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1 | INTRODUCTION

Studies carried out since 1987 using early experimental troponin
(Tn) assays have shown that prolonged exercise may induce detectable
increase in circulating troponins.® Driven by the development of more
sensitive and specific assays, cardiac Tn (cTn) have progressively formed
the cornerstone for the diagnosis of acute myocardial infarction (M),
beginning from the first definition? in 2000, until the recently published
Fourth universal definition of MI® in 2018. It is recognized that many
nonacute coronary syndrome (ACS) diagnoses and other conditions may
also promote cTn elevation, including prolonged exercise.*

The introduction of the high-sensitivity troponin assays,
unsurpassed in sensitivity to detect low levels of myocardial damage
(possibly at the expense of decreased specificity)® has allowed better

characterization of exercise-induced cTn elevation. This has led to the

Abbreviations: ACS, acute coronary syndrome; CAD, coronary artery disease; CK-MB,
creatine kinase-myocardial band; cMRI, cardiovascular magnetic resonance; CTCA, computed
tomography coronary angiography; cTn, cardiac troponin; cTnl, cardiac troponin I; ¢TnT,
cardiac troponin T; LV, left ventricular; MI, myocardial infarction; RV, right ventricular; Tn,
troponin.

Keith P. George?

It is well established that regular physical activity reduces cardiovascular disease risk;
however, numerous studies have demonstrated postexercise elevations in cardiac
troponin (cTn), indicative of cardiac injury in apparently healthy individuals. The prev-
alence of these findings in different exercise settings and population groups, as well
as potential underlying mechanisms and clinical significance of exercise-induced cTn
release are not yet quite determined. The present review will discuss the cTn
response to exercise in light of developing cTn assays and the correlation between
postexercise cTn release and cardiac function. Additionally, recent data regarding the
potential link between strenuous endurance exercise and its relationship with unfa-
vorable cardiac effects in athletes, as well as the management of patients presenting

at emergency care after sport events will be briefly reviewed.

exercise-induced troponin, troponin release

observation that measurable changes in ¢Tn are common, not only
with extreme levels of exercise, such as marathon,® but even following
normal physical activity,” or a treadmill test.® The origin of this bio-
marker release and whether it reflects a physiological or pathological
process, remains a contentious issue.? The clinical implications are
worthy of study for a number of reasons. First, this issue may be of
relevance to the controversy surrounding the long-term prognosis of
athletes presenting with postexercise cTn elevations and the possible
role of high level exercise as a cause of cardiac disease in some indi-
viduals.'© Although the beneficial effect of moderate duration exer-
cise on cardiovascular health in the general population is well
recognized,!? it has been postulated that participation in multiple
extreme endurance events may lead to right ventricular
(RV) dysfunction,12 accelerate coronary atherosclerosis,*®> or even
promote cardiac fibrosis.1* Second, exercise-induced cTn elevation is
important to understand in the management of athletes presenting
with chest pain at emergency care after sport events, since in many
relevant studies cTn levels exceeded the 99 percentile of the method

formally fulfilling the criteria for acute M1.1
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Previous reports have repeatedly confirmed that cTnT levels at
rest can be predictive of future cardiovascular events, not only in the
context of CAD or other diseases,'®” but even in apparently healthy
individuals.®® In contrast, cTn elevation postexercise has been com-
monly considered a physiological response and a benign, physiological
phenomenon in terms of prognosis'”2°%; nevertheless, this theory has
been challenged by recent studies suggesting that exercise-induced
cTn release may be related to an increased incidence of adverse car-
diovascular events,?! or occult obstructive CAD.??

This review will summarize available data with regards to the cTn
response to exercise and will evaluate this data with reflection on
research design, exercise stimulus, participant selection as well as
assay development and cTn biochemistry. Potential mechanism, clini-
cal significance, and the management of patients with cTn elevation

after exercise will be briefly discussed.

2 | METHODS

We performed a review of studies related to the cTn response to
exercise. A review of research published in English until September
2019 was performed, by conducting systematic searches of PubMed,
Scopus and the Cochrane Library, using the Key words “Exercise-
induced troponin,” “Troponin release,” “Troponin physiology,” “Cardiac
biomarkers and exercise,” and “Exercise-induced cardiac damage,”
“Exercise-induced cardiac injury.” Studies that were repetitions were
removed. Additional studies were excluded by reading the headlines
or abstracts, if they did not concern exercise-induced elevation of tro-
ponin in healthy subjects, or if there were not available in English. The
reference lists of the retrieved articles and the review articles publi-
shed on the subject were also screened for eligible manuscripts. All
studies were published between 1987 and 2019.

3 | RESULTS AND DISCUSSION

3.1 | Exercise factors

Early reports of exercise-induced elevations in serum biomarkers,
mainly myocardial band isoform of creatine kinase (CK-MB), led to the
concern that high intensity physical activity may result in cardiac
injury, which was mitigated by the discovery that CK-MB lacks speci-
ficity regarding cardiac or skeletal muscle origin.2® The development
of Tn assays has expanded the ability to explore exercise-induced car-
diac injury. Fortescue et al.® in one of the largest relevant reports,
studied 482 Boston marathon finishers and found that 68% had some
degree of postrace cTn elevation, while 11% of those had increases
diagnostic for MI. Interestingly, this increase was found to be more
pronounced in less trained athletes, which was confirmed by other
reports,>* while several others found no association between training
status and biomarker release.?’> Multiple other studies have reported

6

cTn elevations after marathons,?® ultradistance races,?” triathlon

events,?® cycling,?’ and various other forms of physical activity.

Exercise intensity and duration cannot reliably predict the magnitude
of cTn release.’%3? Furthermore, aside from extreme sports, detect-
able biomarker alterations have been described following stress
tests, 32 table tennis games,®* or prolonged walking.®® It should also be
noted that numerous studies found no significant release of cTn, even
after high-intensity exercise.® The discrepancy in reports investigat-
ing prevalence and factors affecting the release of cTn directly chal-
lenges clinical relevance and supports the hypothesis that it may not
actually reflect cardiac injury.

In order to explore a potential association between cTn release
and cardiac function, numerous studies have coupled cTn with imag-
ing modalities (echocardiography, cMRI) and biochemical markers
(mainly N-terminal pro-B-type natriuretic peptide) after endurance
events; nevertheless, results from such efforts have also been incon-
sistent. (Table 1).

La Gerche et al'?

studied 40 athletes following an ultra-
endurance race event and showed that cTnl and B-type natriuretic
peptide were increased postrace and correlated with decrements in
RV, but not LV function, as estimated by echo and cMRI, yet, these
effects were reversible after a week. In contrast, Wilson et al®” found
no association between post-marathon cTnl release and echo/cMRI
cardiac function indices. The term “cardiac fatigue” has been used to
describe the postexercise decline in systolic and diastolic LV and RV
function,3® that in most studies do not seem to correlate with cTn ele-
vation. In general, most of the reports incorporating imaging and addi-
tional biochemical markers suggest that, even if there is evidence for
transient LV or RV dysfunction, there is no solid data suggesting that
this is translated to permanent damage.??3>371 This is in line with
good prognosis and longevity of athletes*?> even when volume of
exercise exceeds significantly the officially recommended
150 minutes per week of moderate intensity or 75 minutes per week

of vigorous-intensity aerobic exercise per week.3

3.2 | STUDY DESIGN FACTORS

The marked heterogeneity in studies regarding postexercise cTn
release has been attributed to various factors, including small sample
sizes, differences in fitness of participants, varying types and intensity
of exercise, different cTn assays, as well as different detection limits
used to define a “positive” cTn.** Timing of blood sampling may be a
major determinant of this variability,2® considering, not only the diver-
sity in cTn elevation kinetics pattern between the well-studied CAD
syndromes vs exercise, but also the uncertainty regarding the actual
peak value of cTn. Especially in the context of long duration sport
events, multiple or even delayed (24 hours postexercise) sampling
may be required in order to disclose a comprehensive trend of cTn.*®
Furthermore, Kleiven et al,?? in a study performed in 120 middle aged
predominately male cyclists, showed that cTn elevation 24 hours
poststrenuous exercise was more pronounced in subjects with occult
obstructive CAD compared to those without significant stenosis,
while no difference was observed prior to or 3 hours after the race.

