primary end point included uncommon VA morphology (P=0.003), 
lack of VA suppression (P=0.049), and nonsustained ventricular tachycardia/ventricular tachycardia induction (P=0.010) 
during stress testing, late gadolinium enhancement (P=0.045), electroanatomical scar regions (P=0.022), and sustained 
VA inducibility by electrophysiology study (P<0.001). Incorporating findings of invasive tests improved prediction of primary 
outcome events over clinical/noninvasive findings in isolation (log-likelihood ratio for nested models, P=0.004). A survival 
tree model based on VA morphology, late gadolinium enhancement, VA response to exercise testing, and electroanatomical 
mapping allowed risk stratification, identifying subgroups of athletes without primary outcome events during follow-up. Among 
148 competitive athletes, 101 (68%) regained eligibility after 3 months of detraining, but only 42 (28%) continued long-term.

CONCLUSIONS: A comprehensive diagnostic assessment integrating ECG, stress testing, and imaging findings, along with the 
selective use of invasive electrophysiology assessments, may help refine the prognostic evaluation of athletes with complex 
VAs.

GRAPHIC ABSTRACT:  A graphic abstract is available for this article.
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The finding of ventricular arrhythmias (VAs) in other-
wise healthy athletes is an important and not uncom-
mon clinical issue.1–3 A 12-lead ECG screening can 

detect at least one premature ventricular complex (PVC) 
in 0.24% of young athletes.1 In addition, the preva-
lence of complex VAs during 24-hour ambulatory ECG 
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monitoring, including a training session, is 6% in athletes 
under 30 years of age and 7% to 18% in those over 30 
years of age.2,3

The main concern for clinicians assessing athletes 
with VAs is the need to exclude an underlying arrhyth-
mogenic substrate, which may lead to cardiac arrest 
and sudden cardiac death during sports activities.4 
Among VA features, ECG morphology appears to be 
especially important, and an arrhythmogenic substrate 
should be suspected in the uncommon case of VAs of 
multiple ECG morphologies or with right bundle branch 
block (RBBB) and intermediate/superior axis config-
uration.5,6 By contrast, some types of VAs (ie, infun-
dibular and fascicular VAs) are considered idiopathic 
and benign, and do not mandate further diagnostic 
assessments or sports restriction according to recent 
consensus statements, in which these VAs have been 
referred to as common.5,6 However, these recommen-
dations lack validation, and recent work from our group 
demonstrated that a comprehensive multimodality 

assessment applied to athletes with complex VAs 
of any morphology may uncover an underlying heart 
disease and change the final diagnosis in a high pro-
portion of cases, with implications for sports eligibility 
assessment.7

In the present study, we sought to investigate the 
long-term clinical outcomes and sports eligibility in a 
cohort of athletes presenting with nonsustained ven-
tricular tachycardia (NSVT) or frequent/exercise-related 
PVCs, aiming to establish the prognostic implications 
of noninvasive (arrhythmia ECG morphology, cardiac 
magnetic resonance imaging [CMR]) and invasive (elec-
trophysiology study [EPS]/electroanatomical mapping 
[EAM]) assessments.

METHODS
Study Population and Definitions
We conducted a multicenter, observational cohort study includ-
ing all consecutive athletes referred to 3 Italian high-volume 
centers (University Hospital Azienda Ospedaliero-Universitaria 
delle Marche, Ancona, Italy; Centro Cardiologico Monzino 
IRCCS, Milan, Italy; Fondazione Policlinico Universitario A. 
Gemelli IRCCS, Rome, Italy) for the diagnostic assessment of 
complex VAs between January 2010 and December 2021.

Throughout the study, a competitive athlete is defined as 
one who participates in an organized team or individual sport 
that requires regular competition against others as a central 
component, places a high premium on excellence and achieve-
ment, and requires some form of systematic (and usually 
intense) training.8 A leisure-time athlete is defined as a physi-
cally active person engaging in a range of exercise levels from 
modest to vigorous on a regular basis, not desiring to excel 
against others and, therefore, not facing the same psychologi-
cal and physical pressures as the competitive athlete.9 A pro-
fessional athlete is defined as a competitive athlete for whom 
the practice of sport constitutes the main occupation and the 
principal source of income.

WHAT IS KNOWN?
• Complex ventricular arrhythmias (VAs) may be a key 

clinical indicator of an underlying cardiomyopathy in 
athletes.

• Although previous studies suggested that a compre-
hensive diagnostic evaluation, including magnetic 
resonance imaging and invasive electrophysiology 
tests, may lead to diagnostic reclassification in ath-
letes with complex VAs, the long-term prognostic 
value of these different diagnostic modalities is less 
well understood.

WHAT THE STUDY ADDS
• Our study confirms that the simple classification of 

VAs into common (ie, infundibular or fascicular) ver-
sus uncommon (ie, other morphologies including 
polymorphic ventricular arrhythmias) morphologies 
may facilitate risk stratification, as no life-threatening 
arrhythmic events were observed during long-term 
follow-up among athletes with common morphol-
ogy premature ventricular complexes/nonsustained 
ventricular tachycardia.

• In addition to premature ventricular complex/
nonsustained ventricular tachycardia morphol-
ogy, factors associated with increased risk of life-
threatening arrhythmic events included regional 
wall motion abnormalities on echocardiogram, VA 
induction or persistence during exercise testing, 
late gadolinium enhancement, scar regions on elec-
troanatomical mapping, and sustained VA inducibil-
ity by electrophysiology study.

