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OBJECTIVES This study describes the cardiac phenotypes and markers of adverse outcome in athletes with ventricular

arrhythmias with no other discernable etiology than high exercise doses.

BACKGROUND Little is known about phenotypes and risk markers of life-threatening arrhythmic events in athletes

with ventricular arrhythmia.

METHODS We compared high-performance athletes who have ventricular arrhythmia with healthy controls using

clinical data and cardiac imaging. None of the patients had family history of arrhythmogenic cardiomyopathy or any other

discernable etiology of ventricular arrhythmia. Right (RV) and left ventricular (LV) function was assessed by echocar-

diographic longitudinal strain (right ventricular free wall strain longitudinal [RVFWSL] and left ventricular global longi-

tudinal strain [LVGLS]). Mechanical dispersion was defined as the standard deviation of time to peak strain in 16 LV

segments. RV ejection fraction and presence of late gadolinium enhancement was assessed by cardiac magnetic

resonance.

RESULTS We included 43 athletes (45 � 14 years of age, 16% female) with ventricular arrhythmias and 30 healthy

athletes (41 � 9 years of age, 7% female). Athletes with ventricular arrhythmias had worse RV function than healthy

athletes by echocardiography (RVFWSL: �22.9 � 4.8% vs. �26.6 � 3.3%; p < 0.001) and by cardiac magnetic resonance

(RV ejection fraction 48 � 7% vs. 52 � 6%; p ¼ 0.04), and had more late gadolinium enhancement (24% vs. 3%;

p ¼ 0.03). Life-threatening arrhythmic events (aborted cardiac arrest, sustained ventricular tachycardia, or appropriate

implantable cardioverter-defibrillator therapy) had occurred in 23 (53%) athletes with ventricular arrhythmias. These had

impaired LV function compared to those with less severe ventricular arrhythmias (LVGLS: -17.1 � 3.0% vs. -18.8 � 2.0%;

p ¼ 0.04). LV mechanical dispersion was an independent marker of life-threatening events (adjusted odds ratio: 2.2

[1.1 to 4.8] by 10 ms increments; p ¼ 0.03).

CONCLUSIONS Athletes with ventricular arrhythmias had impaired RV function and more myocardial fibrosis

compared to healthy athletes. Athletes with life-threatening arrhythmic events had additional LV contraction

abnormalities. These phenotypes mimic arrhythmogenic cardiomyopathy and may potentially be induced by high

doses of exercise in susceptible individuals. (J Am Coll Cardiol Img 2021;14:148–58) © 2021 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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AB BR E V I A T I O N S

AND ACRONYM S

AC = arrhythmogenic

cardiomyopathy

ECG = electrocardiogram

GLS = global longitudinal

strain

ROC = receiver operator

characteristics

LV = left ventricle

MET = metabolic equivalents

of task

RV = right ventricle

RVFWSL = right ventricular

free wall strain longitudinal

ventricular tachycardia
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S udden cardiac arrest of an apparently healthy
athlete is an uncommon but feared event with
an unclear incidence that has been reported

to range from 0.4 to 6.8 per 100,000 athlete years
depending on population and study methodology
(1,2). Undiagnosed arrhythmogenic cardiomyopathy
(AC) (previously known as arrhythmogenic right ven-
tricular cardiomyopathy), is among the most common
causes of sudden cardiac death in young athletes (2).

The physiological benefits of exercise are undis-
puted, and improved physical capacity reduces inci-
dent heart disease and mortality (3). Competitive
athletes exercise in vast excess to the recommended
health-promoting 150 mins per week (4). The “ath-
lete’s heart” is widely recognized as a benign and
reversible constellation of symmetrical heart chamber
enlargement and relative bradycardia in the context
of athletic activity. The athlete’s heart can fulfill
structural and functional diagnostic criteria for AC
(5). Genetic mutations causing AC have been reported
to be surprisingly uncommon in athletes with ven-
tricular arrhythmias (6). It has been suggested that
the physiological adaptation to exercise can convert
to irreversible cardiac changes and even induce an
arrhythmogenic phenotype overlapping with AC even
without a clear genetic vulnerability (7). However,
little is known about this entity and the associated
exercise doses, individual susceptibility and risk
markers of arrhythmic remodeling in athletes.

We aimed to describe competitive athletes with
ventricular arrhythmias by a multimodality approach
including electrocardiogram (ECG) and novel imaging
techniques and compare them to matched healthy
athletes. Furthermore, we wanted to identify possible
risk markers of life-threatening arrhythmic events in
competitive athletes and hypothesized that tools that
have been useful in risk stratification of patients with
AC may be useful in athletes with a possible acquired
AC-like phenotype.

