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CHEST AND ABDOMINAL CONDITIONS

Can Intense Endurance Exercise Cause
Myocardial Damage and Fibrosis?

Andre La Gerche, MD, PhD

Abstract

There has been long-standing debate as to whether intense endurance
exercise provokes acute myocardial damage and whether cardiac re-
modeling associated with long-standing endurance training is entirely
physiological. Despite the lack of concrete evidence on either side, the
potential for serious clinical consequences, including life-threatening
arrhythmias, elevates the importance of the debate. Studies have taught
us that elite athletes enjoy excellent health, and athletic animal models
consistently show up-regulation of molecular pathways, which are free
of fibrosis and entirely different from those induced through pathological
cardiac loading. On the other hand, extreme exercise has been associ-
ated with biochemical and functional evidence of acute damage, and
some recent imaging techniques raise the possibility of small areas of
myocardial scar. Moreover, some arrhythmias appear to be more preva-
lent amongst endurance athletes. Only large prospective trials will enable
us to really assess the health benefits and risks of regular intense en-

However, an accumulating body of cir-
cumstantial evidence suggests that there
may be some overlap in the spectrum
from physiological to pathological hy-
pertrophy such that a small amount of
fibrosis may accompany more pro-
found cardiac remodeling associated
with lifelong endurance training. Even
limited myocardial fibrosis is a potential
substrate for cardiac arrhythmias, and
this has been proffered as a potential
explanation for the greater prevalence
of some arrhythmias amongst endur-
ance athletic cohorts.

In late 2007 at the U.S. marathon
Olympic selection trials, Ryan Shay
collapsed and died. A subsequent au-

durance sports.

Introduction

Regular intense exercise is associated with structural,
functional, and electrical changes of the heart, which are
referred collectively to as the “athlete’s heart” (29). The most
profound cardiac remodeling typically occurs in endurance
athletes as a cause and effect of the sustained oxygen de-
mands and requirements for very high cardiac outputs (27).
The result is an increase in the volume of all four cardiac
chambers and an increase in ventricular wall thickness and
mass. Classically, the greater cardiac mass is believed to be
due to an increase in myocyte size (hypertrophy) and number
(hyperplasia) with little or no increase in extracellular matrix
deposition (fibrosis), the latter being more characteristic of
cardiac remodeling secondary to disease processes such as
heart failure, hypertension, and valvular heart disease (22).
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topsy reported the cause of death as

“Cardiac arrhythmia due to cardiac hy-
pertrophy with patchy fibrosis of undetermined etiology.
Natural causes.” Although tragic, it is important not to amplify
the significance of these exceedingly rare events. However, it
was somewhat surprising that such a high-profile event did
not stimulate inquiry as to why an elite 28-year-old athlete
would be found to have “patches of myocardial fibrosis.”
Is this the exception or the rule in highly trained athletes?
Were the patches of fibrosis a substrate for the arrhythmia
that caused the sudden death? What other factors (e.g., a
subclinical viral infection) may have been responsible for
this fibrosis? How can we identify risks for fibrosis and/or
arrhythmias prior to such a tragic event? These are all con-
tentious but extremely important questions. Although sud-
den cardiac death in young athletes is rare (0.6 to 3.6 in
100,000) (11,12,31,32), the impact on the wider community
perceptions are profound. One strategy would be to retreat
to the position of emphasizing that all such events are so rare
as to not warrant further consideration. The other would be
to evaluate intensively the interaction between endurance
sports practice and cardiac remodeling so as to identify ath-
letes at risk and prevent future events. The start of this pro-
cess is to appraise openly the current evidence relating
cardiac health to extreme exercise, thus identifying those
areas that most likely are to provide the greatest future in-
sights into whether exercise-induced cardiac remodeling re-
presents an arrhythmogenic substrate.
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Figure 1: Epidemiological studies have failed to assess the extreme exercise loads and cardiac adaptation characteristic of highly trained
endurance athletes. Data are presented from a study assessing mortality according to fitness levels in men (open bars) and women (closed
bars) demonstrating an “asymptote of benefit” at a VOZmax of approximately 35 mL~min_1-kg_1 (adapted from Blair SN, Kohl HW 3rd,
Paffenbarger RS Jr, et al. Physical fitness and all-cause mortality. A prospective study of healthy men and women. JAMA. 1989; 262:
2395-401). Representative echocardiograms are superimposed. A 23-yr-old accountant with normal cardiac size and a \'/O2rnax of
33 mL~min71~kgf1 is compared with a 23-yr-old elite cyclist with a VOZmax of 81 mL~min*1~kgf1 and a heart that is more than twice as large.
The data derived from populations in which exercise-induced cardiac changes are minimal cannot be extrapolated to include populations with

an entirely different exercise-induced phenotype.