• An integrated model that begins with the evalua-
tion of arrhythmia morphology (common versus 
uncommon) and reserves cardiac magnetic reso-
nance imaging and electroanatomical mapping for 
selected cases may facilitate risk stratification.

Nonstandard Abbreviations and Acronyms

CMR cardiac magnetic resonance
EAM electroanatomical mapping
EPS electrophysiology study
ICD implantable cardioverter defibrillator
LBBB left bundle branch block
LGE late gadolinium enhancement
NSVT nonsustained ventricular tachycardia
PES programmed electrical stimulation
PVC premature ventricular complex
RBBB right bundle branch block
VA ventricular arrhythmia
VF ventricular fibrillation
VT ventricular tachycardia
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In the present study, complex VAs are defined as NSVT and 
frequent (>500/day) or exercise-related PVCs of any morphol-
ogy detected by ECG monitoring or exercise stress testing.7

For each patient, we collected demographics, clinical and 
imaging information, details of invasive procedures, and follow-
up data. The study was performed according to institutional 
standards, national legal requirements, and the Declaration of 
Helsinki, and patient data were collected in an institutional review 
board-approved database. Informed consent was obtained from 
all patients, and the data that support the findings of this study 
are available from the corresponding author upon reasonable 
request. The study flowchart is shown in Figure 1.

Classification of Patients According to VA 
Characteristics
VA morphology was defined based on findings from 24-hour 
ambulatory ECG monitoring, maximal exercise stress testing, 
and in-hospital telemetry (when performed). VAs were classi-
fied as monomorphic in the case of a single dominant QRS 
morphology, or polymorphic in the case of PVCs with ≥2 mor-
phologies accounting for ≥10% of all PVCs or NSVT with 
changing QRS contours.5,10 The definitions of left bundle branch 

block (LBBB)/RBBB-like VAs and of VA axis are reported in 
the Supplemental Methods.

According to arrhythmia ECG morphology, 2 groups of 
athletes were identified: athletes with common morphology 
VAs, which included infundibular (monomorphic LBBB-like 
PVCs/NSVTs with inferior axis) and fascicular (monomorphic 
PVCs/NSVTs with a QRS duration ≤130 ms resembling a typi-
cal RBBB/left or right axis deviation) VAs; and athletes with 
uncommon VAs, including polymorphic VAs (polymorphic PVCs 
or NSVTs) or VAs of other morphologies (monomorphic PVCs/
NSVTs with LBBB with superior/intermediate axis, monomor-
phic PVCs/NSVTs with RBBB morphology and without criteria 
for fascicular VAs).5,6

In addition, VA response to exercise testing was recorded in 
all but 14 athletes, in whom a step-test without continuous ECG 
monitoring was performed. VA response was considered abnor-
mal in the case of persistence/induction of PVCs during exercise, 
or in the presence of NSVT/sustained ventricular tachycardia (VT).

Comprehensive Diagnostic Assessments and CA
Each athlete underwent a prespecified comprehensive diag-
nostic assessment, following a recently published diagnostic 

Figure 1. Patient selection and diagnostic workup.
ARVC indicates arrhythmogenic right ventricular cardiomyopathy; CAD, coronary artery disease; cMRI, cardiac magnetic resonance imaging; 
CT, computed tomography; PVC, premature ventricular complex; VF, ventricular fibrillation; and VT, ventricular tachycardia.
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workflow.7 Briefly, 12-lead ECGs were interpreted according 
to the international recommendations for interpretation of 
the athlete’s ECG,11 while the use of echocardiography and 
 gadolinium-enhanced CMR was recommended in each case. 
EPS with programmed electrical stimulation (PES) and ven-
tricular EAM were performed during a single procedure in the 
index hospitalization in case of diagnostic doubts after nonin-
vasive tests or, in case of diagnostic certainty after noninvasive 
tests, as a preliminary step to catheter ablation (CA) proce-
dures (Figure 1).7 Details regarding CMR, EPS, and EAM are 
described in the Supplemental Methods. The indications for CA 
were in accordance with international guidelines on the treat-
ment of VAs.12 Final diagnoses of heart diseases were made on 
the basis of all available information, according to international 
guidelines/recommendations (Supplemental Methods).

Study End Points and Follow-Up
The primary study end point was the occurrence of sud-
den death or sustained VT/ventricular fibrillation (VF) dur-
ing long-term follow-up, which lasted until December 2023. 
Furthermore, information concerning return to play after an 
initial 3-month detraining period and at last follow-up was sys-
tematically collected. Outcome data were retrieved from office 
visits, remote monitoring (for patients implanted with cardiac 
implantable electronic devices), and phone calls, and end points 
were adjudicated by investigators at participating institutions, 
who documented all VT/VF episodes.

Statistical Analysis
Categorical data were expressed as absolute and relative fre-
quencies, and compared using the χ2 or Fisher exact test, as 
appropriate. Continuous variables were checked for normality 
with the Shapiro-Wilk test and reported as mean and SD, if 
normally distributed, or median and 1st to 3rd quartile, if not 
normally distributed. Continuous variables were compared with 
Student t or Wilcoxon tests, as appropriate. Predictors of CMR-
proven LV scar among patients presenting with common VAs 
were identified using logistic regression models and receiver 
operating characteristic curve analysis. The time to the first 
primary outcome event was assessed using the Kaplan-Meier 
method, beginning from the index hospitalization until the end 
of follow-up. Comparisons between the groups of patients with 
common and uncommon VAs were evaluated with the permuta-
tion log-rank test. After verifying standard proportional hazards 
assumption testing criteria, univariable Cox proportional hazard 
regression analyses were fitted to identify predictors of primary 
outcome events. Furthermore, due to the small number of pri-
mary outcome events, propensity score-weighting based upon 
noninvasive predictors of primary outcome events in univariable 
Cox models was used to test the independent prognostic role 
of invasive electrophysiological assessments.13 The discrimina-
tion of Cox proportional hazard models for the prediction of 
primary outcome events was assessed using a nonparametric 
concordance-based C-statistic, and the added value of inva-
sive predictors over clinical/noninvasive findings was assessed 
using log-likelihood ratio testing for nested models. The sen-
sitivity, specificity, positive predictive value, and negative pre-
dictive value of factors associated with the primary end point 
were calculated according to previously published methods for 
estimating these test metrics in survival data.14 To summarize 