METHODS

STUDY POPULATION. We included consecutive
competitive athletes referred with symptomatic ven-
tricular arrhythmias for diagnostic and therapeutic
evaluation at the Department of Cardiology, Oslo
University Hospital, Rikshospitalet, Norway, between
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2007 and 2017 in a controlled cross-sectional
study with retrospective event adjudication.
Competitive athletes were defined as subjects
with exercise doses >24 metabolic equiva-
lents of task (MET)—hours per week for >6
consecutive years, and participation in orga-
nized team or individual sports with regular
competitions focusing on excellence and
achievements (8). All were deconditioned for
at least 6 weeks before assessment, and un-
derwent extensive diagnostic work-up where
other known etiologies of ventricular ar-
rhythmias were excluded: coronary artery
disease by invasive angiography, computed
tomography (CT) coronary angiography or
bicycle stress ECG in patients <35 years of age
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cardiac magnetic resonance (CMR) imaging and
positron-emission tomography scan, cardiac
shunts, greater than or equal to moderate valvular
heart disease by echocardiography, inheritable car-
diomyopathy and ion-channelopathy by genetic
testing and assessment of family history of premature
cardiac disease, or sudden cardiac death. The total
diagnostic work-up in these athletes included inva-
sive coronary angiography (63%), CT coronary angi-
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ated with cardiomyopathy or ion-channelopathy,
family history of sudden cardiac death or premature
heart disease or reporting use of performance
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family history, and no genetic mutation associated
with AC (9).
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FIGURE 1 Echocardiographic Strain Curves in Athletes With and Without

Ventricular Arrhythmias

Ventricular arrhythmias in athletes

Low risk
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Echocardiographic strain curves of a healthy athlete with dilated right

ventricle (RV) and normal longitudinal strain (green panel), an athlete with

ventricular arrhythmia and dilated RV with abnormal longitudinal strain

(yellow panel), and an athlete with life-threatening ventricular arrhythmia

and heterogeneous left ventricular (LV) contractions (red panel, showing 1

of 3 apical views). AVC ¼ aortic valve closure; ICD ¼ implantable

cardioverter-defibrillator; NSVT ¼ nonsustained ventricular tachycardia;

PVC ¼ premature ventricular contractions; VT ¼ ventricular tachycardia.
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contact the study group. Athletes from other endur-
ance sports who came to know of the study were also
considered for inclusion. Based on this, healthy ath-
letes from olympic to elite master level were invited as
controls if they had no cardiopulmonary disease and
reported no use of performance enhancing drugs. Of
48 athletes with positive response, we selected 30
healthy individuals based on similar age, sex, and ex-
ercise habits as the competitive athletes with ventric-
ular arrhythmias. These 30were invited to undergo the
same diagnostic protocol as the competitive athletes
with ventricular arrhythmia, except for invasive pro-
cedures and genetic testing for ethical reasons. The
healthy athletes were not deconditioned before
assessment. The study complied with the Declaration
of Helsinki and was approved by the Regional Com-
mittee for Medical Research in Norway. All study par-
ticipants provided written informed consent.

EXERCISE HISTORY. All competitive athletes with
ventricular arrhythmias and healthy athletes under-
went a structured interview assessing their exercise
history. Exercise was defined as physical activity
performed on a regular basis, and was recorded
retrospectively from school age until assessment (10).
Duration of exercise was defined as the actual time in
motion, and accumulated exercise duration was
calculated by summation of the weekly durations
from reported time intervals. Exercise intensity was
assigned from the reported exercise activities using
the 2011 Compendium of Physical Activities, and was
expressed as METs (11). The exercise dose was
calculated by multiplication of exercise intensities
and exercise durations and expressed as MET-hours.

ECG AND HOLTER MONITOR RECORDINGS. We ob-
tained 12-lead ECGs from all study participants and
interpreted these according to current international
recommendations (12). We classified ECGs as
abnormal or borderline based on these criteria and
noted cases with voltage signs of left ventricular
hypertrophy.

Signal-averaged ECG (SAECG) was performed in
the majority of participants (9). The number of pre-
mature ventricular contractions (PVCs) per 24 h was
assessed by Holter monitor recordings in the majority
of participants. Nonsustained ventricular tachycardia
(NSVT) was defined as 3 or more consecutive PVCs
>100 beats/min, self-terminating within 30 s. Ven-
tricular tachycardia (VT) was defined as sustained
when lasting >30 s, and was documented on 12-lead
ECG or Holter monitor recordings (13). Sustained
VTs were classified based on their configuration as
left bundle branch block (LBBB)–like with superior or
inferior electric axis, right bundle branch block – like
or polymorphic. Life-threatening arrhythmic events
were defined as aborted cardiac arrest, sustained VT,
ventricular fibrillation, or appropriate therapy from
an implantable cardioverter-defibrillator (ICD) in pa-
tients who already had such implanted devices.

ECHOCARDIOGRAPHY. We performed echocardiog-
raphy using Vivid 7, E9 or E95 scanners (GEHealthcare,
Horten, Norway) with off-line analyses (EchoPac
version 201, GE Healthcare) performed by an experi-
enced operator blinded to outcome data to reduce
variability. We assessed left ventricular (LV) size,
ejection fraction, diastolic function, and left atrial size
according to recommendations (14,15). LV speckle
tracking imaging was performed using non-
foreshortened apical long-axis view, 2-chamber view,
and 4-chamber view, all with frame rates>50 frames/s.
Global longitudinal strain (GLS) was assessed by
speckle tracking, and defined as the average peak
negative systolic strain in a 16-segment LV model (16).
Mechanical dispersion, reflecting contraction hetero-
geneity,was expressed as the standard deviation of the



TABLE 1 Clinical Characteristics of 43 Competitive Athletes With Ventricular

Arrhythmias and 30 Healthy Athletes

Healthy Athletes
(n ¼ 30)