Epidemiology: Do Endurance Athlete’s Live Longer?

There is good evidence that elite athletes live longer and
enjoy better health than the average person. A group of
excellent studies detailed the health outcomes of Finnish
athletes who had competed at an international level be-
tween the years 1920 and 1965. As compared with refer-
ents who had been certified sufficiently healthy for military
service, endurance athletes lived longer (75.6 vs 69.9 years,
P < 0.05) as a result of reductions in cardiovascular and
cancer deaths (45). However, important confounders were
detailed. Former athletes far more likely were to have never
smoked (58.7% vs 26.5%), drank less alcohol, had gained
less weight, and enjoyed a higher socioeconomic class. The
extent to which these confounders may have effected out-
comes is best illustrated in subsequent data from the same
cohort, which identified that reductions in death were
greatest in smoking-related diseases (100% and 86% re-
duction in deaths due to chronic pulmonary disease and
lung cancer, respectively) (25). Thus, it is possible to con-
clude that it is healthy being an athlete but not necessarily
that the health benefit is derived from exercise itself, as
opposed to all of the other favorable lifestyle factors.

To isolate the health effects of endurance exercise, the
ideal would be to compare “standard of care” with and with-
out the addition of larger doses of strenuous endurance exer-
cise. The standard of care is well established relatively and
includes a healthy diet, abstinence from smoking, and
regular moderate exercise. There is consistent data dem-
onstrating that the benefits of moderate levels of exercise
exceed those of less intense or less regular exercise (8,46,48),
but unfortunately, the upper limits of the exercise studied is
well below that applicable to endurance athletes. As an ex-
ample, Blair et al. (8) described a delay in all-cause mortality
in men and women with “high levels of fitness” but estimated
an “asymptote of benefit” equivalent to a maximal oxygen
uptake (VOrmax) of 35 mLkg "min~'. As illustrated in
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Figure 1, such a finding is of very limited relevance to the
current debate. Well-trained endurance athletes will com-
monly have a VO,,,.x way in excess of this “asymptote of
benefit.” Moreover, there is a strong association between
VOsmax and cardiac size (27,49), and the “asymptote of
benefit” approximates the value at which exercise-induced
cardiac remodeling becomes appreciable. This is a major
limitation of the literature to date. Most studies that have
assessed exercise dose have done so within a range insuf-
ficient to illicit the “athlete’s heart” phenotype, and yet, we
frequently extrapolate the positive associations between
exercise and health to presume that the cardiac remodeling
also must be a manifestation of health.

There are no studies that have assessed health outcomes
in relation to the presence or absence of the athlete’s heart
phenotype. If exercise-induced cardiac remodeling includes
a degree of fibrosis that is sufficient to result in clinical se-
quelae, then this would seem an important line of inquiry. In
other words, is “too much of a good thing” indicated by the
presence of profound remodeling? In one of the only studies
to address this question, Pelliccia et al. (41) studied 114
athletes who had competed in two or more consecutive Ital-
ian Olympic teams. Over 8 years of follow-up, they found
minimal changes in cardiac morphology or function and
detected ventricular arrhythmias in only 5 athletes, none
of which were serious. Whilst these results are reassuring,
the incidence of cardiac arrhythmias in the general popu-
lation of this age group (20 to 30 years) is exceedingly low,
and hence, a far larger population needs to be studied through
till middle age or later to have sufficient power to properly
exclude an excess of clinical events. The importance of
assessing arrhythmic risk in an appropriate age group is
well illustrated by Baldesberger et al. (2) who reported an
excess in sinus node disease, atrial fibrillation (AF), and
nonsustained ventricular tachycardia amongst 62 ex-elite
cyclists with a mean age of 66 years when compared with
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62 age-matched golfers. The other highlight of this study
was the choice of golfers as the referents given that were
active, though not excessively, and similarly had matched
cardiac risk factors. van Saase et al. (51) similarly were
able to compare the effect of exercise doses in the more
extreme ranges by assessing longevity amongst participants
in a Dutch skating race comparing amateur participants
against highly trained elite skaters. As compared with the
general Dutch population, they described a longer life ex-
pectancy amongst amateur participants but that the life ex-
pectancy of the elite skaters was no better than the general
population, even in spite of the potential for a “healthy co-
hort” bias. The elite cohort was small and may have been
underpowered to detect a benefit, but the study adds some
weight to the concept that it may be possible to have “too
much of a good thing.”

