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ABSTRACT
Cardiomyopathies are a heterogeneous group of heart
muscle diseases and collectively are the leading cause of
sudden cardiac death (SCD) in young athletes. The
12-lead ECG is utilised as both a screening and
diagnostic tool for detecting conditions associated with
SCD. Fundamental to the appropriate evaluation of
athletes undergoing ECG is an understanding of the ECG
findings that may indicate the presence of an underlying
pathological cardiac disorder. This article describes ECG
findings present in cardiomyopathies afflicting young
athletes and outlines appropriate steps for further
evaluation of these ECG abnormalities. The ECG findings
defined as abnormal in athletes were established by an
international consensus panel of experts in sports
cardiology and sports medicine.

INTRODUCTION
The cardiomyopathies are a diverse group of heart
muscle diseases that are defined and subdivided in
clinical practice by different structural and func-
tional characteristics. As a family of related diseases,
the cardiomyopathies are the leading cause of
sudden cardiac death (SCD) in young competitive
athletes.1–3 Athletes with an underlying cardiomy-
opathy may present with disease-related symptoms
or may be asymptomatic and thus only identified by
abnormal testing during pre-participation screening.
Although a definitive diagnosis may require exten-
sive evaluation by a cardiovascular specialist, the
12-lead ECG is commonly abnormal among athletes
with an underlying cardiomyopathy. Therefore, it is
of paramount importance that clinicians responsible
for ECG interpretation in athletes be familiar with
key findings associated with underlying diseases of
the heart muscle. This paper will review the princi-
pal ECG findings associated with the most common
forms of cardiomyopathy relevant to the care of the
young athlete. Initial testing for further evaluation
of abnormal ECG findings is also presented.

DISTINGUISHING NORMAL FROM ABNORMAL
A challenge in the use of ECG for screening or
diagnostic evaluations in athletes is the ability to
accurately differentiate findings suggestive of a
potentially lethal cardiovascular disorder from
benign physiological adaptations occurring as the
result of regular and sustained intensive training
(ie, athlete’s heart). Several reports have outlined
ECG criteria intended to distinguish normal ECG
findings in athletes from ECG abnormalities requir-
ing additional evaluation.4–9

On 13–14 February 2012, an international
group of experts in sports cardiology and sports
medicine convened in Seattle, Washington, to
define contemporary standards for ECG interpret-
ation in athletes. The objective of the meeting was
to help physicians distinguish normal ECG altera-
tions in athletes from abnormal ECG findings that
require additional evaluation for conditions that
predispose to SCD.10 A review of normal ECG
findings in athletes is presented separately.11

In this paper, abnormal ECG findings are pre-
sented relative to the most common cardiomyop-
athies associated with SCD in athletes:
hypertrophic cardiomyopathy (HCM), arrhythmo-
genic right ventricular cardiomyopathy (ARVC),
dilated cardiomyopathy (DCM) and left-ventricular
non-compaction (LVNC). Table 1 summarises a list
of abnormal ECG findings unrelated to athletic
training that may suggest the presence of an under-
lying cardiomyopathy and should trigger additional
evaluation in an athlete.

HYPERTROPHIC CARDIOMYOPATHY
HCM is a genetic disease of the heart muscle. It is
characterised by ventricular hypertrophy in the
absence of a recognisable cause such as aortic valve
disease or hypertension. A common pattern of
hypertrophy in HCM is an asymmetric septal
hypertrophy where the interventricular septum is
thicker than the rest of the left ventricle. However,
many other patterns of pathological hypertrophy
are consistent with HCM such as apical
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hypertrophy, concentric hypertrophy and proximal septal hyper-
trophy. Poor ventricular compliance (diastolic dysfunction) is
characteristic, along with microvascular dysfunction which con-
tribute to ischaemia during exercise. Some patients have
dynamic left ventricular (LV) outflow tract obstruction caused
by the combination of hypertrophy and abnormalities of the
mitral valve which leads to systolic anterior motion of the anter-
ior leaflet. However, only about 25% of patients with HCM
have a murmur from LV outflow tract obstruction during resting
examination.12 Symptoms of HCM include chest pain, syncope
and exercise intolerance, but for many persons the disease can
be asymptomatic and SCD may be the clinical presentation of
the disease.13 Fibrosis of the heart muscle is characteristic and
may underlie ventricular arrhythmias and sudden death. On
histopathological analysis, disorganised cellular architecture with
cardiac myocyte disarray is a hallmark feature.12