Competitive Athletes
With Ventricular
Arrhythmias
(n ¼ 43) p Value

Characteristics

Age, yrs 41 � 9 45 � 14 0.17

BMI, kg/m2 23.3 � 1.7 25.0 � 3.5 0.02

BP, sys, mm Hg 122 � 12 134 � 17 0.003

BP, dias, mm Hg 70 � 11 81 � 12 0.001

BSA, m2 2.0 � 0.1 2.1 � 0.2 0.04

Female 2 (7) 7 (16) 0.22

Height, cm 181 � 7 183 � 8 0.38

ICD — 18 (42) NA

Medication — 29 (67) NA

Amiodarone — 6 (14) NA

Beta-blocker — 27 (63) NA

Flecainide — 3 (7) NA

Weight, kg 77 � 9 84 � 15 0.02

Exercise

Dose, 1,000 MET-h (IQR) 94 (64-154) 105 (68-183) 0.65

Duration, 1,000 h (IQR) 10 (8-16) 10 (4-20) 0.78

Sports

Bicycling 19 (63) 14 (33) 0.009

Skiing 8 (27) 10 (23) 0.74

Team sports — 7 (16) 0.04

Rowing 1 (3) 2 (5) 1.00

Running 1 (3) 8 (19) 0.07

Swimming — 2 (5) 0.51

Triathlon 1 (3) — 0.41

ECG

Abnormal ECG 4 (14) 16 (38) 0.03

TWI 4 (14) 14 (33) 0.07

Q-wave — 1 (2) —

Conduction delay — 1 (2) —

Borderline ECG 2 (7) 5 (12) 0.52

Heart rate (beats/min) 50 � 9 53 � 7 0.12

Isolated LVH criteria 1 (3) 6 (14) 0.23

PVC burden, n/24 h (IQR) 5 (1-23) 135 (16-1,830) 0.007

QRS, ms 99 � 9 102 � 12 0.26

SAECG abnormal 13 of 17 (76) 26 of 32 (81) 0.69

Values are mean � SD or n (%), unless otherwise stated; and compared by Student’s t-test, Mann Whitney U test,
chi square test, or Fischer exact test as appropriate.

BP ¼ blood pressure; BMI ¼ body mass index; BSA ¼ body surface area; ECG ¼ electrocardiogram;
ICD ¼ implantable cardioverter-defibrillator; IQR ¼ interquartile range; LVH ¼ left ventricular hypertrophy; MET-
h ¼ metabolic equivalent hours; NA ¼ not applicable; PVC ¼ premature ventricular contractions; SAECG ¼ signal
averaged electrocardiogram; TWI ¼ T-wave inversion.
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time fromQ/R on surface ECG to peak negative strain in
16 LV segments (Figure 1, right panel).

From the right ventricle (RV), we assessed the basal,
middle, and longitudinal RV diameter (RVD) from the RV-
focused apical 4-chamber view, the proximal RV outflow
tract (RVOT) diameter from the parasternal short-axis
view, tricuspid annular plane systolic excursion (TAPSE),
and RV fractional area change (FAC) (14). RV wall motion
abnormalities and functional/structural diagnostic criteria
were assessedaccording to the task force criteria forAC (9).
Wecalculated the ratio betweenbasal RVDandRVOTasan
index of RV shape alteration, and the ratio of basal RVD to
LV end-diastolic diameter as an index of RV/LV relative
size. RV speckle tracking imaging was performed on a RV-
focused 4-chamber view with more than 50 frames/s. RV
free wall longitudinal strain (RVFWSL) was assessed by
speckle tracking and defined as the average peak negative
systolic strain in 3 RV freewall segments (Figure 1, left and
middlepanel). RVmechanical dispersionwas expressed as
the standarddeviationof the time fromQ/RonsurfaceECG
to peak negative strain in 6 RV segments including the
interventricular septum to improve the robustness of the
estimates.

CMR IMAGING. Cine sequences were performed in
standardized long-axis projections and multiple
short-axis projections covering both ventricles. In the
steady state after the intravenous injection of
contrast medium, late gadolinium enhancement
(LGE) was performed in the similar projections. In
competitive athletes with ventricular arrhythmias,
CMR was performed on a 1.5-T unit (Magnetom So-
nata, Vision Plus or Avanto, Siemens, Erlangen, Ger-
many). In healthy athletes, CMR was performed on a
3-T unit (Philips Ingenia, Philips Healthcare, Best, the
Netherlands). Ventricular volumes were calculated
semiautomatically by trained radiologists. LGE was
recorded as present or absent, and characterized as
stria or patchy patterns. The areas of LGE were
automatically traced in end-diastole in all short-axis
slices, and the extent of LGE was summarized and
expressed as a percentage of the total LV
myocardium.

GENETIC ANALYSES. We performed genetic analyses
for mutations associated with AC as previously re-
ported (17). Genetic mutations associated with hy-
pertrophic cardiomyopathy, long QT syndrome, and
catecholaminergic polymorphic VT were screened
when appropriate.