Thus, if confirmed by other studies, this indicates that delayed
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TABLE 1

Studies investigating correlations between cTn elevation and cardiovascular effects

cees RWITSEEE

Correlations
between cTn

Publication and functional
Author year Type of exercise Functional indices cTn NT-proBNP indices
Weippertet al”® 2016 60 min moderate intensity TTE: - 1inRP -
CT vs sprints with set RPs
in-between
O'Hanlon et al®* 2010 Marathon CMR: - 1cTnl -
Neilan et al** 2006 Marathon TTE: diastolic-RV 1cTnT 1 +
dysfunction
Mousavi et al*® 2009 Marathon TTE, CMR: RV dysfunction 1¢TnT +
Shave et al®® 2002 Mountain marathon TTE: LV dysfunction 1cTnT -
George et al® 2009 Ultra marathon, 89 km TTE: | EF, 1cTnT -
|peak strain-peak systolic,
diastolic strain rates
Tulloh et al®” 2006 Ironman Triathlon TTE: transient 1cTnT +
| EF
Rifai et al®® 1999 Ironman Triathlon TTE: transient |EF 1cTnT, £1cTnl + (significant in
those with
both 1cTnT
and 7cTnl)
Wilson et al®” 2011 Marathon TTE: transient LV | diastolic 1cTnl T -
function
CMR: -
Whyte et al®? 2005 Marathon TTE: LV | diastolic function 1cTnT =
George et al*! 2004 Marathon TTE: LV | diastolic function 1cTnT -
Shave et al”® 2004 Two 50 mile cycle trials TTE: - - -
Scharhag etal’* 2006 1-h and a 3-h exercise study ~ TTE: - 1cTnl 1 -
CMR: -
La Gerche et al'? 2012 Endurance race (3-11 h TTE: RV dysfunction TcTnl T Correlations of
duration) CMR: RV dysfunction biomarkers
with RVEF
but not LVEF
Bohm et al”? 2016 Cardiopulmonary exercise TTE: - 1cTnT -
testing CMR: -

Note: T means elevation, — means no significant effect, and + means positive correlation.
Abbreviations: cMRI, cardiovascular magnetic resonance; CT, continuous training; EF, ejection fraction; LV, left ventricular; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; RV, right ventricular; TTE, transthoracic echocardiogram.

sampling may entail clinical relevance, potentially contributing in the
identification of high-risk individuals.

Meta-analyses and systematic reviews, that would hopefully
yield the adequate overall sample size necessary to provide greater
statistical reliability and insights to mechanisms and sources of dis-

1,4 retriev-

crepancy have also been conducted (Table 2). Shave et a
ing data from studies up until 2006, showed that 47% of endurance
athletes experienced a significant exercise-induced rise in cTnT and
that 36% of London marathon finishers demonstrated cTnT eleva-
tions fulfilling criteria for MI. These results are similar to those
reported by others,*”*® while the increased prevalence reported in
the study be Vilela et al*® (70% out of 424 participants retrieved
from eight studies showed post-running cTn values higher than the
99th URL) probably reflects the currently broader utilization of

|50

high-sensitivity assays. Gresslien et al>~ provide a detailed selection

of the more recent relevant studies, but no conclusive data are

reported.

4 | POTENTIAL MECHANISMS OF
EXERCISE-INDUCED CTN RELEASE
4.1 | Troponin physiology

The cTn complex, consisting of three proteins known as ¢TnC, cTnl,
and cTnT, forms the skeleton of the striated muscle and regulates
actin and myosin cross-bridge cycling. cTn is bound to tropomyosin
on the thin filament of the myofibril, while an undefined proportion

remains unbound in cytosolic pool, possibly serving as a reservoir for

repair/regeneration of tropomyosin-bound cTn.>! Although skeletal
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TABLE 2 Systematic reviews—meta-analyses investigating exercise-induced cTn release

Publication Number of Patients CTnT (% of subjects
Author year studies included with elevation) Remarks
Shave et al*¢ 2007 26 1120 47 Postexercise cTnT after cycling approximately half that of
running events (27% vs 52%)
Postexercise cTnT not affected by age
Sedaghat-Hamedani 2015 33 1045 51 Average cTnl elevation 40 ng/L c from baseline, no %
etal®’ reported due to significant heterogeneity between studies
Regwan et al*® 2010 16 939 51 Marathon participants
cTn elevation not associated with age and gender, but with
publication date and assay sensitivity
cTnl less commonly elevated vs cTnT
Vilela et al*’ 2014 10 424 69.8
Gresslien et al®® 2016 145 0%-100% Extremely thorough citation of studies, but no cumulative data
provided
FIGURE 1 This shows the
Myofilament-bound cTn schematics of the troponin
F ) release after myocardial infarction
N .
SAFROBBED O z 000804 (MI) vs endurance exercises.
WS BIIR  CHRErEIE D RPATASEEROEHRBRS Prolonged exercise can increase
SRGHBEPBEND R CFEGIIRE  AUEMPGESASHS cardiomyocyte membrane
permeability and secretion of
e ARSI cytoplasmic-free cardiac troponin.
SPTSDIND  GHR VSRR ATRASEAGSD On the contrary, troponin
WSTIBIIEIND  EHEH RS AGRAASEIS RIS elevation in Ml is due to
SRPEEBEND SIS RRED AVEMSPSBDD cardiomyocyte necrosis and
Myocardial - release of myofilament-bound
Sarcomere infarction ";‘ troponin60
oh 72h
Cytoplasmic ¢Tn
-
c
=
Strenuous
exercise oh 72h

and cTn proteins demonstrate a significant degree of amino acid
sequence homology, more than 100 differences exist and they are
encoded by separate genes.>? Important biological and analytical dif-
ferences also exist between cTnT and cTnl. During fetal development,
cTnT exists in both cardiac and skeletal muscles, but disappears gradu-
ally from adult skeletal muscle, yet, it may be reexpressed in case of
skeletal muscle injury.‘r’z":’3 Tnl has also been previously reported to
possess skeletal expression; however, relevant data are scarce.>*
Consistent with both cytosolic and structural distribution of cTn,
the appearance in blood following injury, exhibits a biphasic release pat-
tern.>® The kinetics of postexercise Tn release, with an early peak and

quick normalization, is quite different from the elevation pattern

observed in ACSs,>® or even ablation,?” indicating that exercise-induced
cTn elevation may arise from the cytosol and not from the thin fila-

58-0(Figure 1).

ments in the contractile apparatus

Another issue to be considered when interpreting cTn levels, is
that the antibodies comprising Tn immunoassays may be susceptible
to cross reactions induced by immunologic factors or heterophilic
antibodies, creating a source of false positive results. Such reactions
have been described in relation to the presence of rheumatoid
factor,®? or diseases like myasthenia.®? Various hypotheses have been
proposed for the pathophysiologic mechanisms underlying cTn eleva-
tion post exercise, including increased membrane permeability, normal

turnover of myocardial cells, cTn degradation products cellular release,
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membranous blebs, myocyte apoptosis/necrosis resulting in genuine
cardiac injury, skeletal muscle origin of cTn. The exact etiology
remains still speculative due to limited empirical data,®>%* but the

most common theories are briefly discussed below.