Is Endurance Exercise Associated With an Increased
Prevalence of Arrhythmias?

There is now reasonably compelling evidence that some
cardiac arrhythmias are associated with long-standing en-
durance training. In the general population, AF is the most
common sustained arrhythmia, with a prevalence of ap-
proximately 0.5% in middle-aged subjects increasing to
10% in those in their 80s (44), and is responsible for con-
siderable morbidity conferring an increased risk of heart
failure and a fivefold increased risk in stroke (44). Increased
cardiac mass and left atrial size are well-established risk
factors for AF in nonathletic populations (52), but their
relevance to AF in athletes is less well established. Pelliccia
et al. (43) documented atrial enlargement in 20% of a large
cohort of elite athletes (n = 1,777, 71% men, aged 24 +
6 years) and found that only 0.8% had evidence of AF.
However, like the aforementioned study from this group,
the study’s conclusions are limited by the fact that ar-
rhythmic risk was ascertained at an age when AF is extremely
rare. In contrast, almost every study conducted in endurance
athletes of middle age or greater has observed an increase in
AF risk, and left atrial enlargement frequently has been
identified as an important risk factor for its development
(2,14,16,19,24,35,36). In a meta-analysis, Abdulla and
Nielsen (1) determined a 5.3-fold relative risk for the de-
velopment of AF amongst studies matching athletes (al-
most exclusively men) to nonathletic controls.

Evidence for an excess in other cardiac arrhythmias is less
well established. Biffi et al. (6,7) reported that ventricular
ectopic beats were common amongst athletes but were a
benign and potentially reversible phenomenon so long
as underlying cardiac disease was excluded. In contrast,
Heidbuchel ez al. (20) observed a high incidence of major
arrhythmic events (39%) including sudden cardiac death
(20%) amongst 46 athletes who presented with frequent
ventricular ectopy or nonsustained ventricular tachycardia
who were followed for 5 years. Many of these athletes had
structural and/or functional changes of the right ventricle
(RV), which the authors argued may have been a result of
extreme exercise training rather than an underlying famil-
ial predisposition (20,21,28). Other groups are finding it
similarly difficult to exclude a potential for life-threatening
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arrhythmias amongst athletes presenting with ventricular
ectopy. Dello Russo et al. (13) studied athletes presenting
with ventricular arrhythmias in the context of normal struc-
ture and function on cardiac imaging. Despite apparently
normal hearts, electroanatomical mapping and guided RV
biopsy was performed in 13 athletes and revealed myocardial
inflammation, fibrosis, and/or fatty infiltrates in all. The
authors attributed these findings to inherited heart disease
(arrhythmogenic right ventricular cardiomyopathy), infec-
tious myocarditis, or substance abuse, but it is impossible
to exclude exercise as a potential confounding etiological
factor. It would be intriguing to know what percentage of the
larger study cohort (7 = 1,644) might also have had evidence
of myocardial inflammation and scarring. Such a study
would be impossible to justify in a healthy athletic popu-
lation, but it is important to recognize that the association
between myocardial inflammation/fibrosis and cardiac dis-
ease is based on the assumption that fibrosis is not present in
the average endurance athlete’s heart. We seem happy to ac-
cept that extreme exercise is associated with skeletal muscle
inflammation, damage, and myocyte regeneration (18) and
yet seem resistant to considering that a similar process may
occur within the myocardium.