STATISTICS. Values were presented as mean � SD,
frequencies with percentages, and medians with
interquartile range (IQR) and compared by Student t-
test, chi square test, Fisher exact test, or Mann-
Whitney U test as appropriate. The association
between RVOT diameter, a part of the diagnostic
criteria for AC, and lifetime exercise exposure was
assessed using linear regression and confounding by
age was assessed by multiple linear regressions. Dif-
ferences in beta values between healthy athletes and
athletes with ventricular arrhythmias were assessed
by the Fisher R-to-Z transformation. Imaging param-
eters associated with life-threatening arrhythmic
events in univariable analyses were added to a multi-
variable regression model (SPSS statistics 22.0, SPSS



TABLE 2 Cardiac Imaging Characteristics of 43 Competitive Athletes With Ventricular

Arrhythmias and 30 Healthy Athletes

Healthy Athletes
(n ¼ 30)

Competitive Athletes
With Ventricular

Arrhythmia
(n ¼ 43) p Value

Echocardiography

EF, % 59 � 4 56 � 6 0.03

LVEDV, ml/m2 84.7 � 14.9 65.1 � 15.1 <0.001

LVSV, ml/m2 49.9 � 9.1 36.3 � 8.3 <0.001

LVIDd, mm/m2 29.8 � 2.8 27.5 � 2.5 0.001

IVSd, mm 8 � 2 9 � 2 0.08

LVGLS, % �18.9 � 1.8 �17.9 � 2.7 0.08

LVMD, ms 40 � 11 51 � 17 0.004

e’, cm/s 11.4 � 2.2 9.2 � 2.6 0.001

E/e’ ratio 5.5 � 1.2 7.0 � 2.3 0.002

LA, ml/m2 44.0 � 10.8 37.5 � 12.9 0.03

RV contraction abn 0 (0) 4 (9) 0.14

RVD basal, mm/m2 23.5 � 2.9 22.5 � 2.9 0.12

RVD mid, mm/m2 20.0 � 2.8 18.9 � 3.2 0.15

RV length, mm/m2 46.6 � 4.2 41.9 � 5.6 <0.001

RV/LV diameter, ratio 0.79 � 0.09 0.82 � 0.11 0.28

RVOT, mm/m2 19.2 � 2.3 18.0 � 2.9 0.06

RVOT/RVD, ratio 0.82 � 0.09 0.80 � 0.12 0.51

TAPSE, mm 27 � 3 23 � 6 0.003

FAC, % 39 � 9 37 � 7 0.37

RVFWSL, % �26.6 � 3.3 �22.9 � 4.8 <0.001

RVMD, ms 28 � 13 37 � 27 0.09

CMR (n ¼ 29) (n ¼ 37)

LVEDV, ml/m2 114 � 16 105 � 20 0.07

RVEDV, ml/m2 120 � 18 123 � 26 0.57

LVEF, % 57 � 6 58 � 7 0.58

RVEF, % 52 � 6 48 � 7 0.04

LGE 1 (3) 8 (22) 0.03

LGE, % (range) 0 (0-9) 0 (0-4) 0.22

Values are mean � SD or n (%), compared by Student’s t-test or chi square test as appropriate.

abn ¼ abnormality; CMR ¼ cardiac resonance imaging; E ¼ maximum E wave velocity at transmitral blood flow
Doppler; e’ ¼ maximum E wave velocity from tissue Doppler imaging; EF ¼ ejection fraction; FAC ¼ fractional
area change; IVSd ¼ interventricular septum in diastole; IVSDd ¼ interventricular septum diameter in diastole;
LA ¼ left atrium; LGE ¼ late gadolinium enhancement; LV ¼ left ventricle; LVEDV ¼ left ventricular end-diastolic
volume; LVEF ¼ left ventricular ejection fraction; LVGLS ¼ left ventricular global longitudinal strain; LVID ¼ left
ventricular internal diameter in diastole; LVIDd ¼ left ventricular internal diameter in diastole; LVMD ¼ left
ventricular mechanical dispersion; LVSV ¼ left ventricular stroke volume; RV ¼ right ventricle; RVD ¼ right
ventricular diameter; RVEDV ¼ right ventricular end diastolic volume; RVEF ¼ right ventricular ejection fraction;
RVFWSL ¼ right ventricular free wall longitudinal strain; RVMD ¼ right ventricular mechanical dispersion;
RVOT ¼ right ventricular outflow tract; TAPSE ¼ tricuspid annulus plane systolic excursion.
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Inc., Chicago, Illinois). Receiver operator characteris-
tics curves were constructed for the discriminatory
ability of markers, expressed by area under the curve
(AUC). The coordinates from the receiver operator
characteristics curves closest to the upper-left corner
defined optimal discrimination values. Two-sided
p values <0.05 were considered statistically
significant.

RESULTS

CLINICAL CHARACTERISTICS. We included 43
competitive athletes referred with ventricular
arrhythmias (Table 1) with median accumulated ex-
ercise duration of 9,893 h (IQR: 4,342 to 19,550 h). By
inclusion criteria, none had family history of sudden
cardiac death or premature heart disease, and none of
the participants had documented genetic mutations
associated with AC or other genetic heart diseases.

Life-threatening arrhythmic events had occurred
in 23 (53%) athletes; 9 had aborted cardiac arrest, 6
had appropriate ICD-therapy, and 8 documented had
only sustained VT. Sustained VT was also observed in
13 of 15 patients with aborted cardiac arrest and/or
appropriate ICD-therapy, and was therefore recorded
in 21 patients. Nine (43%) of these had LBBB-like su-
perior axis VT, 4 (19%) had LBBB-like inferior axis VT
(all during exercise), 1 (5%) had right bundle branch
block–like VT, 2 (10%) had polymorphic VT, and the
configuration could not be established in 5 (24%) due
to detection on Holter monitor recordings (n ¼ 2),
telemetric monitoring (n ¼ 1), implantable loop
recorder (n ¼ 1), or intracardiac device (n ¼ 1). The
sustained VTs had a median frequency 200 beats/min
(IQR: 170 to 235 beats/min), and the median time from
ventricular events to inclusion investigations was
0.5 years (IQR: 0.0 to 3.3 years).