4.2 | Increased membrane permeability

Starnberg et al*®

performed in vitro studies from human cardiac tissue
and found that transient cytosolic leakage of cytosolic cTn might be
facilitated by increases in myocardial sarcolemmal permeability, possi-
bly propagated, among others, by free radical mediated injury.®* Free
radical generation can be induced by mechanical stress on the
cardiomyocytes, increased body temperature, or prolonged acidosis.®®
Whenever the capacity of the lymphatics to remove macromolecules
is exceeded, cTn becomes detectable in the peripheral circulation.
This passive diffusion of cTn from the intracellular to extracellular
compartment, which has also been described in skeletal muscle
exposed to exercise,®® is compatible with the release kinetics of cTn
observed in this setting; nevertheless, no specialized biological pro-
cess (eg, exocytosis) has been experimentally proved to serve this

scope.®”

4.3 | Cardiacinjury

Myocardial injury, differentiated by MI and irreversible damage, may
be acute, as evidenced by a newly detected dynamic rising and/or fall-
ing pattern of cTn, or chronic, in the case of persistently elevated cTn
levels.® Exercise provoked mechanical stimuli might induce transient
disruptions of the myocardial plasma membrane, termed “cell
wounds,” also stimulated by integrins.®® This process does not result
in frank myocardial injury or cell necrosis, because cardiac regenera-
tive capacity (1% per year in adults over 25 year, 0.3% at the age of
75) would not be sufficient to maintain contractile capacity and com-
pensate the amount of cumulative injury indicated by cTn values
observed in repeated sport events.®” However, multiple bouts of
mechanical stress forces may elicit stretching of the myocytes, stimu-
lated also by inflammatory pathways, as evidenced by interleukin and
neutrophil count increase in response to exercise.”® These repeated
episodes with cTn elevation, followed by immediate restoration of
normality may represent a physiological repairing, or remodeling pro-
cess. In this context, the fibrotic lesions* and calcified, yet stable,

atheromatic plaques'®7!

observed to a greater extent in lifelong
endurance athletes, may be the expression of these pathways in the
myocardium and arterial wall, respectively. This provides a plausible
explanation of equivocal laboratory and imaging results, which,
despite initial reports,”? do not convincingly connect extreme exercise
to adverse cardiovascular events, probably because this benign plaque
composition does not often cause plaque rupture and ACS.”® In accor-
dance with this, in the study by DeFina et al,”* conducted on 21 758
men, higher levels of physical activity were generally associated with

more prevalent coronary artery calcification (CAC) (2100 Agatston

cee: RWITSERE

Units, AU). Nevertheless, in the group with CAC score of at least
100 AU, physical activity of at least 3000 MET-min/week was not
associated with an increased all-cause or cardiovascular disease mor-
tality risk compared to less than 1500 MET-min/week after a decade
of follow-up.

44 | Musculoskeletal etiology

Even though the cardiospecificity of the latest generations of cTnT
assays has been validated against skeletal muscle damage,” recent evi-
dence suggests that skeletal muscle injury might cause elevations at
least of hs-cTnT. Numerous papers have appeared describing frequent
elevations of hs-cTnT (usually without concomitant cTnl elevation) in
myopathies in the absence of any cardiovascular injury, the latter
being excluded after thorough cardiac investigations, including
CMR.”® It should also be noted that troponin elevations may occur in
up to 11% to 30% of cases during rhabdomyolysis, without any signs
of cardiac involvement.”® Skeletal muscle expression of cTn has been
supported by Western blot studies on skeletal muscle biopsies and
has been attributed either to cross reaction with troponin isoforms, or
to re-expression of cardiac isoforms in diseased skeletal muscle,”®
although this has been debated by others.”” Lippi et al,*¢ conducting a
study based on a model of eccentric exercise, a type of muscular
activity sufficient to evoke skeletal, but not myocardial muscle injury,
concluded that skeletal muscular injury might affect the concentration
of hs-TnT for up to 13%. Previous other reports have also provided
evidence correlating cTn to skeletal muscle, rather than to cardiac
parameters (Table 3).”8 Finally, even if skeletal muscle etiology cannot
provide a comprehensive answer, contribution, or interference from
skeletal muscle damage should not be overlooked. Numerous studies
have demonstrated cTnl elevations post exercise as well; neverthe-
less, cTnT and cTnl should not be considered interchangeable and this

concept is adopted in the recent MI definition.®

5 | PROGNOSTIC SIGNIFICANCE AND
CLINICAL IMPLICATIONS OF EXERCISE-
INDUCED CTN ELEVATION

It has been consistently demonstrated that resting cTn confers an
increased risk of adverse cardiovascular outcomes even in the
absence of ACS”® and can be a prognosticator in various disease
states,)” or even in healthy individuals.2® Although a large spectrum
of observations has investigated the relationship between exercise
and cTn release, there are only limited data regarding outcomes. Tran-
sient exercise-induced cTn elevation has been generally considered
benign, based on the high frequency it occurs in apparently healthy
asymptomatic individuals, the lack of correlation with functional
(imaging) evidence, and the obvious health benefits provided by
endurance exercise. Siegel et al*? in a previous study employing first-
generation assays, followed nine runners with a postmarathon cTn

increase and showed that all remained asymptomatic for cardiac
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TABLE 3 In the study by Weippert et al,”® a significant
association was shown between cTnT release and the metabolic state
of the working muscles, that is, exercise “dose,” but not with
echocardiographic parameters. Furthermore, Pearson correlation
analysis presented on figure 3 (unpublished data, personal
communication) reveals strong positive correlation between hs cTnT
and total CK/CK-MB/%CK-MB

cTnT post + 1
Total CK post + 1 0.407
CK-MB post+1 -0.172
%CK-MB post +1 —-0.315

cTnT post + 4
Total CK post +4  0.509
CK-MB post +4  0.155
%CK-MB post +4 -0.448

Abbreviations: CK-MB, myocardial band isoform of creatine kinase; cTnT,
cardiac troponin T.

1%° marathon run-

disease 1 year later. In a study by Mohlenkamp et a
ners with late gadolinium enhancement had higher postrace hsTnl
values compared to those without. However, after a 6-year follow-up
period, coronary event rates were associated with CAC and myocar-
dial fibrosis, but not with increases in hsTnl. Nevertheless, it must be
noted that the relatively small number of participants (74) and events
recorded (6) might have limited the reliability of this report. In contrast
with these evidence, a recent study conducted by Aengevaeren
et al?* in 725 long-distance walkers (61 years on average), found that
troponin | elevations above the 99th percentile after an ultra-
endurance walking event, was associated with higher mortality and
cardiovascular events after 43 months of follow-up, although this

population with relatively increased cardiovascular risk factor burden,

Admission of patients after endurance sports
to Emergency Department

\ 4

Clinical probability of
cardiac etiology

Musculoskeletal
injuries

Detailed medical history
Physical examination

12 lead ECG
12 esFCQ Echocardiography
cardiac
involvement
probabel
No Yes
\ 4
S v
No indication for
cTn testing Echocardiography
! )
Findings suggestive of .
“ mycardial injury or Yes Initiate
ischemia cTn testing