Cardiac Remodeling in Athletes, Reversible or Fixed?
The concept of purely physiological remodeling in re-
sponse to exercise training implies that myocyte hypertrophy
and, to a lesser extent, hyperplasia is stimulated in response
to a hemodynamic load and is downregulated once that
stimulus is removed (22). Thus, we would expect that cardiac
size would return to normal in athletes who detrain. How-
ever, Pelliccia et al. (42) prospectively followed 40 elite male
athletes and found that whilst cardiac dimensions did de-
crease with detraining, substantial cavity dilation persisted
in nine athletes (22%). Whilst it is possible that this reflects
the “baseline” cardiac dimensions of these athletes (i.e., that
their larger than normal cardiac size represents a sports
advantage and is therefore overrepresented amongst the
self-selection of athletes), it is perhaps more likely that this
represents an extent of permanent structural change in-
duced through many years of athletic training. This latter
premise also is supported by observational studies, which
have described enlarged ventricular and atrial dimensions
amongst retired endurance athletes and related the ex-
tent of these changes to the development of arrhythmias
(2,16,17,30). It may be that exercise induces physiologi-
cal remodeling only to a certain point beyond which there
is a capacity for “overstretching.” This concept is akin to
regurgitant valvular heart disease where remodeling ini-
tially compensates for the greater volume load (as evidenced
by the complete regression of hypertrophy following surgical
correction) but a point is reached whereby compensation is
overwhelmed and a vicious cycle of increased apoptosis and
fibrin deposition prevents cardiac structure and function
from normalizing following treatment. There are obvious
limitations in comparing the continuous and intermittent
hemodynamic loads of valvular heart disease and exercise,
respectively. However, the concept of a short- and long-
term compensatory threshold deserves some consideration
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Figure 2: An example of right ventricular scar in a highly trained triathlete presenting with sustained ventricular tachycardia. Images are
presented from a 40-yr-old ultraendurance triathlete who had competed for 20 yr prior to developing potentially life-threatening sustained
ventricular tachycardia originating from the basal portion of the RV. Gradient-echo inversion recovery cardiac magnetic resonance images are
presented following administration of gadolinium contrast. Arrowheads highlight the signal enhancement signifying fibrosis of the basal free
wall of the RV. The question that cannot be addressed in such anecdotes is whether exercise contributes to, or causes, fibrosis such as this.

in the athlete with profound cardiac remodeling com-
bined with fatigue, performance failure, and/or arrhythmias.
Perhaps the concept of “over training” indeed can be extended
to the heart.

Can Intense Exercise Cause Acute Myocardial
Damage?

In almost all recent studies of athletes following intense
endurance exercise, acute increases in troponin and B-type
natriuretic peptide have been demonstrated, especially
when using high-sensitivity assays (47). Although these are
relatively specific markers of myocyte damage and strain,
respectively, their identification does not automatically
imply permanent myocardial injury. Training adaptation is
underpinned by the physiological principal of “super-
compensation” following exercise-induced injury. In most
settings, this results in functional improvements, enabling
the athlete to better tolerate the same physiological stress
in the future. This is likely to also be true of the heart.
However, it is also possible that following a more profound
or more frequent exercise stimulus, the recovery processes
may be insufficient to compensate for the extent of injury,
thereby resulting in permanent alterations in cardiac struc-
ture and function. Of some intrigue is the disproportionate
degree to which the RV seems vulnerable to exercise-induced
fatigue or damage, as compared with the LV. A meta-analysis
of 23 studies concluded that intense endurance exercise pro-
voked only a mild decrease in LV ejection fraction, which was
at least partially attributable to changes in cardiac loading in
the postrace setting. In contrast, a number of recent studies
have reported decrements in RV function, which are far more
substantive than those observed for the LV (26,37,38,40,50).
Also, whilst multiple studies have documented that there is
no relationship between biomarkers of cardiac injury and
changes in LV function (47), two recent studies have doc-
umented moderately strong inverse correlations between
the decrease in measures of RV function and the increase in
release of troponin and B-type natriuretic peptide (26,38).
The potential mechanisms that may explain the suscepti-
bility of the RV to exercise-induced strain and injury have
been reviewed extensively elsewhere (21) and may be of
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importance given the fact that exercise-induced arrhyth-
mias are also most commonly of RV origin (4,20).

Is There Direct Evidence for Exercise-Induced
Cardiac Fibrosis?

Histology provides the only direct evidence of fibrosis,
and in the case of the heart, this involves an invasive pro-
cedure with significant risks. Thus, biopsies are performed
in those athletes in whom there is a high pretest probability
of identifying pathology, and hence, it is unsurprising that
inflammation and/or fibrosis is identified in a considerable
proportion (13,28,54). Although the commonly held per-
ception is that a biopsy provides all of the answers, most
commonly, inflammatory infiltrates and fibrosis are non-
specific and the etiology can be deduced only by other clinical
factors. Even findings such as fatty infiltration are not as
specific as one might expect (3). The implication of this is that
it can be difficult to deduce whether myocardial infiltrates
are caused by viral infection, an inherited cardiomyopathy, or
by exercise itself. The investigator should therefore maintain
an open mind.

