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Abstract A reduction in left ventricular systolic and diastolic function subsequent to

prolonged exercise in healthy humans, often called exercise-induced cardiac
fatigue (EICF), has recently been reported in the literature. However, our current
understanding of the exact nature and magnitude of EICF is limited. To date, there
is no consensus as to the clinical relevance of such findings and whether such
alterations in function are likely to impact upon performance. Much of the
existing literature has employed field-based competitions. Whilst ecologically
valid, this approach has made it difficult to control many factors such as the
duration and intensity of effort, fitness and training status of subjects and environ-
mental conditions. The impact of such variables on EICF has not been fully
evaluated and is worthy of further research. To date, most EICF studies have been
descriptive, with limited success in elucidating mechanisms. To this end, the
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assessment of humoral markers of cardiac myocyte or membrane disruption has
produced contradictory findings partially due to controversy over the validity of
specific assays. It is, therefore, important that future research utilises reliable and
valid biochemical techniques to address these aetiological factors as well as
develop work on other potential contributors to EICF such as elevated free fatty
acid concentrations, free radicals and -adrenoceptor down-regulation. In summa-
ry, whilst some descriptive evidence of EICF is available, there are large gaps in
our knowledge of what specific factors related to exercise might facilitate func-
tional changes. These topics present interesting but complex challenges to future

research in this field.

Prolonged exercise has been reported to result in
skeletal muscle fatigue and damage as well as re-
duced performance.!! The effect of prolonged exer-
cise on cardiac muscle integrity and function is less
well known. Starnes and Bowles!?! noted that this
was surprising when you consider that cardiac mus-
cle, unlike skeletal muscle, cannot ‘take a break’
after exercise. Current evidence suggests that
short-term exercise has little detrimental impact up-
on left ventricular function.’®! The effects of pro-
longed exercise are more controversial and are,
therefore, the subject of this review. The authors
have attempted to review all pertinent full
peer-reviewed journal papers on this topic that were
sourced through database searches (e.g. Medline,
SportsDiscus) or identification from similar articles.

The rationale for interest in this topic is essential-
ly 2-fold. Firstly, what are the clinical conse-
quences, if any, of exercise-induced cardiac fatigue
(EICF)? Secondly, does EICF impact performance?
Regarding the second point, it is interesting that the
most commonly reported cardiovascular conse-
quence of prolonged exercise has been a progressive
rise in heart rate with exercise duration, termed
cardiovascular drift.[* Cardiovascular drift has been
classically attributed to compensatory thermoregu-
latory mechanisms as exercise progresses; however,
a direct effect of increased core temperature and/or
sympathetic nervous activity has been implicated
recently.™ A reduction in intrinsic pump function or
contractility has not been considered as a factor in
the propagation of classic cardiovascular drift de-
spite a suggestion from Saltin and StenbergD! in the
1960s that prolonged exercise may reduce left ven-
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tricular pumping performance. Interestingly, recent
reports have suggested that a gradual decrease in
heart rate is observed towards the end of an ul-
tra-endurance activity.! The aetiology of this pro-
cess has not been fully determined but is likely
related to alterations in exercise intensity and sub-
strate utilisation®! rather than alterations in intrinsic
pump function. However, a slow reduction in heart
rate as a consequence of EICF, possibly mediated
through a reduced chronotropic drive, has not been
investigated. Thus, part of the driving rationale for
investigating cardiac fatigue may lie in its role in the
understanding of cardiovascular drift.

Despite Saltin and Stenberg’sP! suggestion that
prolonged exercise may reduce left ventricular func-
tion, independent of haemodynamic loading
(preload or afterload), relatively few studies have
investigated the myocardial consequences of pro-
longed exercise in humans. Where data exist, they
are primarily descriptive, utilising a broad range of
assessment techniques with subjects in competitive,
field-based environments. This has not allowed spe-
cific control of many confounding factors that might
influence left ventricular function such as exercise
intensity, duration, subject training status and envi-
ronmental conditions. As a consequence, available
data are contradictory. It is pertinent to note that the
terminology used to describe the phenomenon of
depressed left ventricular function subsequent to
prolonged exercise is inconsistent in the growing
literature base. Many authors®! use the term cardiac
fatigue or EICF whereas others!’! prefer left ventric-
ular or cardiac dysfunction associated with exercise.
Whilst the semantics of this debate may be impor-
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Table I. Left ventricular function assessed during prolonged exercise

Author Training status

Mode of exercise

Findings

Saltin and Stenberg® T (n=1)and U (n = 3)

180 min (75% VOzmax) supine and
upright exercise

120 min (60-70% maximal workload)

SV decreased in upright and supine
exercise with maintained BV

Unchanged EDV and EF at 60 and 120

upright cycle exercise min

Upton et al.l¥! T(n=9)
Palatini et al.l' T (n=16)

at AT (50-80 min)
Goodman et al.l T (n=15)

150 min (60% VOzmax) upright cycle

Semi-supine cycle exercise to exhaustion SV, EF, SBP/ESV ratio maintained

throughout exercise

Unchanged EF and pressure : volume
ratio throughout exercise

AT = anaerobic threshold; BV = blood volume; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic volume; SBP =
systolic blood pressure; SV = stroke volume; T = trained; U = untrained; VO2max = maximum oxygen consumption.

tant, this review will use these terms interchangea-
bly and in most instances as they appear in specific
original research.

There is an increasing number of recent publica-
tions despite these problems, especially those relat-
ing to potential evidence of myocardial damage, that
have prompted this review to build on earlier publi-
cations of Rowe® and Starnes and Bowles.?! There-
fore, it is the intention of this review; to document
and evaluate current evidence for a reduction in left
ventricular performance consequent to prolonged
exercise in humans, to postulate potential mecha-
nisms for such functional changes, to assess the
clinical significance of such data and to highlight the
necessity for further research to clarify specific
practical and theoretical questions.