Low probability of High probability
cardiac of cardiac
involvement involvement
I I
* Hyper-/Hypothermia * Chest pain
» Gastrointestinal complaints + Dyspnoea
» Dehydration » Syncope
« Electrolyte disorders + Aborted SCD

Detailed medical history
Physical examination

FIGURE 2 Algorithm outlining proposed management of patients with suspected ACS after prolonged exercise algorithm for the initiation of
cardiac troponin (cTn) testing in patients after prolonged exercise, proposed as an adjunct to the standard clinical guidelines for acute coronary

syndrome (ACS). ECG, electrocardiogram®®
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may not be quite representative or comparable with most relevant
studies of athletes. Therefore, recent reports have seriously disputed
the position regarding benign prognosis, indicating that exercise-
induced cTnT elevations may provide incremental prognostic informa-
tion beyond that of baseline values, not only contributing in
unmasking subclinical cardiac pathology,?? but potentially serving as
an early marker of future cardiovascular events as well.?*

The potential utility of adding cTn testing in cardiac stress studies,
aiming at improving diagnostic accuracy, have so far proved inconsis-
tent®; however, under the light of latest reports suggesting new sampling
options and prognostic information, this might require reconsideration.

Routine cTn testing is not indicated for the evaluation of individ-
uals who present for medical attention after participation in athletic
events, unless there are specific clinical signs, symptoms, or data
suggesting cardiac involvement.®! In cases of suspicious symptoms, a
careful workup (Figure 2)% including serial measurements of cTn is
recommended. Clinicians should be aware that remarkable cTn eleva-
tions might occur routinely after prolonged or strenuous endurance
exercise in healthy individuals and in the absence of other signs,
symptoms, or data, should avoid extensive but unnecessary investiga-
tions. In selected cases with low cardiac risk but unexpectedly high
cTnT, additional cTnl or muscle damage markers measurement might
be useful. However, whenever serious cTn elevation is followed by
obvious skeletal muscle injury, but cardiac involvement cannot be eas-
ily excluded (eg, atypical symptomes, high risk factor burden) computed
tomography coronary angiography (CTCA), if available, may represent
a fast, safe and cost effective “rule out” strategy.®?

CTCA is favorably incorporated into a triage strategy aiming at
improving the diagnostic efficiency in the emergency department, par-
ticularly in low- to intermediate-risk patients.®2 Furthermore, latest
data suggest that CTCA may provide information regarding plaque
morphology and composition, not only offering insights to pathophys-

iological mechanisms, but enhancing cardiac risk prediction as well.®%

6 | FUTURE DIRECTIONS

Etiological studies in human and animal models may well be important
avenues for future study. The determination of adequate cardiac and
muscle markers pre and post a strenuous sport event, coupled with
multiple imaging could provide further insights into this topic. The rel-
evance of elevated cTn before and after clinical stress tests in order
to further stratify patients, might be reconsidered. Finally, large pro-
spective studies are needed to explore whether cTn elevations after
physical stress actually confer an incremental risk for future cardiac
events independent of conventional risk markers in a wide range of

active populations.

7 | CONCLUSIONS

Although the etiology remains obscure, numerous reports have demon-

strated that cTn may be elevated in most subjects following various

cee: RWITSERE

types of physical activity, ranging from walking to ultra-endurance sports
sessions, in a wide range of populations. It has been suggested that cTn
release is correlated with transient cardiac injury induced by strenuous
exercise; however, the vast majority of studies do not support and asso-
ciation with changes in cardiac function and/or permanent damage/dys-
function. Consequently, exercise-induced cTn elevation has been
considered a benign phenomenon although this position has been chal-
lenged by latest reports. cTn is regarded as highly cardiac specific; never-
theless, it has been recently shown that cTnT increases may be related
to skeletal muscle damage. Awareness that cTn elevations are commonly
seen after exercise may contribute in avoiding unnecessary procedures

in patients admitted to emergency care.

ORCID

George A. Stavroulakis "= https://orcid.org/0000-0003-4709-4043

REFERENCES

1. Cummins P, Young A, Auckland ML, Michie CA, Stone PC,
Shepstone BJ. Comparison of serum cardiac specific troponin-I with
creatine kinase, creatine kinase-MB isoenzyme, tropomyosin, myoglo-
bin and C-reactive protein release in marathon runners: cardiac or
skeletal muscle trauma? Eur J Clin Invest. 1987;17(4):317-324.

2. Joint European Society of Cardiology/American College of Cardiology
Committee. Myocardial infarction redefined—a consensus document
of The Joint European Society of Cardiology/American College of
Cardiology Committee for the redefinition of myocardial infarction.
Eur Heart J. 2000;36:959.

3. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition of
myocardial infarction (2018). J Am Coll Cardiol. 2018;72:2231-2264.
https://doi.org/10.1016/j.jacc.2018.08.1038.

4. James L, Januzzi MDF Jr. Causes of Non ACS Related Troponin Eleva-
tions. 2010. https://www.acc.org/latest-in-cardiology/articles/2014/
07/18/13/16/causes-of-non-acs-related-troponin-elevations,
Accessed September 08, 2010.

5. Newby LK, Jesse RL, Babb JD, et al. ACCF 2012 expert consensus
document on practical clinical considerations in the interpretation of
troponin elevations: a report of the American College of Cardiology
Foundation Task Force on clinical expert consensus do. J Am Coll Car-
diol. 2012;60(23):2427-2463.

6. Fortescue EB, Shin AY, Greenes DS, et al. Cardiac troponin increases
among runners in the Boston marathon. Ann Emerg Med. 2007;49(2):
137-143.el. https://doi.org/10.1016/j.annemergmed.2006.09.024.

7. Nie J, Tong T, Shi Q, Lin H, Zhao J, Tian Y. Serum cardiac troponin
response in adolescents playing basketball. Int J Sport Med. 2008;29
(6):449-452.

8. Tjora S, Gjestland H, Mordal S, Agewall S. Troponin rise in healthy
subjects during exercise test. Int J Cardiol. 2011;151(3):375-376.
https://doi.org/10.1016/j.ijcard.2011.06.106.

9. Parsonage WA, Ruane L. Cardiac troponin and exercise; still much to
learn. Hear Lung Circ. 2017;26(7):645-647. https://doi.org/10.1016/j.
hlc.2017.05.112.

10. La Gerche A, Heidbuchel H. Can intensive exercise harm the heart?
You can get too much of a good thing. Circulation. 2014;130(12):992-
1002. https://doi.org/10.1161/CIRCULATIONAHA.114.008141.

11. Maessen MFH, Verbeek ALM, Bakker EA, Thompson PD,
Hopman MT, Eijsvogels TM. Lifelong exercise patterns and cardiovas-
cular health. Mayo Clin Proc. 2016;91(6):745-754.

12. La Gerche A, Burns AT, Mooney DJ, et al. Exercise-induced right
ventricular dysfunction and structural remodelling in endurance ath-
letes. Eur Heart J. 2012;33(8):998-1006. https://doi.org/10.1093/
eurheartj/ehr397.


https://orcid.org/0000-0003-4709-4043
https://orcid.org/0000-0003-4709-4043
https://doi.org/10.1016/j.jacc.2018.08.1038
https://www.acc.org/latest-in-cardiology/articles/2014/07/18/13/16/causes-of-non-acs-related-troponin-elevations
https://www.acc.org/latest-in-cardiology/articles/2014/07/18/13/16/causes-of-non-acs-related-troponin-elevations
https://doi.org/10.1016/j.annemergmed.2006.09.024
https://doi.org/10.1016/j.ijcard.2011.06.106
https://doi.org/10.1016/j.hlc.2017.05.112
https://doi.org/10.1016/j.hlc.2017.05.112
https://doi.org/10.1161/CIRCULATIONAHA.114.008141
https://doi.org/10.1093/eurheartj/ehr397
https://doi.org/10.1093/eurheartj/ehr397

*Lwicey- G

13.

