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the exclusion of organic diseases or infections and factors
such as dietary caloric restriction (negative energy balance)
and insufficient carbohydrate and/or protein intake, iron deficiency, magnesium deficiency, allergies, and others together
with identification of initiating events or triggers. In this article, we provide the recent status of possible markers for the
detection of OTS. Currently, several markers (hormones,
performance tests, psychological tests, and biochemical
and immune markers) are used, but none of them meet all the
criteria to make their use generally accepted. Key Words:

ABSTRACT

OVERTRAINING SYNDROME, OVERREACHING, TRAINING, PERFORMANCE, UNDERPERFORMANCE

Successful training not only must involve overload but
also must avoid the combination of excessive overload plus
inadequate recovery. Athletes can experience short-term
performance decrement without severe psychological or
lasting other negative symptoms. This functional overreaching will eventually lead to an improvement in performance after recovery. When athletes do not sufficiently
respect the balance between training and recovery, nonfunctional overreaching (NFOR) can occur. The distinction
between NFOR and overtraining syndrome (OTS) is very
difficult and will depend on the clinical outcome and exclusion diagnosis. The athlete will often show the same
clinical, hormonal, and other signs and symptoms. A keyword in the recognition of OTS might be ‘‘prolonged maladaptation’’ not only of the athlete but also of several
biological, neurochemical, and hormonal regulation mechanisms. It is generally thought that symptoms of OTS, such as
fatigue, performance decline, and mood disturbances, are
more severe than those of NFOR. However, there is no scientific evidence to either confirm or refute this suggestion.
One approach to understanding the etiology of OTS involves

T

he goal in training competitive athletes is to provide
training loads that are effective in improving performance. During this process, athletes may go through
several stages within a competitive season of periodized
training. These phases of training range from insufficient
training, during the period between competitive seasons or
during active rest and taper, to ‘‘overreaching’’ (OR) and
‘‘overtraining’’ (OT), which includes maladaptations and
diminished competitive performance. Literature on ‘‘OT’’
has increased enormously; however, the major difficulty is
the lack of common and consistent terminology as well as a
gold standard for the diagnosis of OT syndrome (OTS).
In 2006, the European College of Sport Science (ECSS)
published its consensus statement on OT (94). We decided
to write an update and to ask the American College of Sports
Medicine to provide input in this article so that this can be
considered as a mutual ‘‘consensus statement’’ of both international organizations. In this ‘‘consensus statement,’’ we
will present the current state of knowledge on the OTS going
through its definition, diagnosis, treatment, and prevention.
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Successful training must involve overload but also must
avoid the combination of excessive overload with inadequate
recovery. The process of intensifying training is commonly
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‘‘OTS.’’ The possibility also exists that these states (OR/
OTS) show different defining characteristics and that the OT
continuum may be an oversimplification.
To avoid misconception of terminology, we here outline
the terms OR, OT, and OTS based on the definitions used by
Halson and Jeukendrup (55) and Urhausen and Kindermann
(139). In these definitions, ‘‘OT’’ is used as a ‘‘verb,’’ a process
of intensified training with possible outcomes of short-term
OR (functional OR (FOR)), extreme OR (nonfunctional OR
(NFOR)), or OTS. By using the expression ‘‘syndrome,’’ we
emphasize the multifactorial etiology and acknowledge that
exercise (training) is not necessarily the sole causative factor of the syndrome.
OR is often used by athletes during a typical training cycle to enhance performance. Intensified training can result
in a decline in performance; however, when appropriate periods of recovery are provided, a ‘‘supercompensation’’ effect
may occur with the athlete exhibiting an enhanced performance compared with baseline levels. This process is often
used when going on a ‘‘training camp’’ and will lead to a
temporary performance decrement, which is followed by
improved performance. In this situation, the physiological
responses will compensate the training-related stress (133).
This form of short-term ‘‘OR’’ can also be called ‘‘FOR.’’
When this ‘‘intensified training’’ continues, the athletes can
evolve into a state of extreme OR or ‘‘NFOR,’’ which will
lead to a stagnation or decrease in performance that will not
resume for several weeks or months. However, eventually,
these athletes will be able to fully recover after sufficient
rest. ‘‘NFOR’’ emphasizes that not only the evolution on the
‘‘OT continuum’’ is ‘‘quantitatively’’ determined (i.e., by the
increase in training volume) but also ‘‘qualitative’’ changes
occur (e.g., signs and symptoms of psychological distress
and/or endocrine disturbances). This is in line with the classical concept of ‘‘sympathetic versus parasympathetic OTS’’
(65) and recent neuroendocrine findings using a double exercise test (95,96).
In Figure 1, the different stages that differentiate normal training from OR (FOR and NFOR) and from OTS are

FIGURE 1—Possible presentation of the different stages of training, OR and OTS.
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used by athletes in an attempt to enhance performance. As a
consequence, the athlete may experience acute feelings of
fatigue and decreases in performance as a result of a single intense training session or an intense training period. The
resultant acute fatigue after an adequate rest period can be
followed by a positive adaptation or improvement in performance and is the basis of effective training programs.
However, if the balance between appropriate training stress
and adequate recovery is disrupted, an abnormal training
response may occur and a state of ‘‘OR’’ may develop. Beyond this, the evidence for a supercompensation effect after
deliberate periods of intensified training is not abundant.
Many recent articles have referred to the work of Kreider
et al. (77) for the definition of OT and OR.
Overreaching—an accumulation of training and/or nontraining stress resulting in short-term decrement in performance capacity with or without related physiological and
psychological signs and symptoms of maladaptation in which
restoration of performance capacity may take from several
days to several weeks.
Overtraining—an accumulation of training and/or nontraining stress resulting in long-term decrement in performance capacity with or without related physiological and
psychological signs and symptoms of maladaptation in which
restoration of performance capacity may take several weeks
or months.
As stated by several authors (13,55), these definitions
suggest that the difference between OT and OR is the
amount of time needed for performance restoration and not
the type or duration of training stress or degree of impairment.
These definitions also imply that there may be an absence of
psychological signs associated with the conditions. Because
it is possible to recover from a state of OR within a 2-wk
period (54,66,77,132), it may be argued that this condition
is a relatively normal and harmless stage of the training process. However, athletes who are in an ‘‘overtrained’’ state
may take months or possibly years to completely recover.
The difficulty lies in the subtle difference that might exist
between extreme overreached athletes and those having an
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presented. Training can be defined as a process of overload
that is used to disturb homeostasis, which results in acute
fatigue leading to an improvement in performance. When
training continues or when athletes deliberately use a shortterm period (e.g., training camp) to increase training load,
they can experience short-term performance decrement without severe psychological or lasting other negative symptoms. This FOR (or short-term OR) will eventually lead to
an improvement in performance after recovery. However,
when athletes do not sufficiently respect the balance between
training and recovery, NFOR (extreme OR) can occur. At
this stage, the first signs and symptoms of prolonged training distress such as performance decrements, psychological
disturbance (decreased vigor, increased fatigue), and hormonal disturbances will occur, and the athletes will need
weeks or months to recover. Several confounding factors
such as inadequate nutrition (energy and/or carbohydrate
intake), illness (most commonly, upper respiratory tract infections (URTI)), psychosocial stressors (work, team, coach,
and family related), and sleep disorders may be present. At
this stage, the distinction between NFOR and OTS is very
difficult and will depend on the clinical outcome and exclusion diagnosis. The athlete will often show the same clinical, hormonal, and other signs and symptoms. Therefore,
the diagnosis of OTS can often only be made retrospectively
when the time course can be overseen. A keyword in the
recognition of OTS might be ‘‘prolonged maladaptation’’
not only of the athlete but also of several biological, neurochemical, and hormonal regulation mechanisms.
The borderline between optimal performance and performance impairment due to ‘‘OTS’’ is subtle. This applies
especially to physiological and biochemical factors. The apparent vagueness surrounding OTS is further complicated by
the fact that the clinical features are varied from one individual to another and are nonspecific, anecdotal, and numerous.

DIAGNOSIS
Although in recent years, the knowledge of central pathological mechanisms of OTS has significantly increased,
there is still a strong demand for relevant tools for the early
diagnosis of OTS. OTS is characterized by a ‘‘sport-specific’’
decrease in performance together with disturbances in
mood state. This underperformance persists despite a period
of recovery lasting several weeks or months. Importantly,
because there is no diagnostic tool to identify (e.g., rule in)
an athlete as experiencing OTS, the solution to the differential diagnosis can only be made by excluding all other
possible influences on changes in performance and mood
state. Therefore, if no explanation for the observed changes
can be found, OTS is diagnosed. Early and unequivocal recognition of OTS is virtually impossible because the only
certain sign is a decrease in performance during competition or training. The definitive diagnosis of OTS always
requires the exclusion of an organic disease, e.g., endocrinological disorders (thyroid or adrenal gland and diabetes),
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iron deficiency with anemia, or infectious diseases (including myocarditis, hepatitis, and glandular fever). Other major
disorders or feeding behaviors such as anorexia nervosa and
bulimia should also be excluded. However, it should be emphasized that many endocrinological and clinical findings due
to OR and OTS can mimic other diseases. The borderline
between under- and overdiagnosis is very difficult to judge.
In essence, it is generally thought that symptoms of
OTS, such as fatigue, performance decline, and mood disturbances, are more severe than those of OR. However, there
is no scientific evidence to either confirm or refute this suggestion. Hence, there is no objective evidence that the athlete
is indeed experiencing OTS. In addition, in the studies that
induced a state of OR, many of the physiological and biochemical responses to the increased training were highly
variable, with some measures in some studies demonstrating
changes and others remaining unaltered, most likely because
conditions and the degree of OR and OTS differ and were
not comparably described. This is also probably because the
signs and symptoms of OTS are individual and it is not
feasible and certainly unethical to excessively train an athlete
in such a way that he/she will develop OTS. Therefore, prospective studies are lacking and only few data exist on OTS.
One approach to understanding the etiology of OTS involves the exclusion of organic diseases or infections and
factors such as dietary caloric restriction (negative energy
balance) and insufficient carbohydrate and/or protein intake,
iron deficiency, magnesium deficiency, allergies, and so on
together with identification of initiating events or triggers.
One of the most certain triggers is a training error resulting
in an imbalance between load and recovery. Other possible
triggers might be the monotony of training, too many competitions, personal and emotional (psychological) problems,
and emotional demands of occupation. Less commonly cited
possibilities are sleep disturbance, altitude exposure, and exercise heat stress. However, scientific evidence is not strong
for most of these potential triggers. Many triggers such as
glycogen deficiency or infections may contribute to OR or
OTS but might not be present at the time the athlete presents
to a physician. Furthermore, identifying these possible initiating events has not revealed the causative mechanism(s)
of the OTS. Consequently, some scientists have suggested
that the OTS be renamed as the unexplained underperformance syndrome (13) that focuses on the key symptom of
underperformance in OTS rather than on the mechanisms. This
terminology has not been widely adopted outside the UK.
Athletes and the field of sports medicine in general would
benefit greatly if a specific, sensitive simple diagnostic test
existed for the diagnosis of OTS. At present, no test meets
this criterion, but there certainly is a need for a combination
of diagnostic aids to pinpoint possible markers for OTS.
Especially, there is a need for a detection mechanism for
early triggering factors.
Increased training loads as well as other chronic stresses
can influence the neuroendocrine system chronically. However, at this time, it is not yet clear which mechanism
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It remains unclear whether these findings indicate that
some individuals are particularly predisposed to developing
the OTS when exposed to overload training or whether succumbing to the OTS raises the risk of relapse. Some tests of
potential psychological factors have been conducted and have
not found the risk of OTS to be mediated by intrinsic motivation (114), hardiness, or optimism (147).

ASSESSMENT OF OT
PREVALENCE
It is difficult to give exact prevalence figures on NFOR/
OTS merely because not all studies clearly indicate the time
frame of data collection. Survey research involving collegiate swimmers and other endurance athletes who completed
a training monocycle report a rate of NFOR/OTS of approximately 10% (range, 7%–21%) (118). Higher rates have
been reported in other studies, but these values are likely
inflated by merging cases of FOR, NFOR, and OTS. The
risk of NFOR/OTS becomes compounded over the course
of an athlete’s career; survey studies of elite runners report 60% of females and 64% of males indicate experiencing
at least one previous episode of OTS, with a career rate of
33% in nonelite adult runners (102,103). Similar career rates
of OTS have been reported by young athletes, including a
34.6% rate among 231 (age range, 13–18) age-group swimmers from four countries, with OTS being most common
among faster performers (117), and a 37% rate in 272 Swedish high school junior national athletes assessed across 16
different sports (72). Retrospective techniques can be prone
to bias or inaccurate recall, but a recent longitudinal study
of British age-group swimmers found 29% had developed
NFOR/OTS at least once, with the risk positively related to
skill level (91). These findings reinforce both the growing
risk of OTS for young athletes and the utility of retrospective methodologies in OTS research.
Moreover, there is evidence that athletes who have developed OTS are at a heightened risk of relapse. In a study
of US collegiate swimmers, it was found that 91% of the
swimmers who developed OTS during their first collegiate
training season were diagnosed with OTS again in one or
more of the following 3 yr of training. In contrast, only 34%
of swimmers free of OTS during their first year of collegiate
swimming had a later diagnosis of OTS (113).
This interindividual variation in the risk for NFOR/OTS
has been observed in athletes who undergo the same overload training. In a study of 13 competitive swimmers who
completed 10 d of intensified training at the same volume and relative intensity (8970 mIdj1 at 94% V̇O2max),
seven swimmers successfully completed the required training regimen but three others had difficultly completing the
training requirements, and these athletes had significantly
higher levels of POMS mood disturbance (101) and lower
levels of muscle glycogen (76). Another three swimmers
were so severely affected by the training that they had to be
dropped from the study.
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OTS reflects the attempt of the human body to cope with
physiological and other stressors. Several studies have revealed that OTS represents the sum of multiple life stressors,
such as physical training, sleep loss, exposure to environmental stresses (e.g., exposure to heat, high humidity, cold, and
high altitude), occupational pressures, change of residence,
and interpersonal difficulties. Thus, OTS can be understood
partly within the context of the General Adaptation Syndrome of Selye (124). Concomitant to this ‘‘stress disturbance,’’ the endocrine system is called upon to counteract
the stress situation. The primary hormone products (adrenaline, noradrenaline, and cortisol) all serve to redistribute
metabolic fuels, maintain blood glucose, and enhance the
responsiveness of the cardiovascular system. Repeated exposure to stress may lead to altered responsiveness to subsequent stressful experiences depending on the stressor as
well as on the stimuli paired with the stressor, either leading
to an unchanged or increased or decreased neurotransmitter
and receptor function. Behavioral adaptation (neurotransmitter
release, receptor sensitivity, receptor binding, etc.) in higher
brain centers will certainly influence hypothalamic output
(80). Lehmann et al. (86) introduced the concept that hypothalamic function reflects the state of OR or OTS because the hypothalamus integrates many of the stressors. It
has been shown that acute stress increases not only hypothalamic monoamine release but also consequently corticotropinreleasing hormone and adrenocorticotropic hormone (ACTH)
secretion (126). Chronic stress and the subsequent chronically elevated adrenal glucocorticoid secretion could play
an important role in the desensitization of higher brain
centers’ response to acute stressors, because it has been
shown that in acute and chronic stress, the responsiveness
of hypothalamic corticotropin-releasing hormone neurons
rapidly falls (6,18,85,137).
The lack of definitive diagnostic criteria for OTS is
reflected in much of the ‘‘OR’’ and ‘‘OT’’ research by a
lack of consistent findings. There are several criteria that a
reliable marker for the onset of the OTS must fulfill: the
marker should be sensitive to the training load and ideally be
unaffected by other factors (e.g., diet and chronobiological
rhythms). Changes in the marker should occur before the
establishment of the OTS, and changes in response to acute
exercise should be distinguishable from chronic changes.
Ideally, the marker should be relatively easy to measure with
a quick availability of the result, not too invasive (e.g., repeated venous blood samplings are not well accepted) and
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eventually leads to OTS. Probably because of this, and because there are several possible hypotheses, some recent review articles have focused on hypothetical explanations for
the mechanism behind the OTS. Although these theories
have potential, until more prospective studies are carried out
where a longitudinal follow-up of athletes (who may develop the OTS) is performed or specific diagnostic tools are
developed, these theories remain speculative.
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not too expensive. Ideally, the marker should be derived at
rest from submaximal or standardized exercise of relatively
short duration in order not to interfere with the training
process. However, none of the currently available or suggested markers meet all of these criteria.

BIOCHEMISTRY AND HORMONES
Biochemistry. In prolonged training, glycogen stores get
close to full depletion, glycogenolysis and glucose transport
are down-regulated in muscle and liver as well as the liver
production of insulin-like growth factor 1, and catabolism is
induced. Although this is one of the likely triggers of OTS,
muscle glycogen is typically normal when athletes are examined (130). Blood glucose is also not typically altered
(138). Resting blood glucose/insulin ratio may indicate mild
insulin resistance (133).
Blood lactate measurements can be dependent on the actual training status of the individual. Other factors that are
equally important when discussing changes in blood lactate concentrations are the glycogen status and possible decreases in muscle and liver stores due to increased training.
One almost consistent overall finding, at least in endurance
and strength–endurance athletes having the OTS, is a diminished maximal lactate concentration while submaximal
values remain unchanged or slightly reduced (139).
Individually increased circulating levels of creatine kinase
(CK), which especially reacts to eccentric and unaccustomed
exercise with elevations lasting from several days to up to a
little over 1 wk, and/or urea measured under standardized
conditions at rest (140), may provide information concerning an elevated muscular and/or metabolic strain (137), but
they are not suitable to indicate an OR or OTS state (137).
Under glycogen-depleted compared with carbohydrate-loaded
condition, serum urea increases not only during 1 h of cycling at 61% V̇O2max but also before and 4 h after exercise
(88). After one single eccentric strength exercise leading to
a nearly 10-fold maximal CK increase with a weak significant correlation to the isometric strength loss, the positive
response to concentric strength training was significantly
delayed for several weeks (33).
After 2 wk of OR with short-term decline of performance
and mood state, plasma CK (as well as glutamate) showed a
significant and urea a tendency to increase before normalizing after 2 wk of regenerative training in eight moderately
well trained cyclists (57).
The concentration of plasma glutamine has been suggested as a possible indicator of excessive training stress
(122). However, not all studies have found a fall during
periods of increased training and OT (145), and altered
plasma glutamine concentrations are not a causative factor
of immunodepression in OTS, whereas other authors rather
propose the glutamine/glutamate ratio as an indicator of OR
(19,128).
Although most of the blood parameters (e.g., blood count,
C-reactive protein, erythrocyte sedimentation rate, CK, urea,
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creatinine, liver enzymes, glucose, ferritin, sodium, and potassium) are not capable of detecting OR or OTS, they are helpful in providing information on the actual health status of the
athlete and therefore useful in the ‘‘exclusion diagnosis.’’
The problems with biochemistry testing are as follows:
 Lactate differences are sometimes subtle (lying within
the measuring error of the apparatus) and depend on the
modus of the exercise test used.
 No lactate changes are reported in strength athletes.
 Glutamine may fall with increased training load, but low
plasma glutamine concentration is not a consistent finding in OTS.
Hormones. For several years, it has been hypothesized
that a hormonal mediated central dysregulation occurs during the pathogenesis of the OTS, and that measurements of
blood hormones could help to detect the OTS (40,45,79,
85,96,132,133,136,137). The results of the research devoted
to this subject is far from unanimous, mostly because of
preanalytical factors; i.e., factors that occur before the final
analysis (time of sampling, food intake, time after the end of
exercise, gender, age, etc.) may influence the hormonal profile. In addition, measuring methods and/or detection limits
of the analytical equipment used may differ between studies. Testing of central hypothalamic/pituitary regulation requires functional tests that are considered invasive and
require diagnostic experience, and these tests are time consuming and expensive. Finally, the distinguishing characteristic of endocrine systems is the feedback control of hormone
production. Virtually all hormones are under feedback control, some by the peripheral hormones themselves, some by
other hormones or cytokines, peripheral metabolites, osmolality, etc. This feedback relationship is the reason why simultaneous assessment of hormone/effector pairs is frequently
necessary for the assessment of hormonal status, taking also
into consideration the fact that physiological processes related to endocrine regulation are influenced by more than a
single hormone in a multilevel integrated way (25).
For a long time, the resting plasma testosterone/cortisol
ratio was considered as an indicator of the overtrained state.
This ratio decreases in relation to the intensity and duration
of training, and it is evident that this ratio indicates only
the actual physiological strain of training and cannot be used
for diagnosis of OR or OTS (25,84,87,136).
Most of the literature agrees that OR and OTS must be
viewed on a continuum with a disturbance, an adaptation,
and finally a maladaptation of the hypothalamic pituitary adrenal axis (HPA) and all other hypothalamic axes (85,87,93,
96,136,138). For example, the HPA adaptation to normal
training is characterized by increased ACTH/cortisol ratio
only during exercise recovery (due to decreased pituitary
sensitivity to cortisol) (26,27,85) and by modulation of tissue sensitivity to glucocorticoids (28,30). However, it should
be emphasized that during a resting day, in endurance-trained
athletes, 24 h of cortisol secretion under nonexercising conditions is normal (28,30,82). Accordingly, morning plasma
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both phases of exercise. For this reason, a multiple exercise
test that not only gives the opportunity to measure the recovery capacity of the athlete but also can assess the ability
to normally perform the second bout of exercise could be
useful to detect signs of OTS and distinguish them from
normal training responses or FOR.
Meeusen et al. (96) published a test protocol with
two consecutive maximal exercise tests separated by 4 h.
The use of two bouts of incremental exercise to volitional
exhaustion to study neuroendocrine variations showed an
exercise-induced increase of ACTH, prolactin, and GH to a
two-exercise bout (96). In normal healthy subjects, the
test reveals an increase in the circulating concentrations of
the hormones after both the first and the second exercise
bout. The test could be used as an indirect measure of
hypothalamic–pituitary reactivity. Depending on the ‘‘training’’ status of the athlete, hormonal output after the second
exercise test will be different. This test has the ability to
distinguish a state of NFOR from the OTS. In an FOR
stage, a less pronounced neuroendocrine response to a second bout of exercise on the same day is found (96), whereas
in an NFOR stage, the hormonal response to a two-bout exercise protocol shows a markedly higher elevation after the
second exercise trigger (96). With the same protocol, it has
been shown that athletes experiencing OTS have an extremely large increase in circulating hormone concentration
after the first exercise bout, followed by a complete suppression in the second exercise bout (95,96). This could indicate a hypersensitivity of the pituitary followed by an
insensitivity or exhaustion afterward. Previous reports that
used a single-exercise protocol found similar effects (96). In
a follow-up study, they could clearly distinguish between
NFO and OTS athletes (95). It appears that the use of twoexercise bouts is more useful in detecting OR for preventing OT. Early detection of OR may be very important in the
prevention of OTS.
Other hormones such as leptin, adiponectin, and ghrelin,
as well as cytokines such as interleukin-6 and tumor necrosis factor-alpha, have been recently investigated as possibilities for the monitoring of training (67). The authors
concluded that although some of these parameters measured
in the fasting state or postexercise may provide information about energetic regulatory mechanisms and may change
after heavy training or inadequate recovery, there are no
studies supporting the possible suitability of these variables
as markers of training stress or for the prevention or diagnosis of OR or OTS.
In conclusion, the endocrine system is one of the major
systems involved in the responses to acute stress and adaptation to chronic stress. A great diversity of mechanisms is
involved in such adaptation, acting at potentially all levels
in the cascade, leading to the biological effects of the hormones. However, the current information regarding the endocrine system and OR/OTS shows that basal (resting)
hormone measurements cannot distinguish between athletes
who successfully adapt to OR and those who fail to adapt
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cortisol concentration and 24-h urinary free cortisol excretion in resting endurance-trained men are similar to those of
age-matched sedentary subjects (29,53,74). Because urinary
free cortisol represents an integrated measure of the 24-h
cortisol secretion, this is in accordance with the previously
reported normal diurnal HPA axis rhythm in endurancetrained men (28,29). Finally, endurance-trained men maintain the seasonal rhythmicity of cortisol excretion; as in
sedentary men, the highest concentrations of urinary cortisol, morning plasma cortisol, and saliva cortisol are observed during autumn and winter compared with spring and
summer (53). Therefore, it can be concluded that resting
cortisol is not a useful measurement.
There is no consensus about plasma, 24-h, or overnight
urinary excretion of catecholamines for monitoring the effect of the training load and/or an overload. Some studies
report an increase, a decrease, or no change of urinary catecholamine excretion (for a review see Duclos [25]) with
successful training, OR or OTS. Factors other than training
load influence secretion and could result in variations between studies; these factors include sampling methods, diurnal and seasonal variations of catecholamine excretion,
and sex difference effects. Because the relationship between
24 h or nocturnal catecholamine urinary excretion and performance or training monitoring is inconclusive, it is thus
inappropriate to use changes in catecholamine excretion as
a tool to monitor training status.
In OTS, a decreased rise in pituitary hormones (ACTH,
growth hormone (GH), luteinizing hormone, and FSH)
in response to a stressful stimulus is reported (6,85,136,
137,148). But behind the seemingly uniform acute hormonal
response to exercise, explaining the disturbance to the neuroendocrine system caused by the OTS is not that simple.
Whether peripheral metabolic hormones can be used for OR/
OTS diagnosis is currently under discussion.
A nutrient-sensing signal of adipose tissue is represented
by leptin (127), which, like the glucoregulatory hormone
insulin, interleukin-6, and metabolic growth factor insulinlike growth factor 1, has been shown to decrease with
training-induced catabolism like in OR. These signaling molecules have profound effects on the hypothalamus and are
involved in the metabolic hormonal regulation of exercise and training (133). However, the same molecules respond to chronic energy deficiency, which can be associated
with endurance training and/or aesthetic sports (e.g., gymnastics), regardless of the training status (absence or
presence of OR/OTS). Chronic energy deficiency (mainly
glycogen depletion) certainly amplifies the stress hormone
and cytokine responses to exercise and might also be one
of the ‘‘triggering’’ factors that can lead to the induction
of OTS.
In addition to the need to study different hormonal axes
in parallel, it is also important to consider the dynamics of
hormonal responses. Indeed, the hormonal responses during
exercise influence the hormonal responses during exercise
recovery (24,29,68), and it is therefore important to study
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and develop symptoms of OTS. Further studies using multiple exercise tests and/or multiple hormone analyses will
be necessary for evaluating the possibility of a hormonal
diagnostic test for OR/OTS.
The problems with hormonal data are as follows:
 Many factors affect blood hormone concentrations, and
these include factors linked to sampling conditions and/or
conservation of the sampling: stress of the sampling, intraand interassay coefficient of variability;
 Food intake (nutrient composition and/or pre- vs postmeal
sampling) can modify significantly either the basal concentration of some hormones (cortisol, Dehydroepiandrosteronsulphate, and total testosterone) or their concentration change
in response to exercise (cortisol and GH);
 Pulsatility of the secretion of some hormones, which
modulates the tissue sensitivity to these hormones;
 In female athletes, the hormonal response will depend on
the phase of the menstrual cycle;
 Aerobic and resistance protocols typically elicit different
endocrine responses;
 Hormone concentrations at rest and after stimulation (exercise = acute stimulus) respond differently;
 Diurnal and seasonal variations of the hormones;
 Stress-induced measures (exercise, pro-hormones, etc) need
to be compared with baseline measures from the same
individual;
 Poor reproducibility and feasibility of some techniques
used to measure some hormones (e.g., free testosterone by
radio immunoassay instead of the reference method—
reserved to some highly specialized centers—equilibrium
dialysis);
 Hormonal responses to exercise can be prolonged during
the recovery phase of exercise.

when attempting to diagnose OR and OTS. In general, timeto-fatigue tests will most likely show greater changes in exercise capacity as a result of OR and OTS than incremental
exercise tests (55,138). Time trials reflect more accurately
the sport-specific task of most sports but have only rarely
been used to objectively quantify the performance loss in
OR (57). In addition, these tests allow that the assessment
of substrate kinetics, hormonal responses, and submaximal
measures can be made at a fixed intensity and duration. To
detect subtle performance decrements, it might be better to
use sport-specific performance tests. Tests of high-intensity
exercise performance may be appropriate in some sports.
For example, isokinetic strength and power were shown to
be decreased in seven overreached rugby players (20) but
increased after 1 wk of taper.
The problems with performance testing are as follows:
 Baseline measures are often not available, and therefore,
the degree of performance limitation may not be exactly
determined. Individual comparative values are mandatory.
 The intensity and reproducibility of the test should be
sufficient to detect differences (maximum test, time trial).
 Necessity of highly standardized conditions from one test
to another and from one laboratory to another.
 Many performance tests are not sport specific.
 Submaximal ergometric test results do not seem to produce significant results (137), but repeated maximal tests,
required for assessment of an individual baseline measure,
are difficult to obtain in athletes.
 In this regard, because adequate standardization of laboratory tests is problematic, it may be that index training
sessions recorded by coaches are better candidates to demonstrate the magnitude, timing, and pattern of performance
decrements.