An accurate noninvasive surrogate of fibrosis would en-
able us to compare large populations of athletes and non-
athletes to determine whether fibrosis is indeed more common
in highly trained athletes. Perhaps the most promising tool for
identifying fibrosis noninvasively is by combining cardiac
magnetic resonance imaging following gadolinium con-
trast. Cell necrosis and fibrosis lead to leaking of gadolin-
ium into the extracellular space, and this can then be identified
using gradient-echo inversion recovery imaging as a bright
signal contrasting with the normal myocardium, which
appears black (Fig. 2). This delayed gadolinium enhance-
ment (DGE) technique has been investigated in small cohorts
of athletes, and whilst it appears that DGE tends to be absent
in athletes with modest training histories (37,39,50), four
recent studies have each reported DGE in 12% to 50% of
extensively trained veteran athletes (9,26,34,53). We iden-
tified DGE in 5 of 39 well-trained endurance athletes and
found that those with DGE had a more extensive history
of training and had greater cardiac dimensions, particularly
of the RV (26). However, in each of these studies, the patches
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of DGE have been very small and have tended to be clustered
around the septum and RV insertion points, a region that
may indicate local mechanical stresses rather than exten-
sive fibrosis. On the other hand, this technique may under-
estimate diffuse fibrosis because of the technique’s reliance
upon contrast in intensity between normal and abnormal
tissue. Novel techniques may be more relevant for assessing
whether low-grade diffuse fibrosis accompanies exercise-
induced remodeling of the myocardium (15,23). However,
of greatest importance is the fact that there are no studies in
which DGE has been associated with arrhythmias or other
clinical events in athletes, and until such a time, the clinical
significance of these findings is limited.

Evidence for and Against Exercise-Induced Myocardial
Fibrosis in Animals

Animal models have been used successfully to illustrate
the differences between cardiac remodeling secondary to
exercise as opposed to pathological loading conditions. The
molecular mediators of “pathological” hypertrophy (natri-
uretic peptides, vasoactive hormones, and catecholamines)
are quite different from those that mediate hypertrophy as a
result of exercise (trophic hormones such as insulin growth
factor), possibly as a result of the chronic versus intermit-
tent nature of the load excess (5). Pathological hypertrophy
induced by aortic banding includes cellular apoptosis and
expansion of profibrotic elements and frequently progresses
to cardiac dysfunction, whereas the increase in myocyte
mass is relatively “pure” in mice forced to swim regularly
(33). However, against this backdrop of reassuring evidence
are a number of small animal studies in which myocardial
inflammation and fibrosis have been induced when more
extreme exercise interventions have been introduced. Chen
et al. (10) forced rats to swim strenuously for 5 h and found
that this provoked myocardial necrosis and inflammatory
infiltrates. Extending the evidence from a single bout of ex-
treme exercise to a regular intense training load, Benito et al.
(4) instituted a strenuous 18-wk treadmill running regime in
young rats, estimating that this was the equivalent of
10 years of endurance exercise training in humans. As
compared with the sedentary control rats, there was an
increase in atrial and right ventricular inflammation/fibrosis
in the “marathon rats,” and perhaps most importantly, this
was associated with a greater potential for inducible ven-
tricular arrhythmias (42% vs 6%, P = 0.05). The similes with
human data are important. As previously discussed, single
bouts of extreme exercise in humans also can induce bio-
chemical and functional evidence of myocardial damage,
whilst decades of exercise training may result in permanent
changes in cardiac structure. The other striking similarity
between the human and murine data is the predilection for
effects on the RV, as opposed to the LV. The difference is
that there is no direct evidence linking chronic changes to
arrhythmias in humans.

Important Questions That Remain to be Addressed
Beyond the current debate as to whether endurance ex-
ercise has the potential to cause cardiac damage, fibrosis,
and arrhythmias, a critical clinical question is why some ath-
letes are affected whilst others are not? It seems that very few
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endurance athletes develop issues, whilst the majority thrives
on massive volumes of high-intensity exercise without devel-
oping any adverse health consequences. What explains this
individual variability? There are a number of hypotheses
that are all plausible but largely unsubstantiated. Firstly,
athletes frequently train through viral illnesses, and it may be
that the combination of low-grade myocardial inflammation
and exercise promotes minor degrees of cardiac damage that
may become clinically relevant years later (possibly after ac-
cumulated episodes). Secondly, it may be that there are im-
portant genetic influences. We are used to associating genetic
mutations with some cardiac disease phenotypes, but it is also
possible that milder degrees of genetic risk, such as a combi-
nation of specific polymorphisms, may result in weakness of
the cardiac structure only when combined with years of ex-
treme hemodynamic stress. Thirdly, training practices may
be influential. Just as excessive training and insufficient re-
covery may promote musculoskeletal damage, so might
“overtraining” be associated with myocardial injury. Finally,
there may be an element of chance. It may be that small
patches of fibrosis are not so uncommon in athletes but only
rarely form in such a manner as to manifest arrhythmogenic
potential. It is likely that a combination of these risks may
explain individual susceptibilities to exercise-induced
damage and clinical events, and we have a long way to go
before we will be able to understand these in a manner
sufficient to enable risk prediction and preventive strategies.