1. Evidence of Cardiac Fatigue

In an effort to obtain data in circumstances where
the greatest possible exercise-related haemodyna-
mic stress is placed upon the left ventricle, most
studies have tended to concentrate on competitive
athlete performances in the ‘field’. Consequently,
most investigations have been limited to the assess-
ment of left ventricular function pre- and post-exer-
cise. This has implications for assessment method
choice as well as data interpretation. The few studies
to have assessed ventricular function during exer-
cise are reviewed in the following section.

1.1 During Prolonged Exercise

The investigation of left ventricular function dur-
ing prolonged dynamic exercise is rare mainly be-
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cause of logistical difficulties and cost (table I). The
study by Saltin and Stenbergl®! provided the first
potential link between prolonged exercise and cardi-
ac fatigue. With stroke volume (SV) decreased after
3 hours of exercise despite the maintenance of blood
volume, the authors suggested that in the face of
unaltered preload it was likely that intrinsic pump
function was reduced. This was supported when SV
was not affected by exercise in the supine position
when it is likely that preload increases.

More recently, studies have assessed left ventric-
ular function during exercise using radionuclide an-
giography!”?! which allows the determination of
ejection fraction (EF) as a surrogate of left ventricu-
lar contractility, and echocardiography.!'%! The stud-
ies by Palatini et al.!'” and Goodman et al.l”! are also
notable as they reported functional data both during
exercise and post-exercise. Upton et al.,'®! reported
only small changes in SV and EF after 2 hours of
upright cycling. However, maximal SV and cardiac
output (brief maximal exercise bout) were reduced
after prolonged exercise compared with a similar
bout with no prior exercise. While this may be
suggestive of some form of cardiac fatigue it is clear
from the data that significant dehydration occurred
that may have altered preload and limited maximal
exercise performance. Similarly, Goodman et al.,”!
reported no change in SV and EF after 150 minutes
of upright cycling at 60% of maximum oxygen
consumption. Palatini et al.l' reported that all as-
pects of left ventricular function were well main-
tained over the final half of an exercise test to
exhaustion at the anaerobic threshold. It is interest-
ing that all three studies found little evidence of
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cardiac fatigue during the specific exercise regimen
adopted. However, given that they utilised relatively
shorter exercise sessions as well as controlled and
quite low exercise intensities it is entirely possible
that these studies simply did not place the necessary
volume of haemodynamic and metabolic stress on
the heart that may elicit signs of cardiac fatigue.
However, the three studies should be applauded as
rare examples where a controlled and structured
approach to cardiac fatigue research has been
utilised.

Despite the theoretical benefit of cardiovascular
assessment during exercise it is pertinent to note the
potential limitations of assessment during exercise.
Despite being semi-invasive both dye dilution and
radionuclide angiography can provide consistent es-
timates of cardiac function during submaximal
steady-state exercise. Warburton et al.,['1'? suggest-
ed that radionuclide angiography consistently un-
derestimated cardiac output from rest through sub-
maximal exercise intensities. Despite these issues,
the use of echocardiography during exercise has
proven to be even more limiting with technical
problems associated with adequate image acquisi-
tion.[31 The utilisation of supra-sternal Doppler ana-
lysis of aortic flow potentially holds an accurate
method of assessment of left ventricular function
during exercise.['Y

1.2 Post-Prolonged Exercise

The majority of studies investigating EICF have
assessed post-exercise left ventricular performance
and compared the results with pre-exercise measure-
ments (table II). It is clear from this data that contra-
dictory outcomes are reported and that a broad range
of exercise settings makes the direct comparison of
studies difficult. We have made a simple delineation
of studies related to trained and untrained subjects in
table II. This is partially arbitrary as it relies on the
individual authors definitions. Whilst duration of
exercise is noted, information on exercise intensity
is not always available due to the competitive nature
of events and no details are included on ambient
conditions because these are often not clearly report-
ed or they are subject to significant change. Not
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surprisingly, given the technical difficulties of as-
sessment, most studies presented in table II have
ivuetilovoni @actrix.co.nz investigated the left ven-
tricle with only scant attention paid to the right
ventricle.[1>17]

1.2.1 Alterations in Systolic Function

Left ventricular systolic function has been as-
sessed primarily with echocardiographic parameters
that commonly include EF, fractional shortening
(FS) and velocity of circumferential fibre shortening
(Vcfe). These are indices of global left ventricular
contractility. Whilst common and simple to perform
it must be remembered that these variables make
specific assumptions about the geometry of the left
ventricle that may introduce error into the data.[®>]

Following prolonged exercise, a decrease in con-
tractility indices has been reported in several studies
(table II), leading some authors to suggest that EICF
is, in part, due to a depression in the inotropic state
of the heart. This finding is not, however, universal
as some studies have reported unaltered systolic
dysfunction post-exercise.[%1%14241" Care must be
taken in the interpretation of significantly reduced
ejection phase indices as these are also dependent on
changes in preload and afterload. Therefore it is
important to interpret data in light of concomitant
changes in the loading of the left ventricle especially
when considering the likely effect of prolonged ex-
ercise on dehydration, hypovolemia and body mass.

Some studies have not reported data related to
loading. It is therefore difficult to clearly underpin
decrements in contractile function. Few, if any,
studies assessed blood volume or central venous
pressure as a surrogate of preload. In several studies,
in which no direct measure of preload was reported,
a lack of change in body mass, haemoglobin,
haematocrit and serum electrolytes would suggest
that there was only a limited change in
preload.[182630.33 However, using a decrease in body
mass as an indicator of preload is open to question as
preload may be maintained by internal fluid shifts
from the extravascular to intravascular space.’!
Most studies relied on the interpretation of end-
diastolic volume/diameter (EDV/D) data as an indi-
cator of preload, although the technical limitations

Sports Med 2003; 33 (5)
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Table Il. Summary of research that has examined ventricular function after prolonged exercise in trained and untrained subjects (data are
from left ventricle unless otherwise stated)

Study

Mode of exercise

Findings: recovery versus pre-exercise

Trained subjects
Niemela et al.l8]
Perrault et al.l'
Douglas et al.l®!
Niemela et al.l']

Carri6 et al.l'®l

Douglas et al.l'®]
Douglas et al.l2
Manier et al."l
Palatini et al.l'”
Siegel et al.l??
Davila-Roman et al.l']

Douglas et al.l23
Lucia et al.?4
Rifai et al.l?%
Whyte et al 28]

Warburton et al.l?”]
Goodman et al.l”]
Haykowsky et al.l?8]

Shave et al.?9

Untrained subjects
Seals et al.l?%
Vanoverschelde et al.l]
Ketelhut et al.l®?