PERFORMANCE TESTING

PSYCHOLOGY

In athletes who have been diagnosed as having OTS,
several signs and symptoms have been associated with this
imbalance between training and recovery. However, reliable
diagnostic markers for distinguishing between well-trained
athletes, OR athletes, and athletes having OTS are lacking.
A hallmark feature of OTS is the inability to sustain intense
exercise, a decreased sport-specific performance capacity
when the training load is maintained or even increased
(96,136). Athletes experiencing OTS are usually able to start
a normal training sequence or a race at their normal training pace but are not able to complete the training load they
are given, or race as usual. The key indicator of OTS can
be considered an unexplainable decrease in performance.
Therefore, an exercise/performance test is considered to be
essential for the diagnosis of OTS (13,136).
It appears that both the type of performance test used and
the intensity/duration of the test are important in determining the changes in performance associated with OTS. Debate
exists as to which performance test is the most appropriate

The presence of psychological symptoms in cases of
OTS has long been acknowledged (22), but systematic study
on this topic did not begin until William Morgan’s research
in the 1980s on college swimmers and athletes in other
sports. Using the POMS (100), a questionnaire that measures both general and specific moods, athletes were found
to consistently report elevations in negative moods (tension,
depression, anger, fatigue, and confusion) and decreases in
the positive mood of vigor during periods of rigorous training. More frequent assessments indicated that mood state
exhibits a predictable dose–response relationship with training whereby disturbances increase in a stepwise fashion as
training loads rise in volume or intensity, with the peak of
training and mood disturbance coinciding. Conversely, training tapers usually result in a reduction in negative moods
and an increase in vigor such that at the end of a taper,
the mood scores return to the positive pattern typically observed at the outset of the season, called the iceberg profile
(100,103,116). Dose–response relationships between training
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FIGURE 2—Magnitude of changes in POMS mood states from easy to
maximal overload training in collegiate varsity swimmers who develop
OTS or remain free of symptoms (i.e., ‘‘healthy’’). (Adapted from
Raglin and Morgan [114]).
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goal of reducing the incidence of OTS. This intervention paradigm involved reducing the training load of athletes
possessing excessively elevated POMS total mood disturbance scores until scores fell within an acceptable range
established a priori using either off-season baseline of each
athlete (7) or the mean value for teammates undergoing the
same training regimen (113). Conversely, training loads
were increased in athletes exhibiting only minor mood disturbances, and this intervention was nearly as frequent as
cases in which training loads were reduced (7). Both studies
reported a reduced incidence of OTS compared with previous rates, but replications incorporating involving larger
samples and adequate control conditions remain needed.
Although research generally supports the use of psychological assessments for identifying individuals at risk of
developing OTS, several potential problems exist that can
constrain accuracy. The most serious among these is response distortion, wherein subjects falsely complete psychological questionnaires, particularly those with items of
a sensitive or personal nature. The most common form of
response distortion involves social desirability or ‘‘faking
good’’ in which individuals answer items to present themselves in a uniformly positive light. Factors that can increase
the likelihood of response distortion include coercion, the
demand characteristics associated with the experimental hypothesis, or in the case of OT studies, ‘‘faking bad’’ to have
one’s training load reduced. Administering questionnaires
repeatedly over an extended period can sometimes result in a
form of response distortion in which participants respond to
questions in a random manner. The risk of response distortion
can be reduced by including research team members who are
trained in the proper administration of psychological questionnaires, providing athletes clear and guaranteed assurances
their data will remain confidential and not be used for selection purposes, and by carefully explaining the rationale of
using psychological assessments while emphasizing there are
no right or wrong ways to respond to the questionnaires.
A separate concern regarding the POMS is the finding
that the sensitivity of the mood subscales to training load
is not uniform. Some factors, particularly confusion, barely
change even after large increases in training load in either
healthy or overtrained athletes, whereas other POMS subscales are responsive to non–training-related sport stressors
(116). For example, POMS tension scores often remain elevated or even increase during training tapers, most likely
because this factor is particularly sensitive to the impending
stress of major competitions (116). At a more fundamental
level, the POMS was designed for use in general circumstances and samples, and many sport psychologists contend
that sport-specific questionnaires should provide greater sensitivity and specificity for assessing athletes in the unique
environment of sport. Consequently, several hundred sportspecific psychological measures of personality, motivation,
and mood have been developed, including several for
NFOR/OTS. In the case of OTS, the decision to use a general or sport-specific measure depends not only on published
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load and mood state have since been observed in studies involving more than 1000 athletes in a variety of endurance and
nonendurance sports requiring rigorous training regimens
(118).
Research also indicates that mood responses of male and
female athletes do not differ except when they are exposed
to significantly different training regimens (103,115). Similar dose–response patterns have also been observed using
simple self-report measures of muscle soreness, appetite,
sleep disturbances, ‘‘heaviness,’’ and perception of effort
(72,101,110,118), indicating perceptual responses to increased training are global and systemic in nature, although
the magnitude of change differs across measures (102,118).
When conditioning programs involve rapid increases in
training load over a course of days, the instructions to complete psychological measures should, if possible, be modified
to yield a more transient state measure of mood by having
subjects respond according to how they feel ‘‘today’’ or
‘‘right now.’’ Research reveals that as few as 2 d of intensified training can result in significant increases in POMS
measures (110) and scores on other psychological scales,
which precede changes in commonly used biochemical
markers of training stress such as cortisol (19,111). More
important for the standpoint of monitoring, athletes with
signs of OTS typically exhibit both a greater increase in total
mood disturbance and a different pattern of mood disturbance compared with athletes undergoing the same training who remain free from symptoms (114). Specifically,
among healthy athletes, POMS fatigue and vigor show the
largest shifts during peak overload training, and depression
increases the least of all POMS factors, whereas in athletes
showing signs of OTS, depression increases the most of
all POMS variables, with some reports (103) indicating that
up to 80% of affected athletes show signs of clinical depression. As shown in Figure 2, mood changes between
healthy and overtrained athletes.
The previous findings have led to tests of mood state
monitoring as a means to modulate training load with the
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evidence of its predictive efficacy and construct validity but
also the theoretical orientation of the researcher. If it is believed the risk of OTS is a function of the sum total of
stressors an athlete is exposed to—be they training related or
not—then a nonspecific questionnaire that captures broad
moods, feelings, or perceptions would be most appropriate. Conversely, if non–sport-related stressors (e.g., psychosocial stressors and time zone travel) are viewed as
inconsequential or only minor contributors to the OTS, then
questionnaires delimited to items particular to the context
of training should be used.
For these and other reasons, researchers have developed POMS-based OT scales in the attempt to enhance its
sensitivity. Raglin and Morgan (114) created a Training
Distress Scale (TDS) based on discriminant function analyses of POMS data from 186 healthy and overtrained college swimmers. A TDS spreadsheet may be accessed at
http://champ.usuhs.mil/choptimize.html. The seven-item (five
depression and two anger items) TDS was more accurate
in identifying OT athletes compared with predictions using
POMS total mood disturbance scores or depression scores,
and subsequent research (72,118) using translations of the
scale in several languages found TDS scores to be elevated
in young swimmers reporting OTS. Kenttä et al. (73) created
a POMS energy index measure by subtracting fatigue from
vigor scores to study 11 elite kayakers during an intensive
3-wk training camp. The researchers had athletes complete
the entire POMS after practice each day and in the morning
before practice to assess mood state after training and recovery. POMS energy index scores were responsive to both
training stress and recovery, whereas depression scores were
unchanged, suggesting to the authors the index could be a
useful tool to reduce NFOR during intense but brief training cycles.
Several sport-specific OTS scales have been developed
using theoretical assumptions about what psychological and
behavior factors should be associated with OTS. Among
them, the most extensively studied has been the Recovery–
Stress Questionnaire for Athletes (RESTQ-Sport) (70), a 77item questionnaire encompassing 19 separate factors that
assess both OT and recovery responses in endurance athletes. Monitoring the current levels both of stress and recovery has the possible advantage that problems may be
detected before symptoms of OT and staleness (e.g., drowsiness, apathy, fatigue, and irritability) are likely to appear.
However, stress and recovery are often different in their time
course. Although concerns with its factor structure have been
expressed by other researchers (e.g., Ref. [23]), research indicates the RESTQ is responsive to changes in training load,
particularly in athletes with signs of OTS (69). Other
less well-documented OTS scales include the questionnaire
of the Société Francaise de Médicine du Sport (SFMS), a
54-item forced-choice (i.e., yes–no) questionnaire that assesses
whether athletes have experienced mood disturbances and
various symptoms of OT during the previous month (cited in
Ref. [31]), and the Daily Analyses of Life-Demands in
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Athletes, a 50-item scale with two sections assessing general
and sport-related stresses (123) experienced over the past
day using a three-point Likert format.
In summary, research has provided general support for
the efficacy of psychological assessments in both basic
and applied research involving athletes undergoing overload
training. There remains, however, a need for systematic study
of the relative efficacy (i.e., sensitivity and specificity) of
promising measures and tests to establish protocols that effectively integrate psychological information with biological
assessments to enhance their efficacy.
Psychomotor speed tests. A relatively new but promising tool in the early detection of NFO and therefore a
potential preventive tool in developing an OTS is the measurement of psychomotor speed. The advantage of psychomotor speed testing above most other tests lays in the fact
that it is easy to use in the (sport) field just by using a simple
personal computer. The tests are noninvasive, resistant to
conscious manipulation by the athlete, and inexpensive.
It is well described that symptoms such as concentration
and memory problems and cognitive complaints are common in patients experiencing chronic fatigue syndrome (45),
symptoms also found in people experiencing OTS (85,125).
These similarities have led to the use of attention and reaction time tests for early detection of NFO and preventing
OTS. Rietjens et al. (120) used a reaction time test (finger
precuing test) as a detection tool for NFO. They found a
significant decrease in reaction time in a group of seven
cyclists after they had doubled their training volume over a
period of 3 wk (120), especially on the more difficult conditions in the finger precuing reaction time task, with the
more easy conditions being insensitive to OR. This outcome
suggests that task complexity is an important mediating variable in the relationship between OR and brain functioning.
In line with these findings Nederhof et al. (104) described
a decrease in reaction time in five NFO cyclists after a 2-wk
training camp. In a later follow-up study, Nederhof et al.
(105,106) confirmed these findings.
More recently, Hynynen et al. (64) presented data in
which OTS cyclists scored a significantly higher number of
mistakes during a STROOP test. All these studies strongly
suggest that central fatigue is an early (and maybe the most
early) manifestation of OR. This suggestion is ratified by
the findings of Tergau et al. (134) who found an intracortical facilitation increase after exercise, indicating motor cortex fatigue.
These findings indicate that reaction and attention tests
are promising tools in early detection of NFO and preventing OTS. However, more scientific studies are needed to
find out which kind of psychomotor speed tests are the most
sensitive for detecting NFO/OTS.
The potential problems with psychological assessments
are as follows:
 Mood state and other factors can be influenced by stressors
unrelated to training and recovery.
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PHYSIOLOGY
There have been several proposals as to which physiological measures might be indicative of OR or OTS. Reduced maximal heart rates after increased training may be
the result of reduced sympathetic nervous system activity, of
a decreased tissue responsiveness to catecholamines, and of
changes in adrenergic receptor activity or may simply be the
result of a reduced power output achieved with maximal
effort. Several other reductions in maximal physiological
measures (oxygen uptake, heart rate, blood lactate) might be
a consequence of a reduction in exercise time and not related
to abnormalities per se, and it should be noted that changes
of resting heart rate are not consistently found in athletes
experiencing OTS (139).
Heart rate variability (HRV) analysis has been used as
a measure of cardiac autonomic balance, with an increase
in HRV indicating an increase in vagal (parasympathetic)
tone relative to sympathetic activity (143). Numerous studies
have examined the effects of training on indices of HRV, but
to date, few studies have investigated HRV in overreached
or OTS athletes, with studies showing either no change
(3,58,142), inconsistent changes (143), or changes in parasympathetic modulation (59).
Hedelin et al. (58) increased the training load of nine
canoeists by 50% over a 6-d training camp. Running time to
fatigue, V̇O2max, submaximal and maximal heart rates, and
maximal blood lactate production all decreased in response
to the intensified training; however, all indices of HRV
remained unchanged. On average, there were no significant
changes in low-frequency power, high-frequency power,
total power, or the ratio of low- to high-frequency power,
both in the supine position and after head-up tilt. Similarly, Uusitalo et al. (142) reported no change in intrinsic heart
rate and autonomic balance in female athletes after 6–9 wk
of intensified training. This involved the investigation of
autonomic balance assessed by pharmacological vagal and
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A-blockade. In addition, both the time domain and power
spectral analysis in the frequency domain were calculated
during rest and in response to head-up tilt. Results suggest
that HRV in the upright position had a tendency to decrease
in response to intensified training in the subjects who were
identified as ‘‘overtrained’’ (143). This may indicate vagal
withdrawal and/or increased sympathetic activity. However,
between-subject variability was high in this investigation.
Finally, Hedelin et al. (58) reported increased HRV and
decreased resting heart rate in a single ‘‘overtrained’’ athlete
when compared with baseline measures. In comparison with
normally responding subjects examined during the same period, the ‘‘overtrained’’ subject exhibited an increase in high
frequency and total power in the supine position during intensified training, which decreased after recovery. The increase in high-frequency power was suggested to be most
likely the result of increased parasympathetic activity (59).
Lamberts et al. (81) proposed that the heart rate return
1 min after high intensity interval exercise could serve to
monitor training because it showed some correlation with
the evolution of time trial performance after 4 wk in 14
moderately well-trained cyclists, but to date, there are no
published results available from athletes in OR or OTS.
In a very recent study (12) in young soccer players, a
decrease of submaximal heart rate, a faster return of heart
rate after exercise, and an increase of vagal indices of HRV
were associated with some positive adaptations to training,
but the opposite was not true because ‘‘negative’’ changes of
theses markers were not indicators of a performance decline.
A meta-analysis (10) concluded that short-term (G2 wk)
overload training results in an increased resting heart rate
(mean value, +4.5 bpm), decreased maximal heart rate
(j7.5 bpm), and a higher ratio between low- and highfrequency HRV. However, this was no longer the case after
longer intensified training interventions lasting 92 wk,
where the only significant difference remained a decreased
maximal heart rate (j3.6 bpm).
Concerning the assumption often claimed in a clinical
context that cardiac complications such as arrhythmias or
other ECG changes discovered in athletes could be explained by a state of OR or OTS, this hypothesis does not
find any support by any study inducing OR or OTS.
However, it should be mentioned that an infectious disease—
maybe facilitated by the intermittently depressed immunological state—occurring in an athlete engaged in heavy
training may expose the individual to a higher risk of cardiac
complications including a higher heart rate, extrasystoles, and
even myocarditis (38).
The problems with physiological measures are as follows:
 HRV seems to be a tool in theory but does not provide
consistent results. One needs to be careful when using
HRV as an outcome measure because there are many different ways to record and calculate the data. Currently,
there is no consensus regarding the required standardization and the method of measurement.

Medicine & Science in Sports & Exercised

Copyright © 2012 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

195

SPECIAL COMMUNICATIONS

 It remains unclear if intervention paradigms based on
psychological information should use off-season baseline
mood scores (i.e., intraindividual criterion), team averages
(i.e., interindividual) or combinations of baseline and
training values would be more effective.
 Psychological measures can be biased or rendered invalid
by various forms of faking (e.g., social desirability) or
overuse.
 Psychological tests must be administered with the appropriate instructional set (e.g., ‘‘right now,’’ ‘‘today,’’ and
‘‘last week including today’’) based on the training paradigm. Care must be taken with state (i.e., ‘‘right now’’)
measures of mood because they can be influenced by extraneous factors.
 Care needs to be taken to explain the potential value
of psychological measures to coaches and athletes who
may be reluctant or skeptical. Researchers should be
trained in the administration and interpretation of the
measures used.

SPECIAL COMMUNICATIONS

 The present data do not allow to distinguish between
changes in physiological measures resulting from FOR,
NFOR, and OTS.

IMMUNE SYSTEM
There are many reports on URTI due to increased training, and also in OR and OTS athletes. It seems feasible that
intensified training (leading to OR or OTS) may increase
both the duration of the so-called ‘‘open window’’ and the
degree of the resultant immunodepression. However, the
amount of scientific information to substantiate these arguments is limited. More data are available that each bout
of prolonged and intensive exercise has transient but significant, wide ranging effects on the immune system (49,108).
Heavy exertion leads to alterations in immunity and host
pathogen defense and elevations in stress hormones, proand anti-inflammatory cytokines, and reactive oxygen species.
The exercise-induced immune perturbations and physiologic
stress are associated with an elevated risk of URTI, especially during the 1- 2-wk period after competitive marathon
and ultramarathon race events (109). These data imply that
chronic immune dysfunction and increased URTI symptomatology may result when exercise training is intensified,
leading to OR and OTS, but few well-designed studies have
been conducted to verify this hypothesis.
Several studies that have investigated the effects of short
periods (typically 1–3 wk) of intensified training on resting immune function and on immunoendocrine responses to
endurance exercise indicate that several indices of neutrophil function appear to be sensitive to the training load. A
2-wk period of intensified training in well-trained triathletes
was associated with a 20% fall in the bacterially stimulated
neutrophil degranulation response (121). In another study,
neutrophil and monocyte oxidative burst activity, mitogenstimulated lymphocyte proliferation, and percentage and number of T-cells producing interferon-F were lower at rest after
1 wk of intensified training in cyclists (83). Other leukocyte
functions including T-lymphocyte CD4+/CD8+ ratios, lymphocyte antibody synthesis, and natural killer cell cytotoxic
activity have been shown to be lower after increases in the
training load in already well-trained athletes (144). Several
studies have documented a fall in salivary immunoglobulin
A (IgA) concentration with intensified training, and some,
although not all, have observed a negative relationship between salivary IgA concentration and occurrence of URTI
(9,32,47,50,107). Thus, with sustained periods of heavy
training, several aspects of both innate and adaptive immunity are depressed. Low levels of salivary IgA concentration
or secretion rate and high anti-inflammatory cytokine
responses to antigen challenge may predispose to high respiratory illness susceptibility in athletes (32,47,50). Several
studies have examined changes in immune function during
intensive periods of military training (16,17,135). However,
this often involves not only strenuous physical activity but
also dietary energy deficiency, sleep deprivation, and psycho-
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logical challenges. These multiple stressors are likely to induce a pattern of immunoendocrine responses that amplify
the exercise-induced alterations.
Studies that have examined athletes exposed to a longterm training periods (e.g., over the course of a 5- to
10-month competitive season) have shown a general trend
of depression of both systemic and mucosal immunity
(5,14,47,48,51,52,99). In these studies, depressed immunity was most commonly observed either at the end of the
season or after the most intensive periods of training and/or
competition. Although elite athletes are not clinically immune deficient, it is possible that the combined effects of
small changes in several immune parameters may compromise resistance to common minor illnesses such as URTI.
Protracted immune depression linked with prolonged training may determine susceptibility to infection, particularly at
times of major competitions. However, it might just be that
the increased URTI incidence reflects the increased stress
associated with increased training, regardless of the response
of the athlete to the increased physical stress. Furthermore,
symptoms of respiratory illness reported by some athletes
may be due to airway inflammation from noninfectious causes
(8,21,146) rather than actual infection with a pathogen.
Whether that immune function is seriously impaired in
athletes experiencing OTS is unknown because of insufficient scientific data. However, anecdotal reports from athletes and coaches of an increased infection rate with OTS
(129) have been supported by a few empirical studies
(75,119). In a cohort study of highly trained athletes before
the Olympic Games, more than 50% of the athletes who
reported symptoms of ‘‘OT’’ presented with infection compared with none of the athletes in the overreached group
(75). In junior rowers, studied during and after a training
camp (FOR), 40% of the male subjects had URTI (132). In a
study by Reid et al. (119), 41 competitive athletes with
persistent fatigue and impaired performance had a thorough
medical examination, which identified medical conditions
with the potential to cause fatigue and/or recurrent infections
in 68% of the athletes. The most common conditions were
humoral immune deficiency and unresolved viral infections.
Evidence of Epstein–Barr virus reactivation was detected in
22% of the athletes tested. Adventure racing over a 4- to 5-d
period has been linked to significant mood state disruption
and elevated URTI rates (4). Thus, it seems plausible that a
significant number of athletes who are diagnosed as experiencing OTS may experience increased URTI.
There are only a few reports of differences in immune function status in ‘‘overtrained’’ athletes compared with healthy
trained athletes (e.g., Refs. [46,89]), and most studies on
‘‘overtrained’’ athletes have failed to find any differences
(90,122). Circulating numbers of lymphocyte subsets change
with exercise and training. With heavy training, the T-lymphocyte
CD4+/CD8+ (helper/suppressor) ratio falls. However, this
has not been shown to be different in athletes diagnosed as experiencing OTS compared with healthy well-trained athletes.
One study (46) has shown that the expression of other proteins
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 timing of the test (time of the day and time since last
exercise session),
 lack of consistency of the data in literature,
 being time consuming and very expensive (for functional measures).
Resistance exercise. Although most research on OT
and OR has focused on endurance activities, some research
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has shed light on stressful training when using heavy resistance exercise, and it is summarized in several reviews
(39,40,42,43). What has become clear is that excessively
high volumes or intensities of resistance exercise can present
considerably different physiological and performance profiles when compared with OT/OR with endurance activities. When excessive volumes of maximal loads are used for
training, maximal muscular strength is one of the last performance measures to be adversely affected. On the other
hand, high speed (e.g., sprinting) and power appear to be
more sensitive to the stressful resistance exercise training
and are the first types of performance to decrease. Although
not greatly studied, some data also indicate that psychological variables may be sensitive to resistance exercise OT/
OR. From an endocrine perspective, although testosterone
concentrations and the testosterone/cortisol ratio may decrease because of resistance exercise OT/OR, these cannot
be used to define the presence of an OTS. Rather, these
hormonal measures simply indicate the presence of stressful
training. When resistance-trained athletes are exposed to a
repeated stressful training phase, the decreased hormonal
response is lessened, suggesting that repeated training of this
type may permit long-term training tolerance. The presence
of an elevated acute sympathetic response with excessive
resistance exercise loads supports the concept of a sympathetic OTS. This in turn may contribute to down-regulation
of A2 adrenergic receptors in the affected skeletal muscle
(41). From a practical standpoint, the actual training program must be carefully monitored to incorporate adequate
recovery phases as needed. Finally, it is readily apparent that
sport-specific training in addition to the resistance exercise
program can add to the training stresses and contribute to
OT/OR (98).
The problems with resistance exercise OT/OR research
are as follows:
 There are few research studies on resistance exercise
OT/OR.
 There are many variations of resistance exercise that
make it difficult to study.
 Muscular strength is usually preserved with resistance
exercise OT/OR.
 Delayed onset muscular soreness and muscle damage are not necessarily the same as resistance exercise OT/OR.
 Few studies have monitored an adequate recovery period.
Prevention. One general confounding factor when reviewing literature on OTS is that the definition and diagnosis of OR and OTS are not standardized. One can even
question if in most of the studies subjects were experiencing
OTS. Because OTS is difficult to diagnose, authors agree
that it is important to prevent OTS (37,78,141). Moreover,
because OTS is mainly due to an imbalance in the training
recovery ratio (too much training and competitions and too
little recovery), it is of utmost importance that athletes record daily their training load, using a daily training diary or
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on the cell surface of T-lymphocytes does seem to be sensitive
enough to distinguish between the majority of ‘‘overtrained’’
athletes and healthy athletes. The expression of CD45RO on
T-helper CD4+ cells (but not the circulating numbers of
CD45RO+ T-cells) was significantly higher in athletes experiencing OTS compared with healthy well-trained controls. Using this indicator, ‘‘OT’’ could be classified with high
specificity and sensitivity. However, CD45RO is a marker of
T-memory cells and activated T-cells. Thus, higher expression of CD45RO on T-cells may merely be indicative of the
presence of acute infection, which is, of course, a possible
cause of the underperformance. Fry et al. (44) reported a
significant increase in activation markers [CD25, human
leucocyte antigen receptor test (HLA-DR)] in blood lymphocytes of ‘‘overtrained’’ athletes. Unresolved viral infections are not routinely assessed in elite athletes, but it may be
worth investigating this in individuals experiencing fatigue
and underperformance in training and competition. Thus,
infection might be one of the ‘‘triggering’’ factors that can
lead to the induction of OTS, or in some cases, the diagnosis
of OTS cannot be differentiated from a state of postviral
fatigue such as that observed with episodes of glandular
fever. In the OTS diagnostic flowchart (Fig. 3), it is recommended to evaluate for ‘‘primary’’ viral and bacterial
infections and systemic inflammatory diseases before proceeding with the diagnostic workup in direction OTS. It is
acknowledged in the flowchart that, secondary in the time
course of OTS, a reactivation of Epstein–Barr virus can be
detected (119), which may contribute to the severity of
symptoms. However, despite that this distinction between
‘‘primary’’ and ‘‘secondary’’ infection may be in some cases
clinically difficult, it may help in the explanation and treatment of fatigue and underperformance-related diseases.
In conclusion, it is clear that the immune system is sensitive to stress—both physiological and psychological—and
thus, potentially, immune variables could be used as an index of stress in relation to exercise training. The current
information regarding the immune system and OR confirms
that periods of intensified training result in depressed immune cell functions with little or no alteration in circulating
cell numbers. However, although immune parameters change
in response to increased training load, these changes do not
distinguish between those athletes who successfully adapt to
OR and those who maladapt and develop symptoms of the
OTS. Furthermore, at present, it seems that measures of
immune function cannot really distinguish OTS from infection or postviral fatigue states.
The problems with immunological testing are as follows:
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FIGURE 3—Flowchart. Diagnosis of OTS in athletes. When previous training load was high enough, the occurrence of persistent problems in
performance creates a suspicion for OTS. The flowchart starts with the key symptoms: decrease in performance; duration of symptoms; then other
major diseases that are related to underperformance are ruled out; then performance changes are defined and then possible confounding conditions
and diseases are checked. This flowchart is based on the existing evidence together with the expertise/experience of the authors.