14.
15.
16.
17.
18.
19.
20.

21.

22.

23.

24.

25.
26.

27.

28.

STAVROULAKIS ano GEORGE

Aengevaeren VL, Mosterd A, Braber TL, et al. Relationship
between lifelong exercise volume and coronary atherosclerosis in
athletes. Circulation. 2017;136:138-148. https://doi.org/10.1161/
CIRCULATIONAHA.117.027834.

Tahir E, Starekova J, Muellerleile K, et al. Myocardial fibrosis in com-
petitive triathletes detected by contrast-enhanced CMR correlates
with exercise-induced hypertension and competition history. JACC
Cardiovasc Imaging. 2017;11(9):1260-1270. https://doi.org/10.1016/
j.jcmg.2017.09.016.

Skadberg @, Kleiven @, @rn S, et al. The cardiac troponin response
following physical exercise in relation to biomarker criteria for acute
myocardial infarction; the North Sea Race Endurance Exercise Study
(NEEDED) 2013. Clin Chim Acta. 2018;479(January):155-159.
https://doi.org/10.1016/j.cca.2018.01.033.

Beatty AL, Ku IA, Christenson RH, DeFilippi CR, Schiller NB,
Whooley MA. High-sensitivity cardiac troponin T levels and second-
ary events in outpatients with coronary heart disease from the heart
and soul study. JAMA Intern Med. 2013;173(9):763-769. https://doi.
org/10.1001/jamainternmed.2013.116.

Park KC, Gaze DC, Collinson PO, Marber MS. Cardiac troponins: from
myocardial infarction to chronic disease. Cardiovasc Res. 2017;113
(14):1708-1718. https://doi.org/10.1093/cvr/cvx183.

van der Linden N, Klinkenberg LJJ, Bekers O, et al. Prognostic value
of basal high-sensitive cardiac troponin levels on mortality in the gen-
eral population: a meta-analysis. Medicine (Baltimore). 2016;95(52):
e5703-e57083. https://doi.org/10.1097/MD.0000000000005703.
Siegel AJ, Sholar M, Yang J, Dhanak E, Lewandrowski KB. Elevated
serum cardiac markers in asymptomatic marathon runners after com-
petition: is the myocardium stunned? Cardiology. 1997;88(6):487-
491. https://doi.org/10.1159/000177396.

Méhlenkamp S, Leineweber K, Lehmann N, et al. Coronary athero-
sclerosis burden, but not transient troponin elevation, predicts long-
term outcome in recreational marathon runners. Basic Res Cardiol.
2014;109:391. https://doi.org/10.1007/s00395-013-0391-8.
Aengevaeren VL, Hopman MTE, Thompson PD, et al. Exercise-
induced cardiac troponin | increase and incident mortality and cardio-
vascular events. Circulation. 2019;140(10):804-814. https://doi.org/
10.1161/circulationaha.119.041627.

Kleiven @, Omland T, Skadberg @, et al. Occult obstructive coronary
artery disease is associated with prolonged cardiac troponin elevation
following strenuous exercise. Eur J Prev Cardiol. 2019;8:1-10.

Siegel AJ, Silverman LM, Holman BL. Elevated creatine kinase MB iso-
enzyme levels in marathon runners: normal myocardial scintigrams
suggest noncardiac source. JAMA. 1981;246(18):2049-2051. https://
doi.org/10.1001/jama.1981.03320180041027.

Mehta R, Gaze D, Mohan S, et al. Post-exercise cardiac troponin
release is related to exercise training history. Int J Sport Med. 2012;33
(5):333-337.

Legaz-Arrese A, Lopez-Laval I, George K, et al. Impact of an endur-
ance training program on exercise-induced cardiac biomarker release.
Am J Physiol - Hear Circ Physiol. 2015;308(8):H913-H920. https://doi.
org/10.1152/ajpheart.00914.2014.

Middleton N, George K, Whyte G, Gaze D, Collinson P, Shave R. Car-
diac troponin T release is stimulated by endurance exercise in healthy
humans. J Am Coll Cardiol. 2008;52(22):1813-1814. https://doi.org/
10.1016/j.jacc.2008.03.069.

Kim Y-J, Shin Y-O, Lee J-B, et al. The effects of running a 308 km
ultra-marathon on cardiac markers. Eur J Sport Sci. 2014;14(suppl 1):
$92-597. https://doi.org/10.1080/17461391.2011.654267.
Danielsson T, Carlsson J, Schreyer H, et al. Blood biomarkers in male
and female participants after an ironman-distance triathlon. PLoS One.
2017;12(6):e0179324. https://doi.org/10.1371/journal.pone.
0179324.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Serrano-Ostériz E, Legaz-Arrese A, Terreros-Blanco JL, et al. Cardiac
biomarkers and exercise duration and intensity during a cycle-touring
event. Clin J Sport Med. 2009;19(4):293-299.

Lara B, Salinero JJ, Gallo-Salazar C, et al. Elevation of cardiac tro-
ponins after endurance running competitions. Circulation. 2019;
139(5):709-711. https://doi.org/10.1161/CIRCULATIONAHA.118.
034655.

Leckie T, Richardson A, Watkins E, et al. High-sensitivity troponin T
in marathon runners, marathon runners with heart disease and col-
lapsed marathon runners. Scand J Med Sci Sport. 2019;29(5):663-668.
https://doi.org/10.1111/sms.13392.

Eijsvogels TMH, Hoogerwerf MD, Oudegeest-Sander MH,
Hopman MTE, Thijssen DHJ. The impact of exercise intensity on car-
diac troponin i release. Int J Cardiol. 2014;171(1):e3-e4. https://doi.
org/10.1016/j.ijcard.2013.11.050.

Shave R, Ross P, Low D, George KGD. Cardiac troponin | is released
following high-intensity short-duration exercise in healthy humans.
Int J Cardiol. 2010;145(2):337-339.

Ma G, Liu Y, Liu K. Influence of repeated bouts of table tennis training
on cardiac biomarkers in children. Pediatr Cardiol. 2014;35(4):
711-718.

Eijsvogels T, George K, Shave R, et al. Effect of prolonged walking on
cardiac troponin levels. Am J Cardiol. 2010;105(2):267-272.

Lippi G, Guidi GC, Salvagno GL, Impellizzeri F, Schena F. Highly sensi-
tive cardiac troponin T is not increased by strenuous eccentric exer-
cise. Am J Cardiol. 2010;105(7):1043-1044. https://doi.org/10.1016/
j.amjcard.2009.12.025.

Wilson M, Hanlon R, Prasad S, et al. Biological markers of cardiac
damage are not related to measures of cardiac systolic and diastolic
function using cardiovascular magnetic resonance and echocardiogra-
phy after an acute bout of prolonged endurance exercise. Br J Sports
Med. 2011;45(10):780-784.  https://doi.org/10.1136/bjsm.2009.
064089.

Middleton N, Shave R, George K, Whyte G, Hart E, Atkinson G. Left
ventricular function immediately following prolonged exercise: a
meta-analysis. Med Sci Sport Exerc. 2006;38(4). https://journals.lww.
com/acsm-msse/Fulltext/2006/04000/Left_Ventricular_Function_
Immediately_following.11.aspx):681-687.