The remaining 20 (47%) athletes presented with
NSVT (n ¼ 8), syncope (n ¼ 5), or palpitations and
frequent PVCs (n ¼ 7) (diagnostic work-up presented
in Supplemental Table 1). Of the 7 patients without
NSVT or syncope, 4 had ECGs with pathologic T-wave
inversions, and 3 had crude and sustained RV ab-
normalities on cardiac imaging (1 had RV diameter of
>60 mm and 2 had fractional area change <35%).

ECG AND CARDIAC IMAGING. Higher PVC amount
and abnormal ECGs were more prevalent in compet-
itive athletes with ventricular arrhythmias than in
healthy athletes (Table 1). T-wave inversions were
seen in 18 individuals (Table 1), predominantly in the
anterior leads (2 healthy athletes vs. 12 athletes with
ventricular arrhythmias; p ¼ 0.03). One athlete with
ventricular arrhythmias had lateral and 1 had infero-
lateral T-wave inversions, and 5 participants (2
healthy athletes) had inferior lead T-wave inversions.
Three athletes with ventricular arrhythmias had T-
wave inversions in multiple regions. SAECG was
frequently abnormal in both competitive athletes
with ventricular arrhythmias and in healthy athletes.
No bundle branch block was observed.

Competitive athletes with ventricular arrhythmias
had smaller LV volumes and worse systolic and
diastolic function in both LV and RV by echocardi-
ography compared to healthy athletes, but still
within normal range (Table 2). Regional contraction
abnormalities were seen in none of the healthy
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CENTRAL ILLUSTRATION Observed Values of Sensitivity and Specificity Calculated for Optimal
Discrimination Values for Right Ventricular Free Wall Longitudinal Strain and Left Ventricular
Mechanical Dispersion

Abnormal LV

Differentiation of Healthy Athletes, Athletes With Benign
Ventricular Arrhythmia, and Athletes With Life-Threatening

Ventricular Arrhythmia

� RV function
• Abnormal ECG
• Fibrosis

� RV dimensions
• Bradycardia
• Late potentials

High
risk

Inter-
mediate

risk

Low
risk

Sensitivity
74%

Specificity
70%

Sensitivity
74%

Specificity
80%

n = 30 n = 20

No
events

Frequent PVCs,
syncope, non-
sustained VT

Cardiac arrest,
sustained VT,
ICD therapy

n = 23

Lie, Ø.H. et al. J Am Coll Cardiol Img. 2021;14(1):148–58.

The value in clinical risk stratification should be assessed in a separate and larger cohort. ECG ¼ electrocardiogram; ICD ¼ implantable cardioverter-

defibrillator; LV ¼ left ventricle; PVC ¼ premature ventricular contractions; RV ¼ right ventricle; VT ¼ ventricular tachycardia.
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athletes and in 4 athletes with ventricular arrhyth-
mias. Of these, 3 fulfilled major criteria for AC by
dilated RVOT and 1 fulfilled minor criteria by mildly
reduced RV FAC. RV function by free-wall longitu-
dinal strain was the best parameter to discriminate
between competitive athletes with ventricular ar-
rhythmias and healthy athletes, with an optimal
discrimination value of worse than -25% (AUC: 0.73;
95% confidence interval [CI]: 0.62 to 0.85). This
cutoff identified athletes with ventricular arrhyth-
mias with sensitivity of 74% and specificity of 70%
(Central Illustration). RV function was also worse in
the subgroup of competitive athletes with less se-
vere ventricular arrhythmias than in healthy
athletes (Supplemental Table 2). There was a
modest general correlation between RVOT diameter
and cumulative exercise duration (beta 0.54;
p < 0.001) and this association was independent of
age (adjusted beta 0.48; p < 0.001). RVOT diameter
of the competitive athletes with ventricular ar-
rhythmias correlated with cumulative exercise
duration (beta 0.59; p < 0.001). The correlation
seemed less compelling in healthy athletes (beta
0.43; p ¼ 0.03) (Supplemental Figure 1) but was not
significantly different (p ¼ 0.18).