training log (34,35,37). The four methods most frequently
used to monitor training and prevent OT are as follows:
retrospective questionnaires, training diaries, physiological
screening, and the direct observational method (62). Also,
the psychological screening of athletes (7,60,61,92,101,102,
116,138) and the RPE (1,15,34,35,60,61,71,131) have received more and more attention nowadays.
Hooper et al. (61) used daily training logs during an entire season in swimmers to detect staleness (OTS). The distances swum, the dry-land work time, and the subjective
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self-assessment of training intensity were recorded. In addition to these training details, the swimmers also recorded
subjective ratings of quality of sleep, fatigue, stress and
muscle soreness, body mass, early morning heart rate, occurrence of illness, menstruation, and causes of stress. Swimmers were classified as having OTS if their profile met five
criteria. Three of these criteria were determined by items of
the daily training logs: fatigue ratings in the logs of more
than 5 (scale 1–7) lasting longer than 7 d, comments in the
page provided in each log that the athlete was feeling that
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parameters (muscle soreness and mental and physical wellbeing) that have been proven to be important in the detection of OTS.
Strategies to reduce the symptoms of OR and
reduce the risk of developing OTS. Both in the earlier
data, reviewed in the ECSS 2006 consensus statement, and
in the more contemporary data in this document, there is
virtually no evidence suggesting that OTS can be ‘‘treated.’’
Like a massive orthopedic injury, OTS (and even NFOR) is
just as debilitating and takes a substantial time for recovery
to occur spontaneously. Rest and very light training seem
to be the only therapeutic agents capable of effecting recovery. The overwhelming impression, particularly in the
evidence that has emerged since 2006, is that the emphasis needs to be on prevention of NFOR and OTS (mostly by
appropriate periodization of the training program with careful focus on including, and executing, appropriate recovery
time into the training program) and on early diagnosis of
NFOR and OTS, which at least in principle might shorten
the recovery time.
Rest and sleep. One of the most obvious methods for
managing fatigue and enhancing recovery is adequate passive rest and obtaining sufficient sleep. It is generally recommended that athletes should have at least one passive rest
day each week, because the absence of a recovery day, especially during intensified training periods, is closely related
to the onset of signs of OR and underrecovery (11). A passive rest day can also act as a ‘‘time-out’’ period for athletes
and prevent them from becoming totally preoccupied with
their sport and possibly encourage them to pursue a different
(passive) interest. Such distractions from the daily routine of
training may alleviate boredom and reduce stress perception.
Sleep is an essential part of fatigue management, because
persistent sleep loss can negatively affect the quality of a
training session and general well-being. The primary need
for sleep has been hypothesized as being neurally based
rather than a requirement for restitution of other biological
tissues (63). Therefore, with inadequate sleep, cognitive
functions are likely to be impaired, especially the ability to
concentrate. Individuals have different requirements for sleep,
and to prescribe the dose of sleep that a highly trained athlete
requires would be erroneous. The general advice is to sleep
for the amount of time that is required to feel wakeful during
the day, which may vary considerably between individuals.
Nutrition. Because OR is brought about by high-intensity
training with limited recovery, it is thought that the fatigue and underperformance associated with OR are at least
partly attributable to a decrease in muscle glycogen levels.
Decreased glycogen levels can result in disturbances of the
endocrine milieu. Glycogen depletion results in higher circulating levels of catecholamines, cortisol, and glucagon in
response to exercise while insulin levels are very low. Such
hormonal responses will result in changes in substrate mobilization and utilization (for instance, high adrenaline levels
in combination with low insulin will increase lipolysis and
stimulate the mobilization of fatty acids). Because repeated
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he/she responded poorly to training, and a negative response
to a question regarding presence of illness in the swimmer’s
log, together with normal blood leukocyte count.
Foster et al. (35,37) have determined training load as the
product of the subjective intensity of a training session using
‘‘session RPE’’ and the total duration of the training session
expressed in minutes. If these parameters are summated on a
weekly basis, it is called the total training load of an individual. The ‘‘session RPE’’ has been shown to be related to
the average percent heart rate reserve during an exercise
session and to the percentage of a training session during
which the heart rate is in blood lactate–derived heart rate
training zones. With this method of monitoring training,
they have demonstrated the utility of evaluating experimental alterations in training and have successfully related training load to its performance (35). Foster et al. (36) have
demonstrated that athletes often do not perform the same
training load prescribed by coaches. In particular, they noted
that on days the coaches intended to be ‘‘easy,’’ athletes
often performed meaningfully longer and/or more intense
training. These data fit well with the concept that OTS is
a failure of the work–recovery relationship, often in the
direction of athletes failing to take appropriate recovery.
However, training load is clearly not the only trainingrelated variable contributing to the genesis of OTS. So
additional to the weekly training load, daily mean training
load as well as the SD of training load was calculated during
each week. The daily mean divided by the SD was defined
as the monotony. The product of the weekly training load
and monotony was calculated as strain. The incidence of
simple illness and injury was noted and plotted together with
the indices of training load, monotony, and strain. They
noted the correspondence between spikes in the indices of
training monotony and strain and subsequent illness or injury and thresholds that allowed for optimal explanation of
illnesses were computed (34). The data in this study (34)
were suggested by earlier data by Bruin et al. (11) in race
horses. The horses responded appropriately to progressive
increases in the training load until the normal recovery days
were made harder (e.g., the monotony of training was increased). At this point, the running performance of the
horses deteriorated and the horses demonstrated behavioral
signs consistent with an equine version of OTS (e.g., being
‘‘off their feed,’’ which included loss of appetite, biting their
handlers and kicking their stalls). This finding of a sudden
deterioration of performance with loss of normal regeneration is also consistent with the differences in training program design by coaches versus execution by athletes (36).
One of the disadvantages of the traditional ‘‘paper and
pencil’’ method is that data collection can be complicated,
and that immediate feedback is not always possible. Another
problem is that when athletes are on an international training camp or competition, immediate ‘‘data computing’’ is
not possible. It might therefore be useful to have an ‘‘online’’
training log that has specific features in detecting not only
slight differences in training load but also the subjective
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days of hard training and carbohydrate depletion seem to be
linked to the development of OR, it is tempting to think that
carbohydrate supplementation can reverse the symptoms
(130). In a group of runners who ran 16 to 21 km on a daily
basis for 7 d and treated all those runs as races, performance
dropped significantly when a moderate carbohydrate intake
of 5.5 gIkgj1 body mass per day was maintained (2). The
runners also displayed a range of symptoms indicating that
they were overreached. But when the daily carbohydrate
was increased to 8.5 gIkgj1 body mass per day, the drops in
performance were much smaller and OR symptoms were reduced. Recovery from this week of hard training was more
complete with the high-carbohydrate treatment. In this study,
the dietary intake was strictly controlled and the subjects
were fed to maintain energy balance. In a follow-up study,
subjects received carbohydrate supplements before, during,
and after training sessions, but their dietary intake the rest
of the day was recorded but not controlled (56). In this
study, a group of well-trained cyclists were required to perform 8 d of intensive endurance training (normal training
volume was doubled). This training was performed on two
occasions separated by a washout, or recovery, period of
at least 2 wk. On one occasion, subjects consumed a 2%
carbohydrate solution before, during, and after training (low
CHO), and on the other occasion, subjects consumed a 6.4%
carbohydrate solution before and during training and a 20%
carbohydrate solution after training (high CHO). Total carbohydrate intake was 6.4 gIkgj1 body mass per day with
low CHO and 9.4 gIkgj1 body mass per day with high
CHO. The intensified training protocol induced OR as indicated by a decrease in performance (time to fatigue at
approximately 74% of aerobic capacity), although the decrease in performance was significantly less with high CHO,
suggesting that high-CHO diets can reduce the severity of
OR. Alteration of mood state (assessed by POMS questionnaire) and hormonal disturbances in the response to exercise were also less on high CHO compared with low CHO.
By requiring the subjects to consume supplements that contained a large amount of carbohydrate, the total energy intake
increased as well (13.0 vs 16.5 MJIdj1 for low CHO and
high CHO, respectively). Athletes in hard training seem to
reduce (or not increase) their spontaneous food intake, and
unless they supplement with carbohydrate, they may be in
negative energy balance during periods of intensified training. It also appeared that the amount of carbohydrate ingested during training influenced the length of time needed
for recovery. After 2 wk of recovery (reduced volume and
intensity) from intensified training, performance remained
below that of baseline for the low-CHO treatment, whereas
performance improved compared with baseline after 2 wk
of recovery from intensified training with the high-CHO
condition.
Besides carbohydrate depletion, dehydration and negative energy balance can increase the stress response (increased catecholamines, cortisol, and glucagon, whereas
insulin levels are reduced), which increases the risk of de-
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veloping OR symptoms. Thus, to reduce the symptoms of
OR and reduce the risk of developing OTS during periods of
intensive training, athletes should be encouraged to increase
their fluid, carbohydrate, and energy intake to meet the increased demands. Additional carbohydrate should not be
at the expense of reduced protein intake because there is
some evidence that insufficient protein can also result in increased risk of OR (75). Supplementation with amino acids
(glutamine and branched chain amino acids), however, is not
likely to reduce symptoms of fatigue and OR (97).
Considerations for coaches and physicians. Until
a definitive diagnostic tool for the OTS is present, coaches
and physicians need to rely on performance decrements as
verification that an OTS exists. However, if sophisticated
laboratory techniques are not available, the following considerations may be useful:
 Maintain accurate records of performance during
training and competition. Be willing to adjust daily
training intensity/volume or allow a day of complete
rest, when performance declines, or the athlete complains of excessive fatigue.
 Avoid excessive monotony of training.
 Always individualize the intensity of training.
 Encourage and regularly reinforce optimal nutrition,
hydration status, and sleep.
 Be aware that multiple stressors such as sleep loss or
sleep disturbance (e.g., jet lag), exposure to environmental stressors, occupational pressures, change of
residence, and interpersonal or family difficulties may
add to the stress of physical training.
 Treat OTS with rest. Reduced training may be sufficient for recovery in some cases of OR.
 Resumption of training should be individualized on the
basis of the signs and symptoms because there is no
definitive indicator of recovery.
 Communication with the athletes (maybe through an
online training diary) about their physical, mental, and
emotional concerns is important.
 Include regular psychological questionnaires to evaluate the emotional and psychological state of the athlete.
 Maintain confidentiality regarding each athlete’s condition (physical, clinical and mental).
 Importance of regular health checks performed by a
multidisciplinary team (physician, nutritionist, psychologist, etc.).
 Allow the athlete time to recover after illness/injury.
 Note the occurrence of URTI and other infectious episodes; the athlete should be encouraged to suspend
training or reduce the training intensity when experiencing an infection.
 Always rule out an organic disease in cases of performance decrement.
 Unresolved viral infections are not routinely assessed in
elite athletes, but it may be worth investigating this in
individuals experiencing fatigue and underperformance
in training and competition.
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TABLE 2. Methodological prerequisites for studies of markers for NFOR/OTS.
1. Inclusion of a sufficient number of well-trained subjects
2. Definition of a range of meaningful differences by determination of individual
ranges of normal variations including phases of FOR
3. Inclusion of measures showing the decline of sport-specific performance
(‘‘gold standard’’)
4. Exclusion of medical causes (illnesses) of impaired performance
5. Inclusion of markers measured at rest and/or at submaximal exercise
6. Follow-up after a sufficient duration of recovery before final testing

CONCLUSION
A difficulty with recognizing and conducting research
into athletes with OTS is defining the point at which OTS
develops. Many studies claim to have induced OTS, but it
is more likely that they have induced a state of OR in their
subjects. Consequently, the majority of studies aimed at
identifying markers of ensuing OTS are actually reporting
markers of excessive exercise stress resulting in the acute
condition of OR and not the chronic condition of OTS. The
mechanism of OTS could be difficult to examine in detail
maybe because the stress caused by excessive training load,
in combination with other stressors, might trigger different
‘‘defence mechanisms’’ such as the immunological, neuroendocrine, and other physiological systems that all interact
and probably therefore cannot be pinpointed as the ‘‘sole’’
TABLE 1. Diagnosis of OTS—checklist.
Performance - Fatigue
Is the athlete experiencing the following:
Unexplainable underperformance
Persistent fatigue
Increased sense of effort in training
Sleep disorders
I
Exclusion criteria
Are there confounding diseases?
Anemia
Epstein–Barr virus
Other infectious diseases
Muscle damage (high CK)
Lyme disease
Endocrinological diseases (diabetes, thyroid, adrenal gland, I)
Major disorders of eating behavior
Biological abnormalities (increased erythrocyte sedimentation rate, C-reactive
protein, creatinine, or liver enzymes, decreased ferritin, I)
Injury (musculoskeletal system)
Cardiological symptoms
Adult-onset asthma
Allergies
I
Are there training errors?
Training volume increased (95%) (hIwkj1, kmIwkj1)
Training intensity increased significantly
Training monotony present
High number of competitions
In endurance athletes : decreased performance at ‘ anaerobic’’ threshold
Exposure to environmental stressors (altitude, heat, cold, I)
I
Other confounding factors:
Psychological signs and symptoms (disturbed POMS, RESTQ-Sport, RPE, I)
Social factors (family, relationships, financial, work, coach, team, I)
Recent or multiple time zone travel
I
Exercise test
Are there baseline values to compare with? (performance, heart rate, hormonal,
lactate, I)
Maximal exercise test performance
Submaximal or sport-specific test performance
Multiple performance tests
I

JOINT CONSENSUS STATEMENT—OVERTRAINING SYNDROME

cause of OTS. It might be that as in other syndromes (e.g.,
chronic fatigue syndrome or burnout), the psychoneuroimmunology (study of brain–behavior–immune interrelationships) might shed a light on the possible mechanisms of
OTS, but until there is no definite diagnostic tool, it is of
utmost importance to standardize measures that are now
thought to provide a good inventory of the training status of
the athlete. A primary indicator of OR or OTS is a decrease
in sport-specific performance, and it is very important to
emphasize the need to distinguish OTS from OR and other
potential causes of temporary underperformance such as anemia, acute infection, muscle damage, and insufficient carbohydrate intake.
The physical demands of intensified training are not the
only elements in the development of OTS. It seems that a
complex set of psychological factors are important in the
development of OTS, including excessive expectations from
a coach or family members, competitive stress, personality
structure, social environment, relationships with family and
friends, monotony in training, personal or emotional problems, and school- or work- related demands. Although no
single marker can be taken as an indicator of impending
OTS, the regular monitoring of a combination of performance, physiological, biochemical, immunological, and psychological variables would seem to be the best strategy to
identify athletes who are failing to cope with the stress of
training. We therefore propose a ‘‘check list’’ that might help
the physicians to decide on the diagnosis of OTS and to exclude other possible causes of underperformance (Table 2).
The assistance of Martina Velders and Benjamin Koch, University
of ULM, Germany, is much appreciated.
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ABSTRACT

Sudden cardiac death (SCD) is the leading cause of mortality in athletes during sport. A variety of mostly hereditary,
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tests proposed criteria sets and establishes new evidence to guide reﬁnements. On February 26-27, 2015, an international
group of experts in sports cardiology, inherited cardiac disease, and sports medicine convened in Seattle, Washington, to
update contemporary standards for ECG interpretation in athletes. The objective of the meeting was to deﬁne and revise
ECG interpretation standards based on new and emerging research and to develop a clear guide to the proper evaluation
of ECG abnormalities in athletes. This statement represents an international consensus for ECG interpretation in athletes
and provides expert opinion-based recommendations linking speciﬁc ECG abnormalities and the secondary evaluation for
conditions associated with SCD. (J Am Coll Cardiol 2017;69:1057–75) © 2017 The Authors. Published by Elsevier Inc. on
behalf of American College of Cardiology Foundation. All rights reserved.
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ABBREVIATIONS

INTRODUCTION

thoughtful attention to balance sensitivity and

Cardiovascular-related sudden death is the

checklist of ﬁndings to guide ECG interpretation for

leading cause of mortality in athletes during

physicians and the appropriate evaluation of ECG

sport and exercise (1–3). The majority of

abnormalities. A summary of the consensus recom-

disorders associated with an increased risk of

mendations is presented in Figure 1 and Tables 1 and 2.

speciﬁcity, while maintaining a clear and practical

AND ACRONYMS
ARVC = arrhythmogenic right
ventricular cardiomyopathy

AV = atrioventricular
BrS = Brugada syndrome

sudden cardiac death (SCD) are suggested or

LIMITATIONS. While ECG increases the ability to

identiﬁed by abnormalities on a resting

ECG = electrocardiogram

detect underlying cardiovascular conditions associ-

12-lead ECG. Whether used for the evaluation

HCM = hypertrophic

ated with SCD, ECG as a diagnostic tool has limitations

of cardiovascular-related symptoms, a family

in both sensitivity and speciﬁcity. Speciﬁcally, ECG is

history of inheritable cardiac disease or

unable to detect anomalous coronary arteries, pre-

premature SCD, or for screening of asymp-

mature coronary atherosclerosis, and aortopathies. In

tomatic athletes, ECG interpretation is an

some instances patients with cardiomyopathies,

block

essential skill for all physicians involved in

particularly arrhythmogenic right ventricular cardio-

LGE = late gadolinium

the cardiovascular care of athletes.

myopathy (ARVC), may also reveal a normal ECG.

enhancement

THE 2015 SUMMIT ON ECG INTERPRETATION

Thus, an ECG will not detect all conditions predis-

LQTS = long QT syndrome

IN ATHLETES. Over the last decade, ECG

posing to SCD. Furthermore, inter-observer variability

LVH = left ventricular

interpretation standards have undergone

among physicians remains a major concern (16–18),

hypertrophy

several modiﬁcations to improve the accu-

despite studies demonstrating that using standard-

LVNC = left ventricular

racy of detecting potentially life threatening

ized criteria improves interpretation accuracy (19,20).

DCM = dilated cardiomyopathy

cardiomyopathy

IVCD = intra-ventricular
conduction delay

LBBB = left bundle branch

noncompaction

cardiac conditions in young athletes while

MRI = magnetic resonance

also limiting false positive results (4–15). In

imaging

NORMAL ECG FINDINGS IN ATHLETES

February 2015, an international group of

RBBB = right bundle branch
block

experts convened in Seattle, Washington, to

PHYSIOLOGICAL CARDIAC ADAPTATIONS TO REGULAR

RVH = right ventricular

update contemporary recommendations for

EXERCISE. Regular and long-term participation in

hypertrophy

ECG interpretation in asymptomatic athletes

intensive exercise (minimum of 4 h per week) is

SAECG = signal average

age 12 to 35 years. The goals of the summit

associated with unique electrical manifestations that

electrocardiogram

meeting were to: 1) update ECG interpreta-

reﬂect enlarged cardiac chamber size and increased

SCD = sudden cardiac death

tion standards based on new and emerging

vagal tone. These ECG ﬁndings in athletes are

SVT = supraventricular

research; and 2) develop a clear guide to the

considered normal, physiological adaptations to reg-

tachycardia

appropriate evaluation of ECG abnormalities

ular exercise and do not require further evaluation

TWI = T-wave inversion

for conditions associated with SCD in ath-

(Figure 1, Table 1).

VF = ventricular ﬁbrillation

letes. In the presence of cardiac symptoms or

LEFT AND RIGHT VENTRICULAR HYPERTROPHY. The

VPC = ventricular premature

a family history of inherited cardiovascular

presence of isolated QRS voltage criterion for left

contractions

disease or premature SCD, a normal ECG

ventricular

WPW = Wolf–Parkinson–White

should not preclude further assessment.

not correlate with pathology in athletes and is

document

updated

present in isolation (without other associated ECG

evidence-based recommendations developed with

abnormalities) in <2% of patients with hypertrophic

This

provides

the

most

hypertrophy

(LVH)

(Figure
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F I G U R E 1 International Consensus Standards for Electrocardiographic Interpretation in Athletes

Abnormal ECG Findings

Normal ECG Findings
•
•
•
•

•
•
•
•
•

Increased QRS voltage for
LVH or RVH
Incomplete RBBB
Early repolarization/ST
segment elevation
ST elevation followed by
T wave inversion V1-V4 in
black athletes
T wave inversion V1-V3
age <16 years old
Sinus bradycardia or
arrhythmia
Ectopic atrial or junctional
rhythm
1˚ AV block
Mobitz Type I 2˚ AV block

•
•
•
•
•
•
•
•
•
•

Borderline ECG Findings
•
•
•
•
•

Left axis deviation
Left atrial enlargement
Right axis deviation
Right atrial enlargement
Complete RBBB

In isolation

•
•
•
•
•
•

T wave inversion
ST segment depression
Pathologic Q waves
Complete LBBB
QRS ≥ 140 ms duration
Epsilon wave
Ventricular pre-excitation
Prolonged QT interval
Brugada Type 1 pattern
Profound sinus bradycardia
< 30 bpm
PR interval ≥ 400 ms
Mobitz Type II 2˚ AV block
3˚ AV block
≥ 2 PVCs
Atrial tachyarrhythmias
Ventricular arrhythmias

2 or more

No further evaluation required

Further evaluation required

in asymptomatic athletes with no
family history of inherited cardiac
disease or SCD

to investigate for pathologic
cardiovascular disorders associated
with SCD in athletes

AV ¼ atrioventriular block; LBBB ¼ left bundle branch block; LVH ¼ left ventricular hypertrophy; RBBB ¼ right bundle branch block;
RVH ¼ right ventricular hypertrophy; PVC ¼ premature ventricular contraction; SCD ¼ sudden cardiac death.

cardiomyopathy (HCM) (21–27). Conversely, patho-

in athletes, young individuals, males, and black

logical LVH is commonly associated with additional

ethnicity (32,35–39). Early repolarization consisting of

ECG features such as T-wave inversion (TWI) in the

J-point elevation with concave ST-segment elevation

inferior and lateral leads, ST-segment depression,

and a peaked TWI (Figure 2) is present in up to 45% of

and pathological Q waves (28,29). Therefore, the iso-

Caucasian athletes and 63% to 91% of black athletes of

lated presence of high QRS voltages fulﬁlling voltage

African-Caribbean descent (hereto referred to as

criterion for LVH in the absence of other ECG or

‘black’ athletes) (22,30).

clinical markers suggestive of pathology are consid-

Some studies on survivors of cardiac arrest and pa-

ered part of normal and training-related ECG changes

tients with primary ventricular ﬁbrillation (VF) have

in athletes and does not require further evaluation.

suggested an association between early repolarization

Voltage criterion for right ventricular hypertrophy

and the risk of VF (33,40). Although further studies are

(RVH) is also common in athletes with up to 13% of

warranted to fully elucidate the mechanisms and

athletes fulﬁlling the Sokolow–Lyon index (30,31). QRS

prognostic implications of early repolarization in

voltages for RVH, when present in isolation, do not

competitive athletes, to date there are no data to sup-

correlate with underlying pathology in athletes (31).

port an association between inferior early repolariza-

Similar to voltage criteria for LVH, isolated QRS voltage

tion and SCD in athletes. Based on current evidence, all

for RVH is part of the normal spectrum of ECG ﬁndings

patterns of early repolarization, when present in

in athletes and does not require further evaluation.

isolation and without clinical markers of pathology,

repolarization is

should be considered benign variants in athletes (41).

deﬁned as elevation of the QRS-ST junction (J-point)

REPOLARIZATION FINDINGS IN BLACK ATHLETES.

by $ 0.1 mV often associated with a late QRS slurring or

Ethnicity is a major determinant of cardiac adaptation

notching (J-wave) affecting the inferior and/or lateral

to exercise with more than two-thirds of black athletes

leads (32–34). Early repolarization is common in

exhibiting repolarization changes (29,30,42,43). Black

healthy populations (2% to 44%) and is more prevalent

athletes also commonly demonstrate a repolarization

EARLY

REPOLARIZATION. Early
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T A B L E 1 International Consensus Standards for Electrocardiographic Interpretation in Athletes: Deﬁnitions of ECG Criteria

Abnormal ECG ﬁndings in athletes
These ECG ﬁndings are unrelated to regular training or expected physiologic adaptation to exercise, may suggest the presence of pathologic
cardiovascular disease, and require further diagnostic investigation.
ECG abnormality

Deﬁnition

 Lateral
 Inferolateral
 Inferior

$1 mm in depth in two or more contiguous leads; excludes leads aVR, III, and V1
 V 2 –V 4
– excludes: black athletes with J-point elevation and convex ST-segment elevation followed by
TWI in V 2–V 4; athletes age <16 with TWI in V 1–V3; and biphasic T waves in only V3
 I and AVL, V5 and/or V6 (only one lead of TWI required in V5 or V 6 )
 II and aVF, V 5 –V 6 , I and AVL
 II and aVF

T wave inversion
 Anterior

ST-segment depression

$0.5 mm in depth in two or more contiguous leads

Pathologic Q waves

Q/R ratio $0.25 or $40 ms in duration in two or more leads (excluding III and aVR)

Complete left bundle branch block

QRS $120 ms, predominantly negative QRS complex in lead V1 (QS or rS), and upright notched or slurred
R wave in leads I and V6