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(22):2325-
2333. https://doi.org/10.1161/CIRCULATIONAHA.106.647461.
Mousavi N, Czarnecki A, Kumar K, et al. Relation of biomarkers and
cardiac magnetic resonance imaging after marathon running.
Am J Cardiol. 2009;103(10):1467-1472. https://doi.org/10.1016/j.
amjcard.2009.01.294.

George K, Whyte G, Al S, et al. Postexercise left ventricular function
and cTnT in recreational marathon runners. Med Sci Sport Exerc. 2004;
36(10):1709-1715. https://journals.lww.com/acsm-msse/Fulltext/2004/
10000/Postexercise_Left_Ventricular_Function_and_cTnT_in.8.aspx.
Abdullah SM, Barkley KW, Bhella PS, et al. Lifelong physical activity
regardless of dose is not associated with myocardial fibrosis. Circ
Cardiovasc  Imaging.  2016;9(11):1-7.  https://doi.org/10.1161/
CIRCIMAGING.116.005511.

Piercy KL, Troiano RP, Ballard RM, et al. The physical activity guide-
lines for Americans. JAMA. 2018;320(19):2020-2028.

Tian Y, Nie J, George KP, Huang C. Reproducibility of cardiac bio-
markers response to prolonged treadmill exercise. Biomarkers. 2014;
19(2):114-120. https://doi.org/10.3109/1354750X.2014.880855.
Baker P, Leckie T, Harrington D, Richardson A. Exercise-induced car-
diac troponin elevation: an update on the evidence, mechanism and
implications. IJC Hear Vasc. 2019;22:181-186. https://doi.org/10.
1016/j.ijcha.2019.03.001.


https://doi.org/10.1161/CIRCULATIONAHA.117.027834
https://doi.org/10.1161/CIRCULATIONAHA.117.027834
https://doi.org/10.1016/j.jcmg.2017.09.016
https://doi.org/10.1016/j.jcmg.2017.09.016
https://doi.org/10.1016/j.cca.2018.01.033
https://doi.org/10.1001/jamainternmed.2013.116
https://doi.org/10.1001/jamainternmed.2013.116
https://doi.org/10.1093/cvr/cvx183
https://doi.org/10.1097/MD.0000000000005703
https://doi.org/10.1159/000177396
https://doi.org/10.1007/s00395-013-0391-8
https://doi.org/10.1161/circulationaha.119.041627
https://doi.org/10.1161/circulationaha.119.041627
https://doi.org/10.1001/jama.1981.03320180041027
https://doi.org/10.1001/jama.1981.03320180041027
https://doi.org/10.1152/ajpheart.00914.2014
https://doi.org/10.1152/ajpheart.00914.2014
https://doi.org/10.1016/j.jacc.2008.03.069
https://doi.org/10.1016/j.jacc.2008.03.069
https://doi.org/10.1080/17461391.2011.654267
https://doi.org/10.1371/journal.pone.0179324
https://doi.org/10.1371/journal.pone.0179324
https://doi.org/10.1161/CIRCULATIONAHA.118.034655
https://doi.org/10.1161/CIRCULATIONAHA.118.034655
https://doi.org/10.1111/sms.13392
https://doi.org/10.1016/j.ijcard.2013.11.050
https://doi.org/10.1016/j.ijcard.2013.11.050
https://doi.org/10.1016/j.amjcard.2009.12.025
https://doi.org/10.1016/j.amjcard.2009.12.025
https://doi.org/10.1136/bjsm.2009.064089
https://doi.org/10.1136/bjsm.2009.064089
https://journals.lww.com/acsm-msse/Fulltext/2006/04000/Left_Ventricular_Function_Immediately_following.11.aspx
https://journals.lww.com/acsm-msse/Fulltext/2006/04000/Left_Ventricular_Function_Immediately_following.11.aspx
https://journals.lww.com/acsm-msse/Fulltext/2006/04000/Left_Ventricular_Function_Immediately_following.11.aspx
https://doi.org/10.1161/CIRCULATIONAHA.106.647461
https://doi.org/10.1016/j.amjcard.2009.01.294
https://doi.org/10.1016/j.amjcard.2009.01.294
https://journals.lww.com/acsm-msse/Fulltext/2004/10000/Postexercise_Left_Ventricular_Function_and_cTnT_in.8.aspx
https://journals.lww.com/acsm-msse/Fulltext/2004/10000/Postexercise_Left_Ventricular_Function_and_cTnT_in.8.aspx
https://doi.org/10.1161/CIRCIMAGING.116.005511
https://doi.org/10.1161/CIRCIMAGING.116.005511
https://doi.org/10.3109/1354750X.2014.880855
https://doi.org/10.1016/j.ijcha.2019.03.001
https://doi.org/10.1016/j.ijcha.2019.03.001

STAVROULAKIS ano GEORGE

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Shave R, George KP, Atkinson G, et al. Exercise-induced cardiac tro-
ponin T release: a meta-analysis. Med Sci Sport Exerc. 2007;39(12):
2099-2106.

Sedaghat-Hamedani F, Kayvanpour E, Frankenstein L, et al. Biomarker
changes after strenuous exercise can mimic pulmonary embolism and
cardiac injury - a metaanalysis of 45 studies. Clin Chem. 2015;61(10):
1246-1255. https://doi.org/10.1373/clinchem.2015.240796.
Regwan S, Hulten EA, Martinho S, et al. Marathon running as a cause
of troponin elevation: a systematic review and meta-analysis. J Interv
Cardiol. 2010;23(5):443-450.

Vilela EM, Bastos JCC, Rodrigues RP, Nunes JPL. High-sensitivity tropo-
nin after running - a systematic review. Neth J Med. 2014;72(1):5-9.
Gresslien T, Agewall S. Troponin and exercise. Int J Cardiol. 2016;221:
609-621. https://doi.org/10.1016/].ijcard.2016.06.243.

Lippi G, Targher G, Franchini M, Plebani M. Genetic and biochemical
heterogeneity of cardiac troponins: clinical and laboratory implica-
tions. Chem Lab Med. 2009;47(10):1183-1194.

Bleier J, Vorderwinkler KP, Falkensammer J, et al. Different intracellu-
lar compartmentations of cardiac troponins and myosin heavy chains:
a causal connection to their different early release after myocardial
damage. Clin Chem. 1998;44(9):1912-1918.

Bodor GS, Survant L, Voss EM, Smith S, Porterfield D, Apple FS. Car-
diac troponin T composition in normal and regenerating human skele-
tal muscle. Clin Chem. 1997;43(3):476-484.

Chapman W, Simpson JA, Iscoe S, Robins T, Nosaka K. Changes in
serum fast and slow skeletal troponin | concentration following maxi-
mal eccentric contractions. J Sci Med Sport. 2013;16(1):82-85.
https://doi.org/10.1016/j.jsams.2012.05.006.

Wu AHB. Release of cardiac troponin from healthy and damaged
myocardium. Front Lab Med. 2017;1(3):144-150. https://doi.org/10.
1016/j.fim.2017.09.003.

Solecki K, Dupuy AM, Kuster N, et al. Kinetics of high-sensitivity car-
diac troponin T or troponin | compared to creatine kinase in patients
with revascularized acute myocardial infarction. Clin Chem Lab Med.
2015;53:707.

Yoshida K, Yui Y, Kimata A, et al. Troponin elevation after radio-
frequency catheter ablation of atrial fibrillation: relevance to AF sub-
strate, procedural outcomes, and reverse structural remodeling. Hear
Rhythm. 2014;11(8):1336-1342. https://doi.org/10.1016/j.hrthm.
2014.04.015.