CMR was successfully performed in 37 (86%) ath-
letes with ventricular arrhythmias and 29 (97%)
healthy athletes (Table 2). Competitive athletes with

https://doi.org/10.1016/j.jcmg.2020.07.039
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TABLE 3 Characteristics of 43 Competitive Athletes With Ventricular Arrhythmia

Without and With Life-Threatening Arrhythmic Events

No Life-Threatening
Arrhythmic Events

(n ¼ 20)

Life-Threatening
Arrhythmic Events

(n ¼ 23) p Value

Characteristics

Age, yrs 44 � 12 46 � 16 0.71

BP, systolic, mm Hg 137 � 15 132 � 20 0.48

BP, diastolic, mm Hg 83 � 10 80 � 14 0.46

BSA, m2 2.1 � 0.2 2.0 � 0.2 0.30

Female 3 (15) 4 (17) 1.00

NSVT 8 (40) 12 (52) 0.43

Syncope 7 (35) 13 (57) 0.16

Exercise

Dose, 1,000 MET-h 108 (72-199) 103 (46-182) 0.70

Duration, 1,000 h 11 (8-21) 7 (4-19) 0.24

Sports

Bicycling 6 (30) 8 (35) 0.74

Skiing 6 (30) 4 (17) 0.47

Team sports 2 (10) 5 (22) 0.42

Rowing 2 (10) — 0.21

Running 4 (20) 4 (17) 1.00

Swimming — 2 (9) 0.49

ECG

Abnormal ECG 8 (40) 16 (70) 0.03

Heart rate, beats/min 49 � 5 53 � 8 0.14

LVH 3 (15) 3 (13) 1.00

PVC burden (%) 135 (20-1,705) 144 (0-2,578) 0.86

QRS, ms 103 � 11 101 � 13 0.70

SAECG abnormal 12 of 15 (80) 14 of 17 (82) 1.00

fQRS, ms 119 � 11 123 � 17 0.54

HFLA, ms 37 � 11 43 � 20 0.30

RMS, mV 28 � 13 26 � 18 0.73

TWI 4 (20) 10 (43) 0.08

Echocardiography

EF, % 57 � 5 56 � 6 0.46

LVEDV, ml/m2 66.7 � 15.1 63.6 � 15.2 0.51

LVSV, ml/m2 37.9 � 8.8 34.9 � 7.7 0.23

LVIDd, mm/m2 27.4 � 2.5 27.7 � 2.6 0.65

IVSd, mm 9 � 2 9 � 2 0.94

LVGLS, % �18.8 � 2.0 �17.1 � 3.0 0.04

LVMD, ms 41 � 9 60 � 18 <0.001

e’, cm/s 9.8 � 2.4 8.6 � 2.8 0.16

E/e’ ratio 6.3 � 1.3 7.7 � 2.8 0.06

LA, ml/m2 39.5 � 12.3 35.8 � 13.5 0.35

RV contraction abn 0 (0) 4 (17) 0.11

RVD basal, mm/m2 22.4 � 3.5 22.4 � 2.3 0.96

RVD mid, mm/m2 17.9 � 2.9 19.8 � 3.2 0.06

RV length, mm/m2 41.7 � 4.8 42.0 � 6.4 0.88

RV/LV diameter, ratio 0.82 � 0.10 0.82 � 0.11 0.94

RVOT, mm/m2 17.6 � 2.5 18.3 � 3.3 0.42

RVOT/RVD, ratio 0.79 � 0.09 0.82 � 0.14 0.45

TAPSE, mm 26 � 4 20 � 6 <0.001

FAC, % 40 � 6 35 � 8 0.04

RVFWSL, % �23.7 � 4.7 �22.1 � 5.0 0.30

RVMD, ms 32 � 14 42 � 35 0.24

Continued on the next page
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ventricular arrhythmias had worse RV function and
more LGE compared to healthy athletes (Table 2).
LIFE-THREATENING ARRHYTHMIC EVENTS COMPARED

TO LESS SEVERE ARRHYTHMIAS. Of 43 athletes with
ventricular arrhythmia, 23 (53%) athletes had life-
threatening arrhythmic events. These patients more
frequently had an abnormal ECG. However, no spe-
cific ECG markers were associated with life-
threatening arrhythmic events (Table 3).

Athletes with life-threatening arrhythmic events
had worse LV function by GLS and more pronounced
LV mechanical dispersion (Table 3, Central Illustration,
Figure 2). In multivariable logistical regression anal-
ysis with GLS, TAPSE and FAC, LV mechanical
dispersion was the only independent marker of life-
threatening arrhythmic events (adjusted odds ratio:
2.2; 95% CI: 1.1 to 4.8 by 10-ms increments; p ¼ 0.03)
and had an optimal discrimination value of $47 ms
(AUC: 0.81; 95% CI: 0.68 to 0.94). This cutoff identi-
fied athletes with life-threatening arrhythmic events
with sensitivity of 74% and specificity of 80%
(Central Illustration). RV function was worse in
competitive athletes with life-threatening arrhythmic
events in univariable analysis, but this was no longer
evident in multivariable analysis. No differences were
observed at CMR (Table 3).

DISCUSSION

This is the largest study to date comparing athletes
with ventricular arrhythmia with healthy athletes
using multimodality cardiac imaging. Our main find-
ings were: 1) life-threatening ventricular arrhythmias
occurred in athletes with no other clear etiology than
exercise for cardiac remodeling; 2) competitive ath-
letes with ventricular arrhythmias had worse RV
function than healthy athletes, suggesting chronic
arrhythmogenic RV remodeling and a phenotype
mimicking AC; and 3) competitive athletes with life-
threatening arrhythmic events had additional LV
disease manifestation, indicating for the first time
biventricular cardiac changes in the most severe
arrhythmic phenotype (Central Illustration).

EXERCISE-INDUCEDARRHYTHMOGENIC CARDIOMYOPATHY.