Profound nonspeciﬁc intra-ventricular
conduction delay

Any QRS duration $140 ms

Epsilon wave

Distinct low amplitude signal (small positive deﬂection or notch) between the end of the QRS complex and
onset of the T-wave in leads V1–V3

Ventricular pre-excitation

PR interval <120 ms with a delta wave (slurred upstroke in the QRS complex) and wide QRS ($120 ms)

Prolonged QT interval*

QTc $470 ms (male)
QTc $480 ms (female)
QTc $500 ms (marked QT prolongation)

Brugada Type 1 pattern

Coved pattern: initial ST-segment elevation $2 mm (high take-off) with downsloping ST-segment elevation
followed by a negative symmetric T-wave in $ 1 leads in V1–V3

Profound sinus bradycardia

<30 beats/min or sinus pauses $3 s

Profound 1 AV block

$400 ms

Mobitz Type II 2 AV block

Intermittently non-conducted P waves with a ﬁxed PR interval

3 AV block

Complete heart block

Atrial tachyarrhythmias

Supraventricular tachycardia, atrial ﬁbrillation, atrial ﬂutter

PVC

$2 PVCs per 10 s tracing

Ventricular arrhythmias

Couplets, triplets, and non-sustained ventricular tachycardia

Borderline ECG ﬁndings in athletes
These ECG ﬁndings in isolation likely do not represent pathologic cardiovascular disease in athletes, but the presence of two or more borderline
ﬁndings may warrant additional investigation until further data become available.
ECG abnormality

Deﬁnition

30 to

Left axis deviation

90

Left atrial enlargement

Prolonged P wave duration of >120 ms in leads I or II with negative portion of the P-wave $1 mm in depth
and $40 ms in duration in lead V1

Right axis deviation

>120

Right atrial enlargement

P-wave $2.5 mm in II, III, or aVF

Complete right bundle branch block

rSR0 pattern in lead V1 and a S wave wider than R wave in lead V6 with QRS duration $120 ms
Continued on the next page

variant consisting of J-point elevation and convex

10%–15% of white, adolescent athletes aged 12 years

ST-segment elevation in the anterior leads (V1 to V4 )

old but only in 2.5% of white athletes age 14 to

followed by TWI (Figures 3, 4B, and 4C) which is

15 years (Figure 4A) (22,45,46). Anterior TWI that

regarded as a normal variant and should not result in

extends beyond lead V 2 is rare (0.1%) in white

further investigation, in the absence of other clinical

athletes age $16 years or younger athletes who have

or ECG features of cardiomyopathy (30,42–44).

completed puberty (22,45). Based on current evi-

CONSIDERATIONS IN ATHLETES AGE 12 TO 16 YEARS:

dence, TWI in the anterior leads (V 1 to V3) in adoles-

THE

PATTERN.

cent athletes <16 years of age should not prompt

TWI conﬁned to the anterior precordial leads may be

further evaluation in the absence of symptoms, signs,

considered a normal age-related pattern in adolescent

or a family history of cardiac disease.

athletes up to the age of 16 years old. The term

PHYSIOLOGICAL ARRHYTHMIAS IN ATHLETES. Common

‘juvenile’ ECG pattern is used to denote TWI or a

consequences of increased vagal tone include sinus

biphasic T-wave beyond lead V 2 in adolescents who

bradycardia and sinus arrhythmia (22,47–49). Other,

have not reached physical maturity and is present in

less common markers of increased vagal tone are

‘JUVENILE’

ELECTROCARDIOGRAM
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T A B L E 1 Continued

Normal ECG ﬁndings in athletes
These training-related ECG alterations are physiologic adaptations to regular exercise, considered normal variants in athletes, and do not require
further evaluation in asymptomatic athletes with no signiﬁcant family history.
Normal ECG ﬁnding

Deﬁnition

Increased QRS voltage

Isolated QRS voltage criteria for left (SV1 þ RV5 or RV6 >3.5 mV) or right ventricular hypertrophy
(RV1 þ SV5 or SV6 >1.1 mV)

Incomplete RBBB

rSR0 pattern in lead V1 and a qRS pattern in lead V6 with QRS duration <120 ms

Early repolarization

J-point elevation, ST-segment elevation, J waves, or terminal QRS slurring in the inferior and/or lateral leads

Black athlete repolarization variant

J-point elevation and convex (‘domed’) ST-segment elevation followed by T-wave inversion in leads V1–V4
in black athletes

Juvenile T-wave pattern

T-wave inversion V1–V3 in athletes age <16 yrs

Sinus bradycardia

$30 beats/min

Sinus arrhythmia

Heart rate variation with respiration: rate increases during inspiration and decreases during expiration

Ectopic atrial rhythm

P waves are a different morphology compared with the sinus P-wave, such as negative P waves in the
inferior leads (‘low atrial rhythm’)

Junctional escape rhythm

QRS rate is faster than the resting P-wave or sinus rate and typically <100 beats/min with narrow QRS
complex unless the baseline QRS is conducted with aberrancy

1 AV block

PR interval 200–400 ms

Mobitz Type I (Wenckebach)
2 AV block

PR interval progressively lengthens until there is a non-conducted P-wave with no QRS complex; the ﬁrst
PR interval after the dropped beat is shorter than the last conducted PR interval

*The QT interval corrected for heart rate is ideally measured using Bazett’s formula with heart rates between 60 and 90 beats/min; preferably performed manually in lead II or
V5 using the teach-the-tangent method1 to avoid inclusion of a U-wave (please see text for more details). Consider repeating the ECG after mild aerobic activity for a heart rate
<50 beats/min, or repeating the ECG after a longer resting period for a heart rate >100 beats/min, if the QTc value is borderline or abnormal.
AV ¼ atrioventricular block; ECG ¼ electrocardiogram; PVC ¼ premature ventricular contraction; RBBB ¼ right bundle branch block.

junctional or ectopic atrial rhythms, ﬁrst degree atrio-

common in young athletes, the signiﬁcance of com-

ventricular (AV) block, and Mobitz Type I second de-

plete RBBB is less certain. Complete RBBB is detected

gree AV block (Wenckebach phenomenon) (22,47,50).

in approximately 1% of the general population and

In the absence of symptoms, heart rates $ 30 beats/min

large datasets in young adult athletes reveal a prev-

are considered normal in highly trained athletes.

alence of 0.5% to 2.5% (12,52–54). In a study of 510

Sinus rhythm should resume and bradycardia should

U.S. collegiate athletes, RBBB was reported in 2.5%

resolve with the onset of physical activity.

and compared with athletes with normal QRS complexes or incomplete RBBB, athletes with complete

BORDERLINE ELECTROCARDIOGRAM

RBBB exhibited larger right ventricular dimensions

FINDINGS IN ATHLETES

and a lower right ventricular ejection fraction but

Recent data suggest that some ECG ﬁndings previously categorized as abnormal may represent normal
variants

or

the

result

of

physiological

cardiac

remodeling in athletes and do not usually represent
pathological cardiac disease. These ECG ﬁndings have
been categorized as ‘borderline’ ﬁndings in athletes
(Figure 1, Table 1).

preserved fractional area change (55). None of the
athletes with complete RBBB or incomplete RBBB was
found to have pathological structural cardiac disease.
These patterns among trained athletes could represent a spectrum of structural and physiological
cardiac remodeling characterized by RV dilation with
resultant QRS prolongation and a relative reduction
in the RV systolic function at rest (55).

AXIS DEVIATION AND VOLTAGE CRITERIA FOR

Based on the aforementioned considerations, left

ATRIAL ENLARGEMENT. Axis deviation and voltage

axis deviation, left atrial enlargement, right axis

criteria for atrial enlargement account for >40% of

deviation and right atrial enlargement and complete

abnormal ECG patterns in athletes but do not correlate

RBBB are considered borderline variants in athletes.

with cardiac pathology (51). In a large study of 2,533

The presence of any one of these ﬁndings in isolation

athletes age 14 to 35 years old and 9,997 controls of

or with other recognized physiological electrical pat-

similar age, echocardiographic evaluation of the 579

terns of athletic training does not warrant further

athletes and controls with isolated axis deviation or

assessment in asymptomatic athletes without a fam-

voltage criteria for atrial enlargement failed to identify

ily history of premature cardiac disease or SCD.

any major structural or functional abnormalities (51).

Conversely, the presence of more than one of these

COMPLETE RIGHT BUNDLE BRANCH BLOCK. Although

borderline ﬁndings places the athlete in the abnormal

incomplete right bundle branch block (RBBB) is

category warranting additional investigation.
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T A B L E 2 Evaluation of Electrocardiographic Abnormalities

ECG Abnormality

Potential Cardiac Disease*

Recommended Evaluation†

Considerations

T-wave inversion in the lateral
or inferolateral leads

HCM
DCM
LVNC
ARVC (with predominant
LV involvement)
Myocarditis

Echocardiography
CMR
Exercise ECG test
Minimum 24 h ECG monitor

Lateral or inferolateral T wave inversion is common in primary
myocardial disease. CMR should be a routine diagnostic
test for this ECG phenotype and is superior to
echocardiography for detecting apical HCM, LVH localized
to the free lateral wall, ARVC with predominant left
ventricular involvement, and myocarditis.
If CMR is not available, echocardiography with contrast should
be considered as an alternative investigation for apical
HCM in patients with deep T wave inversion in leads V5–V6.
Consider family evaluation if available and genetic screening.
Annual follow-up testing is recommended throughout athletic
career in athletes with normal results.

T-wave inversion isolated to the
inferior leads

HCM
DCM
LVNC
Myocarditis

Echocardiography

Consider CMR based on echocardiography ﬁndings or
clinical suspicion.

T-wave inversion in the anterior
leads‡

ARVC
DCM

Echocardiography
CMR
Exercise ECG test
Minimum 24 h ECG monitor
SAECG

The extent of investigations may vary based on clinical
suspicion for ARVC and results from initial testing.

ST-segment depression

HCM
DCM
LVNC
ARVC
Myocarditis

Echocardiography

Consider CMR and additional testing based on
echocardiography ﬁndings or clinical suspicion.

Pathologic Q waves

HCM
DCM
LVNC
Myocarditis
Prior MI

Echocardiography
CAD risk factor assessment
Repeat ECG for septal (V1–V2) QS
pattern; above investigations
recommended if septal Q waves are
persistent

Consider CMR (with perfusion study if available) based on
echocardiography ﬁndings or clinical suspicion.
In the absence of CMR, consider exercise stress testing,
dobutamine stress echocardiogram, or a myocardial
perfusion scan for evaluation of coronary artery disease in
athletes with suspicion of prior MI or multiple risk factors
for CAD.

Complete left bundle branch
block

DCM
HCM
LVNC
Sarcoidosis
Myocarditis

Echocardiography
CMR (with stress perfusion study)§

A comprehensive cardiac evaluation to rule out myocardial
disease should be considered.

Profound nonspeciﬁc
intraventricular conduction
delay $140 ms

DCM
HCM
LVNC

Echocardiography

Consider additional testing based on echocardiography
ﬁndings or clinical suspicion.

Epsilon wave

ARVC

Echocardiography
CMR
Exercise ECG test
Minimum 24 h ECG monitor
SAECG

An epsilon wave in leads V1-V3 is a highly speciﬁc ECG maker
and a major diagnostic criterion for ARVC.

Multiple premature ventricular
contractions

HCM
DCM
LVNC
ARVC
Myocarditis
Sarcoidosis

Echocardiography
24 h ECG monitor
Exercise ECG test

If >2,000 PVC’s or non-sustained ventricular tachycardia are
present on initial testing, comprehensive cardiac testing
inclusive of CMR is warranted to investigate for myocardial
disease.
Consider signal averaged ECG (SAECG).

Ventricular pre-excitation

WPW

Exercise ECG test
Echocardiography

Abrupt cessation of the delta wave (pre-excitation) on exercise
ECG denotes a low risk pathway.
EP study for risk assessment should be considered if a low risk
accessory pathway cannot be conﬁrmed by non-invasive
testing.
Consider EP study for moderate to high intensity sports.

Prolonged QTc

LQTS

Repeat resting ECG on separate day
Review for QT prolonging medication
Acquire ECG of 1st degree relatives if
possible

Consider exercise ECG test, laboratory (electrolyte) screening,
family screening and genetic testing when clinical suspicion
is high.
Consider direct referral to a heart rhythm specialist or sports
cardiologist for a QTc $500 ms.

Brugada Type 1 pattern

Brugada syndrome

Referral to cardiologist or heart
rhythm specialist

Consider high precordial lead ECG with leads V1 and V2 in 2nd
intercostal space or sodium channel blockade if Brugada
pattern is indeterminate.
Consider genetic testing and family screening.

Profound sinus bradycardia <30
beats/min

Myocardial or electrical
disease

Repeat ECG after mild aerobic activity

Consider additional testing based on clinical suspicion.

Profound 1 atrioventricular
block $400 ms

Myocardial or electrical
disease

Repeat ECG after mild aerobic activity
Exercise ECG test

Consider additional testing based on clinical suspicion.
Continued on the next page

JACC VOL. 69, NO. 8, 2017

Sharma et al.

FEBRUARY 28, 2017:1057–75

1063

International Recommendations for Electrocardiographic Interpretation

T A B L E 2 Continued

ECG Abnormality

Potential Cardiac Disease*

Recommended Evaluation†

Considerations

Advanced 2 or 3
atrioventricular block

Myocardial or electrical
disease

Echocardiography
Minimum 24 h ECG monitor
Exercise ECG test

Consider laboratory screening and CMR based on
echocardiography ﬁndings.

Atrial tachyarrhythmias

Myocardial or electrical
disease

Echocardiography
Minimum 24 h ECG monitor
Exercise ECG test

Consider CMR or EP study based on clinical suspicion.

Ventricular arrhythmiask

Myocardial or electrical
disease

Echocardiography
CMR
Minimum 24 h ECG monitor
Exercise ECG test

A comprehensive cardiac evaluation to rule out myocardial
disease and primary electrical disease should be
considered.

Two or more borderline ECG
ﬁndings

Myocardial disease

Echocardiography

Consider additional testing based on clinical suspicion.

*This list of disorders for each ECG abnormality represents the primary cardiac disorders of concern and is not intended to be exhaustive. †Initial evaluation of ECG abnormalities should be performed under
the direction of a cardiologist. Additional testing will be guided by initial ﬁndings and clinical suspicion based on the presence of symptoms or a family history of inherited cardiac disease or SCD. ‡Excludes
black athlete repolarization variant and juvenile pattern in adolescents < 16 years. §CT coronary angiography if stress perfusion with CMR is unavailable. kIncludes couplets, triplets, accelerated ventricular
rhythm, and non-sustained ventricular tachycardia.
ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; CAD ¼ coronary artery disease; CMR ¼ cardiovascular magnetic resonance; DCM ¼ dilated cardiomyopathy; ECG ¼ electrocadiogram;
EP ¼ electrophysiological; HCM ¼ hypertrophic cardiomyopathy; LQTS ¼ long QT syndrome; LVNC ¼ left ventricular noncompaction; MI ¼ myocardial infarction; PVC ¼ premature ventricular contraction;
SAECG ¼ signal averaged electrocadiogram; WPW ¼ Wolff Parkinson White syndrome.

ABNORMAL ELECTROCARDIOGRAM

inferolateral leads is associated with the presence of

FINDINGS IN ATHLETES

quiescent cardiomyopathy in a considerable proportion of athletes (30,62–64). Recommendations for the

The abnormal ﬁndings deﬁned in this section are not

evaluation of abnormal TWI and other clinical con-

recognized features of athletic training and always

siderations are presented in Table 2.

require further assessment to exclude the presence of

TWI affecting the lateral leads (V 5 to V6 , I and aVL)

intrinsic cardiac disease (Figure 1, Tables 1 and 2).

(Figure 4E) should prompt a comprehensive investi-

Temporary restriction from athletic activity should

gation to exclude cardiomyopathy. If echocardiogra-

be considered for athletes with abnormal ECGs of

phy is not diagnostic, cardiac magnetic resonance

uncertain clinical signiﬁcance until secondary in-

imaging (MRI) with gadolinium should be utilized.

vestigations are completed.

Cardiac

ABNORMAL T-WAVE INVERSION. TWI $1 mm in

depth in two or more contiguous leads (excluding
leads aVR, III, and V1 ) in an anterior, lateral, inferolateral, or inferior territory is abnormal and should
prompt further evaluation for underlying structural
heart disease (Tables 1 and 2). Normal exceptions
include TWI conﬁned to leads V 1–V4 in black athletes
when preceded by J point and/or ST-segment elevation, and TWI in leads V1 –V3 in athletes aged < 16 years.

MRI

provides

superior

assessment

of

myocardial hypertrophy, especially the left ventricular apex and the lateral free wall and may also
demonstrate late gadolinium enhancement (LGE), a
non-speciﬁc marker suggesting myocardial ﬁbrosis. If
cardiac MRI is not available, echocardiography with
contrast should be considered. Exercise ECG testing
and Holter monitoring also should be considered in
the evaluation of lateral or inferolateral TWI, especially for athletes with ‘grey zone’ hypertrophy
(males with maximal LV wall thickness 13 to 16 mm)

CLINICAL CONSIDERATIONS. The relationship between

without LGE, where the diagnosis of HCM remains

abnormal TWI and several forms of structural heart

uncertain. In such cases, the presence of ventricular

disease is well documented (56). TWI in the inferior or

tachycardia during exercise or Holter may support

lateral leads is common in HCM (56–59). Whereas TWI

HCM and is also useful in risk stratiﬁcation (65).

in the right precordial leads (V 1 to V 3) or beyond in the

For athletes with lateral or inferolateral TWI, reg-

absence of a complete RBBB is common in ARVC

ular follow-up with serial cardiac imaging is neces-

(Figure 4D) (60,61).

sary even when the initial evaluation is normal, in

There are no data relating to the signiﬁcance of

order to monitor for the development of a cardio-

ﬂat or biphasic T-waves in athletes but similar to

myopathy phenotype (62,63).

TWI, this panel would recommend further evaluation

Anterior T-wave inversion. Anterior TWI is a normal

of biphasic T-waves where the negative portion is

variant in asymptomatic adolescent athletes age

$1 mm in depth in $2 leads.

<16 years, in black athletes when preceded by J-point

E v a l u a t i o n . Lateral or inferolateral T-wave inversion.

elevation and convex ST-segment elevation, and in

There is mounting evidence that TWI in the lateral or

some endurance athletes (66,67). However, anterior
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F I G U R E 2 Early Repolarization Changes in an Athlete

Electrocardiogram of a 29-year-old male asymptomatic soccer player showing sinus bradycardia (44 beats/min), early repolarization in I, II, aVF, V2 to V6 (arrows),
voltage criterion for left ventricular hypertrophy (S-V1 þ R-V5 >35 mm), and tall, peaked T waves (circles). These are common, training related ﬁndings in athletes and
do not require more evaluation.

TWI in leads V 1 to V 2 /V 3 also is a recognized pattern in
patients with ARVC and rarely HCM.

TWI, the combination of J-point elevation $ 1 mm and
TWI conﬁned to leads V 1 to V4 excluded either car-

There are discrepancies among existing guidelines

diomyopathy with 100% negative predictive value,

relating to the extent of anterior TWI inversion before

regardless of ethnicity (66). Conversely, anterior TWI

considering further investigations (5,6,14,29). A large

associated with minimal or absent J-point elevation

study of over 14,000 white adults age 16 to 35 years old,

(<1 mm) could reﬂect a cardiomyopathy (66). These

including over 2,500 athletes showed that anterior TWI

data require duplication in larger studies but may

had a prevalence of 2.3% (68). Anterior TWI was more

prove useful in the assessment of a small proportion

common in females and athletes and was conﬁned

of white endurance athletes who exhibit anterior TWI

to leads V 1 to V2 in almost all individuals, and only

and in athletes of black/mixed ethnicity (69).

exceeded beyond V2 in 1% of females and 0.2% of males

In most non-black athletes age $16 years, anterior

(68). None of the individuals with anterior TWI were

TWI beyond lead V2 should prompt further evaluation

diagnosed with a cardiomyopathy following compre-

given the potential overlap with ARVC. In these

hensive investigation indicating that this particular

athletes, concurrent ﬁndings of J-point elevation,

ECG pattern is non-speciﬁc in low-risk populations.

ST-segment elevation, or biphasic T waves more

Based on this report, it is justiﬁable to only investigate

likely represents athlete’s heart, while the absence of

non-black athletes with anterior TWI beyond V2 in the

J-point elevation or a coexistent depressed ST-

absence of other clinical or electrical features of ARVC.

segment is more concerning for ARVC (Figure 5) (66)

Speciﬁc information about the J-point and pre-

Other ECG ﬁndings suggestive of ARVC include low

ceding ST-segment may help differentiate between

limb lead voltages, prolonged S wave upstroke, ven-

physiological adaptation and cardiomyopathy in

tricular ectopy with LBBB morphology, and epsilon

athletes with anterior TWI affecting leads V3 and/or

waves (61). A combination of tests is needed to di-

V4 . A recent study comparing anterior TWI in a series

agnose ARVC including echocardiography, cardiac

of black and white healthy athletes, and patients with

MRI, Holter monitoring, exercise ECG test, and signal

HCM and ARVC, showed that in athletes with anterior

averaged ECG.
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F I G U R E 3 Anterior Repolarization Changes in a Black Athlete

Electrocardiogram from a black athlete demonstrating voltage criterion for left ventricular hypertrophy, J-point elevation, and convex (‘domed’) ST-segment elevation
followed by T-wave inversion in V1 to V4 (circles). This is a normal repolarization pattern in black athletes.

Inferior T-wave inversion. The signiﬁcance of TWI

exaggerated (deep or wide) Q waves or unexpected Q

conﬁned to the inferior leads is unknown. However,

waves in atypical leads (28,56). Pathological Q waves

this ﬁnding cannot be attributed to physiological

also may be a result of lead misplacement. In partic-

remodeling and thus warrants further investigation

ular, a pseudo-septal infarct pattern with pathological

with, at minimum, an echocardiogram. Cardiac MRI

Q waves in leads V 1 to V 2 is commonly due to high-

should be considered based on the echocardiographic

lead placement relative to cardiac position (72).

ﬁndings or clinical suspicion.
ST-SEGMENT

Pathological Q waves have been reported in

DEPRESSION. While

ST-segment

depression is common among patients with cardiomyopathy, it is not a feature of athletic training
(28,59,70,71). ST-segment depression (relative to the
isoelectric PR segment) in excess of 0.05 mV (0.5 mm)
in two or more leads should be considered an
abnormal ﬁnding requiring deﬁnitive evaluation for
underlying structural heart disease.
E v a l u a t i o n . Echocardiography

is

the

minimum

evaluation for athletes with ST-segment depression
to investigate for underlying cardiomyopathy. Cardiac MRI should be considered based on the echocardiographic ﬁndings or clinical suspicion.

higher in males and black athletes (29,73). For
asymptomatic athletes, pathological Q waves were
previously deﬁned as >3 mm in depth or >40 ms in
duration in two or more leads (except III and aVR)
(6,10). In practice, however, this criterion is a common source of false positive ECG results as trained
athletes with physiological LVH and thin adolescent
athletes may have increased precordial voltages and
deep lateral or inferior Q waves.
The use of a Q/R ratio overcomes some of
these issues by normalizing Q wave depth to the
degree of proceeding R-wave voltage. Case control
analyses of athletes and HCM patients suggest

pathological

that this will decrease the false positive rate

disorders including HCM, ARVC, inﬁltrative myocar-

without compromising sensitivity for the detection of

PATHOLOGICAL

Q

WAVES. Several

approximately 1% to 2% of all athletes, and may be

dial diseases, accessory pathways and transmural

cardiomyopathy (29,74). Thus, this consensus panel

myocardial infarction can lead to the development of

has modiﬁed the deﬁnition for pathological Q waves
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F I G U R E 4 Normal and Abnormal Patterns of T-Wave Inversion

(A) Anterior T-wave inversion in V1 to V3 in a 12-year-old asymptomatic athlete without a family history of sudden cardiac death considered a normal ‘juvenile’ pattern.
(B) T-wave inversion in V1 to V4 in a 17-year-old asymptomatic mixed race (Middle-Eastern/black) athlete without a family history of sudden cardiac death. This is a
normal repolarization pattern in black athletes. (C) Biphasic T-wave inversion in V3 in a 31-year-old asymptomatic black athlete without a family history of sudden
cardiac death. Anterior biphasic T waves are considered normal in adolescents <16 years old and in adults when found in a single lead, most commonly V3.
(D) Abnormal T-wave inversion in V1 to V6 in an adult symptomatic former soccer player with genetically conﬁrmed arrhythmogenic right ventricular cardiomyopathy
and a positive family history of sudden cardiac death (brother died at 26 years of age). (E) Inferolateral T-wave inversion in leads I, II, III, aVF, V2 to V6, and ST-segment
depression in leads II, aVF, V4 to V6 in a 31-year-old asymptomatic professional soccer referee. These markedly abnormal ﬁndings require a comprehensive evaluation
to exclude cardiomyopathy. (F) An electrocardiogram demonstrating the Type 1 Brugada pattern with high take-off ST-segment elevation $ 2 mm with downsloping
ST-segment elevation followed by a negative symmetric T wave in V1 to V2.

in athletes as a Q/R ratio $0.25 or $40 ms in duration

concerning clinical ﬁndings or ECG abnormalities, no

in two or more contiguous leads (except III and aVR).

additional testing is generally necessary. However, if

E v a l u a t i o n . An ECG with abnormal Q waves should be

there is a high index of clinical suspicion, additional

carefully examined for the possibility of an accessory

evaluation with cardiac MRI should be considered. In

pathway. If the pathological Q waves are isolated to

athlete’s age $30 years with suspicion of prior

leads V 1 to V2, the ECG should be repeated, including

myocardial infarction or risk factors for coronary artery

re-placing the ECG leads to ensure proper positioning.

disease (CAD), stress testing may be warranted.

Persistence of pathological Q waves in two or more
contiguous leads warrants further investigation with

COMPLETE LEFT BUNDLE BRANCH BLOCK. LBBB is

echocardiography to exclude cardiomyopathy. If the

found in <1 in 1,000 athletes but is common in pa-

echocardiogram is normal and there are no other

tients with cardiomyopathy and ischemic heart
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F I G U R E 5 Examples of Physiological and Pathological T-Wave Inversion

(A) T-wave inversion in V1 to V4 preceded by J-point elevation and convex ‘domed’ ST-segment elevation (green circles). This should not be
confused with pathological T-wave inversion (B) which demonstrates T-wave inversion in V1 to V6 with absent J-point elevation and a
downsloping ST-segment (red circles).

disease (9,28,59,75,76). Thus, complete LBBB always

nonspeciﬁc IVCD $140 ms in athletes, regardless of

should be considered an abnormal ﬁnding and

QRS morphology, is abnormal and should prompt

requires a comprehensive evaluation to rule out a

further evaluation.

pathological cardiac disorder.