study findings in a unifying model, we applied an exploratory 
survival tree method that included all variables associated with 
the primary end point identified in univariable Cox models. A 
P<0.05 was considered statistically significant. All statistical 
analyses were performed with the software R, version 4.2.0 (R 
Foundation for Statistical Computing, Vienna, Austria).

RESULTS
Study Population
During the study period, 248 athletes with complex VAs 
were identified and underwent diagnostic assessment. 
Of these athletes, 33 who had undergone 3-lead ambu-
latory ECG monitoring lacked 12-lead ECG VA morphol-
ogy documentation during exercise testing or the index 
hospitalization and were therefore excluded (Figure 1). 
Furthermore, 25 athletes who presented with sustained 
VT (n=18) or VF (n=9) were also excluded. The final 
study population comprised 190 athletes (male gender, 
82%; median age, 28 [19–43] years). The character-
istics of the overall study population are presented in 
Table 1.

The proportion of professional, competitive, and 
 leisure-time athletes was 12% (n=23), 66% (n=125), 
and 23% (n=42), respectively, while the most com-
monly practiced sports were soccer (n=54, 28%), ath-
letics (n=43, 23%), and cycling (n=28, 15%). Ninety 
athletes (47%) were symptomatic for VAs (palpitations, 
n=79; syncope, n=11), while the remaining 100 subjects 
(53%) were asymptomatic and referred after VA detec-
tion at preparticipation screening.

Common and Uncommon Morphology 
VA Groups: Clinical, ECG, and Imaging 
Characteristics
According to ECG VA morphology, 99 athletes (52%) 
were included in the common VA group, while the uncom-
mon VA group comprised 91 athletes (48%; Table 1). 
The proportions of infundibular and fascicular morpholo-
gies in the common VA group were 92% (n=91) and 8% 
(n=8), respectively, while arrhythmia types were frequent 
PVCs and NSVTs in 89 (90%) and 47 (47%) athletes, 
respectively. Of the 91 athletes in the uncommon VA 
group, polymorphic, LBBB superior/intermediate axis, 
and RBBB morphologies were found in 49 (54%), 17 
(18%), and 25 (27%) subjects. The types of VAs in the 
uncommon group were PVCs and NSVTs in 79 (87%) 
and 46 (51%) subjects, respectively.

Clinical characteristics and the results of ECG, imag-
ing tests, and invasive electrophysiological assessments 
by VA group in the overall study cohort are presented 
in Table 1. CMR data were available for 178 athletes 
(94%) in the overall cohort (Figure 1); in the remaining 
12 athletes, CMR images were not interpretable due to 
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Table 1. Baseline Clinical, Electrocardiographic, Imaging, and Electrophysiological Characteristics of 
Patients in the Overall Study Population and According to the Morphology of Ventricular Arrhythmias 
(Common vs Uncommon)

Overall 
(n=190)

Common ventricular 
arrhythmias (n=99)