Ketelhut et al.l3%

Eysmann et al.[34

24h run
Marathon
Ironman triathlon
24h run

6h run

Ironman triathlon
Ironman triathlon
Marathon

60 min cycling at AT
Marathon

163km high altitude run

Ironman triathlon

Marathon

Ironman triathlon

Half and full Ironman triathlon

Half-lIronman triathlon
150 min cycling
Half-Ironman triathlon

Lowe Alpine Mountain marathon (2 days:
day 1 =513 £ 121 min; day 2 = 348 + 59
min)

170 £ 10 min run
20km run
60 min cycle at HR 130—140 beats/min

60 min cycle at HR 130—-140 beats/min

36-135 min cycle at 5-10% below AT until
fatigue

Decreased EDD, ESD, FS
Decreased SBP
Decreased EDD, FS, E: A

Decreased FS, EDD, LV filling rate. Duration of LV filling
reduced in fastest group

Decreased RV EF. Increased LV EF. Systolic period
prolonged

Decreased RV-E : A

Decreased EF, FS

Decreased EDV, BP, systolic wall stress

Decreased EDV

Antimyosin myocardical scintigarphy scans were normal
Increased RV end-diastolic area. Decreased RV

fractional area change with hypokinesia and paradoxic
septal motion

Decreased EF, FS

Decreased E : A

Decreased EF. Increased abnormal echo segments.
Decreased EDD, SV, FS, EF after full Ironman
Decreased E : A after full and half Ironman

2 of 9 subjects had ECG-derived late potentials
Increased time to peak filling in diastole

Decreased systolic BP, FS, SBP to end-systolic cavity
ratio (measure of LV contractility)

Decreased EF, FS, SV, E : A after second days
competition

Decreased FS, mVcf, ESD, EDD

Increased ESD. Decreased EDD, SBP, FS and EF
Decreased Q, EF, diastolic posterior wall velocity.
Increase in TPR

Decreased Q, EF, fractional fibre shortening and
contractility index. Increase in TPR

Decreased EDV, SV, EF, E : A. Increased % atrial filling
fraction

AT = anaerobic threshold; BP = blood pressure; E : A = early : artrial diastolic filling velocities; ECG = electrocardiogram; EDD = end
diastolic dimension; EDV = end-diastolic volume; EF = ejection fraction; ESD = end systolic dimension; FS = fractional shortening; HR =
heart rate; LV = left ventricle; mVef = mean velocity of circumferential fibre shortening; Q = cardiac output; RV = right ventricle; SBP =
systolic blood pressure; SV = stroke volume; TPR = total peripheral resistance; Vef = velocity of circumferential fibre shortening.

of echocardiography to determine this must be
recognised. Despite this, a decrease in EDV/D has
been reported by several authors[®18:1921.2631-341 35 5
likely consequence of reduced preload. However, a
lack of significant correlation between the change in
the EDV and the change in FS has been report-

© Adis Data Information BV 2003. All rights reserved.

ed31826] guggesting that some other factor, in addi-
tion to a change in preload, may have affected
contractile performance. Douglas et al.’! reported a
decreased FS and EDV after the Hawaii Ironman
Triathlon; however, FS recovered towards baseline
48 hours post-exercise, whilst there was still a re-

Sports Med 2003; 33 (5)
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duction in cavity size, indicating the decrease in FS
was influenced not only by preload but also by
additional factors.

Measures of contractility also vary inversely with
afterload.l*®! Arterial blood pressure or wall stress
have been used as indictors of afterload in a number
of the studies. A decreased or unaltered ventricular
shortening in the presence of decreased systolic
blood pressure/wall stress suggests a depression in
cardiac contractility and has been reported by sever-
al authors.[318:1921.26.3L341 If the stress-shortening re-
lationship is used to measure contractility, the load-
ing conditions of the left ventricle can be taken into
account and a ‘true’ depression in contractility can
be inferred with more confidence. This relationship
has been reported as being displaced downwards by

several authors suggesting a depression in inotropic
state [3,18,31,32]

1.2.2 Alterations in Diastolic Function

The diastolic component of left ventricular func-
tion is important but relatively poorly understood.
Ventricular relaxation, and the decay in left ventric-
ular pressure during diastole reflects a complex en-
ergy-requiring process during which Ca2+ is taken
up by the sarcoplasmic reticulum within the my-
ofibrils.”! For complete myocyte relaxation to oc-
cur, the cytosol must be cleared of calcium so that
calcium dissociates from troponin-C, and all ten-
sion-generating actin-myosin bonds are lysed. The
diastolic clearance of cytosolic calcium requires
adenosine triphosphate (ATP) to fuel the sarcoplas-
mic reticulum and sarcolemmal calcium ATPases
which transport calcium into the sarcoplasmic retic-
ulum or across the sarcolemma, respectively. Calci-
um removal may also occur via Nat/Ca2+ exchange,
and ATP is required to fuel the NA+ pump which
maintains a low intracellular Nat level which is
favourable to Ca2+ extrusion by this mechanism.38!

Shapiro and McKenna®*! suggested that the mea-
surement of diastolic function could have an advan-
tage over the assessment of systolic function, as
changes in diastolic function may be detectable
before changes in systolic function are evident. The
interpretation of diastolic functional data in EICF
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studies is, however, potentially problematic. Dias-
tolic function is technically difficult to assess during
prolonged exercise and thus most studies have re-
ported pre- and post-exercise comparisons of Dop-
pler-derived variables such as the E : A ratio. This
represents the ratio of early (passive) to late (atrial
contraction) peak filling velocities. A reduction in
the E : A ratio has been associated with left ventric-
ular diastolic stiffness often observed in pathologi-
cal conditions;*” however, this represents only a
global index of diastolic function and is affected by
loading and heart rate amongst other factors.™!1 This
latter point is potentially problematic post-exercise
as left ventricular filling time decreases rapidly with
the increased heart rate.[*?