E v a l u a t i o n . In asymptomatic athletes with profound

E v a l u a t i o n . Athletes with complete LBBB require a

non-speciﬁc IVCD, an echocardiogram is recom-

thorough

disease

mended to evaluate for myocardial disease. Other

including echocardiography and a cardiac MRI with

testing may be indicated depending on echocardio-

investigation

for

myocardial

perfusion study.
PROFOUND

graphic ﬁndings or clinical suspicion.

NON-SPECIFIC

INTRA-VENTRICULAR

PRE-EXCITATION. Ventricular

pre-

studies of

excitation occurs when an accessory pathway by-

nonspeciﬁc intra-ventricular conduction delay (IVCD)

passes the AV node resulting in abnormal conduction

in the general population have shown an increased

to the ventricle (pre-excitation) with shortening of the

risk of cardiovascular death and have been docu-

PR interval and widening of the QRS. This is evident

CONDUCTION

DELAY. Epidemiological

VENTRICULAR

mented among patients with cardiomyopathy (77,78).

on the ECG as the Wolf–Parkinson–White (WPW)

The signiﬁcance of non-speciﬁc IVCD with normal

pattern deﬁned as a PR interval <120 ms, the presence

QRS morphology in healthy, asymptomatic athletes is

of a delta wave (slurring of the initial QRS), and a QRS

uncertain (79). The physiology underlying IVCD in

duration >120 ms (81). The WPW pattern occurs in up

athletes remains incompletely understood but likely

to 1 in 250 athletes (9,12,52,82). The presence of an

includes some combination of neurally mediated

accessory pathway can predispose an athlete to sud-

conduction ﬁber slowing and increased myocardial

den death because rapid conduction of atrial ﬁbrilla-

mass. In patients with LVH, left ventricular mass

tion across the accessory pathway can result in VF.
E v a l u a t i o n . A short PR interval in isolation without a

seems to be closely related to QRS duration (80).
While the exact cut-off to trigger more investiga-

widened QRS or delta wave in an asymptomatic athlete

tion in athletes with a nonspeciﬁc IVCD remains

should not be considered for further assessment. The

unclear,

WPW pattern warrants further assessment of the

this

panel

recommends

that

marked
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refractory period of the accessory pathway. Non-

2. Bazett’s formula underestimates the QTc at heart

invasive risk stratiﬁcation begins with an exercise

rates <50 beats/min, and overestimates the QTc at

stress

of

heart rates >90 beats/min. Accordingly, for a

pre-excitation at higher heart rates suggests a low-risk

heart rate <50 beats/min, a repeat ECG after mild

accessory

echocardiogram

aerobic activity is recommended to achieve a

also should be considered due to the association of

heart rate closer to 60 beats/min. For heart rates

WPW with Ebstein’s anomaly and cardiomyopathy.

>90 beats/min, a repeat ECG after additional

test,

where

pathway

abrupt,
(83,84).

complete
An

loss

Intermittent pre-excitation during sinus rhythm on
a resting ECG is also consistent with a low-risk pathway

resting time may help achieve a lower heart rate.
3. If sinus arrhythmia is present with beat to beat

and may obviate the need for an exercise test (85). If

variation in heart rate, an average QT interval and

non-invasive testing cannot conﬁrm a low-risk

average RR interval should be used.

pathway or is inconclusive, an electrophysiological
study should be considered to determine the shortest

4. Leads II and V 5 usually provide the best delineation of the T-wave.

pre-excited RR interval during atrial ﬁbrillation (83). If

5. Low amplitude U waves, which are common in the

the shortest pre-excited RR interval is #250 ms (240

anterior precordial leads, should not be included in

beats/min), then the accessory pathway is deemed high

the QT calculation. The ‘Teach-the-Tangent’ or

risk and transcatheter ablation is recommended

‘Avoid-the-Tail’ method to delineate the end of the

(83,86). Some physicians may choose to subject all
competitive athletes involved in moderate or highintensity

sport

to

electrophysiological

T-wave should be followed (Figure 6) (96).
6. The morphology of the T-wave, not just the length

studies

of the QT interval, also can suggest the presence of

irrespective of the results of the exercise test or 24 h

LQTS (98). For instance, a notched T-wave in the

ECG on the premise that high catecholamine concen-

lateral precordial leads where the amplitude of the

trations during very intensive exercise may modify

second portion of the T-wave following the notch

the refractory period of an accessory pathway in

is greater than the ﬁrst portion of the T-wave may

a fashion that cannot be reproduced during laboratory

represent LQT-2 even in the absence of overt QT

tests.

prolongation.

PROLONGED QT INTERVAL. Congenital

long QT

syndrome (LQTS) is a potentially lethal, genetically
mediated ventricular arrhythmia syndrome with the
hallmark electrocardiographic feature of QT prolongation. LQTS is estimated to affect 1 in 2,000 individuals, and this may be underestimated given the
subpopulation of so-called ‘normal QT interval’ or
‘concealed’ LQTS (87). Autopsy negative sudden
unexplained death represents 25% to 40% of sudden
unexpected deaths in persons under age 40 years
(3,88–90). In such cases, cardiac ion channelopathies
have

been

implicated

by

post-mortem

genetic

testing as the probable cause in up to 25% to 40% of
cases (91–94).
C a l c u l a t i n g t h e c o r r e c t e d Q T i n t e r v a l . Accurate
measurement and manual conﬁrmation of the computer derived QT interval corrected for heart rate
(QTc) is critical as the accuracy of computer generated
QTc values is about 90% to 95%. Studies have suggested the ability of cardiologists to accurately measure the QTc is suboptimal (95). However, accurate
assessment of the QTc can be achieved by adhering to
the following six principles (96):
1. Use Bazett’s heart rate correction formula (QTc ¼

The easiest and most efﬁcient way to conﬁrm the
computer-derived QTc is to examine lead II and/or
V 5 and determine if the manually measured QT interval matches the computer’s QT measurement. If
there is concordance within about 10 ms, one can
trust that the computer can derive accurately an
average RR interval and complete the Bazett’s
calculation. If, however, the manually measured QT
interval is >10 ms different than the computer’s QT
measurement, an average RR interval should be
determined and the QTc recalculated using the
Bazett’s formula.
C o r r e c t e d Q T c u t - o f f s . Given the overlap between
QTc distributions in population-derived cohorts of
healthy individuals compared with patients with
genetically conﬁrmed LQTS, the QTc cut-off value
compelling further evaluation must be chosen carefully to balance the frequency of abnormal results and
the positive predictive value for LQTS.
Recent consensus statements on ECG interpretation in athletes have recommended that male athletes
with a QTc $470 ms and female athletes with a
QTc $480 ms undergo further evaluation for LQTS to
better balance false positive and false negative ﬁnd-

QT/ORR; note the RR interval is measured in sec-

ings (6,10). These cut-off values are around the

onds) as population-based QTc distributions most

99th percentile and consistent with thresholds

frequently use Bazett-derived QTc values (97).

deﬁned by the American Heart Association and
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F I G U R E 6 This Figure Illustrates the ‘Teach-the-Tangent’ or ‘Avoid-the-Tail’ Method for Manual Measurement of the QT Interval

A straight line is drawn on the downslope of the T-wave to the point of intersection with the isoelectric line. The U-wave is not included in the
measurement.

American College of Cardiology (99). This consensus

460 to 570 ms) (101). A QTc of <500 ms in the absence

group also recommends QTc values of $470 ms in

of symptoms or familial disease was unlikely to

males and $480 ms in females to deﬁne the threshold

represent LQTS. In contrast, a QTc $500 ms was

of QT prolongation that warrants further assessment

highly suggestive of LQTS as all three athletes with a

in asymptomatic athletes.

QTc value of >500 ms exhibited one of paradoxical

Short QT interval. The precise cut-off and clinical

prolongation of the QTc during exercise, a conﬁrma-

signiﬁcance of a short QT interval in athletes is

tory genetic mutation, or prolonged QTc in a ﬁrst-

unknown. Data from over 18,000 asymptomatic

degree relative (101).

young British individuals found that the prevalence

A personal history of syncope or seizures and a

of a QTc <320 ms is 0.1%; suggesting an abnormal

family history of exertional syncope, ‘epilepsy’,

cut-off

value

of

<320

ms

is

pragmatic

(100).

postpartum-timed

syncope/seizure,

unexplained

However, over a mean follow up period of 5.3 years,

motor vehicle accidents, unexplained drowning, and

none of the individuals with a short QT <320 ms

premature, unexplained sudden death <50 years of

experienced any adverse events, syncope, or sudden

age should be reviewed. If the personal/family history

death (100). Based on the rarity of this ﬁnding and

is positive, the athlete should be referred to an elec-

absence of data to suggest long-term morbidity in

trophysiologist for further evaluation. If the personal/

asymptomatic athletes, this panel recommends that

family history is negative, a repeat ECG should be

a short QT interval only be investigated in the

obtained (ideally on a different day). If the follow-up

context of concerning clinical markers.

ECG is below the QTc cut-off values, then no addi-

E v a l u a t i o n . It is critical that an athlete with a single

tional evaluation is needed and the athlete should

prolonged QTc reading not be obligated a diagnosis of

be reassured.

LQTS, but rather that these cut-off values trigger the

If the repeat ECG still exceeds the QTc cut-off

need for additional evaluation. The importance of

values, then a screening ECG of the athlete’s ﬁrst

additional evaluation but not a premature diagnosis

degree relatives (parents and siblings) should be

of LQTS was demonstrated in a study of 2,000 elite

considered and the athlete should be referred to an

athletes in which 7 (0.4%) had a prolonged QTc (range

electrophysiologist

for

the

possibility

of

newly
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F I G U R E 7 Differentiation Between the Brugada ECG Pattern From Early Repolarization (J Point Elevation and Convex ST Segment) in

Athletes

Brugada Type 1 electrocardiogram (left) should be distinguished from early repolarization with ‘convex’ ST-segment elevation in a trained
athlete (right). Vertical lines mark the J-point (STJ) and the point 80 ms after the J-point (ST80), where the amplitudes of the ST-segment
elevation are calculated. The ‘downsloping’ ST-segment elevation in Brugada pattern is characterized by a STJ/ST80 ratio >1. Early repolarization patterns in an athlete show an initial ‘upsloping’ ST-segment elevation with STJ/ST80 ratio <1.

discovered LQTS. Reversible, extrinsic factors, such

(110). In Type 1 Brugada pattern, the downsloping

as electrolyte abnormalities (hypokalaemia) or the

ST-segment will have a STJ/ST80 ratio >1, while the

presence of QT prolonging medications, must also be

initial upsloping of the ST-segment found in early

evaluated. If an athlete’s ECG shows a QTc $500 ms

repolarization patterns in an athlete will produce an

and no reversible causes are identiﬁed, then the

STJ/ST80 ratio <1 (Figure 7).

athlete should be referred immediately to an elec-

E v a l u a t i o n . The

trophysiologist as the probability of LQTS and future

should be investigated regardless of symptoms. If

Type

1

Brugada

ECG

pattern

adverse events has increased (102). The Schwartz-

the pattern is unclear, conﬁrm correct lead place-

Moss scoring system, electrocardiographic features,

ment, repeat the ECG if necessary, and perform a

stress ECG, provocative testing, and genetic testing

high precordial lead ECG with V 1 and V2 placed in

may be needed to clarify the diagnosis and should be

the 2nd or 3rd intercostal space. If the Type 1

performed and interpreted by a cardiologist familiar

pattern is seen on a high-precordial lead ECG,

with the disease (103–106).

then referral to an electrophysiologist is indi-

BRUGADA TYPE 1 PATTERN. Brugada syndrome (BrS)

cated. Consideration should be given to potential

is an inherited primary electrical disease which pre-

accentuating factors for a Brugada-like ECG pattern,

disposes to ventricular tachyarrhythmias and sudden

such as hyperkalaemia, fever, medications with

death during states of enhanced vagal tone. It is

sodium ion channel blocking properties, and lead

characterized by the distinctive Brugada ECG pattern

placement.

which consists of a coved rSr’ pattern, ST-segment

PROFOUND SINUS BRADYCARDIA OR FIRST DEGREE

elevation $2 mm, and inversion of the terminal

ATRIOVENTRICULAR BLOCK. Sinus bradycardia and

portion of the T-wave in leads V 1 , V 2, and V 3

moderate prolongation of the PR interval (200–399

(Figure 4F). Although three types were described,

ms) are recognized features of athletic conditioning.

only the Type 1 Brugada pattern is now considered

Although a resting heart rate #30 beats/min or a PR

diagnostic (107–109).

interval $400 ms may be normal in a well-trained

The coved ST-segment elevation in Type 1 Brugada
pattern results in a broad r’ and should be distin-

athlete, it should prompt further evaluation for cardiac conduction disease.

guishable from the upsloping ST-segment elevation

E v a l u a t i o n . Evaluation of profound sinus brady-

of early repolarization in an athlete. In this regards,

cardia or a markedly increased PR interval should

the ‘Corrado index’ measures the ST-segment eleva-

include assessing the chronotropic response to mild

tion at the start of the ST-segment/J-point (STJ)

aerobic activity, such as running on the spot or

and 80 ms after the start of the ST-segment (ST80)

climbing stairs. Exercise testing is useful in this
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situation to provide an objective measure of the PR

longer electrocardiographic monitoring, including

interval and heart rate response to aerobic activity. If

during training and competition, to exclude complex

the heart rate increases appropriately and the PR in-

ventricular arrhythmias. If the Holter and echocar-

terval normalizes, and the athlete is asymptomatic,

diogram are normal and the PVCs suppress with

no further testing is necessary. Conversely, further

exercise, no further evaluation is recommended

evaluation should be performed if the heart rate does

for an asymptomatic athlete. A previous study has

not increase or the PR interval does not shorten

shown that among athletes with $2,000 PVCs per

appropriately on exertion, the athlete experiences

24 h, up to 30% were found to have underlying

pre-syncope/syncope, or in athletes with a family

structural heart disease, compared with 3% and 0%

history of cardiac disease or sudden death. Depend-

in those with <2,000 and <100 PVCs per day,

ing on the clinical scenario, an echocardiogram or

respectively (112). Therefore, in athletes with $2,000

ambulatory ECG monitor may be indicated.

PVCs per 24 h or with episodes of non-sustained

HIGH GRADE ATRIOVENTRICULAR BLOCK. Mobitz

Type II second degree AV block and third degree
(complete) AV block are abnormal ﬁndings in athletes. Complete heart block can be confused with AV
dissociation without block; a situation where the
junctional pacemaker is faster than the sinus node,
leading to more QRS complexes than P waves. Intermittent ventricular capture by sinus P waves (resulting in an irregular ventricular response) excludes
complete AV block. AV dissociation without block is
the expression of autonomic mismatch between AV
and sinus nodal modulation, but is not pathological.
Like all other functional disturbances, a small exercise load with repeat ECG recording will show resolution of the ECG ﬁndings in AV dissociation.
E v a l u a t i o n . If Mobitz II AV block or complete AV
block is detected, further evaluation includes an
echocardiogram, ambulatory ECG monitor, and exercise ECG test. Based on these results, laboratory
testing and cardiac MRI may be considered. Referral

ventricular

tachycardia,

or

with

an

increasing

burden of ectopy during an incremental exercise
test, additional evaluation may include contrastenhanced cardiac MRI and more invasive electrophysiology study (114,115). Although some studies
have suggested that regression of the PVC burden
with detraining indicates a good prognosis, other
studies have not conﬁrmed this (116–118). Thus,
detraining as a diagnostic or therapeutic measure is
not recommended.
ATRIAL TACHYARRHYTHMIAS. Sinus tachycardia is

the most common atrial tachyarrhythmia but is very
rarely due to intrinsic cardiac disease. Supraventricular tachycardia (SVT), atrial ﬁbrillation, and atrial
ﬂutter are rarely seen on a resting ECG in athletes and
require investigation. Atrial tachyarrhythmias are
rarely life threatening but can be associated with
other conditions that can lead to SCD, including
LQTS, WPW, BrS, myocarditis, congenital heart dis-

to an electrophysiologist is essential.

ease, and the cardiomyopathies.
E v a l u a t i o n . If resting sinus tachycardia >120 beats/

MULTIPLE PREMATURE VENTRICULAR CONTRACTIONS.

min is seen, a repeat ECG should be considered after a

Multiple ($2) premature ventricular contractions

period of rest as recent exercise or anxiety may be the

(PVCs) are uncommon and present in <1% of 12-lead

cause. Other underlying etiologies may be sought,

ECGs in athletes (9,12). Although multiple PVCs are

including fever, infection, dehydration, stimulant

usually benign, their presence may be the hallmark of

use, anemia, hyperthyroidism, or, rarely, underlying

underlying heart disease (111,112). PVCs originating

cardiac or pulmonary disease.

from the right ventricular outﬂow tract (LBBB and

For paroxysmal SVT, a repeat ECG when not in SVT

inferior axis origin) are considered particularly

should be obtained if possible. If the Valsalva ma-

benign when associated with a normal ECG, however

neuver, carotid sinus massage, or the diving reﬂex is

this PVC morphology can also be present in patients

used to terminate the arrhythmia, a rhythm strip

with early ARVC particularly when the QRS exceeds

should be obtained which can help elucidate the

160 ms (113). Therefore, the ﬁnding of $2 PVCs on an

mechanism of the SVT. An echocardiogram, ambula-

ECG should prompt more extensive evaluation to

tory ECG monitor, and exercise treadmill test should

exclude underlying structural heart disease.
E v a l u a t i o n . The extent of evaluation for $2 PVCs

be completed. Referral to an electrophysiologist may

is controversial and excluding pathology may be

study and ablation.

be indicated for consideration of electrophysiology

difﬁcult. At a minimum, an ambulatory Holter

If atrial ﬁbrillation or ﬂutter is found, an echocar-

monitor, echocardiogram, and exercise stress test

diogram should be completed to assess for structural

should be performed. The availability of modern

heart disease and anti-coagulation considered based

small, leadless ambulatory recorders allows for

on standard guidelines (119). An ambulatory ECG
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monitor should be used to assess if the rhythm is

CONCLUSION

paroxysmal or persistent and what the ventricular
rate is throughout the day. A thorough family history

Accurate ECG interpretation in athletes requires

may elucidate an underlying genetic cause. Depend-

adequate training and an attention to detail to

ing on what these results show, cardiac MRI, elec-

distinguish physiological ECG ﬁndings from abnormal

trophysiology study with possible ablation, and/or

ECG ﬁndings that might indicate the presence of

genetic testing may be considered.

cardiac

VENTRICULAR ARRHYTHMIAS. Ventricular couplets,

standards presented on ECG interpretation and the

triplets, and non-sustained ventricular tachycardia

evaluation of ECG abnormalities serve as an impor-

always require investigation as they can be a marker

tant foundation for improving the quality of cardio-

pathology.

The

international

consensus

for underlying cardiac pathology or lead to sustained

vascular care of athletes. As new scientiﬁc data

ventricular tachycardia which may cause SCD.

become available, revision of these recommendations

E v a l u a t i o n . If ventricular arrhythmias are seen, the

may be necessary to further advance the accuracy of

evaluation should include a thorough family history,

ECG interpretation in the athletic population.

an echocardiogram to evaluate for structural heart
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athletes may be less ﬁt compared with 20 to 30 years

vascular Prevention and Rehabilitation (EACPR), a

ago, increasing the possibility of underlying CAD

registered branch of the European Society of Cardi-

(120,121). While resting ECGs have a low sensitivity

ology (ESC). This statement has been endorsed by the

for CAD, some ECG patterns may suggest underlying

following societies: American Medical Society for

CAD such as TWI, pathological Q waves, ST-segment

Sports Medicine (AMSSM), Austrian Society of Sports

depression, left or RBBB, abnormal R-wave progres-

Medicine and Prevention, Brazilian Society of Cardi-

sion, left anterior hemiblock, and atrial ﬁbrillation

ology - Department of Exercise and Rehabilitation

(122–124).

(SBC - DERC), British Association for Sports and Ex-

E v a l u a t i o n . The main role of a resting ECG in older

ercise Medicine (BASEM), Canadian Academy of Sport

athletes is to identify those athletes who may

and Exercise Medicine (CASEM), European College of

potentially be at high risk for CAD and warrant

Sports and Exercise Physicians (ECOSEP), European

further testing (123,125,126). Initial testing should

Society of Cardiology (ESC) Section of Sports Cardi-

include an exercise stress test, resting echocardio-

ology, Fédération Internationale de Football Associ-

gram, and assessment of traditional risk factors for

ation (FIFA), German Society of Sports Medicine and

CAD. When indicated, this evaluation may be com-

Prevention, International Olympic Committee (IOC),

plemented by coronary CT angiography or a func-

Norwegian Association of Sports Medicine and Phys-

tional stress test.

ical Activity (NIMF), South African Sports Medicine

ELECTROCARDIOGRAM
SERIAL

PATTERNS

EVALUATION. Several

REQUIRING

common heritable

Association (SASMA), Spanish Society of Cardiology
(SEC)

Sports

Cardiology

Group,

Sports

Doctors

cardiomyopathies may present with ECG abnormal-

Australia, and the Swedish Society of Exercise and

ities prior to the onset of overt heart muscle pathol-

Sports Medicine (SFAIM). The American College of

ogy (62,63). Therefore, athletes with abnormal ECGs

Cardiology (ACC) afﬁrms the value of this document

suggestive of cardiomyopathy and initially normal

(ACC supports the general principles in the document

clinical evaluations should be followed with serial

and

evaluation during and after their competitive athletic

membership).

believes

it

is

of

general

beneﬁt

to

its

careers. Evaluations may be conducted annually or
more frequently depending on individual circum-

ADDRESS

stances. These athletes may be permitted to partici-

Sharma, Cardiology Clinical and Academic Group, St

FOR

CORRESPONDENCE:

Dr.

Sanjay

pate in competitive athletics without restriction

George’s University of London, United Kingdom.

contingent on longitudinal follow-up.

E-mail: sasharma@sgul.ac.uk.

JACC VOL. 69, NO. 8, 2017

Sharma et al.

FEBRUARY 28, 2017:1057–75

International Recommendations for Electrocardiographic Interpretation

REFERENCES
1. Harmon KG, Asif IM, Klossner D, Drezner JA.
Incidence of sudden cardiac death in national
collegiate athletic association athletes. Circulation
2011;123:1594–600.

athletes: recognising changes suggestive of primary electrical disease. Br J Sports Med 2013;47:
153–67.

2. Maron BJ, Doerer JJ, Haas TS, Tierney DM,
Mueller FO. Sudden deaths in young competitive
athletes: analysis of 1866 deaths in the United
States, 1980-2006. Circulation 2009;119:1085–92.

16. Brosnan M, La Gerche A, Kumar S, Lo W,
Kalman J, Prior D. Modest agreement in ECG
interpretation limits the application of ECG
screening in young athletes. Heart Rhythm 2015;
12:130–6.

3. Harmon KG, Asif IM, Maleszewski JJ, et al.
Incidence, etiology, and comparative frequency of

17. Magee C, Kazman J, Haigney M, et al. Reliability and validity of clinician ECG interpretation

sudden cardiac death in NCAA Athletes: a decade
in review. Circulation 2015;132:10–9.

for athletes. Ann Noninvasive Electrocardiol 2014;
19:319–29.

4. Corrado D, Bifﬁ A, Basso C, Pelliccia A,
Thiene G. 12-lead ECG in the athlete: physiological
versus pathological abnormalities. Br J Sports Med
2009;43:669–76.

18. Hill AC, Miyake CY, Grady S, Dubin AM. Accuracy of interpretation of preparticipation screening
electrocardiograms. J Pediatr 2011;159:783–8.

5. Corrado D, Pelliccia A, Heidbuchel H, et al.
Recommendations for interpretation of 12-lead
electrocardiogram in the athlete. Eur Heart J
2010;31:243–59.
6. Uberoi A, Stein R, Perez MV, et al. Interpretation of the electrocardiogram of young athletes.
Circulation 2011;124:746–57.
7. Williams ES, Owens DS, Drezner JA, Prutkin JM.
Electrocardiogram interpretation in the athlete.
Herzschrittmacherther Elektrophysiol 2012;23:
65–71.
8. Drezner J. Standardised criteria for ECG interpretation in athletes: a practical tool. Br J Sports
Med 2012;46:i6–8.
9. Marek J, Bufalino V, Davis J, et al. Feasibility
and ﬁndings of large-scale electrocardiographic
screening in young adults: data from 32,561 subjects. Heart Rhythm 2011;8:1555–9.
10. Drezner JA, Ackerman MJ, Anderson J, et al.
Electrocardiographic interpretation in athletes:
the ’Seattle criteria’. Br J Sports Med 2013;47:
122–4.
11. Corrado D, Pelliccia A, Bjornstad HH, et al.
Cardiovascular pre-participation screening of
young competitive athletes for prevention of
sudden death: proposal for a common European
protocol. Consensus Statement of the Study
Group of Sport Cardiology of the Working Group
of Cardiac Rehabilitation and Exercise Physiology
and the Working Group of Myocardial and Pericardial Diseases of the European Society of Cardiology. Eur Heart J 2005;26:516–24.
12. Pelliccia A, Culasso F, Di Paolo FM, et al.
Prevalence of abnormal electrocardiograms in a
large, unselected population undergoing preparticipation cardiovascular screening. Eur Heart
J 2007;28:2006–10.
13. Drezner JA, Fischbach P, Froelicher V, et al.
Normal electrocardiographic ﬁndings: recognising
physiological adaptations in athletes. Br J Sports
Med 2013;47:125–36.

19. Drezner JA, Asif IM, Owens DS, et al. Accuracy
of ECG interpretation in competitive athletes: the
impact of using standised ECG criteria. Br J Sports
Med 2012;46:335–40.
20. Exeter DJ, Elley CR, Fulcher ML, Lee AC,
Drezner JA, Asif IM. Standardised criteria improve
accuracy of ECG interpretation in competitive
athletes: a randomised controlled trial. Br J Sports
Med 2014;48:1167–71.
21. Ryan MP, Cleland JG, French JA, et al. The
standard electrocardiogram as a screening test for
hypertrophic cardiomyopathy. Am J Cardiol 1995;
76:689–94.
22. Papadakis M, Basavarajaiah S, Rawlins J, et al.
Prevalence and signiﬁcance of T-wave inversions
in predominantly Caucasian adolescent athletes.
Eur Heart J 2009;30:1728–35.
23. Pelliccia A, Maron BJ, Culasso F, et al. Clinical
signiﬁcance of abnormal electrocardiographic
patterns in trained athletes. Circulation 2000;102:
278–84.
24. Sohaib SM, Payne JR, Shukla R, World M,
Pennell DJ, Montgomery HE. Electrocardiographic
(ECG) criteria for determining left ventricular mass
in young healthy men; data from the LARGE Heart
study. J Cardiovasc Magn Reson 2009;11:2.
25. Sathanandam S, Zimmerman F, Davis J,
Marek J. Abstract 2484: ECG screening criteria for
LVH does not correlate with diagnosis of hypertrophic cardiomyopathy. Circulation 2009;S647.
26. Weiner RB, Hutter AM, Wang F, et al. Performance of the 2010 European Society of Cardiology
criteria for ECG interpretation in the athlete. Heart
2011;97:1573–7.
27. Calore C, Melacini P, Pelliccia A, et al. Prevalence and clinical meaning of isolated increase of
QRS voltages in hypertrophic cardiomyopathy
versus athlete’s heart: relevance to athletic
screening. Int J Cardiol 2013;168:4494–7.