Prevalence
HCM is among the most common inherited cardiovascular disor-
ders and may occur in 1 : 500 adults and at equal prevalence in
men and women.12 However, the reported prevalence of HCM in
competitive athletes is apparently lower, approximately 1 in 1000
to 1 in 1500 athletes.3 14 HCM is inherited primarily as autosomal
dominant with variable penetrance, and morphological expression
of HCM may appear in childhood but typically develops in early
adolescence through young adulthood. This may contribute to the
lower prevalence of HCM found in younger athletes.

Contribution as a cause of SCD
In most case series, HCM is among the most common causes of
SCD in young athletes. In the USA, HCM accounts for approxi-
mately one-third of identified causes of SCD in athletes, and in
the UK HCM represents 11% of cases.1 15 HCM is a less
common cause of sudden death in other populations. In US
military personnel, HCM accounted for only 6% of SCD, and
in the US general population (less than 35 years old) only 5% of
cases of sudden cardiac arrest were attributed to HCM.16 17

Diagnostic criteria
HCM can be diagnosed by ECG in combination with echocardi-
ography or cardiac MRI. An LV wall thickness of 1.5 cm or
greater is normally required to make the diagnosis, but marked
asymmetry with lower absolute wall thickness measurement is
also compatible with HCM. The upper limit of normal wall
thickness in most echocardiography laboratories is 1.2 cm.
A ‘grey area’ is defined between 1.2 and 1.5 cm. In borderline
cases, other features favouring a diagnosis of HCM include
impaired diastolic function, small LV cavity size, LV wall thick-
ness asymmetry, mitral valve pathology (leaflet redundancy and
systolic anterior motion) and the presence of myocardial fibrosis
(late gadolinium enhancement) on cardiac MRI.18

Abnormal ECG findings in HCM
Over 90% of patients with HCM will have an abnormal
ECG.19–21 ECG abnormalities include T wave inversion (TWI),
ST segment depression, pathological Q waves, conduction delay,
left-axis deviation (LAD) and left atrial enlargement (LAE).

T wave inversion
TWI in the lateral or inferolateral leads is seen commonly in
HCM (figures 1–3). In a series of asymptomatic patients
≤35 years old with HCM confirmed by cardiac MRI, 62%
exhibited TWI.21 Similarly, in patients with a positive HCM
genetic test and overt morphological HCM, 54% demonstrate
TWI.22 In black patients with HCM, TWI occurs more com-
monly in the lateral leads (77%) and less frequently in the infer-
ior leads (2%).23 Abnormal TWI is defined as >1 mm in depth
in two or more leads V2–V6, II and aVF, or I and aVL (excludes
leads III, aVR and V1). Deep TWI in the mid-precordial to
lateral precordial leads (V4–V6) should raise the possibility of
apical HCM.

In healthy athletes, TWI in the lateral or inferior leads is
uncommon. TWI beyond V2 is a rare abnormality found in
only 0.1% of Caucasian adolescent athletes older than
16 years.24 In a college athletic population of mixed ethnicity,
TWI in the lateral or inferolateral leads is reported in 2% of
athletes.25 In Caucasian elite athletes, the prevalence of TWI in
the lateral or inferior leads is also about 2%.26 However, TWI is
more common in black athletes of African-Caribbean descent
(hereto referred to as ‘black/African’ athletes). TWI in the lateral
or inferior leads is reported in 8–10% of black/African
athletes.23 27