Starnberg K, Jeppsson A, Lindahl B, Hammarsten O. Revision of the
troponin T release mechanism from damaged human myocardium.
Clin Chem. 2014. http://clinchem.aaccjnls.org/content/early/2014/
05/16/clinchem.2013.217943.abstract;60:1098-1104.

Collinson PO, Boa FG, Gaze DC. Measurement of cardiac troponins.
Ann Clin Biochem. 2001;38(5):423-449. https://doi.org/10.1258/
0004563011901109.

Farbod Sedaghat-Hamedani MD, Hugo A, Katus MD, FACC,
Benjamin Meder MD. Cardiac biomarker changes after endurance
sports. acc.org 2016, April 14. https://www.acc.org/latest-in-
cardiology/articles/2016/04/14/09/58/cardiac-biomarker-changes-
after-endurance-sports.

Kenny PR, Finger DR. Falsely elevated cardiac troponin-I in patients
with seropositive rheumatoid arthritis. J Rheumatol. 2005;32(7):1258-
1261. http://www.jrheum.org/content/32/7/1258.abstract.
Stavroulakis G, Papadopoulou M, Koutroulis G, et al. Myasthenia
gravis. A potential cause of false positively elevated troponin T? Case
report and brief review. Int J Cardiol. 2015;199:40-41. https://doi.
org/10.1016/j.ijcard.2015.06.165.

Shave R, Baggish A, George K, et al. Exercise-induced cardiac tropo-
nin elevation: evidence, mechanisms, and Implications. J Am Coll
Cardiol. 2010;56(3):169-176. https://doi.org/10.1016/j.jacc.2010.
03.037.

Shave R, Oxborough D. Exercise-induced cardiac injury: evidence
from novel imaging techniques and highly sensitive cardiac troponin

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

cee: RWITSERE

assays. Prog Cardiovasc Dis. 2012;54(5):407-415. https://doi.org/10.
1016/j.pcad.2012.01.007.

Chen Y, Serfass RC, Mackey-Bojack SM, Kelly KL, Titus JL, Apple FS.
Cardiac troponin T alterations in myocardium and serum of rats after
stressful, prolonged intense exercise. J Appl Physiol. 2000;88(5):1749-
1755. https://doi.org/10.1152/jappl.2000.88.5.1749.

McNeil PL, Khakee R. Disruptions of muscle fiber plasma membranes.
Role in exercise-induced damage. Am J Pathol. 1992;140(5):1097-
1109. https://www.ncbi.nlm.nih.gov/pubmed/1374591.

Jaffe AS, Wu AHB. Troponin release—reversible or irreversible injury?
Should we care? Clin Chem. 2012;58(1):148-150. http://clinchem.
aaccjnls.org/content/58/1/148.abstract.

Cooper ST, PL MN. Membrane repair mechanisms and pathophysiol-
ogy. Physiol Rev. 2015;95(4):1205-1240. https://doi.org/10.1152/
physrev.00037.2014.

Lazar E, Sadek HA, Bergmann O. Cardiomyocyte renewal in the
human heart: insights from the fall-out. Eur Heart J. 2017;38(30):
2333-2339. https://doi.org/10.1093/eurheartj/ehx343.

Brown WM, Davison GW, McClean CM, Murphy MH. A systematic
review of the acute effects of exercise on immune and inflammatory
indices in untrained adults. Sport Med Open. 2015;1(1):35. https://doi.
org/10.1186/s40798-015-0032-x.

Merghani A, Maestrini V, Rosmini S, et al. Prevalence of subclinical
coronary artery disease in masters endurance athletes with a low ath-
erosclerotic risk profile. Circulation. 2017;136(2):126-137. https://
doi.org/10.1161/CIRCULATIONAHA.116.026964.

Schnohr P, O'Keefe JH, Marott JL, Lange P, Jensen GB. Dose of jog-
ging and long-term mortality: the Copenhagen city heart study. J Am
Coll Cardiol. 2015;65(5):411-419. https://doi.org/10.1016/j.jacc.
2014.11.023.

Lee D, Pate RR, Lavie CJ, Sui X, Church TS, Blair SN. Leisure-time run-
ning reduces all-cause and cardiovascular mortality risk. J Am Coll Car-
diol.  2014;64(5):472-481. https://doi.org/10.1016/j.jacc.2014.
04.058.

DeFina LF, Radford NB, Barlow CE, et al. Association of all-cause and
cardiovascular mortality with high levels of physical activity and con-
current coronary artery calcification. JAMA Cardiol. 2019;4(2):174-
181. https://doi.org/10.1001/jamacardio.2018.4628.

Schmid J, Liesinger L, Birner-Gruenberger R, et al. Elevated cardiac
troponin T in patients with skeletal myopathies. J Am Coll Cardiol.
2018;71(14):1540-1549. https://doi.org/10.1016/j.jacc.2018.01.070.
Du Fay de Lavallaz J, Zehntner T, Puelacher C, et al. Rhabdomyolysis:
a noncardiac source of increased circulating concentrations of cardiac
troponin T? J Am Coll Cardiol. 2018;72(23, Part A):2936-2937.
https://doi.org/10.1016/j.jacc.2018.09.050.

Giannitsis E, Katus HA. Challenging interpretation of elevated cardiac
troponin T in a complex case with rhabdomyolysis. J Am Coll Cardiol.
2012;60(11):1027-1028. https://doi.org/10.1016/j.jacc.2012.05.028.
Weippert M, Divchev D, Schmidt P, et al. Cardiac troponin T and
echocardiographic dimensions after repeated sprint vs. moderate
intensity continuous exercise in healthy young males. Sci Rep. 2016;6:
24614. https://doi.org/10.1038/srep24614.

Hsieh BPC, Rogers AM, Na B, Wu AHB, Schiller NB, Whooley MA.
Prevalence and prognostic significance of incidental cardiac troponin
T elevation in ambulatory patients with stable coronary artery dis-
ease: data from the heart and soul study. Am Heart J. 2009;158(4):
673-679. https://doi.org/10.1016/j.ahj.2009.07.021.

Samaha E, Avila A, Helwani MA, et al. High-sensitivity cardiac tropo-
nin after cardiac stress test: a systematic review and meta-analysis.
J Am Heart Assoc. 2019;8(6):e008626-e008626. https://doi.org/10.
1161/JAHA.118.008626.

Fihn SD, Gardin JM, Abrams J, et al. 2012 ACCF/AHA/ACP/
AATS/PCNA/SCAI/STS Guideline for the Diagnosis and Management
of Patients With Stable Ischemic Heart Disease: a report of the Amer-
ican College of Cardiology Foundation/American Heart Association