30. Papadakis M, Carre F, Kervio G, et al. The
prevalence, distribution, and clinical outcomes of
electrocardiographic repolarization patterns in
male athletes of African/Afro-Caribbean origin.
Eur Heart J 2011;32:2304–13.
31. Zaidi A, Ghani S, Sheikh N, et al. Clinical signiﬁcance of electrocardiographic right ventricular
hypertrophy in athletes: comparison with
arrhythmogenic right ventricular cardiomyopathy
and pulmonary hypertension. Eur Heart J 2013;34:
3649–56.
32. Tikkanen JT, Anttonen O, Junttila MJ, et al.
Long-term outcome associated with early repolarization on electrocardiography. N Engl J Med
2009;361:2529–37.
33. Haissaguerre M, Derval N, Sacher F, et al.
Sudden cardiac arrest associated with early repolarization. N Engl J Med 2008;358:2016–23.
34. Macfarlane

PW,

Antzelevitch

C,

Haissaguerre M, et al. The early repolarization
pattern: a consensus paper. J Am Coll Cardiol
2015;66:470–7.
35. Tikkanen JT, Junttila MJ, Anttonen O, et al.
Early repolarization: electrocardiographic phenotypes associated with favorable long-term
outcome. Circulation 2011;123:2666–73.
36. Uberoi A, Jain NA, Perez M, et al. Early repolarization in an ambulatory clinical population.
Circulation 2011;124:2208–14.
37. Junttila MJ, Sager SJ, Freiser M, McGonagle S,
Castellanos A, Myerburg RJ. Inferolateral early
repolarization in athletes. J Interv Card Electrophysiol 2011;31:33–8.
38. Noseworthy PA, Weiner R, Kim J, et al. Early
repolarization pattern in competitive athletes:
clinical correlates and the effects of exercise
training. Circ Arrhythm Electrophysiol 2011;4:
432–40.
39. Noseworthy PA, Tikkanen JT, Porthan K, et al.
The early repolarization pattern in the general
population: clinical correlates and heritability.
J Am Coll Cardiol 2011;57:2284–9.
40. Rosso R, Kogan E, Belhassen B, et al. J-point
elevation in survivors of primary ventricular
ﬁbrillation and matched control subjects: incidence and clinical signiﬁcance. J Am Coll Cardiol
2008;52:1231–8.
41. Quattrini FM, Pelliccia A, Assorgi R, et al.
Benign clinical signiﬁcance of J-wave pattern
(early repolarization) in highly trained athletes.
Heart Rhythm 2014;11:1974–82.
42. Sheikh N, Papadakis M, Carre F, et al. Cardiac
adaptation to exercise in adolescent athletes of
African ethnicity: an emergent elite athletic population. Br J Sports Med 2013;47:585–92.

28. Lakdawala NK, Thune JJ, Maron BJ, et al.
Electrocardiographic features of sarcomere mutation carriers with and without clinically overt hypertrophic cardiomyopathy. Am J Cardiol 2011;
108:1606–13.

43. Di Paolo FM, Schmied C, Zerguini YA, et al. The
athlete’s heart in adolescent Africans: an electrocardiographic and echocardiographic study. J Am
Coll Cardiol 2012;59:1029–36.

myopathy. Br J Sports Med 2013;47:137–52.

29. Sheikh N, Papadakis M, Ghani S, et al. Comparison of electrocardiographic criteria for the

44. Rawlins J, Carre F, Kervio G, et al. Ethnic differences in physiological cardiac adaptation to

15. Drezner JA, Ackerman MJ, Cannon BC, et al.
Abnormal
electrocardiographic
ﬁndings
in

detection of cardiac abnormalities in elite black
and white athletes. Circulation 2014;129:1637–49.

intense physical exercise in highly trained female
athletes. Circulation 2010;121:1078–85.

14. Drezner JA, Ashley E, Baggish AL, et al.
Abnormal electrocardiographic ﬁndings in athletes: recognising changes suggestive of cardio-

1073

1074

JACC VOL. 69, NO. 8, 2017

Sharma et al.
International Recommendations for Electrocardiographic Interpretation

45. Migliore F, Zorzi A, Michieli P, et al. Prevalence
of cardiomyopathy in Italian asymptomatic children with electrocardiographic T-wave inversion
at preparticipation screening. Circulation 2012;
125:529–38.
46. Calo L, Sperandii F, Martino A, et al. Echocardiographic ﬁndings in 2261 peri-pubertal athletes with or without inverted T waves at
electrocardiogram. Heart 2015;101:193–200.
47. Sharma S, Whyte G, Elliott P, et al. Electrocardiographic changes in 1000 highly trained junior elite athletes. Br J Sports Med 1999;33:
319–24.
48. Stein R, Medeiros CM, Rosito GA, Zimerman LI,
Ribeiro JP. Intrinsic sinus and atrioventricular node
electrophysiologic adaptations in endurance athletes. J Am Coll Cardiol 2002;39:1033–8.
49. Northcote RJ, Canning GP, Ballantyne D.
Electrocardiographic ﬁndings in male veteran
endurance athletes. Br Heart J 1989;61:155–60.
50. Meytes I, Kaplinsky E, Yahini JH, HannePaparo N, Neufeld HN. Wenckebach A-V block: a
frequent feature following heavy physical training.
Am Heart J 1975;90:426–30.
51. Gati S, Sheikh N, Ghani S, et al. Should axis
deviation or atrial enlargement be categorised as
abnormal in young athletes? The athlete’s electrocardiogram: time for re-appraisal of markers of
pathology. Eur Heart J 2013;34:3641–8.
52. Fudge J, Harmon KG, Owens DS, et al. Cardiovascular screening in adolescents and young
adults: a prospective study comparing the Preparticipation Physical Evaluation Monograph 4th
Edition and ECG. Br J Sports Med 2014;48:1172–8.
53. Magalski A, McCoy M, Zabel M, et al. Cardiovascular screening with electrocardiography and
echocardiography in collegiate athletes. Am J Med
2011;124:511–8.
54. Baggish AL, Hutter AM Jr., Wang F, et al.
Cardiovascular screening in college athletes with
and without electrocardiography: A crosssectional study. Ann Intern Med 2010;152:269–75.
55. Kim JH, Noseworthy PA, McCarty D, et al.
Signiﬁcance of electrocardiographic right bundle
branch block in trained athletes. Am J Cardiol
2011;107:1083–9.
56. Rowin EJ, Maron BJ, Appelbaum E, et al. Signiﬁcance of false negative electrocardiograms in
preparticipation screening of athletes for hypertrophic cardiomyopathy. Am J Cardiol 2012;110:
1027–32.
57. Chen X, Zhao T, Lu M, et al. The relationship
between electrocardiographic changes and CMR
features in asymptomatic or mildly symptomatic
patients with hypertrophic cardiomyopathy. Int J
Cardiovasc Imaging 2014;30 Suppl 1:55–63.
58. Sheikh N, Papadakis M, Schnell F, et al. Clinical
proﬁle of athletes with hypertrophic cardiomyopathy. Circ Cardiovasc Imaging 2015;8:e003454.
59. Bent RE, Wheeler MT, Hadley D, et al. Systematic comparison of digital electrocardiograms
from healthy athletes and patients with hypertrophic cardiomyopathy. J Am Coll Cardiol 2015;
65:2462–3.
60. Nasir K, Bomma C, Tandri H, et al. Electrocardiographic features of arrhythmogenic right

ventricular dysplasia/cardiomyopathy according to
disease severity: a need to broaden diagnostic
criteria. Circulation 2004;110:1527–34.
61. Marcus FI, McKenna WJ, Sherrill D, et al.
Diagnosis of arrhythmogenic right ventricular
cardiomyopathy/dysplasia: proposed modiﬁcation
of the task force criteria. Circulation 2010;121:
1533–41.

FEBRUARY 28, 2017:1057–75

74. Riding NR, Sheikh N, Adamuz C, et al. Comparison of three current sets of electrocardiographic interpretation criteria for use in screening
athletes. Heart 2014;101:384–90.
75. Kim JH, Baggish AL. Electrocardiographic right
and left bundle branch block patterns in athletes:
prevalence, pathology, and clinical signiﬁcance.
J Electrocardiol 2015;48:380–4.

62. Pelliccia A, Di Paolo FM, Quattrini FM, et al.
Outcomes in athletes with marked ECG repolarization abnormalities. N Engl J Med 2008;358:
152–61.

76. Le VV, Wheeler MT, Mandic S, et al. Addition

63. Schnell F, Riding N, O’hanlon R, et al. Recognition and signiﬁcance of pathological T-wave inversions in athletes. Circulation 2015;131:165–73.

77. Aro AL, Anttonen O, Tikkanen JT, et al. Intraventricular conduction delay in a standard 12-lead
electrocardiogram as a predictor of mortality in

64. Chandra N, Bastiaenen R, Papadakis M, et al.
Prevalence of electrocardiographic anomalies in
young individuals: relevance to a nationwide cardiac screening program. J Am Coll Cardiol 2014;
63:2028–34.
65. Elliott PM, Anastasakis A, Borger MA, et al.
2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: the Task
Force for the Diagnosis and Management of
Hypertrophic Cardiomyopathy of the European
Society of Cardiology (ESC). Eur Heart J 2014;35:
2733–79.
66. Calore C, Zorzi A, Sheikh N, et al. Electrocardiographic anterior T-wave inversion in athletes
of different ethnicities: differential diagnosis
between athlete’s heart and cardiomyopathy. Eur
Heart J 2015;37:2515–27.
67. Brosnan M, La Gerche A, Kalman J, et al.
Comparison of frequency of signiﬁcant electrocardiographic abnormalities in endurance versus
nonendurance athletes. Am J Cardiol 2014;113:
1567–73.
68. Malhotra A, Dhutia H, Gati S, et al. Prevalence
and signiﬁcance of anterior T wave inversion in
young white athletes and non athletes. J Am Coll
Cardiol 2016;69:1–9.
69. Riding NR, Salah O, Sharma S, et al. ECG and
morphologic adaptations in Arabic athletes: are
the European Society of Cardiology’s recommendations for the interpretation of the 12-lead ECG
appropriate for this ethnicity? Br J Sports Med
2014;48:1138–43.
70. Maron BJ, Wolfson JK, Ciro E, Spirito P.
Relation of electrocardiographic abnormalities and
patterns of left ventricular hypertrophy identiﬁed
by 2-dimensional echocardiography in patients
with hypertrophic cardiomyopathy. Am J Cardiol
1983;51:189–94.
71. Haghjoo M, Mohammadzadeh S, Taherpour M,
et al. ST-segment depression as a risk factor in
hypertrophic cardiomyopathy. Europace 2009;11:

of the electrocardiogram to the preparticipation
examination of college athletes. Clin J Sport Med
2010;20:98–105.

the general population. Circ Arrhythm Electrophysiol 2011;4:704–10.
78. Desai AD, Yaw TS, Yamazaki T, Kaykha A,
Chun S, Froelicher VF. Prognostic signiﬁcance of
quantitative QRS duration. Am J Med 2006;119:
600–6.
79. Dunn T, Abdelfattah R, Aggarwal S,
Pickham D, Hadley D, Froelicher V. Are the QRS
duration and ST depression cut-points from the
Seattle criteria too conservative? J Electrocardiol
2015;48:395–8.
80. Xiao HB, Brecker SJ, Gibson DG. Relative effects of left ventricular mass and conduction
disturbance on activation in patients with pathological left ventricular hypertrophy. Br Heart J
1994;71:548–53.
81. Surawicz B, Childers R, Deal BJ, et al. AHA/
ACCF/HRS recommendations for the standardization and interpretation of the electrocardiogram:
part III: intraventricular conduction disturbances: a
scientiﬁc statement from the American Heart
Association Electrocardiography and Arrhythmias
Committee, Council on Clinical Cardiology; the
American College of Cardiology Foundation; and
the Heart Rhythm Society: endorsed by the International Society for Computerized Electrocardiology. J Am Coll Cardiol 2009;53:976–81.
82. Drezner JA, Prutkin JM, Harmon KG, et al.
Cardiovascular screening in college athletes. J Am
Coll Cardiol 2015;65:2353–5.
83. Cohen MI, Triedman JK, Cannon BC, et al.
PACES/HRS expert consensus statement on the
management of the asymptomatic young patient
with a Wolff-Parkinson-White (WPW, ventricular
preexcitation)
electrocardiographic
pattern:
developed in partnership between the Pediatric
and Congenital Electrophysiology Society (PACES)
and the Heart Rhythm Society (HRS). Endorsed by
the governing bodies of PACES, HRS, the American
College of Cardiology Foundation (ACCF), the
American Heart Association (AHA), the American
Academy of Pediatrics (AAP), and the Canadian

643–9.

Heart Rhythm Society (CHRS). Heart Rhythm
2012;9:1006–24.

72. MacAlpin RN. Clinical signiﬁcance of QS complexes in V1 and V2 without other electrocardiographic
abnormality.
Ann
Noninvasive
Electrocardiol 2004;9:39–47.

84. Daubert C, Ollitrault J, Descaves C, Mabo P,
Ritter P, Gouffault J. Failure of the exercise test to
predict the anterograde refractory period of the
accessory pathway in Wolff Parkinson White syn-

73. Bent RE, Wheeler MT, Hadley D, Froelicher V,
Ashley E, Perez MV. Computerized Q wave dimensions in athletes and hypertrophic cardiomyopathy patients. J Electrocardiol 2015;48:362–7.

85. Klein GJ, Gulamhusein SS. Intermittent
preexcitation in the Wolff-Parkinson-White syndrome. Am J Cardiol 1983;52:292–6.

drome. Pacing Clin Electrophysiol 1988;11:1130–8.

JACC VOL. 69, NO. 8, 2017

Sharma et al.

FEBRUARY 28, 2017:1057–75

International Recommendations for Electrocardiographic Interpretation

86. Klein GJ, Bashore TM, Sellers TD, Pritchett EL,
Smith WM, Gallagher JJ. Ventricular ﬁbrillation in
the Wolff-Parkinson-White syndrome. N Engl J
Med 1979;301:1080–5.

101. Basavarajaiah S, Wilson M, Whyte G, Shah A,
Behr E, Sharma S. Prevalence and signiﬁcance of
an isolated long QT interval in elite athletes. Eur
Heart J 2007;28:2944–9.

87. Schwartz PJ, Stramba-Badiale M, Crotti L,
et al. Prevalence of the congenital long-QT syndrome. Circulation 2009;120:1761–7.

102. Goldenberg I, Moss AJ, Peterson DR, et al.
Risk factors for aborted cardiac arrest and sudden
cardiac death in children with the congenital longQT syndrome. Circulation 2008;117:2184–91.

88. Tester DJ, Ackerman MJ. Cardiomyopathic and
channelopathic causes of sudden unexplained
death in infants and children. Annu Rev Med
2009;60:69–84.
89. Eckart RE, Shry EA, Burke AP, et al. Sudden
death in young adults an autopsy-based series of a
population undergoing active surveillance. J Am
Coll Cardiol 2011;58:1254–61.
90. Meyer L, Stubbs B, Fahrenbruch C, et al.
Incidence, causes, and survival trends from
cardiovascular-related sudden cardiac arrest in
children and young adults 0 to 35 years of age: a
30-year review. Circulation 2012;126:1363–72.

103. Gollob MH, Redpath CJ, Roberts JD. The
short QT syndrome: proposed diagnostic criteria.
J Am Coll Cardiol 2011;57:802–12.
104. Schwartz PJ, Moss AJ, Vincent GM,
Crampton RS. Diagnostic criteria for the long QT
syndrome. An update. Circulation 1993;88:782–4.
105. Schwartz PJ, Crotti L. QTc behavior during
exercise and genetic testing for the long-QT syndrome. Circulation 2011;124:2181–4.

91. Behr E, Wood DA, Wright M, et al. Cardiological assessment of ﬁrst-degree relatives in sudden
arrhythmic death syndrome. Lancet 2003;362:
1457–9.

106. Ackerman MJ, Priori SG, Willems S, et al. HRS/
EHRA expert consensus statement on the state of
genetic testing for the channelopathies and cardiomyopathies this document was developed as a
partnership between the Heart Rhythm Society
(HRS) and the European Heart Rhythm Association
(EHRA). Heart Rhythm 2011;8:1308–39.

92. Tester DJ, Spoon DB, Valdivia HH,
Makielski JC, Ackerman MJ. Targeted mutational
analysis of the RyR2-encoded cardiac ryanodine
receptor in sudden unexplained death: a molecular

107. Wilde AA, Antzelevitch C, Borggrefe M, et al.
Proposed diagnostic criteria for the Brugada syndrome: consensus report. Circulation 2002;106:
2514–9.

autopsy of 49 medical examiner/coroner’s cases.
Mayo Clin Proc 2004;79:1380–4.
93. Tan HL, Hofman N, van Langen IM, van der
Wal AC, Wilde AA. Sudden unexplained death:
heritability and diagnostic yield of cardiological
and genetic examination in surviving relatives.
Circulation 2005;112:207–13.

108. Bayes de Luna A, Brugada J, Baranchuk A,
et al. Current electrocardiographic criteria for
diagnosis of Brugada pattern: a consensus report.
J Electrocardiol 2012;45:433–42.
109. Priori SG, Wilde AA, Horie M, et al. HRS/
EHRA/APHRS expert consensus statement on the
diagnosis and management of patients with

94. Finocchiaro G, Papadakis M, Robertus JL, et al.
Etiology of sudden death in sports: insights from a
United Kingdom Regional Registry. J Am Coll
Cardiol 2016;67:2108–15.

inherited primary arrhythmia syndromes: document endorsed by HRS, EHRA, and APHRS in May
2013 and by ACCF, AHA, PACES, and AEPC in June
2013. Heart Rhythm 2013;10:1932–63.

95. Viskin S, Rosovski U, Sands AJ, et al. Inaccurate electrocardiographic interpretation of long
QT: the majority of physicians cannot recognize a
long QT when they see one. Heart Rhythm 2005;
2:569–74.

110. Zorzi A, Leoni L, Di Paolo FM, et al. Differential diagnosis between early repolarization of
athlete’s heart and coved-type Brugada electrocardiogram. Am J Cardiol 2015;115:529–32.

96. Postema PG, De Jong JS, Van der Bilt IA,
Wilde AA. Accurate electrocardiographic assessment of the QT interval: teach the tangent. Heart
Rhythm 2008;5:1015–8.
97. Bazett HC. An analysis of the time-relations of
electrocardiograms. Heart 1920:353–70.
98. Malfatto G, Beria G, Sala S, Bonazzi O,
Schwartz PJ. Quantitative analysis of T wave abnormalities and their prognostic implications in
the idiopathic long QT syndrome. J Am Coll Cardiol
1994;23:296–301.
99. Ackerman MJ, Zipes DP, Kovacs RJ, Maron BJ.
Eligibility and disqualiﬁcation recommendations
for competitive athletes with cardiovascular abnormalities: Task Force 10: The cardiac channelopathies: a scientiﬁc statement from the American
Heart Association and American College of Cardiology. J Am Coll Cardiol 2015;66:2424–8.

111. Verdile L, Maron BJ, Pelliccia A, Spataro A,
Santini M, Bifﬁ A. Clinical signiﬁcance of exerciseinduced ventricular tachyarrhythmias in trained
athletes without cardiovascular abnormalities.
Heart Rhythm 2015;12:78–85.
112. Bifﬁ A, Pelliccia A, Verdile L, Fernando F,
Spataro A, Caselli S, Santini M, Maron BJ. Longterm clinical signiﬁcance of frequent and complex
ventricular tachyarrhythmias in trained athletes.
J Am Coll Cardiol 2002;40:446–52.
113. Novak J, Zorzi A, Castelletti S, et al. Electrocardiographic differentiation of idiopathic right
ventricular outﬂow tract ectopy from early
arrhythmogenic right ventricular cardiomyopathy.
Europace 2016 Jun 23 [E-pub ahead of print].
114. Corrado D, Basso C, Leoni L, et al. Threedimensional electroanatomical voltage mapping
and histologic evaluation of myocardial substrate
in right ventricular outﬂow tract tachycardia. J Am
Coll Cardiol 2008;51:731–9.

arrhythmias. Role of an electrophysiologic study in
risk stratiﬁcation. Eur Heart J 2003;24:1473–80.
116. Bifﬁ A, Maron BJ, Verdile L, et al. Impact of
physical deconditioning on ventricular tachyarrhythmias in trained athletes. J Am Coll Cardiol
2004;44:1053–8.
117. Delise P, Lanari E, Sitta N, Centa M, Allocca G,
Bifﬁ A. Inﬂuence of training on the number
and complexity of frequent VPBs in healthy athletes.
J Cardiovasc Med (Hagerstown) 2011;12:157–61 [PMC]
[10.2459/JCM.0b013e32834102ea] [21139509].
118. Delise P, Sitta N, Lanari E, et al. Long-term
effect of continuing sports activity in competitive
athletes with frequent ventricular premature
complexes and apparently normal heart. Am J
Cardiol 2013;112:1396–402.
119. Anderson JL, Halperin JL, Albert NM, et al.
Management of patients with atrial ﬁbrillation
(compilation of 2006 ACCF/AHA/ESC and 2011
ACCF/AHA/HRS recommendations): a report of the
American College of Cardiology/American Heart
Association Task Force on Practice Guidelines.
J Am Coll Cardiol 2013;61:1935–44.
120. Aagaard P, Sahlen A, Braunschweig F.
Performance trends and cardiac biomarkers in a
30-km cross-country race, 1993-2007. Med Sci
Sports Exerc 2012;44:894–9.
121. Sahlen A, Gustafsson TP, Svensson JE, et al.
Predisposing factors and consequences of elevated
biomarker levels in long-distance runners aged
>or¼55 years. Am J Cardiol 2009;104:1434–40.
122. Rose G, Baxter PJ, Reid DD, McCartney P. Prevalence and prognosis of electrocardiographic ﬁndings
in middle-aged men. Br Heart J 1978;40:636–43.
123. Chou R, Arora B, Dana T, Fu R, Walker M,
Humphrey L. Screening asymptomatic adults with
resting or exercise electrocardiography: a review
of the evidence for the U.S. Preventive Services
Task Force. Ann Intern Med 2011;155:375–85.
124. Daviglus ML, Liao Y, Greenland P, et al. Association of nonspeciﬁc minor ST-T abnormalities
with cardiovascular mortality: the Chicago Western Electric Study. Jama 1999;281:530–6.
125. Borjesson M, Urhausen A, Kouidi E, et al. Cardiovascular evaluation of middle-aged/senior individuals engaged in leisure-time sport activities:
position stand from the sections of exercise physiology and sports cardiology of the European Association of Cardiovascular Prevention and Rehabilitation.
Eur J Cardiovasc Prev Rehabil 2011;18:446–58.
126. Maron BJ, Araujo CG, Thompson PD, et al.
Recommendations for preparticipation screening
and the assessment of cardiovascular disease in
masters athletes: an advisory for healthcare professionals from the working groups of the World
Heart Federation, the International Federation
of Sports Medicine, and the American Heart Association Committee on Exercise, Cardiac Rehabilitation, and Prevention. Circulation 2001;103:327–34.

KEY WORDS athlete, electrocardiogram

100. Dhutia H, Malhotra A, Parpia S, et al. The
prevalence and signiﬁcance of a short QT interval
in 18 825 low-risk individuals including athletes.

115. Heidbuchel H, Hoogsteen J, Fagard R, et al.
High prevalence of right ventricular involvement

A PP END IX For supplemental material
containing an extended account of the
document and additional illustrative ECGs,

Br J Sports Med 2016;50:124–9.

in

please see the online version of this article.

endurance

athletes

with

ventricular

1075

STATE-OF-THE-ART REVIEW ARTICLE

Echocardiography: Proﬁling of the Athlete’s Heart
Timothy E. Paterick, MD, JD, Tia Gordon, RDCS, and Denise Spiegel, RDCS, Milwaukee, Wisconsin

Cardiovascular physiologic remodeling associated with athleticism may mimic many of the features of genetic
and acquired heart disease. The most pervasive dilemma is distinguishing between normal and abnormal
physiologic remodeling in an athlete’s heart. Imaging examinations, such as magnetic resonance imaging
and computed tomography, which focus predominantly on anatomy, and electrocardiography, which monitors electrical components, do not simultaneously evaluate cardiac anatomy and physiology. Despite
nonlinear anatomic and electrical remodeling, the athlete’s heart retains normal or supernormal myocyte function, whereas a diseased heart has various degrees of pathophysiology. Echocardiography is the only costeffective, validated imaging modality that is widely available and capable of simultaneously quantifying
variable anatomic and physiologic features. Doppler echocardiography substantially redeﬁnes the understanding of normal remodeling from preemergent and overt disease. (J Am Soc Echocardiogr 2014;27:940-8.)
Keywords: Athletic training, Adaptive cardiac remodeling, Athletic heart, Structural heart disease, Echocardiography

The athletic heart’s structural and functional changes intrigue those in
the medical community who care for the athlete population.1 Intense
or chronic athletic training prompts complex remodeling of the anatomy and physiology of the heart to accommodate a state of enhanced
cardiovascular performance.1 The distinction between adaptive and
maladaptive remodeling is the fundamental challenge in accurately
defining individualized risk in athletes.2 Typically, an athletic heart is
associated with cardiac chamber enlargement, increased left ventricular
(LV) mass and modest aortic root enlargement to accommodate
increased physiologic demands. Adapted morphology and physiology
vary considerably among athletes and are affected by each individual’s
form and intensity of athletic training.3 Cardiovascular remodeling is
nonlinear, meaning that any particular feature can change unpredictably
and vacillate between normal and abnormal during the remodeling process. Myocardial adaptation and performance are unique to each individual athlete and represent complex nonlinear interactions between
multiple organ and physiologic systems.4
Although conventional pathophysiologic guided diagnostics and
therapeutics have been used for decades, there are significant limitations that are particularly challenging.5 Disease is rarely a consequence
of a single effector but rather a reflection of a set of morphophysiologic
processes that interact in a complex network. (i.e., a module composed
of closely related features is discernible only by appreciating the
behavior of the network as a whole rather than its individual components). This shortcoming accounts for many limitations of defined
disease determinants and design of rational decisions. This background
highlights the need to reconsider and redefine the determinants of cardiovascular risk in athletes and the logic of implementing clinical
Doppler echocardiographic classification methods.
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In this report, we review the physiologic and morphologic features
associated with variable athletic training in endurance and strength
athletes, the incidence and associations of sudden cardiac death
(SCD) in athletes, and the importance of personal and family history
and physical examination in guiding diagnostic testing. We offer a
detailed discussion of how echocardiography plays an essential role
in distinguishing adaptive from maladaptive remodeling.
The distinction between adaptive and maladaptive remodeling requires an understanding of the evolving myocyte changes temporally.
In disease states, there is an early transition from normal to abnormal
myocyte function, followed by longitudinal myocyte dysfunction
(manifested as a reduction in early diastolic mitral annular tissue velocity [e0 ]), followed by diastolic strain, strain rate, and twist dysfunction and, ultimately, global systolic strain rate (indicating fibrosis and
cell death). The athletic heart begins with hypernormal function.
The athlete’s heart continues to be normal or hypernormal, whereas
the diseased heart evolves along a cascade from early abnormal
myocyte dysfunction to myocardial dysfunction. This distinction is
illustrated when comparing athletic heart and hypertrophic cardiomyopathy (HCM) (Table 1).