Evidence for diastolic dysfunction occurring af-
ter prolonged exercise has been reported in a num-
ber of the studies in table I1.13:19-20.23-26.29.34]1 Of thegse,
Niemeli et al.l'”! reported a reduction in the peak
rate of dimensional increase of the left ventricle and
a prolonged filling time, suggesting impaired left
ventricle relaxation and filling in the earlier race
finishers. They also reported a reduction in posterior
wall thinning that may have been the result of al-
tered behaviour of the myocardium during relaxa-
tion. A more common finding is a reductionin E : A
ratiol32426.2931341 with the majority noting that any
depression was independent of an elevated post-
exercise heart rate. For example, Douglas et al.l’!
reported that the E : A ratio decreased from a resting
value of 1.9 = 0.6 to 1.5 £ 0.6 after an Ironman
triathlon. Whyte et al.?%! also noted a depression in
the E : A ratio from 1.9 £ 0.3 to 1.4 £ 0.2 after a
half-Ironman and from 1.9 £ 0.3 to 1.5 £ 0.2 after a
full Ironman. Interestingly, a decrease in the E : A
ratio independent of heart rate, was reported by
Lucia et al.** in the absence of systolic dysfunction.
Vanoverschelde et al.’'! also noted that caution
should be used when interpreting transmitral filling
patterns. Despite these problems they concluded that
a lack of correlation between the decrease in left
ventricular preload and transmitral inflow dynamics
after prolonged exercise implies preload cannot be
solely responsible for any changes."3!!

Sports Med 2003; 33 (5)
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1.3 Exercise-Related Factors that May
Predispose to Cardiac Fatigue

Current evidence suggests that a likely conse-
quence of prolonged exercise may be a transient
depression in left ventricular function. It is possible
that many different combinations of factors could
precipitate EICF and thus explain the differences
seen in table II. The results of any study could be
influenced by factors such as duration, intensity and
volume of exercise as well as subject fitness and
environmental factors. It is, therefore, pertinent to
investigate any direct or indirect evidence within
available EICF literature on the basis of these meth-
odological factors.

1.3.1 Duration and Intensity of Exercise

Despite the emphasis on prolonged laboratory or
field-based exercise some authors have investigated
the effect of brief exercise (with duration ranging
from 5-18 minutes) and found no evidence of
EICF.[3:3031.33.341 Thig suggests that it is not exercise
per se that causes the depression in cardiac function,
but rather some specific (but prolonged) duration of
exercise that is likely to be a major factor in the
development of left ventricular dysfunction. This
hypothesis is supported by Niemeli et al.'® who
reported that left ventricular function became some-
what more depressed during the last 6-8 hours of a
24-hour race in selected subjects who rested briefly
mid-race for echocardiographic assessment. In the
only study to investigate the same subjects in two
exercise bouts, Whyte et al.?6! observed a depres-
sion in systolic function after a full Ironman (10
hours and 40 minutes) but not after a half-Ironman
triathlon (5 hours and 29 minutes). In a recent study
of a mountain marathon race over two days there
was some evidence that the alterations in systolic
and diastolic function were more pronounced after
the second day of activity.*]

Studies that report no evidence of EICF have
generally adopted exercise regimes with shorter
durations than full or half-Ironman triathlons. No
change in EF was reported in trained subjects fol-
lowing upright bicycle exercise after 60,119 120
and 150! minutes or after marathon running.['42224]
Whether the marathon distance might represent an
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inadequate duration of exercise to induce cardiac
fatigue is, however, contradicted by the dysfunction
reported after similar exercise durations.[3%3!1 Whilst
prolonged duration is likely to be an important fac-
tor for the development of EICF there is no consen-
sus as to what duration might be critical in the onset
of EICF and even if a threshold concept is plausible.

The impact of exercise intensity is virtually im-
possible to divorce from duration given that many
studies are completed at a self-selected and competi-
tive intensity. The addition of competitive stress
may intuitively add to the work imposed on the left
ventricle if heart rates are increased. To date, there is
no specific investigation of exercise intensity alone
upon the development of EICF. There is evidence of
cardiac fatigue in competitive situations>*28! as well
as non-competitive exercise.’*! Conversely, left
ventricular systolic dysfunction has not been report-
ed after some competitive races.**! Some indirect
evidence supportive of a role for exercise intensity is
worthy of note. Niemeld et al.l'”! reported greater
evidence of EICF in those athletes who covered
greater distances in a 24-hour run and Douglas et
al.’! reported that the reduction in ventricular short-
ening tended to be greater in those with the fastest
race times.

It is interesting to note that three studies of rela-
tively limited duration that controlled exercise in-
tensity in laboratory studies reported no evidence of
EICF.[7%:19 Thus, a pattern of combined and poten-
tially interactive exercise-related factors may well
be important in placing significant stress on the left
ventricle to elicit EICF.

1.3.2 Fitness and/or Training Status of the Subjects

The concept that the impact of exercise may be
different depending on the nature of the competitor
based on factors such as age, sex and training status
is interesting but not supported by any investigation.
This is due to the lack of specific investigation of
these factors and the fact that both males and fe-
males of a broad age range have been studied within
individual studies.

The choice of subjects in table II has included
both well-trained®?%! and recreational or un-
trained!'%30-34] participants. In addition, many of the

Sports Med 2003; 33 (5)



372

Dawson et al.

previous studies have simply not recorded the fit-
ness levels of the subjects thus making it difficult to
assess the impact of fitness upon EICF. Despite this,
EICF has been reported in athletes who completed
extremely demanding events such as an Ironman
triathlon and 24-hour runningt®'3-20261 a5 well as
untrained individuals completing short duration
(60-minute) cycle ergometry.3?! It is interesting to
postulate that in untrained individuals the amount of
exercise needed to impair cardiac function may be
less than that needed in highly trained athletes but
current data do not support this contention. Unpub-
lished observations from our laboratory reported no
difference in either systolic or diastolic function
between sedentary and well-trained individuals who
completed a 4-hour cycle ride at 90% of their lactate
threshold.