A second important question is whether the excess of
arrhythmias and potential for exercise-induced cardiac re-
modeling extends beyond intense endurance sports? The
majority of the literature has focused on well-trained par-
ticipants in sports such as marathon running, cycling, tri-
athlon, and cross-country skiing because it is these athletes
who sustain the greater exercise loads and in whom cardiac
remodeling is most profound. However, this pertains to a
minority of the regularly exercising public. Team sports,
such as basketball and the football codes, are more popu-
lar, and there are little data on which to assess whether these
athletes are placed at an excess risk of arrhythmias and/or
exercise-induced cardiac damage. Similarly, we do not know
whether the “weekend warrior” who trains only a few hours
per week but then challenges his or herself with a major en-
durance event places him or herself at an increased risk of
arrhythmias. These will be important questions for the fu-
ture. When assessing whether extreme exercise may induce
proarrhythmic remodeling, it makes some sense to start with
those doing the most exercise. However, the public health
implications will be better clarified as these investigations
extend to a more comprehensive understanding of all sports,
in all doses, in all people.

Conclusion

There is accumulating evidence that extreme exercise can
cause short-term injury and chronic remodeling of the athlete’s
heart, but the clinical significance of these changes is uncertain.
This should stimulate investment into large prospective studies
adequately powered to evaluate clinical end points including
arrhythmias. With an increasing proportion of today’s society
enjoying the challenges and benefits of endurance sport, it
is time to more accurately quantify the potential risks.

Current Sports Medicine Reports 67

Copyright © 2013 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



A.

La Gerche is supported by a postdoctoral research

scholarship from the National Health and Medical Research
Council of Australia.

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

68

Abdulla J, Nielsen JR. Is the risk of atrial fibrillation higher in athletes than
in the general population? A systematic review and meta-analysis. Europace.
2009; 11:1156-9.

. Baldesberger S, Bauersfeld U, Candinas R, et al. Sinus node disease and ar-

rhythmias in the long-term follow-up of former professional cyclists. Eur.
Heart ]. 2008; 29:71-8.

. Basso C, Ronco F, Marcus F, et al. Quantitative assessment of endomyocardial

biopsy in arrhythmogenic right ventricular cardiomyopathy/dysplasia: an in
vitro validation of diagnostic criteria. Eur. Heart J. 2008; 29:2760-71.

. Benito B, Gay-Jordi G, Serrano-Mollar A, et al. Cardiac arrhythmogenic

remodeling in a rat model of long-term intensive exercise training. Circula-
tion. 20115 123:13-22.

. Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular distinction

between physiological and pathological cardiac hypertrophy: experimental
findings and therapeutic strategies. Pharmacol. Ther. 2010; 128:191-227.

. Biffi A, Maron BJ, Verdile L, et al. Impact of physical deconditioning on

ventricular tachyarrhythmias in trained athletes. J. Am. Coll. Cardiol. 2004;
44:1053-8.

. Biffi A, Pelliccia A, Verdile L, et al. Long-term clinical significance of fre-

quent and complex ventricular tachyarrhythmias in trained athletes. J. Am.
Coll. Cardiol. 2002; 40:446-52.

. Blair SN, Kohl HW 3rd, Paffenbarger RS Jr, et al. Physical fitness and all-

cause mortality. A prospective study of healthy men and women. JAMA.
1989; 262:2395-401.

. Breuckmann F, Mohlenkamp S, Nassenstein K, et al. Myocardial late gado-

linium enhancement: prevalence, pattern, and prognostic relevance in mar-
athon runners. Radiology. 2009; 251:50-7.

. Chen Y, Serfass RC, Mackey-Bojack SM, et al. Cardiac troponin T alter-

ations in myocardium and serum of rats after stressful, prolonged intense
exercise. J. Appl. Physiol. 2000; 88:1749-55.

Corrado D, Basso C, Pavei A, et al. Trends in sudden cardiovascular death
in young competitive athletes after implementation of a preparticipation
screening program. JAMA. 2006; 296:1593-601.

Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports activity
enhance the risk of sudden death in adolescents and young adults? J. Am.
Coll. Cardiol. 2003; 42:1959-63.