We studied the cardiac phenotypes of competitive
athletes with high exercise doses and who were
referred to a tertiary center due to symptomatic
ventricular arrhythmias. Extensive clinical work-up
revealed significant cardiac remodeling after decon-
ditioning but no other discernible etiology including
genetic testing for AC-related genes. Our findings



TABLE 3 Continued

No Life-Threatening
Arrhythmic Events

(n ¼ 20)

Life-Threatening
Arrhythmic Events

(n ¼ 23) p Value

CMR n ¼ 18 n ¼ 19

LVEDV, ml/m2 105 � 21 105 � 19 0.99

RVEDV, ml/m2 124 � 25 122 � 28 0.88

LVEF, % 59 � 7 56 � 7 0.19

RVEF, % 49 � 9 47 � 7 0.56

LGE 3 (17) 5 (26) 0.32

LGE, % (range) 0 (0-1) 0 (0-4) 0.26

Values are mean � SD, n (%), or median (interquartile range), and compared by Student’s t-test, Mann Whitney U
test, chi square test, or Fisher exact test as appropriate.

fQRS ¼ filtered QRS duration; HFLA ¼ high frequency low amplitude signal duration; RMS ¼ root mean square
voltage; RVOT ¼ right ventricular outflow tract; other abbreviations as in Tables 1 and 2.
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support a substantial overlap between exercise-
induced changes and AC, and are in line with the
suggested entity of an acquired type of exercise-
induced AC (18). Similarity between these entities
was also shown by the fact that approximately one-
half of the patients with documented sustained VT
had LBBB-like superior axis configuration, which is a
hallmark of inheritable AC.

The fact that at least 43 athletes with a potentially
exercise-induced arrhythmogenic phenotype have
been treated at our center during the last decade in-
dicates that this condition is not negligible. Previous
studies have hypothesized that vigorous exercise can
induce an acquired form of AC after approximately
20,000 h (equivalent to 20 h of exercise per week for
20 years) in susceptible individuals (4). In our study,
the reported cumulative exercise durations of ath-
letes with ventricular arrhythmias were approxi-
mately 10,000 h; therefore, this was only one-half of
the previously suggested amount necessary to induce
chronic arrhythmogenic remodeling. We used sensi-
tive echocardiographic strain parameters for RV and
LV dysfunction which can detect early and subtle
functional changes; this may explain the lower
amount of exercise associated with maladaptation in
our study compared to others (19,20).

It is well known that exercise accelerates and ag-
gravates disease in patients with inheritable AC (17).
The exercise doses reported by the patients in the
present study were very high; patients were older at
arrhythmic symptoms and events than expected in an
AC population and a classic AC phenotype was not
observed. Therefore, the athletes with ventricular ar-
rhythmias in this study had tolerated higher exercise
doses than expected in patients with AC. However, we
speculate that a similar maladaptation to high doses of
RV wall stress may be a mechanism for the findings in
our athlete-patients occurring at considerably higher
exercise doses. Competitive athletes with ventricular
arrhythmia and healthy athletes in the present study
had similar exercise doses, suggesting the presence of
variable exercise intolerance of unknown origin. Other
intrinsic or environmental factors than exercise dose
alone may thus be involved in adverse cardiac
remodeling (21). Further studies are necessary to
evaluate the susceptibility, progression, or revers-
ibility of exercise induced RV dysfunction, and to
evaluate the effects of deconditioning.
LIFE-THREATENING ARRHYTHMIC EVENTS. A
considerable proportion of athletes with cardiac
symptoms and ventricular arrhythmia had life-
threatening arrhythmic events. This proportion was
subject to referral bias, and it is likely that athleteswith
subtle symptoms of less-severe arrhythmia are less
frequently referred. Such AC mimicking changes may
thus be under-diagnosed in those with a less severe
phenotype. Athletes with the most severe events were
characterized by LV involvement. This is well in line
with the higher risk of life-threatening ventricular
arrhythmia seen in inheritable AC patients with subtle
LV manifestation, and may thus represent another
similarity between these conditions (22).

LV mechanical dispersion, expressing contraction
heterogeneity, was a strong marker of life-threatening
events. This parameter has previously been associated
with increased risk of ventricular arrhythmias in
several cardiac diseases including cardiomyopathies
and after myocardial infarction, and may be related to
LV fibrosis (19,23). Presence of fibrosis in athletes with
ventricular arrhythmias was also supported by our
findings of LGE and is in line with previous studies
(24,25). Greater resting LV mechanical dispersion in
athletes with possible exercise-induced arrhythmo-
genic cardiomyopathy has been observed previously
and was confirmed in this larger cohort (26). This adds
validity to these observations. However, LV mechani-
cal dispersion may have considerable vendor varia-
tion, and is unlikely to have clinical merit as a stand-
alone parameter (27).

STRUCTURAL AND FUNCTIONAL CHANGES. Using sen-
sitive echocardiographic tools, we were able to show
that competitive athletes with ventricular arrhyth-
mias had impaired RV function compared to healthy
athletes, suggesting that the arrhythmogenic remod-
eling is linked to chronic RV maladaptation (7). This
differentiation has previously been shown to require
bicycle stress echocardiography, and the limited
availability of this test gives considerable value to
evidence of discrimination of RV adaptation and
maladaptation during rest (26). The absolute differ-
ences were small, and no single parameter is likely to
be valuable as a stand-alone differentiation tool. LV



FIGURE 2 LV Mechanical Dispersion in Athletes With and Without Ventricular

Arrhythmias

0
No

Arrhythmia
Frequent PVCs

Syncope
NSVT

Cardiac Arrest
Sustained VT
ICD-Therapy

20

40

LV
 M

ec
ha

ni
ca

l D
isp

er
sio

n 
(m

s)

60

80

100 p < 0.001
p < 0.001

p = 0.80

Box plot showing the distribution of values for LV mechanical dispersion (in ms) in

healthy athletes (red box), athletes with ventricular arrhythmias without life-threat-

ening events (green box), and athletes with life-threatening ventricular arrhythmias (blue

box). Abbreviations as in Figure 1.