1.3.3 Environmental Factors

Due to the field-based nature of much of the
EICEF literature, it was proposed that the effects of
any environmental strain might be more important
than exercise duration in the development of cardiac
fatigue.” Prolonged exercise in conjunction with
severe climatic conditions might result in electrolyte
disturbances and/or severe loss of plasma volume
that could contribute to altered haemodynamic load,
thus precipitating a reduced SV, as well as potential-
ly augmenting the mechanism(s) underpinning re-
duced inotropic activity seen in EICF. Studies with
well documented environmental temperature data
are interesting but far from conclusive. Perrault et
al.'¥ did not witness any reduced left ventricular
function despite environmental conditions of 27°C
temperature and a humidity of 94% in the Montreal
International Marathon. Conversely, Niemeld et
al.l'8 reported systolic dysfunction in athletes com-
peting for 24 hours in cooler conditions 7-15°C
(humidity of 50-60%).

Prolonged exercise at altitude has been shown to
produce acute pulmonary oedema™’ and Davila-
Roman et al.['”) reported depressed right ventricular
function (with no left ventricular dysfunction) in
runners who completed an ultra-endurance alpine
marathon (163km at 2350—4300m). The presence of
right ventricular dysfunction in these athletes may
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be related to the presence of pulmonary oedema;
however, definitive answers remain elusive. The
lack of left ventricular dysfunction in such circum-
stances is a little surprising given the low partial
pressure of oxygen at altitude. It has been hy-
pothesised that an increased rate-pressure product
and hyperventilation in non-acclimatised individu-
als could lead to coronary vasospasm which would
result in ischaemia.***3] With such contradictory
evidence, it is impossible at this stage to draw spe-
cific conclusions about the impact of environmental
strain on the development of EICF.

2. Mechanisms Underpinning
Cardiac Fatigue

Whilst there is a burgeoning body of evidence
that supports the existence of EICF, to date we have
limited insight into the potential underlying mecha-
nisms. The most common approach to aetiological
investigation has been to look for evidence of myo-
cardial damage, possibly related to ischaemia,
through changes in electrocardiogram (ECG) or the
appearance of blood-borne markers indicative of
myocardial cell damage. Again, the data are incon-
sistent possibly as a result of the limitations of field
studies. In answering more mechanistic questions,
the use of animal models may prove to be extremely
valuable and the review of Starnes and Bowles!
provides some insightful comments on such work.

2.1 Myocardial Damage or Disruption

As in clinical scenarios, if myocardial damage
occurs with prolonged exercise, this would result in
the release of myocardial cellular proteins into the
general circulation, where they can be detected.
Myocardial damage could underpin the left ventric-
ular systolic and diastolic dysfunction reported in a
range of descriptive studies. Starnes and Bowles?!
suggested that transient ischaemia was a likely
mechanism for EICF and could result from a process
called myocardial ‘stunning’. Stunning can affect
calcium metabolism that would underpin alterations
in contractile function. In addition, ischaemia can
cause a functional impairment in myocyte relaxa-
tion!*8! possibly as the result of altered myofilament
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responsiveness to Ca2+ as well as cytosolic Ca2+
overload.*®! The theory of ‘stunning’ is attractive on
the basis that it does not result in necrosis and
permanent cellular damage and is transient in na-
ture. This hypothesis is indirectly supported by the
few studies that have reported normalisation of left
ventricular function 2448 hours post-exercise.*26!
Care must be taken, however, as there is limited
direct evidence of any myocardial ischaemia in any
EICF studies including ECG data.[®!8261 Osbakken
and Locko™” employed stress-redistributed thallium
scans and reported possible evidence of myocardial
perfusion defects in trained athletes after 40 = 7
minutes of fatigue-limited submaximal bicycle exer-
cise. They suggested that this might be caused by

ischaemia or coronary vasospasm. However, the
lack of any other evidence of cardiac dysfunction
led them to conclude that the changes may be due to
uneven ventricular hypertrophy resulting from the
pressure and volume loads imposed by exercise.

Several studies have reported data for markers of
myocardial damage (table III). Early studies investi-
gated the hybrid type (MB) isoenzyme of creatine
kinase (CKMB) as it has been used to detect myo-
cardial damage subsequent to myocardial infarc-
tion.!*8) Increases in CKMB have been found above
reference levels'*”! and into the range suggestive of
myocardial damage after marathon running.!>0>!
However, there is a small proportion of the MB
isoenzyme present in skeletal muscle and it is possi-

Table lll. Studies investigating cardiac troponins and natriuretic peptides as biochemical markers of myocardial damage after prolonged

exercise

Study Blood measurement Exercise Findings

Cummins et al.l5" cTnl Marathon Mean cTnl levels not elevated

Mair et al.[s! cTnT (2nd gen) 230km cycle cTnT elevated in 1/28 cyclists

Koller et al.l5® cTnT (1st gen), cTnl Marathon cTnT cTnl elevated in 1/19 subjects
Siegel et al.l?? cTnT (1st gen) Marathon cTnT in range of AMI in 3/4 subjects
Bonetti et al.5”] cTnT (2nd gen) Giro d'ltalia cTnT elevated in 5/28 cyclists

Laslett et al.l58

Laslett and Eisenbud!®°!
Davila-Roman et al.l'”]
Mair et al.[c9

Siegel et al.l"

Koller et al.[62]
Denvir et al.[63
Lucia et al.?4

Rifai et al.l?%!