Uncommon ventricular 
arrhythmias (n=91) P value*

Age, median (1st–3rd quartile) 28 (19–43) 25 (18–41) 29 (20–46) 0.143

Male gender, n (%) 156 (82) 77 (78) 79 (87) 0.156

Level of training

  Leisure-time athlete, n (%) 42 (23) 22 (22) 20 (22) 1.000

  Competitive athlete, n (%) 125 (66) 71 (72) 54 (59) 0.100

  Professional athlete, n (%) 23 (12) 6 (6) 17 (19) 0.015

Type of sport

  Cycling, n (%) 28 (15) 8 (8) 20 (22) 0.013

  Soccer, n (%) 54 (28) 27 (27) 27 (30) 0.838

  Athletics, n (%) 43 (23) 25 (25) 18 (20) 0.467

  Swimming, n (%) 12 (6) 7 (7) 5 (5) 0.883

  Basketball, n (%) 14 (7) 7 (7) 7 (8) 1.000

Symptoms

  None, n (%) 100 (53) 49 (49) 51 (56) 0.449

  Palpitations, n (%) 79 (42) 47 (47) 32 (35) 0.116

  Syncope, n (%) 11 (6) 3 (3) 8 (9) 0.122

Arrhythmia morphology

  Infundibular, n (%) 91 (48) 91 (92) 0 (0) …

  Fascicular, n (%) 8 (4) 8 (8) 0 (0) …

  Polymorphic, n (%) 49 (26) 0 (0) 49 (54) …

  LBBB superior/intermediate axis, n (%) 17 (9) 0 (0) 17 (19) …

  Atypical RBBB, n (%) 25 (13) 0 (0) 25 (27) …

Arrhythmia at baseline

  Frequent PVCs, n (%) 168 (88) 89 (90) 79 (87) 0.662

  NSVT, n (%) 93 (49) 47 (47) 46 (51) 0.781

12-lead ECG

  Normal, n (%) 108 (57) 70 (71) 38 (42) <0.001

  Borderline, n (%) 32 (17) 18 (18) 14 (15) 0.749

  Abnormal, n (%) 50 (26) 11 (11) 39 (43) <0.001

Exercise stress test, n (%) 179 (94) 89 (90) 90 (99) 0.011

  PVC suppression/absent arrhythmias, n (%)† 119 (66) 67 (75) 52 (58) 0.177

  PVC persistence/induction, n (%)† 43 (24) 16 (18) 27 (30) 0.040

  Nonsustained VT, n (%)† 15 (8) 6 (7) 9 (10) 0.479

  Sustained VT, n (%)† 2 (1) 0 (0) 2 (2) 0.228

Echocardiogram

  Normal, n (%) 133 (70) 83 (84) 50 (55) <0.001

  Abnormal, n (%) 57 (30) 16 (16) 41 (45) <0.001

   LVEF<50%, n (%) 17 (9) 6 (6) 11 (12) 0.230

   MVP, n (%) 17 (9) 7 (7) 10 (11) 0.490

   LV RWMA, n (%) 13 (7) 1 (1) 12 (13) <0.001

   RV RWMA, n (%) 7 (4) 4 (4) 3 (3) 1.000

CMR

  CMR performed, n (%) 178 (94) 91 (92) 87 (96) 0.377

  LGE, n (%)‡ 62 (33) 14 (15) 48 (53) <0.001

   LV LGE, n (%)‡ 56 (31) 13 (14) 43 (49) <0.001

    Stria, n (%) 37 (21) 11 (12) 26 (30) 0.006

    Patchy, n (%) 19 (11) 2 (2) 17 (20) <0.001

(Continued )
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PVC-related artifacts (n=10), or the exam was prema-
turely interrupted due to claustrophobia (n=2). Abnormal 
findings from ECG, echocardiography, exercise stress 
testing, and CMR were significantly more prevalent in the 
uncommon group (Table 1).

According to the prespecified protocol (Figure 1), 
166 (87%) athletes underwent a comprehensive inva-
sive assessment, including EPS and EAM. Sustained VA 
inducibility by PES was documented in a higher propor-
tion of athletes in the uncommon group (common: n=0 

Overall 
(n=190)

Common ventricular 
arrhythmias (n=99)

Uncommon ventricular 
arrhythmias (n=91) P value*

   RV LGE, n (%)‡ 9 (5) 1 (1) 8 (9) 0.016

  Edema, n (%)‡ 5 (3) 0 (0) 5 (6) 0.026

  Fat infiltration, n (%)‡ 8 (4) 1 (1) 7 (8) 0.032

Programmed electrical stimulation, n (%) 166 (87) 84 (85) 82 (90) 0.383

  Inducibility of sustained VT/VF, n (%)§ 7 (4) 0 (0) 7 (8) 0.002

  Catheter ablation, n (%) 84 (44) 57 (58) 27 (30) <0.001

Electroanatomical mapping, n (%) 166 (87) 84 (85) 82 (90) 0.383

  RV electroanatomical mapping performed, n (%) 143 (75) 76 (77) 67 (74) 0.739

   Bipolar RV scar, n (%)¶ 28 (20) 10 (13) 18 (27) 0.064

   Unipolar RV scar, n (%)¶ 31 (22) 10 (13) 21 (31) 0.015

   Regional distribution of RV scar, n (%)¶

    RVOT 21 (15) 9 (12) 12 (18) 0.432

    Subtricuspid RV 16 (11) 3 (4) 13 (19) 0.006

    RV apex 9 (6) 1 (1) 8 (12) 0.013

    RV septum 4 (3) 0 (0) 4 (6) 0.046

  LV electroanatomical mapping performed, n (%) 62 (33) 24 (24) 38 (42) 0.016

   Bipolar LV scar, n (%)# 17 (27) 2 (8) 15 (39) 0.009

   Unipolar LV scar, n (%)# 22 (35) 5 (21) 17 (45) 0.064

   Regional distribution of LV scar, n (%)#

    LV inferolateral wall 18 (29) 4 (17) 14 (37) 0.150

    LV septum 10 (16) 1 (4) 9 (24) 0.073

    LVOT 2 (3) 1 (4) 1 (3) 1.000

    LV anterior wall 2 (3) 0 (0) 2 (5) 0.518

    LV apex 3 (5) 0 (0) 3 (8) 0.277

  Epicardial mapping performed, n (%) 1 (1) 0 (0) 1 (1) 1.000

  Late potentials, n (%)** 10 (6) 0 (0) 10 (12) <0.001

Final diagnoses

  Idiopathic VA, n (%) 99 (52) 71 (72) 28 (31) <0.001

  Myocarditis, n (%) 24 (13) 6 (6) 18 (20) 0.009

  Arrhythmogenic cardiomyopathy, n (%) 40 (21) 9 (9) 31 (34) <0.001

  Dilated cardiomyopathy, n (%) 12 (6) 7 (7) 5 (5) 0.883

  Mitral valve prolapse, n (%) 12 (6) 6 (6) 6 (7) 1.000

  Hypertrophic cardiomyopathy with gray-zone 
(13–14 mm) maximal septal thickness, n (%)

3 (2) 0 (0) 3 (3) 0.108

  Left ventricular noncompaction, n (%) 1 (1) 0 (0) 1 (1) 0.479

CMR indicates cardiac magnetic resonance; LBBB, left bundle branch block; LGE, late gadolinium enhancement; LV, left ventricular; LVEF, 
left ventricular ejection fraction; MVP, mitral valve prolapse; NSVT, nonsustained ventricular tachycardia; PVC, premature ventricular complex; 
RBBB, right bundle branch block; RV, right ventricular; RWMA, regional wall motion abnormalities; VA, ventricular arrhythmia; VF, ventricular 
fibrillation; and VT, ventricular tachycardia.