Lie et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 4 , N O . 1 , 2 0 2 1

Ventricular Arrhythmia in Athletes J A N U A R Y 2 0 2 1 : 1 4 8 – 5 8

156
volumes were smaller in athletes with ventricular
arrhythmia than in healthy, still competitive athletes
and were probably an effect of the deconditioning of
those with ventricular arrhythmia. RV basal and mid
dimensions did not differ between healthy competi-
tive athletes and athletes with ventricular arrhyth-
mias, but the RV longitudinal diameter was
substantially shorter in the deconditioned competi-
tive athletes with ventricular arrhythmias. The
resulting shape alteration with increased RV sphe-
ricity may be a normal deconditioning phenomenon,
but it should be assessed in future studies whether it
is an expression of chronic RV maladaptation.
Regional analysis of the RV free wall contraction was
outside the scope of the present study but may be a
valuable tool in further characterization of this clin-
ical entity.

The RVOT is a frequent focus of VT both in the
general population and in athletes, and is therefore of
particular interest (28). In our study, longer lifetime
exercise duration was associated with larger RVOT
diameter, particularly in athletes with life-
threatening ventricular arrhythmias (Supplemental
Figure 1). These findings support that exercise may
induce a chronic irreversible RV enlargement that is
dose-dependent (29).

RV function by CMR was worse in competitive
athletes with ventricular arrhythmia, but this differ-
ence was marginal and not likely to be clinically
useful. Future studies will show whether T1-mapping
will improve assessment of cardiac remodeling in
athletes (30,31).
CLINICAL IMPLICATIONS. This study suggested an
arrhythmogenic biventricular remodeling mimicking
an AC phenotype in a subset of athletes with high
exercise doses. Exercise stress echocardiography may
identify RV maladaptation in athletes with ventricu-
lar arrhythmias, but this advanced imaging modality
requires more resources and training compared to
resting echocardiography (7). Furthermore, the study
highlights the value of comprehensive cardiac imag-
ing in the management of athletes who present clin-
ically with ventricular arrhythmias. In addition to
exposing signs of established structural or functional
heart disease, the present results suggest that cardiac
imaging can detect an AC-resembling phenotype in
such individuals. Persistent RV remodeling with
dilation and impaired myocardial function after
deconditioning may be suggestive of exercise mal-
adaptation and increased risk of ventricular arrhyth-
mias in competitive athletes, and any LV involvement
should be regarded as a marker of high risk. The value
of the presented imaging methods in screening for
cardiac disease in healthy athletes is unknown and
should be assessed in future studies.
STUDY LIMITATIONS. This was a single-center,
controlled cohort study with inherent limitations
and we cannot derive causal inference. The sample
size was large regarding the strict inclusion but was
still relatively small and male dominated. The control
group was smaller, and subjects had lower blood
pressure and body weight. The latter may be due to
the cessation of athletic activity in the patient group.
Only athletes with ventricular arrhythmias were on
cardiovascular medication, which may have affected
our results. Although molecular genetic screening for
desmosomal genes was negative and no athletes had
family history of sudden cardiac death or premature
heart disease, a biventricular arrhythmogenic car-
diomyopathy cannot be excluded. CMR was per-
formed in a different magnet in healthy athletes, but
measures of volume and late enhancement were
considered comparable. The gold standard invasive
coronary angiography was performed on a clinical
indication and thus not performed in all patients.
Therefore, coronary artery disease was not definitely
excluded in all patients. The lifetime exercise history
was self-reported at the time of inclusion and is
therefore subject to recall bias, and abstinence from
performance-enhancing drugs was also self-reported.
Further evidence of an exercise-induced cardiomy-
opathy would require a matched control group of
nonathletes with ventricular arrhythmias of unknown
etiology, which was not available for this study.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The present

data suggest that athletes with ventricular arrhythmias may be

recognized by subtle signs of RV dysfunction. Signs of abnormal

left ventricular function were observed in athletes with life-

threatening arrhythmic events and may be useful in risk stratifi-

cation of these patients.

TRANSLATIONAL OUTLOOK: Future research should eluci-

date the causal relationship between very high exercise doses

and ventricular arrhythmias in otherwise healthy athletes. The

role of speckle tracking analyses in prediction of outcome in

these patients should be assessed in a prospective study.
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CONCLUSIONS

Athletes with ventricular arrhythmias had worse RV
function than healthy athletes, indicating chronic
arrhythmogenic cardiac remodeling mimicking
inherited arrhythmogenic cardiomyopathy. Increased
RVOT diameter correlated moderately with lifetime
exercise duration, suggesting a dose-response rela-
tionship. LV involvement was associated with life-
threatening arrhythmic events and may be a risk
marker in high-performance athletes.
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