https://doi.org/10.1373/clinchem.2015.240796
https://doi.org/10.1016/j.ijcard.2016.06.243
https://doi.org/10.1016/j.jsams.2012.05.006
https://doi.org/10.1016/j.flm.2017.09.003
https://doi.org/10.1016/j.flm.2017.09.003
https://doi.org/10.1016/j.hrthm.2014.04.015
https://doi.org/10.1016/j.hrthm.2014.04.015
http://clinchem.aaccjnls.org/content/early/2014/05/16/clinchem.2013.217943.abstract
http://clinchem.aaccjnls.org/content/early/2014/05/16/clinchem.2013.217943.abstract
https://doi.org/10.1258/0004563011901109
https://doi.org/10.1258/0004563011901109
https://www.acc.org/latest-in-cardiology/articles/2016/04/14/09/58/cardiac-biomarker-changes-after-endurance-sports
https://www.acc.org/latest-in-cardiology/articles/2016/04/14/09/58/cardiac-biomarker-changes-after-endurance-sports
https://www.acc.org/latest-in-cardiology/articles/2016/04/14/09/58/cardiac-biomarker-changes-after-endurance-sports
http://www.jrheum.org/content/32/7/1258.abstract
https://doi.org/10.1016/j.ijcard.2015.06.165
https://doi.org/10.1016/j.ijcard.2015.06.165
https://doi.org/10.1016/j.jacc.2010.03.037
https://doi.org/10.1016/j.jacc.2010.03.037
https://doi.org/10.1016/j.pcad.2012.01.007
https://doi.org/10.1016/j.pcad.2012.01.007
https://doi.org/10.1152/jappl.2000.88.5.1749
https://www.ncbi.nlm.nih.gov/pubmed/1374591
http://clinchem.aaccjnls.org/content/58/1/148.abstract
http://clinchem.aaccjnls.org/content/58/1/148.abstract
https://doi.org/10.1152/physrev.00037.2014
https://doi.org/10.1152/physrev.00037.2014
https://doi.org/10.1093/eurheartj/ehx343
https://doi.org/10.1186/s40798-015-0032-x
https://doi.org/10.1186/s40798-015-0032-x
https://doi.org/10.1161/CIRCULATIONAHA.116.026964
https://doi.org/10.1161/CIRCULATIONAHA.116.026964
https://doi.org/10.1016/j.jacc.2014.11.023
https://doi.org/10.1016/j.jacc.2014.11.023
https://doi.org/10.1016/j.jacc.2014.04.058
https://doi.org/10.1016/j.jacc.2014.04.058
https://doi.org/10.1001/jamacardio.2018.4628
https://doi.org/10.1016/j.jacc.2018.01.070
https://doi.org/10.1016/j.jacc.2018.09.050
https://doi.org/10.1016/j.jacc.2012.05.028
https://doi.org/10.1038/srep24614
https://doi.org/10.1016/j.ahj.2009.07.021
https://doi.org/10.1161/JAHA.118.008626
https://doi.org/10.1161/JAHA.118.008626

o Lwicey- G

82.
83.
84.

85.

86.

87.

STAVROULAKIS ano GEORGE

Task Force on Practice Guidelines, and the American College of Phy-
sicians, American Association for Thoracic Surgery, Preventive Car-
diovascular Nurses Association, Society for Cardiovascular
Angiography and Interventions, Society of Thoracic Surgeons. J Am
Coll Cardiol. 2012;60(24).e44-e164. https://doi.org/10.1016/j.jacc.
2012.07.013.

Dedic DA, Lubbers MM, Schaap J, et al. Coronary CT angiography for
suspected ACS in the era of high-sensitivity troponins randomized
multicenter study. J Am Coll Cardiol. 2016;67(1):16-26. https://doi.
org/10.1016/j.jacc.2015.10.045.

Oikonomou EK, Marwan M, Desai MY, et al. Non-invasive detection
of coronary inflammation using computed tomography and prediction
of residual cardiovascular risk (the CRISP CT study): a post-hoc analy-
sis of prospective outcome data. Lancet. 2018;392(10151):929-939.
https://doi.org/10.1016/50140-6736(18)31114-0.

O'Hanlon R, Wilson M, Wage R, et al. Troponin release following
endurance exercise: is inflammation the cause? A cardiovascular mag-
netic resonance study. J Cardiovasc Magn Reson. 2010;12(1):1-7.
Shave RE, Dawson E, Whyte G, et al. Evidence of exercise-induced cardiac
dysfunction and elevated cTnT in separate cohorts competing in an ultra-
endurance mountain marathon race. Int J Sport Med. 2002;23(7):489-494.
George K, Shave R, Oxborough D, et al. Left ventricular wall segment
motion after ultra-endurance exercise in humans assessed by myocar-
dial speckle tracking. Eur J Echocardiogr. 2009;10(2):238-243. https://
doi.org/10.1093/ejechocard/jen207.

Tulloh L, Robinson D, Patel A, et al. Raised troponin T and echocar-
diographic abnormalities after prolonged strenuous exercise—the
Australian Ironman Triathlon. Br J Sports Med. 2006;40(7):605-609.
https://doi.org/10.1136/bjsm.2005.022319.

88.

89.

90.

91.

92.

Rifai N, Douglas PS, O'Toole M, Rimm E, Ginsburg GS. Cardiac tropo-
nin T and |, electrocardiographic wall motion analyses, and ejection
fractions in athletes participating in the Hawaii Ironman Triathlon.
Am J Cardiol. 1999;83(7):1085-1089. https://doi.org/10.1016/
S0002-9149(99)00020-X.

Whyte G, Geprge K, Al S, et al. Impact of marathon running on cardiac
structure and function in recreational runners. Clin Sci. 2005;108(1):
73 LP-80. http://www.clinsci.org/content/108/1/73.abstract.

Shave RE, Dawson E, Whyte G, George K, Gaze DCP. Effect of pro-
longed exercise in a hypoxic environment on cardiac function and car-
diac troponin T. Br J Sport Med. 2004;38(1):86-88.

Scharhag J, Urhausen A, Schneider G, et al. Reproducibility and clini-
cal significance of exercise-induced increases in cardiac troponins and
N-terminal pro brain natriuretic peptide in endurance athletes. Eur J
Cardiovasc Prev Rehabil. 2006;13(3):388-397.

Bohm P, Schneider G, Linneweber L, et al. Right and left ventricular
function and mass in male elite master athletes: a controlled contrast-
enhanced cardiovascular magnetic resonance study. Circulation. 2016;
133(20):1927-1935. https://doi.org/10.1161/CIRCULATIONAHA.115.
020975.

How to cite this article: Stavroulakis GA, George KP. Exercise-
induced release of troponin. Clin Cardiol. 2020;1-10. https://
doi.org/10.1002/clc.23337



https://doi.org/10.1016/j.jacc.2012.07.013
https://doi.org/10.1016/j.jacc.2012.07.013
https://doi.org/10.1016/j.jacc.2015.10.045
https://doi.org/10.1016/j.jacc.2015.10.045
https://doi.org/10.1016/S0140-6736(18)31114-0
https://doi.org/10.1093/ejechocard/jen207
https://doi.org/10.1093/ejechocard/jen207
https://doi.org/10.1136/bjsm.2005.022319
https://doi.org/10.1016/S0002-9149(99)00020-X
https://doi.org/10.1016/S0002-9149(99)00020-X
http://www.clinsci.org/content/108/1/73.abstract
https://doi.org/10.1161/CIRCULATIONAHA.115.020975
https://doi.org/10.1161/CIRCULATIONAHA.115.020975
https://doi.org/10.1002/clc.23337
https://doi.org/10.1002/clc.23337

	Exercise-induced release of troponin
	1  INTRODUCTION
	2  METHODS
	3  RESULTS AND DISCUSSION
	3.1  Exercise factors
	3.2  STUDY DESIGN FACTORS

	4  POTENTIAL MECHANISMS OF EXERCISE-INDUCED CTN RELEASE
	4.1  Troponin physiology
	4.2  Increased membrane permeability
	4.3  Cardiac injury
	4.4  Musculoskeletal etiology

	5  PROGNOSTIC SIGNIFICANCE AND CLINICAL IMPLICATIONS OF EXERCISE-INDUCED CTN ELEVATION
	6  FUTURE DIRECTIONS
	7  CONCLUSIONS
	REFERENCES