*For the comparison between the Common and Uncommon Morphology Arrhythmia Groups.
†Percentages were calculated considering the total number of patients in whom exercise stress testing information was available.
‡Percentages were calculated considering the total number of patients in whom CMR data were available.
§Percentages were calculated considering the total number of patients in whom electrophysiology study was performed.
¶Percentages were calculated considering the total number of patients in whom RV EAM was performed.
#Percentages were calculated considering the total number of patients in whom LV EAM was performed.
**Percentages were calculated considering the total number of patients in whom EAM was performed.

Table 1. Continued
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[0%]; uncommon: n=7 [8%]; P=0.002). RV EAM was 
performed in a similar proportion of athletes with com-
mon and uncommon VA morphologies (common: n=76 
[77%]; uncommon: n=67 [74%]; P=0.739), while LV EAM 
was more commonly performed in the latter group (com-
mon: n=24 [24%]; uncommon: n=38 [42%]; P=0.016). 
Athletes in the uncommon VA morphology group had 
a higher prevalence of bipolar LV and unipolar RV scar 
and late potentials. Regarding the regional distribution 
of electroanatomical scars, the RVOT and the inferolat-
eral LV wall were the most commonly involved RV and LV 
regions, respectively.

Complications due to the invasive electrophysiology 
procedure occurred in 4 patients (2%; common: n=3 
[3%]; uncommon: n=1 [1%]; P=0.622) who underwent 
CA. These included 2 conservatively managed vascular 
complications (1 small femoral arteriovenous fistula and 
1 hematoma), 1 transient LBBB, and 1 conservatively 
managed pericardial effusion.

The most common final diagnoses after comprehen-
sive evaluation were idiopathic VAs in the common VA 
group (n=71, 72%) and arrhythmogenic cardiomyopa-
thy (n=31, 34%) in the uncommon VA group. During 
the index hospitalization, 10 (5%) patients underwent 
implantable cardioverter defibrillator (ICD) implantation 
for the primary prevention of SCD. All of the patients 
implanted with ICDs were in the uncommon VA group 
(P<0.001 for the comparison of ICD implantation rates 
between common and uncommon VA groups).

Noninvasive Predictors of LGE in the Common 
VA Group
Notably, the prevalence of late gadolinium enhance-
ment (LGE) was almost fourfold in the uncommon group, 

compared with the common VA group (53% versus 
15%; P<0.001). Nonetheless, LV LGE was evident in 13 
athletes in the common VA group, mostly involving the 
inferior-lateral LV (n=10, 71%) with a midmyocardial-
epicardial stria pattern (n=11, 79%; Table 1 and Table 
S1; Figure 2).

Of clinical, ECG, exercise test, and echocardiography 
parameters, only left ventricular ejection fraction <50% 
(P=0.030) was significantly associated with LGE at 
CMR in the common VA group in univariable analysis 
(Table S2). However, the diagnostic performance of left 
ventricular ejection fraction <50% was suboptimal, with 
an area under the receiver operating characteristic curve 
of 0.59 (95% CI, 0.47–0.70; NPV, 87%; PPV, 50%; SE, 
21%; SP, 96%; Figure 2).

Long-Term Clinical Outcomes
During a median follow-up of 6.2 (1st–3rd quartile, 
4.3–8.1) years, 7 (4%) athletes experienced a primary 
outcome event, all of whom were in the uncommon VA 
group (permutation log-rank test for the comparison 
between common and uncommon VAs, P<0.001; Fig-
ure 3), while no events occurred in patients with com-
mon VAs. No athlete reported syncope during follow-up. 
Additional details on patients experiencing sudden car-
diac death and resuscitated cardiac arrest are provided 
in the Supplemental Results.

Among the 9 subjects who were implanted with 
ICDs during the index hospitalization, none received 
ICD therapies during follow-up. In addition, 9 athletes 
underwent ICD implantation during follow-up, after 
a median of 1.0 (0.5–1.6) years; all of these patients 
were in the uncommon VA group (permutation log-rank 
test P<0.001).

Figure 2. Prevalence and predictors of left ventricular (LV) late gadolinium enhancement (LGE) among athletes with common 
morphology ventricular arrhythmias (VA).
LVEF indicates left ventricular ejection fraction.
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Predictors of Primary Outcome Events
In univariable Cox proportional hazards regression mod-
els (Table 2), uncommon VA morphology, induction/
persistence of VAs at exercise testing, NSVT/VT dur-
ing exercise testing, presence of regional LV wall motion 
abnormalities at echocardiogram, LGE, presence of scar 
regions at EAM, and sustained VA induction by PES 
were all associated with increased risk of primary out-
come events (Figure 4). After propensity score-weighting 
based on all noninvasive variables associated with primary 
outcome events in univariable Cox proportional hazards 
models (uncommon VA morphology, induction/persis-
tence of VAs and NSVT/VT at exercise testing, presence 
of regional LV wall motion abnormalities at echocardio-
gram, and LGE),13 sustained VA induction at PES (hazard 
ratio, 25.64 [95% CI, 6.68–76.74]; P<0.001) retained a 
significant association with higher risk of death or sus-
tained VA during follow-up. By contrast, the presence of 
scar regions at EAM was not significantly associated with 
primary outcome events after propensity score-weighting 
(hazard ratio, 3.94 [95% CI, 0.82–1.12]; P=0.082).