Dello Russo A, Pieroni M, Santangeli P, et al. Concealed cardiomyopathies
in competitive athletes with ventricular arrhythmias and an apparently
normal heart: role of cardiac electroanatomical mapping and biopsy. Heart
Rhythm. 2011; 8:1915-22.

Elosua R, Arquer A, Mont L, et al. Sport practice and the risk of lone atrial
fibrillation: a case-control study. Int. J. Cardiol. 2006; 108:332-7.

Flett AS, Hayward MP, Ashworth MT, et al. Equilibrium contrast cardio-
vascular magnetic resonance for the measurement of diffuse myocardial fi-
brosis: preliminary validation in humans. Circulation. 2010; 122:138-44.

Grimsmo J, Grundvold I, Maehlum S, Arnesen H. High prevalence of atrial
fibrillation in long-term endurance cross-country skiers: echocardiographic
findings and possible predictors—a 28-30 years follow-up study. Eur. J.
Cardiovasc. Prev. Rehabil. 2010; 17:100-5.

Grimsmo J, Grundvold I, Maehlum S, Arnesen H. Echocardiographic eval-
uation of aged male cross country skiers. Scand. J. Med. Sci. Sports. 2011;
21:412-9.

Grobler LA, Collins M, Lambert MI, et al. Skeletal muscle pathology in
endurance athletes with acquired training intolerance. Br. J. Sports Med.
2004; 38:697-703.

Heidbuchel H, Anne W, Willems R, et al. Endurance sports is a risk factor
for atrial fibrillation after ablation for atrial flutter. Int. J. Cardiol. 2006;
107:67-72.

Heidbuchel H, Hoogsteen ], Fagard R, et al. High prevalence of right ven-
tricular involvement in endurance athletes with ventricular arrhythmias.
Role of an electrophysiologic study in risk stratification. Eur. Heart J. 2003;
24:1473-80.

Heidbuchel H, La Gerche A. The right heart in athletes: evidence

for exercise-induced arrhythmogenic right ventricular cardiomyopathy.
Herzschrittmacherther Elektrophysiol. 2012; 23:82-6.

Hill JA, Olson EN. Cardiac plasticity. N. Engl. ]. Med. 2008; 358:1370-80.

Volume 12 ¢« Number 2 « March/April 2013

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Tles L, Pfluger H, Phrommintikul A, et al. Evaluation of diffuse myocardial
fibrosis in heart failure with cardiac magnetic resonance contrast-enhanced
T1 mapping. J. Am. Coll. Cardiol. 2008; 52:1574-80.

Karjalainen J, Kujala UM, Kaprio ], et al. Lone atrial fibrillation in vigor-
ously exercising middle aged men: case-control study. BMJ. 1998; 316:
1784-5.

Kujala UM, Tikkanen HO, Sarna S, et al. Disease-specific mortality among
elite athletes. JAMA. 2001; 285:44-5.

La Gerche A, Burns AT, Mooney D], et al. Exercise-induced right ventricular
dysfunction and structural remodelling in endurance athletes. Eur. Heart .
2012; 33:998-1006.

La Gerche A, Burns AT, Taylor AJ, et al. Maximal oxygen consumption is
best predicted by measures of cardiac size rather than function in healthy
adults. Eur. J. Appl. Physiol. 2012; 112:2139-47.

La Gerche A, Robberecht C, Kuiperi C, et al. Lower than expected desmo-
somal gene mutation prevalence in endurance athletes with complex ven-
tricular arrhythmias of right ventricular origin. Heart (British Cardiac
Society). 20105 96:1268-74.

La Gerche A, Taylor AJ, Prior DL. Athlete’s heart: the potential for
multimodality imaging to address the critical remaining questions. JACC
Cardiovasc. Imaging. 2009; 2:350-63.

Luthi P, Zuber M, Ritter M, et al. Echocardiographic findings in former
professional cyclists after long-term deconditioning of more than 30 years.
Eur. ]. Echocardiogr. 2008; 9:261-7.

Marijon E, Tafflet M, Celermajer DS, et al. Sports-related sudden death in
the general population. Circulation. 2011; 124:672-81.

Maron BJ, Doerer JJ, Haas TS, et al. Sudden deaths in young competitive
athletes: analysis of 1866 deaths in the United States, 1980-2006. Circula-
tion. 20095 119:1085-92.

McMullen JR, Shioi T, Zhang L, et al. Phosphoinositide 3-kinase(p110alpha)
plays a critical role for the induction of physiological, but not pathological,
cardiac hypertrophy. Proc. Natl. Acad. Sci. U. S. A. 2003; 100:12355-60.