Whyte et al.l?0]
Ohba et al.l®
Siegel et al.[5%

Neumayr et al.®®!
Neumayr et al.l6”]

Shave et al.l?9

cTnT (1st gen)

c¢TnT (2nd gen)?

cTnl

¢TnT (2nd gen)

cTnT (1st gen/2nd gen), cTnl

cTnT (2nd gen), cTnl
cTnl
c¢TnT (2nd gen), cTnl

cTnT (2nd gen), cTnl
cTnT (1st gen)

BNP, ANP, cTnT (2nd gen)

100 miles (161km) [18-30h]
100 miles (161km) [18-30h]
163km high altitude run
67km Alpine marathon
Marathon

67km alpine run/230km cycle
Triathlon
Marathon

Ironman triathlon
Half/full Ironman

100km marathon

BNP, cTnT, cTnl (range of assays) Marathon (4-year study)

CTnl
cTnl and cTnT (3rd gen)

c¢TnT (3rd gen)

Radmarathon (230km)

Race across the Alps (509km)

Two day race in Scottish Hills

cTnT elevated in all subjects

No elevation in cTnT when use 2nd gen
cTnl increased in only 1 subject

No elevation ¢TnT or cTnl

1st gen cTnT elevated in 20%. 2nd Gen
no elevation

No elevation ¢TnT or cTnl

cTnl elevated in 6 out of 25 athletes

No elevation in ¢cTnT, cTnl elevated in 1
subject

cTnT elevated in 6 subjects cTnl
elevated in 2 subjects

cTnT elevated both races. Normal by
24h post-race

Increased ANP/BNP, cTnT elevated in 9/
10 runners

BNP normal. No change in cTnT. 6-fold
rise in cTnl (high-sensitive method)

cTnl elevated in 13/38 subjects

cTnl elevated in 6/10 and cTnT elevated
in 1/10

cTnT elevated in 13/26 after day 1, 1/26
after day 2

a Re-test of Laslett et al.l58

1st gen = first generation assay; 2nd gen = second generation assay; 3rd gen = third generation assay; AMI = acute myocardial infarction;
ANP = atrial natriuretic peptide; BNP = brain natriuretic peptide; ¢Tnl = cardiac troponin I; ¢TnT = cardiac troponin T.
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ble that damage to skeletal muscle could result in an
elevation of CKMB.?I This suggestion was sup-
ported by several authors who have found CKMB
levels indicative of cardiac damage that conflicted
with other findings using techniques such as CKMB
mass/total creatine kinase ratio,!'32*33] technetium
99m pyrophosphate scintigraphy™%3-34 or thallium
myocardial perfusion imaging.??!

Most recent studies (table III) have investigated
the myofibrillar proteins cardiac troponin T (cTnT)
and troponin I (cTnl) as they are considered to be
more specific markers!®® of myocardial damage.
Cardiac troponins have been found to be present in
the circulation after ischaemia and post-myocardial
infarction.[®! The advantage of the specific ¢TnT
and cTnl assays over CKMB measurements is that
the greater sensitivity may allow the detection of
small areas of myocardial damage potentially relat-
ed to microvascular spasm.® Inconsistent evidence
of elevated cTnT and cTnl after prolonged exercise
is evident. Several of the studies in table IIT used the
first generation ¢TnT ELISA immunoassay to ex-
amine myocardial damage,?>%65638] which has now
been shown to have a 12% cross reactivity with
skeletal troponin T.! These confounding results
may be due to unspecified binding of skeletal tro-
ponin T to the wall of the test tube which occurs in
the presence of a total creatine kinase serum level
greater than 5 pg/L. Therefore, there is the
probability of false positive identification of cardiac
damage in these studies. Consequently, a second-
generation immunoassay was developed and subse-
quently used to assess EICF following endurance
exercise,[2423:33:5759-61.641 Jging the second-genera-
tion immunoassay, Rifai et al.®! demonstrated ele-
vated cTnT in six subjects following the Hawaii
Ironman triathlon. Conversely, Laslett et al.>”
Siegel et al.'®l and Lucia et al.** reported limited
evidence of myocardial damage using the second
generation ELISA. The second-generation immu-
noassay uses a bovine ¢TnT as the calibration mate-
rial, therefore its specificity for identifying human
cTnT has recently been questioned.!® A new third
generation immunoassay has been developed using
recombinant human cTnT and has been validated in
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a clinical setting.[%8! Recently, Shave et al.’% report-
ed that despite significant elevations in both total
creatine kinase and CKMB following eccentric ex-
ercise that induced skeletal muscle damage, the new
third generation ¢TnT immunoassay remained un-
changed, suggesting a high degree of cardiospecific-
ity.

Despite less frequent use (table III) cardiac Tnl is
thought to be an even more specific marker of
myocardial damage as it is not found in skeletal
muscle. No or limited overall alterations in serum
cTnl concentrations have been reported after exer-
cise such as a marathon!>*>!1 or altitude ultra-mara-
thon running.['”! However, elevated levels of ¢Tnl
have been reported in a few samples in several
different studies!®>%>%7l The variation in findings
could be due to the diversity of platforms used,
which has added to the limited clinical evaluation of
cTnl compared with ¢TnT.®8 A further problem
with several of the troponin studies is the timing of
samples taken. Cardiac troponin T takes 3—4 hours
to enter into the circulation after myocardial damage
and reaches an early peak between the 12-18 hours,
depending on the release of the cytoplasmic compo-
nent, following membrane depolarisation.”! Cardi-
ac TnT has a half-life in the circulation of 120
minutes.”!! It appears that the prolonged window of
detection for cTnT is due to continuous release of
c¢TnT from the myofibrillar pool as the contractile
apparatus undergoes degradation. The clearance rate
of cTnl is not known. Many of the previous EICF
studies took blood samples immediately post-exer-
cise and in those protocols of less than 3 hours the
authors may have missed the detection of myocardi-
al damage. Combined with the consideration of
technical issues is a contentious debate about the
exact origin of ¢TnT and cTnl. Because most cTnl
and c¢TnT data do not make the cut-off levels for
diagnosis of myocardial infarction there is some
discussion as to whether the troponin concentrations
represent markers of disruption of contractile pro-
teins or the simple membrane leakage of the
cytosolic component of cardiac troponins. There is
no definitive answer to this question but release of
the cytosolic component subsequent to some altera-
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tion in membrane permeability would not, theoreti-
cally, alter contractile function. Neumayr et al.[06:67]
suggested that the kinetics of cTnl and ¢cTnT release
could be explained by a transient increase in mem-
brane permeability so that cytosolic troponins could
leak into the circulation. They further postulated that
the transitory, reversible shift in membrane permea-
bility was caused by a stress-induced increase in free
radicals although this was not specifically assessed.