The performance measures of variables associ-
ated with the primary end point at the median follow-up 

duration of 6.2 years are reported in Table 3. Positive and 
negative predictive values should be interpreted consid-
ering the low prevalence of primary outcome events in 
the study population. Notably, sustained VA induction by 
PES had the highest specificity (97% [95% CI, 93–98]), 
followed by the presence of regional LV wall motion 
abnormalities by echocardiography (94% [89–96]); 
however, both factors exhibited low sensitivity. The pres-
ence of electroanatomical scar had a sensitivity of 82% 
(46–96) and a specificity of 71% (64–77).

The model combining invasive (PES inducibility, pres-
ence of scar regions and late potentials at EAM) with 
noninvasive predictors (sustained VT/VF at presentation, 
uncommon VA morphology, syncope, abnormal 12-lead 
ECG in sinus rhythm, induction/persistence of VAs and 
NSVT/VT at exercise testing, LGE; C-statistic, 0.95) was 
superior to the nested model including only noninvasive 
predictors of primary outcome events (C-statistic, 0.90; 
log-likelihood ratio; P=0.004).

Summary Model
Based on our findings, to facilitate the clinical application 
of our observations, an exploratory integrated model was 

Figure 3. Primary outcome: survival free from sudden death or sustained ventricular tachycardia (VT)/ventricular fibrillation 
(VF) during follow-up according to the 12-lead ECG morphology of ventricular arrhythmias (VA).
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generated to predict the occurrence of primary outcome 
events in our population. The results are summarized in 
Figure 5.

In particular, VA morphology (common versus uncom-
mon) was the most important predictor of primary out-
come events, followed by LGE. Further risk stratification 
was allowed by using electroanatomical voltage mapping 
among patients with uncommon morphology PVCs/
NSVTs and LGE: patients with electroanatomical scar 
regions were at higher risk (5 events/29 patients) than 
patients with normal electroanatomical voltage maps (0 
events/22 patients; permutation log-rank test P=0.045), 
with this latter group experiencing no primary outcome 
events during follow-up. The other variables associated 
with primary outcome events (NSVT/VT during exercise 
testing, LV regional wall motion abnormalities, and PES 

inducibility) were not retained in the final survival tree 
model.

Sports Eligibility During Follow-up
Of the 148 athletes practicing competitive or profes-
sional sports at baseline, 101(68%) regained com-
petitive sports eligibility according to Italian law after an 
initial 3-month detraining period, and 42 (28%) contin-
ued practicing competitive sports until the last follow-up. 
Among the 59 (40%) athletes who discontinued prac-
ticing competitive sports during follow-up, the reasons 
for the interruption included aborted cardiac arrest due 
to VF (n=1), ICD implantation (n=1), or personal prefer-
ences (n=57). Factors associated with long-term prac-
tice of competitive sports are reported in Table S2.

Table 2. Univariable Cox Proportional Hazards Analysis of Predictors of Primary Outcome Events

Variable

Univariable analysis

HR 95% CI P value

Age (per year change) 1.01 0.97–1.06 0.538

Sex (male vs female) 0.54 0.10–2.79 0.463

Competitive athlete (vs leisure-time) 0.68 0.13–3.52 0.649

Professional athlete (vs leisure-time) 1.33 0.16–11.10 0.793

VA characteristics

  Uncommon morphology VA (vs common) 17.87 2.17–383.43 0.003

  NSVT (yes vs no) 2.63 0.51–13.54 0.248

  PVC number (per unit change) 1.00 0.99–1.00 0.594

Clinical presentation

  Any symptoms (vs asymptomatic) 0.47 0.09–2.46 0.374

  Palpitations (yes vs no) 0.11 0.01–2.35 0.051

  Syncope (yes vs no) 2.68 0.32–22.23 0.362

ECG

  Borderline ECG (vs normal ECG) 1.80 0.16–19.84 0.632

  Abnormal ECG (vs normal ECG) 4.64 0.85–25.33 0.077

Exercise testing

  Persistence/appearance of VAs (vs VAs suppression/absent VAs) 5.00 1.01–25.78 0.049

  NSVT/VT during exercise testing (vs no NSVT/VT during exercise testing) 7.13 1.59–31.90 0.010

Echocardiography

  Any abnormalities (yes vs no) 3.30 0.74–14.77 0.118

  LVEF ≤50% (vs >50%) 1.86 0.22–15.53 0.565

  Regional LV WMA (yes vs no) 6.13 1.19–31.66 0.030

  Mitral valve prolapse (yes vs no) 0.65 0.03–13.91 0.755

LGE (yes vs no) 5.42 1.04–28.34 0.045

Sustained VA induction by PES (yes vs no) 20.03 4.47–89.61 <0.001

EAM details

  Presence of electroanatomical scar (yes vs no) 7.03 1.33–37.07 0.022

  Late potentials (yes vs no) 2.47 0.30–20.55 0.403

Catheter ablation performed (yes vs no) 1.64 0.37–7.32 0.519

EAM indicates electroanatomical mapping; LGE, late gadolinium enhancement; LV, left ventricular; LVEF, left ventricular ejection 
fraction; NSVT, nonsustained ventricular tachycardia; PES, programmed electrical stimulation; PVC, premature ventricular complex; 
VA, ventricular arrhythmia; VT, ventricular tachycardia; and WMA, wall motion abnormalities.
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DISCUSSION
This study reports the long-term clinical outcomes of a 
large cohort of athletes with complex VAs undergoing a 
comprehensive multimodality assessment. The findings 
suggest several key messages:

1. Athletes with PVCs/NSVTs of common morphol-
ogy have a low risk of major arrhythmic events, as 
no such events occurred in our cohort during long-
term follow-up.