REMODELING FEATURES
Athletic heart exhibits complex, variable physiologic states. For
example, intense physical exercise enhances cardiac output six- to
eightfold and increases pulmonary oxygen uptake. An athlete’s heart
rate can range from <40 beats/min at rest to >220 beats/min at peak
exertion. The dynamic changes in LV relaxation in the athletic heart
account for the increased stroke volume and cardiac output at
extreme heart rates. The body’s cardiovascular network is a finetuned, nonlinear feedback system. The contiguous architecture of
the cardiovascular system (atria, ventricles, and aorta) undergoes
continuous nonlinear remodeling that reflects adaptive changes in
both athletic and disease states (i.e., a state of ongoing change or
‘‘flux’’). A disease with a contiguous system is referred to as a ‘‘continuity disease.’’ An example of a continuity disease is hypertension,
which causes abnormal aortic pressure with negative feedback to
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Abbreviations

ARVD = Arrhythmogenic right
ventricular dysplasia

HCM = Hypertrophic

the ventricles and, subsequently,
the atria, resulting in remodeling
of the adjacent cardiac chambers
of the contiguous cardiovascular
system.

cardiomyopathy

LV = Left ventricular
MRI = Magnetic resonance
imaging

ENDURANCE VERSUS
STRENGTH TRAINING

Individual athletic disciplines
result in individualized variability
SCD = Sudden cardiac death
of cardiovascular remodeling,
which reflects the nature and intensity of the individual athletic activity. Endurance exercise involves
sustained elevation in cardiac output with reduced peripheral vascular
resistance, resulting in a continuous volume challenge for all cardiac
chambers. Long-distance running, cycling, and swimming represent
endurance exercise. Alternatively, strength training involves exercise activities that are characterized by cardiac output that is normal or slightly
elevated and increased peripheral vascular resistance; this results in
increased blood pressure and LV afterload. Weightlifting, football, and
wrestling are athletic disciplines representative of strength training.
Overlap sports, including soccer, basketball, and hockey, encompass significant constituents of endurance and strength exercise training. The
variable hemodynamic effects play a major role in the degree and
type of individualized cardiovascular remodeling.
RV = Right ventricular

Table 1 Distinguishing athlete’s heart from HCM
Data feature

Increased wall thickness
Atrial remodeling
Systolic function
Mechanical function (strain)
Diastolic physiology

Athlete’s heart

Yes
Yes
Normal
Normal
Normal

HCM

Yes
Yes
Normal
Abnormal
Abnormal

Value

No
No
No
Yes
Yes

Data from Paterick TE, Jan MF, Paterick ZR, Umland MM, Kramer C,
Lake P, et al. Cardiac evaluation of collegiate student athletes: a
medical and legal perspective. Am J Med 2012;125:742–752.

longer exposure of college athletes to rigorous training regimens
and longer durations of training. Drug and alcohol accessibility may
be responsible for the higher sudden death rate in college athletes.12
Black college athletes are at a fivefold greater risk for cardiovascular
sudden death than white athletes.13 Male athletes’ risk for SCD exceeds that for female athletes by three- to sixfold.14

MORPHOPHYSIOLOGIC ECHOCARDIOGRAPHY
Echocardiography is the most logical means of defining and quantifying
normal and abnormal physiology and morphology in a single examination. Combining cardiac morphology and physiology is recommended
as the most definitive way to classify cardiovascular risk in most athletes.15 Imaging modalities that do not incorporate simultaneous physiologic information provide much less useful discriminatory information.

INDIVIDUAL MORPHOLOGY AND PHYSIOLOGY
Before an echocardiographic evaluation, there must be a comprehensive medical evaluation. The athlete’s health profile, including supine
and standing blood pressure, heart rate, venous and arterial examination, and cardiac auscultation, should be recorded. The athlete’s medical history, personal family history, and type and intensity of athletic
activity must be obtained and recorded. This background information
will guide the type of testing needed. Perfunctory stress and electrocardiographic testing is usually of little value and is associated with
false-positive results, which can markedly increase ancillary costs.6
Screening stress tests are not cost effective.7-9

INCIDENCE AND ASSOCIATIONS OF SUDDEN CARDIAC
DEATH
Approximately 50% of all athletic deaths are due to unanticipated accidents.10 Most common forms of disease associated with SCD are
attributed to structural and physiologic cardiovascular disease that
predispose athletes to fatal events. HCM is the disease most
commonly associated with cardiac sudden death in the United
States. Arrhythmogenic right ventricular (RV) dysplasia (ARVD) is
the disease most commonly associated with cardiac sudden death
in Italy. Arrhythmogenic syndromes, such as ion channelopathies,
are relatively uncommon causes of SCD that typically lack evidence
of structural heart disease. Sports-related SCD in the general population is considerably more common than previously suspected.11 The
cardiovascular sudden death rate in college athletes is higher than previous reports in high school athletes.12 The determinants of these
finding are uncertain, but they are potentially attributable to the

SPECIFIC FEATURES OF ATHLETIC HEART
The Left Ventricle
The athletic heart typically has increased chamber dimensions and
increased LV wall thickness. These findings often mimic the echocardiographic features of diseases affecting the left ventricle.16-18 These unique
findings of increased wall thickness and LV dilation are more common
in athletes who engage in the most strenuous levels of exercise
training.19
The unique remodeling of endurance athletes results in eccentric
hypertrophy, in which there is increased wall thickness and chamber
dilation. Strength-trained athletes display thickening of the LV wall
with mild LV dilation, resulting in concentric hypertrophy.
Combination athletes typically display a phenotype with overlapping
features of endurance and strength-trained athletes.18 LV eccentric
and concentric hypertrophy, without physiologic classification, can
be inappropriately misinterpreted as HCM.
Increased LV wall thickness results from chamber pressure, volume
overload, or both.20,21 The true phenotypic expression is often a
combination of pressure and volume overload of the myocardium.
Concentric remodeling increases the relative wall thickness without
an increase in LV mass.22 The remodeling of the left ventricle is
more eccentric in endurance athletes, but athletes often maintain
balanced hypertrophy.23 In general, athletes more commonly have
concentric remodeling. Extreme LV remodeling occurring in some
ultra-elite athletes has raised a concern as to whether such extreme
morphologic adaptation has potential adverse clinical consequences,
as 10% to 45% of elite endurance athletes have LV cavity enddiastolic dimensions > 60 mm. This magnitude of enlargement is
identified in pathologic forms of dilated cardiomyopathy.17 The
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Table 2 LV characteristics in athletes and nonathletes
LV function

Morphology
IVSd (mm)
LVIDd (mm)
LVM (g)
Volumes/EF
LV EDV (mL)
LV EF (%)
Tissue Doppler
Sm (cm/sec)
e0 (cm/sec)
Mechanical parameter
Strain/strain rate

Athletes

Nonathletes

8–13
49–65
113–400

6–10
42–59
88–224

130–240
45–70

67–155
>55

6.5–14
7.5–16

>6
>8

Similar to nonathletes
(GLS > 18%)

GLS > -18%

EDV, End-diastolic volume; EF, ejection fraction; GLS, global longitudinal strain; IVSd, interventricular septal thickness at diastole; LVIDd,
LV internal diameter at diastole; LVM, LV mass; Sm, tissue Doppler
imaging peak velocity at systole.
Data from Paterick TE, Jan MF, Paterick ZR, Umland MM, Kramer C,
Lake P, et al. Cardiac evaluation of collegiate student athletes: a
medical and legal perspective. Am J Med 2012;125:742–752.

Figure 1 Pulsed-wave Doppler of mitral inﬂow obtained by
placing the pulsed-wave Doppler gate at the very tip of the mitral
valve leaﬂets in the apical four-chamber window: Doppler
tracing reveals superior early diastolic ﬁlling as assessed by Ewave velocity and near absence of the A wave. This is characteristic of an endurance-trained athlete.

severe remodeling may not reverse in all elite athletes with deconditioning; chamber enlargement persists in 20% of retired elite athletes
after 5 years.24 There is no available evidence that cardiac remodeling
from intense physical training results in LV disease or SCD. These
measurements of LV mass and muscle distribution have little role in
definitively distinguishing physiologic from maladaptive remodeling
in athletes. Healthy athletes and healthy nonathletes can be distinguished morphologically and physiologically (Table 2).
LV Diastolic Function. LV diastolic function must be integrated
with LV systolic function to comprehensively appraise the athletic heart.
Diastolic dysfunction typically precedes systolic dysfunction. Most
important, athletic hearts do not accrue diastolic or systolic dysfunction.
Trained athletes have enhanced early diastolic LV filling, depicted by
increased E-wave velocity and near absence of the A wave, in addition
to supernormal medial annular tissue Doppler velocities25,26 (Figures 1
and 2, Video 1; available at www.onlinejase.com). The proficient diastolic function of endurance-trained athletes allows the left ventricle
to relax briskly during extremes in heart rate, allowing the preservation
of stroke volume. Cardiac diastolic function is a critical factor in distinguishing adaptive remodeling from disease remodeling.27,28 This
unique ability of diastolic functional parameters to distinguish
between health and disease was eloquently shown by abnormal
results on tissue Doppler echocardiography in gene mutation–
positive patients with HCM independent of phenotypic expression.29
LV Systolic Function. LV systolic function is consistently in the
normal range among highly trained athletes.30 Elite cyclists can have
LV ejection fractions lower than normal.31 Our experience with highly
conditioned professional basketball players commonly reveals global
LV ejection fractions ranging from 45% to 50%, but supernormal tissue
Doppler Sm and normal systolic strain and strain rate measurements.
Systolic strain and strain rate imaging of the left ventricle has been
used to distinguish maladaptive from physiologic remodeling of the
left ventricle. The absence of reductions in global systoliclongitudinal strain and strain rate supports the use of strain rate imaging to assess the physiologic increase in wall thickness associated with

Figure 2 In the apical four-chamber view, a 2-mm pulsed-wave
Doppler gate is placed at the medical annulus, obtaining the
peak early diastolic, atrial, and systolic tissue velocities. Tissue
Doppler reveals supernormal peak early diastolic velocity (e0 )
and annular systolic tissue velocities (Sm) This represents super
competent diastolic function characteristic of adaptive remodeling from intense athletic training.
athletic training.32 Simultaneous measurement of systolic and diastolic strain and strain rate in athletes has not been sufficiently documented at this time. Similarly, the effect of endurance training on
deformation mechanics, torsion, and the untwisting rate as components of exercise-induced cardiac remodeling in young athletes needs
further investigation.33 LV systolic torsion and peak early diastolic untwisting rate may be important components of exercise-induced
cardiac remodeling.34 Endurance-trained athletes develop biventricular dilation with enhanced diastolic function, whereas strength-trained
athletes develop concentric increases in LV wall thickness with diminished diastolic function.35 Speckle-tracking echocardiography
measures LV systolic and diastolic functions in individuals with structural alterations of the heart from intense physical training. LV untwisting increased with exercise more than LV lengthening or expansion.36
An exercise-induced increase in LV untwisting rate may enhance early
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Figure 3 Strain analysis revealing normal peak systolic strain. GS, Global strain.
LV diastolic suction, facilitating early LV filling without an increase in
left atrial pressure.37
Patients with HCM have reductions in longitudinal strain and in the
untwisting rate in diastole. The evolving understanding of LV deformation myocardial mechanics is providing incremental information
in distinguishing athletic remodeling from disease states such as HCM.
The Right Ventricle
RV remodeling in athletic training is an expectation, because the right
ventricle must accept and eject a large volume of blood comparable
with that of the remodeled left ventricle. Both the left and right ventricles must augment systolic function to handle the increased blood volume. Endurance-trained athletes have enlarged RV cavities and
increased RV wall thickness compared with sedentary controls.38 RV
enlargement parallels LV enlargement in intensely trained athletes.39
The RV morphologic features in strength-trained athletes do not significantly vary from those in sedentary controls.40 The morphologic and
functional parameters that appear to distinguish endurance- and
strength-trained athletes are RV inflow tract diameter, RV enddiastolic area, and tricuspid inflow velocity deceleration time.40 As expected, in systems that vacillate between normal and abnormal, RV
remodeling is heterogeneous across gender, race, and sports discipline.
Physiologic endurance conditioning results in adaptive remodeling
of RV structure and function (Video 2; available at www.onlinejase.
com). This remodeling may make the distinction from ARVD diagnostically challenging.41 The echocardiographic features of ARVD
reflect the pathologic process of adipose and fibrous infiltration of
the RV myocardium, most frequently affecting the RV outflow tract,
apex, and inferior basal wall.42 The distinction between remodeling
and RV disease is further distorted by the concern that RV adaptive
remodeling associated with prolonged, intense physical training can
result in RV pathology. This had led to consideration of possible
‘‘exercise-induced RV cardiomyopathy.’’43 The potential adverse effects of intense exercise resulting in decreased contractility and
altered myocardial substrate–induced arrhythmias44 beg the question
of needing to distinguish between disease states such as ARVD and

advanced adaptive remodeling. ARVD has ominous potential, being
implicated in 4% to 21% of all cases of SCD.45 The criterion standard
for the diagnosis of ARVD remains poorly defined. Presently, resting
measures of RV function such as RV fractional area change, strain, and
strain rate are not reflective of RV function reserve, and therefore, low
resting RV function as defined by RV fractional area change, S0 , strain,
and strain rate at rest does not implicate subclinical myocardial damage. RV function may be below normal at rest in highly trained athletes, but there is robust RV functional reserve after provocation
with exercise, suggesting that the increased RV and right atrial sizes
reflect physiologic remodeling rather than maladaptive changes.46
Thus, RV contractility, strain, and strain rate at rest do not accurately
reflect RV function in highly trained athletes, and exercise testing may
be essential to assess RV function. Our need to investigate the impact
of high-level training on RV function is related to contradictory data
showing that highly trained athletes with RV dilation performing
endurance and strength exercises have global strain and strain rate
that are preserved or enhanced and that correlate with enhanced S0
and RV fractional area change (Figure 3).41,47,48 These conflicting
data may reflect the heterogeneous response of exercise across
variable sports disciplines, volume loading, afterload, and duration
of training. Further investigations have identified enhanced RV
diastolic function at rest and augmentation of these parameters
with intense training. Further investigation of RV diastolic indices,
including tissue velocities, strain, and strain rate, at rest and after
exercise across a large spectrum of athletes is needed to help
distinguish adaptive from maladaptive RV remodeling.
Enhanced contraction of RV free wall segments in athletes
compared with regional and global deformation parameters in
patients with ARVD may allow the differentiation of physiologic remodeling from disease.49 Additionally, as stated previously, RV diastolic function, global strain, and response to exercise are key
variables separating RV physiologic adaptation from pathology.50
Although differences in RV geometric remodeling are observed in
endurance- and strength-trained athletes, few reproducible differences in RV cavity deformation or relaxation exist, suggesting that
despite remodeling in athletes, RV systolic and diastolic function
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Table 3 Relative aortic size predicting rupture
Aortic size index (cm/m2)

<2.75
2.75–4.25
>4.25

Risk (%)

4
8
20–25

Data from Davies et al.53

remains normal.40 It is premature to define ‘‘cutoff’’ values distinguishing remodeling due to athletic training from pathology due to disease.
The nonlinear nature of remodeling with heterogeneous phenotypic
expression among similarly trained athletes makes this a difficult task.
The available data for RV morphologic and functional parameters in
relationship to body surface area in athletes are scant. Recent work
showed that RV dimensions are greater in athletes than nonathletes.
This work provided absolute values for RV morphology and functional parameters in 102 elite endurance-trained athletes and defined
the parameters in relationship to body surface area.41 This is a starting
point mandating the need for large, cooperative studies attempting to
define normal ranges for athletes across all the various athletic groups.

Screening stress testing is not useful in asymptomatic patients. LV
systolic function response to exercise is more robust in healthy athletes compared with patients with HCM.58 Maximum oxygen uptake
is increased in athletes as a result of upregulation of cardiopulmonary
delivery of oxygen and skeletal muscle use of oxygen. The major difference between athletes and nonathletes is the ability to increase
cardiac output. This is attributable to enhanced stroke volume.59
Doppler tissue imaging measures have demonstrated augmentation
of systolic and diastolic functions in elite athletes.60

SEX
Athletic cardiac remodeling exhibits no gender bias; it occurs in both
sexes and is of similar but not equivalent magnitude in male and female
athletes. The degree of individualized physiologic remodeling is less pronounced in women matched to men, even when corrections are made
to take account of slighter lower body surface areas in women.61,62

RACE
The Aorta
The remodeling of the aortic root in highly trained athletes is
commonly documented. Increased demand resulting in increased
stroke volume often results in a larger aortic conduit. Endurance activity
results in high-volume aortic flow with modest systolic blood pressure
elevation, and strength training results in normal volume aortic flow
with profound elevation of systolic blood pressure. There is evidence
supporting greater aortic root diameter among strength-trained athletes51 and refuting data showing the largest aortic dimensions in
endurance-trained athletes.52 The best available measurement in the
literature on aortic morphology takes into account aortic dimension
and body surface area.53 The aortic size index is calculated by
measuring aortic diameter (centimeters) and dividing by body surface
area (square meters). Aortic size index measurements in the athletic
population are not well defined. The finding of aortic indexed enlargement should prompt comprehensive evaluation. See Table 3 for guidelines to assess aortic dimensions.
The Atria
A remodeled left atrium is completely normal in the athletic population.
Intense athletic training results in increased stroke volume, with subsequent remodeling of all cardiac chambers, including the left and right
atria.54 A more recent study confirmed left atrial remodeling in
endurance-trained athletes.55 The atrial enlargement in trained athletes
occurs with preservation of normal LV, RV, left atrial, and right atrial
pressures.
Left atrial remodeling in athletes is an expected physiologic adaptive response to exercise training. Left atrial indexed volumes are
significantly higher in athletes compared with healthy controls.
Doppler tissue imaging is a useful tool to identify improved myocardial diastolic properties in athletes, and speckle-tracking echocardiography elucidates the role of the left atrium in athletic heart
remodeling.56 Left atrial strain and strain rate by two-dimensional
speckle-tracking are indices of left atrial function that facilitate distinction of physiologic and pathologic remodeling. Left atrial myocardial
deformation is significantly impaired in patients with HCM compared
with athletes and healthy controls.57

Race is an important element of cardiac remodeling, with individual
differences in wall thickness between white and black athletes. This
distinction transcends sex, with black female athletes having greater
wall thickness and LV mass than white female athletes.63 Black athletes show a more prominent pattern of LV remodeling compared
with whites, characterized by greater increases in LV wall thickness,
mass, and relative wall thickness but similar cavity size and volume.64
Individual differences in the degree of wall thickening suggest an indefinite etiologic factor associated with the black race that augments
physiologic wall thickening in response to the volume burden associated with intense athletic training. Athletes of all races are expected to
have preservation of normal or hypernormal cardiac myocyte function despite morphologic changes.

MULTIMODALITY IMAGING IN ATHLETE’S HEART
Echocardiography provides a robust understanding of cardiac pathophysiology. High temporal resolution enables the assessment of
myocardial function at rest and during exercise regionally and globally.
Echocardiography is the best imaging modality because it allows the
simultaneous evaluation of cardiac morphology and diastolic function.
This allows individualization of the global morphophysiologic state.
Cardiac magnetic resonance imaging (MRI) has excellent spatial resolution and image quality that is not influenced by body habitus,
permitting precise measurements of cardiac chamber size, myocardial
mass, and systolic function. This has particular benefit for the irregularly
shaped right ventricle.65 Cardiac MRI has incremental value in distinguishing athletic heart and HCM in selected cases because of its superiority in identifying segmental increase in LV wall thickness in the
anterolateral free wall and apex.66 In the severe phenotypic expression
of ARVD, all imaging modalities are likely to identify the disease.67 An
important role of cardiac MRI in the athletic population lies in its ability
to detect early and subtle cases of ARVD that are otherwise insensitive
to diagnosis. Cardiac MRI can uniquely detect regional and diastolic
dysfunction, which may represent early manifestations of ARVD.68
Cardiac MRI also allows the detection of LV involvement in
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ARVD69 and is a useful technique for the noninvasive identification of
anomalous coronary arteries and their anatomic course.70
Radionuclide ventriculography attempts to provide measures of
ventricular systolic function that do not rely on geometric assumptions and has been used to assess function with exercise. This imaging
modality is limited by cost and radiation exposure and has little value
given the alternative modalities for measuring systolic function.
Positron emission tomography imaging has been used to evaluate
perfusion reserve in athletes. Supine bicycle exercise with positron
emission tomographic scanning has demonstrated that increased
myocardial mass does not impede blood supply in athletes. Positron
emission tomography through tissue characterization in the future
may allow the identification of subtle changes in myocardial and interstitial composition, ascertaining whether the morphologic changes
observed in athletes are physiologic or pathologic.71
Cardiac computed tomography allows the evaluation of coronary
artery disease and possesses superb spatial resolution for anatomic
definition. Cardiac computed tomography has been limited to use
in older athletes to exclude coronary artery disease. The amount of
radiation exposure limits its use to assess cardiac function.
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Figure 4 Pulsed-wave Doppler of mitral inﬂow. The heart rate
was 39 beats/min, and there was a normal period of diastasis.
Despite intense athletic training, this 74-year-old man had less
proﬁcient diastolic ﬁlling and a dominant A wave.

PARTING THOUGHTS
The accuracy of Doppler echocardiography is time tested and validated. Doppler echocardiography allows one to sensitively and specifically distinguish adaptive from maladaptive remodeling. It is
clinically effective and cost effective. Echocardiography is available
throughout the world and allows the simultaneous assessment of
morphology and physiology.
CASE EXAMPLES
The first example is of a National Basketball Association player who
presented for a second opinion because he was disqualified from sports
participation. His disqualification was based on a diagnosis of LV noncompaction cardiomyopathy. The diagnostic predicament was tackled
with an integrated consideration of history, 12-lead electrocardiography, and echocardiography. The personal and family histories were
unremarkable. The 12-lead electrocardiogram revealed increased
voltage and early repolarization. These electrocardiographic changes
were compatible with an athletically trained black athlete. The echocardiogram was intriguing (Figures 1–3, Videos 1–6; available at www.
onlinejase.com). The morphologic changes were obvious, with remodeling and enlargement of all cardiac chambers, increased LV wall thickness, and evidence of marked apical trabeculations and chords and a
bilayered myocardium. The calculated LV ejection fraction was 55%.
In this case, the morphologic changes are marked and give pause for
the physician trying to separate a healthy heart from a disease state.
This patient had cardiac remodeling with increased wall thickness (12
mm) and enlargement of all cardiac chambers. Tissue Doppler echocardiography revealed supernormal early diastolic relaxation (e0 > 17 cm/
sec) and supernormal peak systolic tissue velocity (Sm > 10 cm/sec).
Additionally, global longitudinal strain and strain rate were normal.
The patient achieved 22 metabolic equivalents on the Bruce protocol.
Integrating the patient’s morphology, physiology, myocardial mechanics, and exercise testing results led to a conclusion of athletic
heart superimposed on LV noncompaction morphology with normal
LV systolic function, the latter being a morphologic finding and not
representative of a disease state. The patient was cleared to play professional basketball with a recommendation for follow-up in 1 year.

Figure 5 Medial annular tissue Doppler with a grade 2/4 diastolic pattern but normal LV ﬁlling pressure (E/e0 = 7). The remodeled left atrium has preserved LV ﬁlling pressure,
consistent with athletic heart.
The second example, which shows the distinction between athletic
training–induced cardiac remodeling and structural heart disease, is of
a 74-year-old white man referred for evaluation of a cardiomyopathy
and the need for an implantable cardioverter-defibrillator. The patient
had an episode of fatigue on a 40-mile bike ride. A previous cardiac
catheterization test revealed normal coronary arteries. The personal history revealed that the patient rode his bike an average of 40 mi/d and
recently had ridden from the west coast to the east coast of the United
States in 2 months. The patient’s family history was unremarkable.
Twelve-lead electrocardiography revealed marked sinus bradycardia
with heart rates ranging from 30 to 39 beats/min, increased voltage,
and early repolarization.
Echocardiography revealed obvious chamber enlargement
(Figures 4–6, Videos 7–11; available at www.onlinejase.com). LV
and RV systolic function appeared depressed visually. No significant
valvular abnormalities were identified. Diastolic function revealed
that e0 and E/e0 were normal, as was peak annular systolic tissue velocity. Calculated LV ejection fraction and RV fractional area change

946 Paterick et al

Journal of the American Society of Echocardiography
September 2014

Figure 6 Strain analysis revealing normal mechanical function with peak systolic strain equal to 19.8%. GS, Global strain.

were normal, as were the results of strain analysis. This 74-year-old
man reached a workload of 19 metabolic equivalents on exercise
testing. Echocardiographic analysis demonstrated extreme cardiac
remodeling from chronic, intense physical training. The left ventricle
raised concern for dilated cardiomyopathy, and the RV dimensions
raised concern for RV cardiomyopathy. The analysis of systole, diastole, LV and RV mechanics, and stress testing identified physiologic remodeling of the left and right ventricles.
These two examples embody the degree and magnitude of cardiac
remodeling associated with intense physical training. Although
morphologic changes associated with intense exercise training can
create a diagnostic conundrum when attempting to distinguish athletic remodeling from pathologic structural heart disease, functional
myocardial imaging generally permits precise assessment of function
and separation of health from disease.
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Sudden Cardiac Death in Athletes
Michael S. Emery, MD,a,b Richard J. Kovacs, MDa,b

ABSTRACT

Sudden cardiac death is a tragedy at any age and under any circumstances but is perhaps most tragic when it claims the
life of the athlete, the individual who epitomizes health and a healthy lifestyle. Sports cardiologists from around the
world have worked to quantitate the incidence of sudden cardiac death (SCD) in the athlete, to identify risk factors, to
develop pre-participation screening tools, and to formulate plans to deal with on-ﬁeld SCD. Progress has been
made, but much remains to be done in order to make both competitive and recreational sports safer for both patients
with known cardiac disease and athletes without known or suspected cardiac abnormalities. (J Am Coll Cardiol HF
2018;6:30–40) © 2018 Published by Elsevier on behalf of the American College of Cardiology Foundation.