Repolarisation variant in black/African athletes
TWI in the anterior precordial leads should be distinguished
from TWI in the lateral or inferior leads in black/African ath-
letes. TWI in the anterior precordial leads may be part of a
normal variant pattern of repolarisation in black/African athletes
consisting of convex (‘dome’ shaped) ST segment elevation fol-
lowed by TWI in V1–V4 (figure 4). On the basis of current
data, TWI preceded by ST segment elevation are present in the
anterior precordial leads in up to 13% of black/African athletes
and do not require further assessment in the absence of symp-
toms, positive family history or abnormal physical examin-
ation.23 27 However, TWI in the lateral or inferolateral leads
(V5–V6, I and aVL, II and aVF), regardless of ethnicity, is con-
sidered abnormal and requires additional testing to rule out
HCM (figures 1–3).

Table 1 Abnormal ECG findings suggestive of cardiomyopathy

Abnormal ECG finding Definition

T wave inversion >1 mm in depth in two or more leads V2–V6, II and
aVF or I and aVL (excludes III, aVR and V1)

ST segment depression ≥0.5 mm in depth in two or more leads
Pathological Q waves >3 mm in depth or >40 ms in duration in two or

more leads (except III and aVR)
Complete left bundle
branch block

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

Intraventricular
conduction delay

Any QRS duration ≥140 ms

Left axis deviation −30° to −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 ventricular
hypertrophy pattern

R-V1+S-V5>10.5 mm AND right axis deviation
>120°

Premature ventricular
contractions

≥2 PVCs per 10 s tracing

Ventricular arrhythmias Couplets, triplets and non-sustained ventricular
tachycardia

Note: These ECG findings are unrelated to regular training or expected
physiological adaptation to exercise, may suggest the presence of
pathological cardiovascular disease, and require further diagnostic evaluation.
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Juvenile pattern of TWI
TWI in the anterior precordial leads in younger, prepubertal
athletes often reflects a persistent juvenile pattern and requires
careful interpretation. In Caucasian adolescent athletes, anterior
precordial TWI extending beyond V2 was present in 1.2% of
athletes <16 years but only 0.1% of athletes ≥16 years.24 In a
study of Italian adolescent athletes, incomplete pubertal devel-
opment was an independent predictor for right precordial

TWI.28 The prevalence of right precordial TWI decreased sig-
nificantly with increasing age, 8.4% in children <14 years of
age versus 1.7% in those ≥14 years.28

Biphasic T waves
Biphasic Twaves create a challenge and currently there is no con-
sensus regarding the definition of TWI when a large positive
deflection precedes a negative portion below the isoelectric line. If

Figure 1 Abnormal ECG in a patient with hypertrophic cardiomyopathy. Note the T wave inversion and ST depression in the inferolateral leads
(arrows). This figure is only reproduced in colour in the online version.

Figure 2 Markedly abnormal ECG in a patient with hypertrophic cardiomyopathy. Note deep T wave inversion and ST depression in the
inferolateral leads. This figure is only reproduced in colour in the online version.
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the negative portion of the Twave is >1 mm in depth in two or
more leads (excluding leads III, aVR, and V1), it is reasonable to
consider this pattern as abnormal until more data are obtained.

ST segment depression
ST segment depression is a common abnormality in HCM but
extremely rare in otherwise healthy athletes, making it a
concerning indicator of disease if identified on an athlete’s
ECG. ST segment depression is reported in 46–50% of patients

with HCM, but in <1% of apparently healthy athletes or
adolescents undergoing ECG screening.9 22–25 Any degree of
ST depression beyond 0.5 mm in two or more leads is signifi-
cant and requires further investigation for cardiomyopathy
(figures 1 and 2).

Pathological Q waves
Q waves have been defined in different ways in different popula-
tions. In patients with overt HCM, pathological Q waves are

Figure 4 ECG from a 17-year-old black/African soccer player demonstrating ‘domed’ ST elevation followed by T wave inversion in leads V1–V4
(circles). This is a normal repolarisation pattern in black/African athletes and does not require further investigation in asymptomatic athletes. Note
the T wave inversion does not extend to the lateral leads beyond V4. This figure is only reproduced in colour in the online version.