2. LV LGE can rarely be present in athletes with com-
mon VA morphologies, though its clinical signifi-
cance remains uncertain. Clinical variables such as 
reduced left ventricular ejection fraction have lim-
ited value in identifying athletes with VAs of com-
mon morphology and LV scar.

3. Several factors are associated with a higher risk 
of arrhythmic events during follow-up in univari-
able analyses, including uncommon VA morphol-
ogy, lack of VA suppression, and NSVT/sustained 

Table 3. Accuracy Measures of Factors Associated With Primary Outcome Events at the Median Follow-Up Duration of 6.2 
Years

Variable
Sensitivity % 
(95% CI)

Specificity % 
(95% CI)

Positive predictive 
value % (95% CI)

Negative predictive 
value % (95% CI)

Uncommon morphology VA (vs common) 100 (65–100) 59 (51–65) 8 (7–9) 100 (98–100)

Persistence/appearance of VAs (vs VAs suppression/absent VAs) 67 (43–86) 66 (59–73) 7 (5–9) 98 (95–99)

NSVT/VT during exercise testing (vs no NSVT/VT during exercise testing) 51 (21–80) 91 (86–94) 17 (12–18) 98 (97–99)

Regional LV wall motion abnormalities by echo (yes vs no) 33 (10–68) 94 (89–96) 16 (10–19) 97 (96–99)

LGE (yes vs no) 82 (46–96) 71 (64–77) 10 (7–10) 99 (97–100)

Sustained VA induction by PES (yes vs no) 49 (20–79) 97 (93–98) 36 (33–39) 98 (97–99)

Presence of electroanatomical scar (yes vs no) 82 (45–96) 76 (70–82) 12 (9–14) 99 (98–100)

LGE indicates late gadolinium enhancement; LV, left ventricular; NSVT, nonsustained ventricular tachycardia; PES, programmed electrical stimulation; VA, ventricular 
arrhythmia; and VT, ventricular tachycardia.

Figure 4. Factors associated with the primary outcome of sudden death or sustained ventricular tachycardia (VT)/ventricular 
fibrillation (VF) in univariable Cox models.
For each parameter, Kaplan-Meier Survival Curves with corresponding permutation log-rank test P values are displayed. CMR indicates cardiac 
magnetic resonance imaging; LGE, late gadolinium enhancement; NSVT, nonsustained ventricular tachycardia; PES, programmed electrical 
stimulation; VA, ventricular arrhythmia; and WMA, wall motion abnormality.



Compagnucci et al Long-Term Prognosis of Athletes With VAs

Circ Arrhythm Electrophysiol. 2025;18:e013480. DOI: 10.1161/CIRCEP.124.013480 June 2025 11

VT during exercise stress testing, LV regional wall 
motion abnormalities on echocardiogram, LGE, 
inducibility of sustained VAs by PES, and the pres-
ence of electroanatomical scar on EAM.

4. Survival tree analysis showed that the prognostic 
assessment of athletes with frequent/exercise-
related PVCs and NSVT should always start with the 
evaluation of VA morphology, reserving CMR and 
EAM to refine prognostication in selected cases.

The Importance of ECG Morphology and VA 
Complexity
Our data provide additional validation for previously pro-
posed expert recommendations concerning the assess-
ment of athletes with VAs, suggesting that 12-lead ECG 
arrhythmia morphology is a key parameter associated 
with the underlying myocardial substrate and, there-
fore, with the risk of major arrhythmic events, especially 
during training or competition.5,6 Previous observational 
data have suggested that the uncommon ECG VA mor-
phology is a key factor associated with CMR-proven LV 
scar in athletes with apparently idiopathic frequent or 
 exercise-induced VAs.10,15

Our data confirm these observations and further vali-
date the prognostic value of arrhythmia ECG morphol-
ogy: athletes presenting with infundibular or fascicular 
PVCs and NSVTs at baseline—as confirmed by ambu-
latory ECG monitoring and maximal exercise stress 
testing—experienced no major arrhythmic events dur-
ing long-term follow-up. This supports the notion that 
common morphology VAs may be considered clinically 
benign, especially in the absence of other clinical, ECG, 
or imaging risk markers.1,16

Although the prevalence of a final diagnosis of 
underlying cardiomyopathy was lower among athletes 
with common morphology VAs compared with those 
with uncommon morphologies, 28% of athletes in the 
former group were ultimately diagnosed with struc-
tural heart disease, including 9% with arrhythmogenic 
cardiomyopathy. These findings are consistent with 
previous studies reporting a prevalence of structural 
heart disease ranging from 9% to 24% in young ath-
letes with common morphology PVCs/NSVTs,17,18 and 
underscore the importance of comprehensive clinical, 
ECG, and imaging assessment, as well as periodic 
reevaluation during follow-up to detect potential dis-
ease progression.