As only a few studies have looked at functional
and  biochemical indices in the same
study,[17-2224-26.291 it ig difficult to confirm a causal
link between the two. The study by Rifai et al.*>! is
worthy of individual consideration because second
generation ¢cTnT as well as cTnl assays were com-
pared with quantitative echocardiographic segmen-
tal wall motion analysis. They reported greater echo
‘scores’, indicative of worsening left ventricular
function, in those subjects with a significant in-
crease in ¢TnT and/or ¢cTnl compared with those
without. This suggests some link between functional
decrements and the presence of markers of myocar-
dial damage.

Atrial and brain natruiretic peptides (ANP, BNP)
have been used widely as markers of cardiac dys-
function in the clinical literature but infrequently in
EICF studies.[+%31 Siegel et al.[! reported elevated
BNP after a marathon but this was still within nor-
mal limits. Conversely, Obha et al.[* reported a
significant increase in both ANP and BNP after a
100km race. The ANP and BNP concentrations
were strongly associated with increases in ¢TnT.
Obha et al.[* noted that this additional biochemical
evidence was strongly suggestive of myocardial
damage.

2.2 B-Adrenergic Down-Regulatfion

An alternate mechanism proposed to result in a
decreased inotropic state is a desensitisation (down
regulation and uncoupling) of cardiac [-adre-
noceptors. Support for this theory was provided by
Friedman et al.’?! who reported that a single
60-minute bout of dynamic exercise in dogs pro-
duced decreased chronotropic responsiveness to
isoproterenol. Given that prolonged exercise pro-
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vides a lengthy exposure to elevated catecholamines
it is possible that there is a post-exercise paradoxical
down-regulation of B-adrenoceptors to below pre-
exercise levels.[”®! It is tempting to postulate that
conflicting evidence of the incidence of EICF in the
literature could be explained by some studies em-
ploying exercise that is of insufficient duration to
result in a down-regulation of -adrenoceptors.

Confirmation of such a hypothesis in humans is
difficult as there are methodological problems with
assessing left ventricular inotropic response to [3-
adrenoceptor stimulation. However, the method of
assessing chronotropic responses to isoproterenol
infusion offers a viable alternative.[>>3* Eysmann et
al.B4 reported decreased chronotropic responsive-
ness to prolonged exercise in sedentary individuals
and Douglas et al.>¥! reported decreased chrono-
tropic responsiveness after a Hawaii Ironman
Triathlon. Both studies reported decreased EF and
diastolic function post-exercise but only in the Eys-
mann et al.?¥ study did this correlate significantly
with the degree of transient depression in chrono-
tropic response. Taken together, these studies sug-
gest that left ventricular dysfunction observed after
prolonged exercise may, at least in part, be ex-
plained by altered sympathoadrenal activity and re-
sponses.?4 It is thought that exposure to excessive
catecholamines might trigger this B-adrenoceptor
down-regulation. Catecholamines have been shown
to rise considerably, with endurance exercise**74
often in proportion to exercise intensity.[”>! Whether
this process could lead to a reduced heart rate report-
ed with ultra-endurance activity!” has not been elu-
cidated.

2.3 Other Factors

Prolonged exercise results in increased plasma
free fatty acid concentrations.*”! Elevated levels of
free fatty acids can result in a decreased inotropic
state.l’8! Both McKechnie®! and Seals et al.3% sug-
gested that the depression in left ventricular function
found in their study was caused by a significantly
increased concentration of free fatty acids. Free fatty
acids may reduce the efficiency of mitochondrial
respiration through uncoupling of electron transport,

Sports Med 2003; 33 (5)



376

Dawson et al.

acting through cellular accumulation of long-chain
fatty acyl CoA and carnitine.”® Interestingly,
Niemeld et al.l'® reported echocardiographic evi-
dence of EICF but the 2-fold increase in free fatty
acids found was assumed to be too low to have
caused an alteration in left ventricular function.

Prolonged exercise also results in elevated free
radical production and this has been speculated as a
potential aetiological factor for EICF.”! There is,
however, no data available in human studies relating
free radical production to either functional altera-
tions in the left ventricle or the appearance of cardi-
ac troponins. If free radical damage were underpin-
ning EICF then the use of antioxidants might be a
valuable avenue for future research.

A myriad of other factors could also be involved
in the genesis of EICF but have not received specific
research attention. It is possible that changes in set
point, operating point, or gain of parasympathetic
tone and a variety of autonomic reflexes, including
the arterial baroreflex and carotid chemoreflex
could also result in changes in the inotropic state.?’!
The influence of neural control and variables such as
heart rate variability may be worthy of systematic
investigation

The explanation for diastolic functional altera-
tions after exercise is unclear but may be under-
pinned by altered Ca2+ metabolism. As has been
suggested, Ca2+ metabolism can be impaired as a
consequence of ischaemia but other factors that such
as increased pH or inorganic phosphates can alter
myofilament sensitivity to calcium and possibly in-
fluence both systolic and diastolic tension.[””!