Mohlenkamp S, Lehmann N, Breuckmann F, et al. Running: the risk of
coronary events : prevalence and prognostic relevance of coronary athero-
sclerosis in marathon runners. Eur. Heart J. 2008; 29:1903-10.

Molina L, Mont L, Marrugat J, et al. Long-term endurance sport practice
increases the incidence of lone atrial fibrillation in men: a follow-up study.
Europace. 2008; 10:618-23.

Mont L, Sambola A, Brugada ], et al. Long-lasting sport practice and lone
atrial fibrillation. Eur. Heart J. 2002; 23:477-82.

Mousavi N, Czarnecki A, Kumar K, et al. Relation of biomarkers and car-
diac magnetic resonance imaging after marathon running. Am. J. Cardiol.
2009; 103:1467-72.

Neilan TG, Januzzi JL, Lee-Lewandrowski E, et al. Myocardial injury and
ventricular dysfunction related to training levels among nonelite participants
in the Boston marathon. Circulation. 2006; 114:2325-33.

O’Hanlon R, Wilson M, Wage R, et al. Troponin release following endur-
ance exercise: is inflammation the cause? A cardiovascular magnetic reso-
nance study. J. Cardiovasc. Magn. Reson. 2010; 12:38.

Oxborough D, Shave R, Warburton D, et al. Dilatation and dysfunction of
the right ventricle immediately after ultraendurance exercise: exploratory
insights from conventional two-dimensional and speckle tracking echocar-
diography. Circ. Cardiovasc. Imaging. 2011; 4:253-63.

Pelliccia A, Kinoshita N, Pisicchio C, et al. Long-term clinical consequences
of intense, uninterrupted endurance training in olympic athletes. J. Am. Coll.
Cardiol. 2010; 55:1619-25.

Pelliccia A, Maron BJ, De Luca R, et al. Remodeling of left ventricular hy-
pertrophy in elite athletes after long-term deconditioning. Circulation. 2002;
105:944-9.

Pelliccia A, Maron BJ, Di Paolo FM, et al. Prevalence and clinical signifi-
cance of left atrial remodeling in competitive athletes. J. Am. Coll. Cardiol.
20085; 46:690-6.

Ryder KM, Benjamin EJ. Epidemiology and significance of atrial fibrillation.
Am. ]. Cardiol. 1999; 84:131R-8R.

Sarna S, Sahi T, Koskenvuo M, Kaprio J. Increased life expectancy of world
class male athletes. Med. Sci. Sports Exerc. 1993; 25:237-44.

Sesso HD, Paffenbarger RS Jr, Lee IM. Physical activity and coronary heart
disease in men: the Harvard Alumni Health Study. Circulation. 2000; 102:
975-80.

Shave R, Baggish A, George K, et al. Exercise-induced cardiac troponin ele-
vation: evidence, mechanisms, and implications. J. Am. Coll. Cardiol. 2010;
56:169-76.

Exercise and Cardiac Injury

Copyright © 2013 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



48.

49.

50.

S1.

Shiroma EJ, Lee IM. Physical activity and cardiovascular health: lessons
learned from epidemiological studies across age, gender, and race/ethnicity.
Circulation. 2010; 122:743-52.

Steding K, Engblom H, Buhre T, et al. Relation between cardiac dimensions
and peak oxygen uptake. J. Cardiovasc. Magn. Reson. 2010; 12:8.

Trivax JE, Franklin BA, Goldstein JA, et al. Acute cardiac effects of mara-
thon running. J. Appl. Physiol. 2010; 108:1148-53.

van Saase JL, Noteboom WM, Vandenbroucke JP. Longevity of men ca-
pable of prolonged vigorous physical exercise: a 32 year follow up of 2259

Wwww.acsm-csmr.org

52.

53.

54.

participants in the Dutch eleven cities ice skating tour. BMJ. 1990; 301:
1409-11.

Vaziri SM, Larson MG, Benjamin EJ, Levy D. Echocardiographic predictors
of nonrheumatic atrial fibrillation. The Framingham Heart Study. Circula-
tion. 1994; 89:724-30.

Wilson M, O’Hanlon R, Prasad S, et al. Diverse patterns of myocardial fibrosis
in lifelong, veteran endurance athletes. J. Appl. Physiol. 2011; 110:1622-6.

Zeppilli P, Santini C, Palmieri V, et al. Role of myocarditis in athletes with minor
arrhythmias and/or echocardiographic abnormalities. Chest. 1994; 106:373-80.

69

Current Sports Medicine Reports

Copyright © 2013 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