Figure 5. Integrated model for risk stratification.
To summarize the main study findings, an exploratory survival tree method was applied to predict the occurrence of primary outcome events 
during follow-up. The following variables were tested as candidate predictors of events: ventricular arrhythmia (VA) morphology (common vs 
uncommon), VA suppression at exercise testing, nonsustained ventricular tachycardia (NSVT)/ventricular tachycardia (VT) during exercise 
stress testing, late gadolinium enhancement (LGE), sustained VA inducibility by programmed electrical stimulation (PES), and presence of 
electroanatomical scar. Following automated discard of less relevant variables, the model suggests that, following VA morphology, LGE is 
the most important variable; VA suppression at exercise testing and presence of electroanatomical scar may allow further risk stratification in 
selected cases. PVC indicates premature ventricular complex; and VF, ventricular fibrillation.
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Remarkably, the generally benign prognostic mean-
ing of common morphology VAs was confirmed in our 
study despite a 47% prevalence of NSVT, which is 
regarded as a marker of increased risk of sudden car-
diac death in athletes, mainly based on data obtained 
in patients with arrhythmogenic right ventricular cardio-
myopathy,19,20 arrhythmic myocarditis,21,22 or arrhythmic 
mitral valve prolapse.23 Our results align with previous 
CMR studies conducted in nonathletic subjects with 
apparently idiopathic VAs, in which NSVTs were not 
associated with abnormal myocardial substrates or 
increased risk of major arrhythmic outcomes during 
follow-up.24

Clinical and Electrophysiological Predictors 
of Major Arrhythmic Events in Athletes With 
Complex VAs
Besides VA morphology and complexity, other nonin-
vasive markers—lack of VA suppression and NSVT/
VT during exercise stress testing, the presence of LV 
regional wall motion abnormalities on echocardiogram, 
and LGE—emerged as key factors associated with major 
arrhythmic events during follow-up. These observations 
confirm previous studies suggesting that maximal exer-
cise stress testing is important not only to confirm the 
VA morphology (common versus uncommon), but also to 
evaluate the response of PVCs to exercise and NSVT 
inducibility. These parameters are, in turn, associated 
with CMR-proven LV scar.10 The importance of CMR-
proven myocardial scar cannot be overstated: LV LGE, 
especially with a nonischemic stria pattern, may be the 
substrate for life-threatening VAs and sudden death in 
athletes, and should be suspected in those with uncom-
mon VAs, especially when they present with an RBBB-
superior axis pattern.25

In our cohort, sustained VT/VF inducibility at EPS 
was also significantly associated with major arrhyth-
mic events in the propensity score-weighted analysis. 
Heidbüchel et al26 previously reported that EPS may 
enable risk stratification among endurance athletes 
with complex LBBB-pattern VAs and exercise-induced 
arrhythmogenic cardiomyopathy. Our results extend this 
observation to a less selected cohort of athletes with 
complex VAs.

Although analyses concerning the long-term predic-
tion of the study end point are hypothesis-generating 
due to the small number of outcomes, the results sug-
gest that, especially in competitive athletes with uncom-
mon PVCs/NSVTs and unclear findings after noninvasive 
tests including CMR, who place a high value on precise 
diagnostic definition to inform a safe return to play, refer-
ral for invasive electrophysiological assessments may 
have prognostic as well as diagnostic value, in line with 
what was recently suggested by a task force of Italian 
sports cardiology experts.27

The extent of electroanatomical scar and sustained 
VT/VF inducibility at EPS are key electrophysiological 
hallmarks of the arrhythmogenicity of myocardial fibrosis.28 
These factors reflect the propensity of the electroanatomi-
cal scar to favor sustained VAs and point to the presence 
of slow conduction zones and conduction barriers in the 
myocardium, which are crucial mechanistical determinants 
of reentrant VAs.28 The lack of association between the 
presence of late potentials and primary outcome events in 
our sample may reflect the exclusion of patients with a his-
tory of sustained VAs at baseline, in whom late potentials 
are more commonly detectable.28 This finding suggests 
the need for future research to explore the prognostic 
value of additional functional substrate mapping strategies 
for better electrophysiological characterization of myocar-
dial scars in athletes referred for complex VAs.29

As summarized in Figure 5, our data allowed for the 
development of an exploratory unifying model to assist 
clinicians in identifying athletes with complex VAs at risk 
of life-threatening arrhythmic events. This model may 
enable rapid risk stratification, particularly in the subgroup 
of athletes with common morphology PVCs/NSVTs who 
lack other risk markers, for whom further testing may not 
be necessary for prognostic purposes.1,30 Based on our 
findings, EAM may have prognostic value among athletes 
with uncommon PVCs/NSVTs and LGE, suggesting that 
limited CMR-proven myocardial scars that cannot be 
detected by bipolar and unipolar EAM may not be asso-
ciated with an increased risk of sustained VT/VF during 
follow-up.8,28

Limitations
Several limitations of our work should be acknowledged. 
The comprehensive diagnostic assessment was per-
formed in high-volume referral centers for the care of 
patients with VAs, potentially limiting the generalizabil-
ity of our findings. Some athletes were excluded from 
the present analysis due to lack of data on 12-lead 
ECG morphology of the VAs, and some refused invasive 
diagnostic assessments. Furthermore, the low rate of 
events limited the statistical power of all analyses con-
cerning prognostic factors, and the survival tree model 
needs further validation in other cohorts. Nonetheless, 
to our knowledge, this is the largest report concerning 
the multimodality characterization of athletes with com-
plex VAs in which the long-term prognostic value of a 
comprehensive diagnostic workup was evaluated. Future 
studies enrolling larger cohorts of athletes are needed 
to better elucidate the prognostic significance of the 
workup in the context of specific underlying diagnoses 
of structural heart disease. Epicardial mapping was only 
performed when clinically indicated for CA of epicardial 
VT, potentially limiting our ability to detect late potentials 
confined to the epicardium in athletes with nonischemic 
cardiomyopathies.
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Conclusions
The prognostic assessment of athletes with VAs 
requires the integration of ECG, imaging, and, in 
selected cases, electrophysiology data. A comprehen-
sive diagnostic workup may facilitate risk stratification 
in athletes with complex VAs and inform safe return-
to-play decisions.
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