3. Clinical Significance of
Cardiac Fatigue

Part of the rationale for EICF research is based
upon the concern that prolonged exercise may be
deleterious to the health of the heart. Most authors
make the assumption that any elevation of ¢TnT or
cTnl represents some insult to the myocardial cell,
however, debate centres on the nature and long-term
significance of such insults. In earlier papers,
Rowel®#! expressed significant concern about the
possibility of exercise-induced coronary vasospasm
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when relating details of Sy Mah (world record hold-
er for completing most marathons). It was reported
that Sy Mah had focal fibrosis of the papillary
muscles with an absence of atherosclerosis at his
autopsy. Rowe!® postulated that this was due to
exercise-induced vasospasm causing localised and
silent ischaemia. Concern for the effects of exercise
on the health of the heart were also aroused by the
earlier data from McKechnie et al.[*3! who reported
two case studies of athletes who had developed
clinical signs of left ventricular heart failure after a
90km race. McKechnie et al.*3! suggested that the
pulmonary oedema found in these athletes was a
result of exercise-induced cardiac dysfunction and
again Rowe!®! postulated exercise-induced coronary
vasospasm as the cause. A number of echocardi-
ographic studies have reported wall motion abnor-
malities.?>?1-25] Manier et al.?!l reported septal aki-
nesia in one athlete after a marathon and Rifai et
al.®1 reported significant decrements in quantitative
echocardiographic wall motion analysis, associated
with elevated cTnT and cTnl and stated that it was
clear that some form of myocardial injury was pre-
sent but the extent of the damage, the reversibility
and the long-term consequences were impossible to
determine. Damm et al.[’® reported that five of eight
elite male Swedish orienteers with resting wall mo-
tion abnormalities, as assessed by radionuclide angi-
ography, could not significantly increase their EF
with dynamic exercise and had evidence of con-
cealed left ventricular damage. Rowel®! stated that
whilst plausible explanations for such localised ne-
crosis had been provided, further necropsy studies
would be required.

From these data it is possible to take two different
clinical standpoints. Firstly, the depression in func-
tion and elevation in cardiac troponin levels are
quite small in clinical terms. Added to this is the
finding that when the symptoms are present they
return to baseline levels within 2448 hours after
completion of the exercise bout.[!7:1826] Thus, to
date we have no evidence that any individual event
produces long-lasting dysfunction. However, an al-
ternative viewpoint has been expressed in the recent
work of Neumayr and coworkers.[°>%7] Neumayr et
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al.17l stated “the crucial question is not whether this
exercise-induced release of cardiac troponins repre-
sents myocardial damage or not. The more decisive
point in this context ... is whether they reflect re-
versible versus irreversible cardiac injury”. Al-
though they postulated that membrane leakage of
cytosolic troponins may be more likely than my-
ofibrillar degradation they were clear to note the
lack of any conclusive data. Neumayr et al.[7! fur-
ther suggested that a continuum of reversible-irre-
versible myocardial injuries may occur in exercise
although, delineation of these may be very difficult,
and that “as long as the clinical meaning of exercise-
induced release of cardiac troponin is uncertain it
should be considered as biochemical evidence for
subclinical myocardial damage”.

4. Future Research

Given the limited amount of data currently avail-
able in this area, there is significant scope for future
research related to a range of important issues.
While controversy still exists as to the actual exis-
tence of EICF there is a continuing need for descrip-
tive research that documents the nature and magni-
tude of EICF. At a very simplistic level we do not
know the repeatability of the current functional and
biochemical data in any subject population or exer-
cise setting.

Beyond this, it is pertinent for future research to
take a systematic and more controlled approach to
the investigation of, and interaction between, a
range of exercise-related factors that may or may
not, predispose the athlete to develop EICF. Future
research should continue to investigate the impact of
exercise duration (and intensity) on EICF in a range
of controlled studies. There has also been no struc-
tured approach to the assessment of the impact of
exercise mode on EICF. Given the fact that different
exercise modes may place different haemodynamic
loads upon the left ventricle means that this issue is
worthy of further investigation. The impact of pro-
longed exercise upon left ventricular function in
untrained individuals is far from clear due to a
severely limited database. If EICF occurs earlier or
is more pronounced in untrained individuals this
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may have important performance and clinical impli-
cations. Whilst a sensible area for future research, it
is important to note the limitations of direct compar-
isons between trained and untrained individuals as
both duration and intensity of effort are likely to
differ. Similarly, a structured approach to the assess-
ment of environmental strain imposed upon pro-
longed exercise in the development of EICF would
be a useful line of research to prosecute.

Wherever possible, specific methodological con-
cerns need to be addressed in future work. Control
of preload is an area of some importance in the
understanding of EICF. This is, however, difficult to
both achieve and assess and may require some inva-
sive techniques that are best suited to animal re-
search. Limited data exit for left ventricular function
during exercise and this should be extended in future
studies potentially with greater duration of exercise
employed. Although difficult to assess, the impact
of exercise upon the right ventricle is worthy of
study to build on a limited database.!'>'7) It is also
pertinent to look at diastolic dysfunction in more
detail at is a relatively poorly understood area that
receives less research attention. Within the clinical
setting, diastolic function can precede inotropic fai-
lure after mild ischaemia and some evidence sug-
gests that it may occur prior to systolic dysfunction
during prolonged exercise. The mechanisms under-
pinning diastolic functional changes with prolonged
exercise should also be elucidated. It may also be
valuable to extend to other methods of data collec-
tion such as tissue Doppler.l”!

The study of the mechanisms underlying EICF is
the least explored area within the literature and
future research needs to rectify this. This will likely
have a significant impact on our understanding of
the clinical significance of EICF. Future research
should investigate a range of markers for myocardial
damage such as ANP, BNP and potentially other
assays such as cardiotrophin-L®! to potentially pro-
vide a broader picture of the consequences of pro-
longed exercise for the integrity of myocardial cells.
Development of the initial work on -adrenoceptor
down-regulation post-prolonged exercise is also a
valuable avenue to pursue. There is also scope for
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broadening research interests to include areas such
as elevated free radicals® and potassium!®? con-
centrations and their impact on left ventricular inot-
ropism.

Whilst concern is justified, the clinical impact of
prolonged exercise is far from certain and requires a
substantial amount of future work. What the conse-
quences of repeated exposure to prolonged endur-
ance activities, possibly over a number of years, are
as yet undetermined.

5. Conclusions

It is clear that there are still many gaps in the
description, understanding, causes and conse-
quences of EICF. Despite this, there is a growing
body of evidence that has reported aspects of left
and right ventricular systolic and diastolic dysfunc-
tion after a range of exercise bouts in a variety of
settings and subjects. In a similar range of exercise
settings, there is also a small but noticeable body of
data that suggest prolonged exercise may be related
to some form of transient myocardial insult as de-
noted by the presence of cardiac troponins in the
systemic circulation. Why only some subjects pre-
sent elevated cardiac troponins and whether this
underpins left ventricular functional changes is not
presently known. This topic remains an interesting
and important area of future research and under-
standing in the clinical and scientific community.
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