S

udden cardiac death (SCD) in an apparently

develop incidence reports which may underestimate

healthy athlete is a tragic event, counterintui-

SCD incidence. Drezner et al. (11) examined a popu-

tive to the common association between ath-

lation of Minnesota high school athletes over a

letic activity and good health. These tragedies are

10-year period, using media reports from the Parent

highly publicized and generate considerable atten-

Heart Watch database and found 6 cases of SCD

tion in the local community, which may then commit

compared to only 1 case identiﬁed by using cata-

signiﬁcant ﬁnancial resources to prevent future

strophic insurance claims. The variability in report-

events. The medical community, in turn, looks to

ing among National Collegiate Athletic Association

the cardiac care team for guidance on the identiﬁca-

(NCAA) athletes was demonstrated by Harmon et al.

tion of athletes at risk, primary and secondary pre-

(7), who identiﬁed SCD from 2003 to 2013 through 3

vention strategies, and treatment.

different sources: 1) the NCAA Resolutions List;

Addressing this issue is complex as athletes come in

2) the Parent Heart Watch database; and 3) NCAA

all shapes, sizes, and ages. Sports can require various

insurance claims. Media database reports identiﬁed

levels of cardiac performance, even within the same

70% of the total SCD cases, whereas insurance claims

sport. The position played, the training required, and

captured only 11% of cases.

the environmental stresses make each athlete an indi-

Sudden cardiac death is a relatively infrequent

vidual study of risk and beneﬁt. Data for athletes and

event, and to study it, large, stable populations must

SCD come from disparate sources, and expert consensus

be observed over a period of many years to account

drives many published recommendations. This review

for random variability in death rates. Corrado et al. (2)

informs the provider community of the current state of

published one of the ﬁrst large scale studies of sud-

knowledge regarding the athletes at risk for SCD.

den cardiac death in athletes in the Veneto region of
Italy. Over the ﬁnal period of the study (2003 to

INCIDENCE OF SUDDEN CARDIAC DEATH

2004), the incidence of SCD was 0.4 per 100,000
person years (n ¼ 1 death), whereas in the initial

The true incidence of SCD in an athletic population is

period (1979 to 1980), it was 3.6 per 100,000 person

controversial. Estimates from studies in the United

years (n ¼ 8 deaths) with an average of approximately

States and Europe are all complicated by various

2 deaths per year over the entire 26-year study period.

methodological issues (Table 1). The basis of these

This was similar to ﬁndings in an Israeli study by

discrepancies revolves around what is included in

Steinvel et al. (9) over a 30-year time frame with a

the numerator (number of athletes who have expe-

cumulative incidence of 2.6 per 100,000 person-years

rienced SCD) and the denominator (number of ath-

(n ¼ w1 death/year). However, there was a noted

letes at risk) of these equations. Some studies have

spike in deaths during their 30-year study period

included only events that resulted in death (1–7),

from 1995 to 1996, with an incidence of 8.4/100,000

whereas others also include those that survive sud-

person-years, whereas 2 periods (1989 to 1990 and

den cardiac arrest (SCA) (8–12). Methods relying on

1993 to 1994) had zero deaths.

media reports, passive registries, and catastrophic

A consistent ﬁnding across studies is that male

insurance claims have been used predominantly to

athletes have a 3 to 5 times higher incidence of SCD
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ABBREVIATIONS

than female athletes (1,13). Data from NCAA

organizations

AND ACRONYMS

athletes also indicate that black athletes

involved in pre-participation assessments (21) and is

(incidence rate ratio of 3.2 compared to

endorsed by the AHA (23) (Table 2 compares the AHA

white athletes) and in particular Division I

14 points with the PPE-4 elements). Despite the fact

basketball players (1:5,200 athlete-years for

that these and similar recommendations have been in

all males and 1:4,380 athlete-years for black

place for decades, studies indicate the general lack of

males) have a markedly higher incidence of

awareness and incorporation into many state and

SCD (7). Recognizing heterogeneity may

school district policies in the United States (24–28).

ARVC = arrhythmogenic right
ventricular cardiomyopathy

DCM = dilated cardiomyopathy
HCM = hypertrophic
cardiomyopathy

SADS = sudden arrhythmic
death syndrome

help with efforts to target preventive stra-

SCA = sudden cardiac arrest

tegies for groups with the highest risk.

whose

members

are

intimately

The PPE medical history questions were developed
through expert consensus and have not been scien-

The burden of SCD in athletic individuals

tiﬁcally validated in a prospective study. A systematic

must be considered in context of the risk of

review/meta-analysis from Harmon et al. (7) reported

SCD = sudden cardiac death

SCD in the general population. Studies indicate that

a sensitivity and speciﬁcity for the detection of

the physical endeavor of sport activity and training

serious cardiac abnormalities to be 20% and 94%,

poses a 2.4 to 4.5 increased risk of SCA and SCD

respectively, for the history and 9% and 97%,

relative to that in nonathletes and recreational ath-

respectively, for the physical examination. This likely

letes (2,10,14). Although sporting activity appears to

reﬂects a high number of initial positive responses

increase the relative risk of SCD, the absolute number

(24% to 68%) reported by high school and college

of cases is larger in the nonsporting population. Over

athletes on questionnaires (29–31). Although initial

the 10-year period of the Oregon Sudden Unexpected

responses on the PPE form are meant to be reviewed

Death Study, there were 1,184 nonsport-associated

by a physician to determine if further evaluation is

SCA

for

warranted, a study from Fudge et al. (31) suggested

patients 35 to 65 years of age (15). There are an esti-

that 46% of initial positive responses necessitated

mated 201,286 cases of SCA/SCD across the general

further evaluation even after physician review. The

population in the United States annually (16), and,

AHA 14-point PPE and the PPE-4 monograph are

although extrapolation from the Oregon experience

considered the bases of any PPE and efforts to stan-

may not be entirely justiﬁed, the absolute number of

dardize them across institutions and states in the

SCD cases attributable to athletic activity will be a

United States are crucial to their success.

compared

to

63

sport-associated

SCA

relatively small number when considering issues of
ELECTROCARDIOGRAPHY. The addition of an elec-

population health.

trocardiography (ECG) to the standard PPE has been

PRIMARY PREVENTION AND

mandated in Italy (2) and Israel (9) and has been

SCREENING STRATEGIES

recommended by the European Society of Cardiology
(20) and International Olympic Committee (32). Data

A

pre-participation

evaluation

(PPE)

prior

to

suggest the sensitivity of the ECG to detect underly-

competing in athletics has been recommended by

ing cardiovascular abnormalities that could place the

multiple societies (17–22) to identify or raise the sus-

athlete at risk of sudden cardiac death is superior to

picion of cardiovascular abnormalities that could

that of the history and physical examination (7).

potentially result in SCD on the athletic ﬁeld (17). The

However, the addition of a resting ECG to screening

appropriate components of the PPE are a subject of

protocols has not been evaluated in a prospective

signiﬁcant controversy and vary by country, league,

study. Data from Israel (9), which mandates ECG

and level of competition.

screening, and Minnesota (8), where ECG screening

HISTORY AND PHYSICAL EXAMINATION. The Amer-

does not take place, suggest rates of SCD similar to that

ican Heart Association (AHA) has published guide-

of Italy after the implementation of their mandated

lines

of

ECG screening program (9). In the United States,

competitive athletes, which consist of a 14-point

the issue of ECG screening in the collegiate athlete has

history and physical examination (23). The 14-point

been a topic of discussion in the lay press, although no

for

the

pre-participation

screening

PPE is a Class I recommendation in the most recent

mandate has emerged from the debate (22,33–35).

Eligibility and Disqualiﬁcation Recommendations for

Unfortunately, given the logistics and including

Competitive Athletes study published by the Amer-

ﬁnancial costs and sheer volume of participants

ican College of Cardiology (ACC)/AHA (17). The

needed, a randomized, controlled trial of screening to

Pre-Participation Physical Evaluation Monograph,

prevent sudden cardiac death in the athlete is likely

4th edition (PPE-4), is a joint project of 6 medical

unrealistic.
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T A B L E 1 Studies of SCA and SCD Incidence in Athletic Populations

First Author
(Ref. #)

Year

Incidence (per
Athlete-Person Yrs)

Van Camp
et al. (1)

1995

1/281,000

Corrado
et al. (2)

2006

Maron
et al. (8)

2009

Maron
et al. (8)

Total Number
of Cases

Time Frame
Deﬁnition(s) of Events

Population

Collection Method(s)

Age Range
(yrs)

Study
Period

107

SCD

C/T

17 U.S. high school and
college sports (excluded
intramural, club, and PE
classes)

Retrospective from National
Center for Catastrophic
Sports Injury Research
database and media
database

17–24

1983–1993

55

SCD

All

Veneto region, Italy

Prospective registry

12–35

1979–2004

1/103,000

22

SCAþD

All

MN high school, collegiate,
and professionals

Catastrophic Insurance
Records; U.S. National
Registry of Sudden Death
in Athletes; NCAA
website/communications;
public records

12–31

1985–2007

2009

1/164,000

1,049

SCAþD

All

U.S. competitive organized
team or individual sports
(intramural/recreational
excluded)

U.S. National Registry of
Sudden Death in Athletes
(media reports, directly
submitted, NCCSIR,
NHLBI)

8–39

1980–2006

Holst
et al. (3)

2010

1/83,000

15

SCD

C/T

Competitive athletes

Denmark nationwide death
certiﬁcates

15–35

2000–2006

Solberg
et al. (4)

2010

1/117,000

23

SCD

All

During, or in connection with, Retrospective Norwegian
physical activity
Cause of Death Registry,
medical records, and
autopsy reports from
hospitals and clinics

15–34

1990–1997

Steinvil
et al. (9)

2011

1/39,000

24

SCAþD

All

Israel Sport Law (“individuals
who engage in sportive
activity at any level of
physical endurance”)

12–44

1985–2009

Marijon
et al. (10)

2011

1/102,000

50

SCAþD

C/T

Competitive athletes in
Prospective population based
France: participated in an
using EMS responding to
organized sports program
cardiac cases; media
(team or individual) that
reports
required regular
competition and training
(excludes intramural
sports)

10–35

2005–2010

Roberts and
Stovitz (5)

2013

1/417,000

4

SCD

C/T

MN State High School League Catastrophic Insurance
Records

12–19

1993–2012

Drezner
et al. (11)

2014

1/71,000

13

SCAþD

All

MN high school athletes

Public Media Reports (Parent
Heart Watch)

14–18

2003–2012

Maron
et al. (6)

2014

1/63,000

64

SCD

All

NCAA athletes

U.S. National Registry of
Sudden Death in Athletes;
NCAA Memorial
Resolutions List

17–26

2002–2011

Harmon
et al. (7)

2015

1/54,000

79

SCD

All

NCAA athletes

1) NCAA Resolutions List;
2) Parent Heart Watch
database; and
3) NCAA insurance claims.

18–26

2003–2013

Harmon
et al. (12)

2016

1/101,000 SCD
1/67,000 SCDþSCA

SCD
SCAþSCD

All

High school athletes from
7 states (CA, FL, MN, NJ,
OH, TN, and TX)

Parent Heart Watch database

14–18

2007–2013

1/115,000 over
the ﬁnal 11 yrs
(1/53,000 over
the total period)

69 SCD
104 SCAþSCD

Media reports

C/T ¼ competition/training (deﬁned as during or within 1 h of cessation of activity); EMS ¼ emergency medical service; NCAA ¼ National Collegiate Athletic Association; NCCSIR ¼ National Center for
Catastrophic Sports Injury Research; NHLBI ¼ National Heart, Lung, Blood Institute; PE ¼ physical education; SCA ¼ sudden cardiac arrest; SCD ¼ sudden cardiac death.

CAUSES OF SUDDEN CARDIAC DEATH

but can predispose the athlete to SCD primarily

The cardiac abnormalities contributing to SCD in

ted electrical cardiac abnormalities were implicated

athletes #35 years of age generally fall into 3 cate-

in #5% of conﬁrmed SCD events in the U.S. Registry

gories: electrical, acquired, and structural cardiac

(8) and <4% in NCAA athletes (6,7), and 0% were

abnormalities (Figure 1). Most of these abnormalities

identiﬁed in studies from the United Kingdom (36)

are inherited cardiac disorders that may be quiescent

and Australia and New Zealand (37). Acquired

through ventricular arrhythmia (13). Primary, inheri-
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T A B L E 2 Comparison Between AHA 14 Points and the PPE-4 Elements

AHA Recommendations

Pre-Participation Physical Evaluation

Medical history*
Personal History

Heart Health Questions About You

1. Chest pain/discomfort/tightness/pressure
related to exertion

6. Have you ever had discomfort, pain, tightness, or pressure in your chest
during exercise?

2. Unexplained syncope/near syncope†

5. Have you ever passed out or nearly passed out DURING or AFTER exercise?

3. Excessive and unexplained dyspnea/fatigue or
palpitations, associated with exercise

12. Do you get more tired or short of breath more quickly than your friends
during exercise?
10. Do you get lightheaded or feel more short of breath than expected during
exercise?
7. Does your heart ever race or skip beats (irregular beats) during exercise?

4. Prior recognition of a heart murmur

8. Has a doctor ever told
all that apply:
, High blood pressure
, High cholesterol
, Kawasaki disease

5. Elevated systemic blood pressure

you that you have any heart problems? If so, check
, A heart murmur
, A heart infection
Other: _______________

6. Prior restriction from sports

1. Has a doctor ever denied or restricted your participation in sports for any
reason?

7. Prior testing for heart disease, ordered by a
physician

9. Has a doctor ever ordered a test for your heart? (For example, ECG/EKG,
echocardiogram)
11. Have you ever had an unexplained seizure?

Family History
8. Premature death (sudden and unexpected or
otherwise) before 50 yrs of age attributable to
heart disease $1 relative

Heart Health Questions About Your Family
13. Has any family member or relative died of heart problems or had an
unexpected death before age 50 (including drowning, unexplained car
accident, or sudden infant death syndrome)?

9. Disability from heart disease in a close relative
<50 yrs of age
10. Hypertrophic or dilated cardiomyopathy, long
QT syndrome or other ion channelopathies,
Marfan syndrome, or clinically signiﬁcant
arrhythmias; speciﬁc knowledge of genetic
cardiac condition in family member

14. Does anyone in your family have hypertrophic cardiomyopathy, Marfan
syndrome, arrhythmogenic right ventricular cardiomyopathy, long QT
syndrome, short QT syndrome, Brugada syndrome, or catecholaminergic
polymorphic ventricular tachycardia?
15. Does anyone in your family have a heart problem, pacemaker, or
implanted deﬁbrillator?
16. Has anyone in your family had unexplained fainting, unexplained
seizures, or near drowning?

Physical examination

Physical examination

11. Heart murmur‡

a. Heart
n Murmurs (auscultation standing, supine, with or without Valsalva)
n Location of point of maximal impulse

12. Femoral pulses to exclude coarctation

b. Pulses
n Simultaneous femoral and radial pulses

13. Physical stigmata of Marfan syndrome

c. Appearance
n Marfan stigmata (kyphoscoliosis, high-arched palate, pectus
excavatum, arachnodactyly, arm span >height, hyperlaxity, myopia,
MVP, aortic insufﬁciency)

14. Brachial artery blood pressure (sitting position)§

d. Blood pressure

The table compares the 14-element American Heart Association recommendations for pre-participation cardiovascular screening of competitive athletes and the preparticipation physical evaluation monograph; differences are shown in bold. *Parental veriﬁcation is recommended for high school and middle school athletes. †Judged not
to be of neurocardiogenic (vasovagal) origin; of particular concern when occurring during or after physical exertion. ‡Refers to heart murmurs judged likely to be organic and
unlikely to be innocent; auscultation should be performed with the patient in both the supine and standing positions (or with Valsalva maneuver), speciﬁcally to identify
murmurs of dynamic left ventricular outﬂow tract obstruction. §Preferably taken in both arms. Reproduced with permission from Hainline et al. (78).
AHA ¼ American Heart Association; ECG ¼ electrocardiogram; EKG ¼ electrocardiogram; MVP ¼ mitral valve prolapse; PPE-4 ¼ Pre-Participation Physical Evaluation
Monograph, 4th edition.

abnormalities such as commotio cordis, which is

SCD, ranging from 7% to 17% of athlete cases

increasingly reported in the United States and

(8,36,43). Atherosclerotic coronary artery disease is

worldwide (38,39); myocarditis, which may have

an uncommon but recognized cause of SCD in young

multiple causes (40); and environmental factors and

athletes (8,13,37), whereas it becomes the dominant

performance-enhancing drugs have been linked with

mechanism in older athletes (>60% of cases in ath-

SCD in athletes (41,42). Anomalous coronary artery

letes >35 years of age) (10,15,44–46).

origins, particularly a coronary artery originating

Inherited structural cardiac conditions comprise

from the wrong aortic sinus, is a frequent cause of

most of the structural abnormalities resulting in SCD
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in the young athletic population. Hypertrophic cardiomyopathy (HCM) is often cited as the most com-

F I G U R E 1 Common Causes of Sudden Cardiac Death in Young Athletes

mon cause of SCD in young competitive athletes,
accounting for 36% of conﬁrmed causes of SCDs in the
U.S. National Registry of Sudden Death in Athletes
(8,18), with a signiﬁcant number of SCD cases labeled
as “possible HCM” (8%). The prevalence of HCM in
the general population is approximately 1:500 (0.2%)
(47) but may in fact be less common (<0.07%) in
athletes (48,49). More contemporary studies are
starting to question the proportion of SCD attributed
to HCM. A study from the United Kingdom found only
12% of SCDs in athletes was attributable to deﬁnitive
HCM, with 25% of SCDs exhibiting idiopathic left
ventricular hypertrophy (36). A prospective study of
SCD among children and young adults conducted in
Australia and New Zealand from 2010 through 2012
attributed only 6 of 54 cases (11%) of HCM during or
post-exercise, whereas 20 were unexplained (37%)
(37). Alpert et al. (50) condensed several published
studies to generate an estimated risk of SCD for athletes due to HCM at 0.03% to 0.1%, which is comparable to contemporary published mortality rates in
the overall HCM population (51).
Arrhythmogenic right ventricular cardiomyopathy

Reproduced with permission from Chandra et al. (79).

(ARVC) is characterized by ﬁbrofatty replacement of
the RV myocardium with variable disease expression
that can increase risk of SCD, notably during exertion

difﬁcult

(52). ARVC is the most common cause of SCD (24%) in

Although a mildly reduced ejection fraction (EF; 40%

athletes in the Italian registry from the Veneto region

to 50%) is not typical of “athlete’s heart,” it has been

to

distinguish

from

“athlete’s

heart.”

(13). It is also more common in the United Kingdom

noted in several observational studies

(10% among those #35 years of age) (36) than in the

particularly

United States, including cohorts from the U.S. Regis-

ventricular dimensions. These studies have also noted

try of Sudden Death in Athletes, NCAA athletes, and

that the EF “augments normally” (59) or becomes

associated

with

(58–60),

increased

left

U.S. military (6,8,43,53,54). The role that exercise

“hyperdynamic” (60) with exercise, when observed

may play in disease progression of individuals with

by stress echocardiography. This adaptation likely

genetic ARVC has evolved recently. In a study from

reﬂects

James et al. (55), endurance athletes with desmo-

primarily through increased stroke volume necessary

somal mutations developed symptoms at a younger

to achieve the athletic prowess of a competitive

age (30 vs. 41 years of age) and were more likely to

athlete. As such, it would be anticipated that these

develop

ventricular

subjects’ ejection fraction would increase normally

ﬁbrillation and heart failure. In a separate study from

with exercise (i.e., by stress echocardiography) and

Sawant et al. (56), gene-elusive, nonfamilial ARVC

also be reﬂected in other objective measurements of

ventricular

tachycardia

and

increased

cardiac

output,

as

attained

was associated with more intense exercise prior to

ﬁtness (i.e., V O2max) (61). Contemporary studies of

presentation and were more likely to be endurance

myocardial contractile reserve as reﬂected by EF are

athletes particularly among those presenting at <25

needed to better classify the degree of augmentation

years of age. Unlike most other cases of car-

by stress imaging that provides the best sensitivity

diomyopathic processes, subjects who have possible

and speciﬁcity for differentiating a mild DCM from

or borderline cases of ARVC and probably even

the physiological adaptations of “athlete’s heart.”

genotype-positive, phenotype-negative cases should

Several studies have noted a higher than expected

not participate in competitive sports or even moder-

incidence of “morphologically normal hearts” than

ate to intense recreational exercise (Class III) (57).

previously suspected (36,43,62). These cases are

Dilated cardiomyopathy (DCM) is another potential

commonly referred to as sudden arrhythmic death

cause of SCD in athletes. Mild forms of DCM can be

syndrome (SADS), autopsy-negative SCD, or sudden

35

36

JACC: HEART FAILURE VOL. 6, NO. 1, 2018

Emery and Kovacs

JANUARY 2018:30–40

Sudden Cardiac Death in Athletes

F I G U R E 2 Comparison of Pathogenesis of Sudden Cardiac Deaths in Athletic Populations

ARVC ¼ arrhythmogenic cardiomyopathy; CM ¼ cardiomyopathy; HCM ¼ hypertrophic cardiomyopathy; LVH ¼ left ventricular hypertrophy; MI ¼ myocardial infarction;
NCAA ¼ National Collegiate Athletic Association; SCT ¼ sickle cell trait; SUD ¼ sudden unexplained death. Reproduced with permission from Harmon et al. (43).

unexplained death. Studies from the United Kingdom

cases. Forty percent of the cases were unexplained at

(36,62), NCAA (7,43), and U.S. military (53,54) indicate

autopsy, with subsequent genetic analysis identifying

that SADS may be the most common ﬁnding in post-

pathogenic or probably pathogenic gene variants

mortem assessment (Figure 2). This group may in

in 27%.

fact be comprised of a signiﬁcant number of primary
electrical disorders or channelopathies (63,64) that

RISK STRATIFICATION AND RETURN TO PLAY

may be identiﬁed best by molecular autopsy. These
are often difﬁcult diagnoses to establish postmortem,

The

unless speciﬁc protocols are followed to preserve

presents a challenge to the cardiac care team, the

individual

with

identiﬁed

cardiac

disease

material for genetic testing (64). In an ambitious

league/club, the athlete and their loved ones. The

study from Australia and New Zealand (37), all SCDs

decision to disqualify or restrict an athlete is com-

among children and young adults 1 to 35 years of age

plex. The AHA/American College of Cardiology

were prospectively studied from 2010 to 2012, with

Foundation published scientiﬁc statements on eligi-

inherited cardiomyopathies representing 16% of the

bility

and

disqualiﬁcation

recommendations

for
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C ENT R AL I LL U STRA TI O N Multidisciplinary Care of Athletes

Emery, M.S. et al. J Am Coll Cardiol HF. 2018;6(1):30–40.

Multidisciplinary care of athletes focused on athlete-centered care (“Athlete Care Team”) in the evaluation and management of athletes at
risk of sudden cardiac death.

competitive athletes with cardiovascular abnormal-

asymptomatic athlete who may have cardiac disease.

ities in 1985 (65), 1994 (66), 2005 (67), and 2015 (68).

This area of uncertainty is particularly evident in

These documents inform the medical community as

the 2015 AHA/ACC Eligibility and Disqualiﬁcation

to consensus strategies to protect the athlete from

Recommendations for Competitive Athletes with Car-

harm while being mindful not to unnecessarily

diovascular Abnormalities, where a signiﬁcant portion

remove individuals from a healthy athletic lifestyle or

of the document(s) contains recommendations that

competitive sports.

carry Class II recommendations, where clinical and

Although risk stratiﬁcation for SCD exists for

scientiﬁc uncertainty remain (68). Eligibility and

many cardiomyopathic processes within a general

disqualiﬁcation criteria have been based almost

population setting, there is less to guide the

exclusively on expert consensus, with limited data

clinician with regard to risk stratiﬁcation of the

from a few, small observational registries primarily
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with congenital long-QT syndromes and implantable

recreation (49%) (75). An effective EAP necessitates

deﬁbrillators (69–73). This underscores the lack of

the integration of adequate

studies

particularly

coaches), rapid access to functioning AEDs, and

asymptomatic athletes, and the need for future

effective communication with local EMS as well as the

research to better identify risk stratiﬁcation paradigms

regular review and rehearsal of the emergency action

that may help quantify the risks of participating in

plan (EAP) (76,77).

in

this

unique

population,

competitive athletics with certain cardiovascular disorders. Given these levels of uncertainty, participation
in competitive athletics with a cardiovascular disorder
should be a shared decision-making process (74) between the physician(s), the athlete, the family, and the
school and/or governing body (Central Illustration).

EMERGENCY ACTION PLANS

training (including

CONCLUSIONS
Sudden cardiac death in the athlete is a rare but
catastrophic event for families, teams, leagues, and
communities. The cardiac care team needs to be
informed about strategies to identify those at risk and
to respond to events. Although there is a signiﬁcant
body of knowledge addressing SCD in the athlete,

Even with the best of primary and secondary preven-

much more needs to be done. Better epidemiology is

tion, SCD will occur, placing not only athletes but also

needed to identify those at highest risk, and longi-

event spectators at risk. The response to a sudden

tudinal registries should follow participants who have

cardiac arrest at any athletic venue is an important

speciﬁc abnormalities. Observational or randomized

component of any discussion of SCD in athletes. An

trials need to be performed to test hypotheses

athlete experiencing cardiac arrest can be effectively

regarding some of the alternative management stra-

resuscitated with prompt recognition, rapid cardio-

tegies with clinical equipoise. It is the role of the

pulmonary resuscitation, and application of an

professional to understand the issues, inform the

automated external deﬁbrillator (AED). A study

athletes at risk, and protect those at highest risk.

from Weisfeldt et al. (75) demonstrated that prompt
application of an AED is associated with greater like-
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lihood of survival (odds ratio: 1.75; 95% conﬁdence
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