Figure 3 Markedly abnormal ECG in a patient with hypertrophic cardiomyopathy. Note the deep T wave inversions in the inferolateral leads (V4–
V6, I and aVL, II and aVF). This ECG pattern may represent apical hypertrophic cardiomyopathy which is not adequately evaluated by
echocardiography. Cardiac MRI is recommended. This figure is only reproduced in colour in the online version.
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reported in 32–42% of patients.19 22 In one series of asymptom-
atic patients with HCM, 42% demonstrated pathological Q
waves.21 The consensus of this group is to define Q waves for
HCM as >3mm in depth or >40 ms in duration in at least two
leads (excluding leads III and aVR; figure 5). This detects HCM
with a sensitivity of 35% and a specificity of 95% in patients
with preclinical HCM based on molecular genetic diagnosis.29

Intraventricular conduction delay
Left bundle branch block (LBBB) is an abnormal finding
detected in 2% of patients with HCM but not reported in
screening populations of athletes or adolescents.9 22 25 LBBB
pattern with a QRS duration of 120 ms or greater should
prompt further evaluation (figure 6). Right bundle branch block
(RBBB) is found more commonly in HCM than in athletes but
the frequency of incomplete and complete RBBB in athletes is
felt to limit its differentiating value.23 30 The significance of a
non-specific intraventricular conduction delay (IVCD) with
normal QRS morphology is uncertain. However, marked non-
specific IVCD >140 ms is considered abnormal and should
prompt further evaluation.

Left axis deviation
LAD, defined as −30° to −90°, is present in almost 12% of
HCM patients but less than 1% of athletes (figure 7).9 23 25

LAD can be a secondary marker for pathological LV hyper-
trophy (LVH) and if present warrants additional evaluation.

Left atrial enlargement
ECG findings suggestive of LAE have been defined in different
ways. Overall, LAE on ECG is present in approximately 10–
21% of HCM patients but has been reported in up to 44% of
black patients with HCM (figure 8).21–23 LAE is defined as a
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. LAE on ECG is an uncommon finding in
athletes and should prompt additional investigation.

Increased QRS voltage in athletes and HCM
The isolated presence of high QRS voltages fulfilling voltage cri-
terion for LVH is regarded as a normal finding in athletes
related to physiological increases in cardiac chamber size and/or
wall thickness and does not in itself require additional evalu-
ation.5 6 As expected, voltage criteria for LVH also are com-
monly identified in individuals with HCM. However, the
presence of isolated increased QRS voltage in the absence of
other ECG abnormalities is uncommon and present in <2% of
individuals with the disease.19 Several studies have evaluated
athletes and young adults with isolated increased QRS voltage
using echocardiography or cardiac MRI and none had
HCM.24 26 31–33 Therefore, isolated increased QRS voltage on
the ECG in the absence of other abnormalities in an asymptom-
atic athlete with a negative family history is not a reliable indica-
tor of HCM and does not require further evaluation.
Co-existing ECG abnormalities such as TWI, ST segment
depression, pathological Q waves, IVCD, LAD or LAE should
be investigated by additional testing.

Evaluation of suspected HCM
If HCM is suspected based on ECG abnormalities, evaluation of
LV morphology and function is required.34 Echocardiography
provides assessment of LV cavity size and wall thickness, systolic
and diastolic function and valvular structure and function, and
is the first test of choice under most circumstances. HCM can
be diagnosed when wall thickness is ≥1.5 cm with normal or
small LV cavity size in the absence of other causes capable of
causing myocardial hypertrophy. Diastolic dysfunction, mitral
valve pathology and LVoutflow tracts obstruction are other find-
ings that support the diagnosis of HCM.

However, echocardiographic quality is variable based on
numerous factors, including operator proficiency and patient
acoustic windows, and may have limited ability to detect hyper-
trophy of the anterolateral LV wall and apex (figure 9).35

Cardiac MRI provides superior assessment of myocardial hyper-
trophy and may demonstrate late gadolinium enhancement
which is a non-specific marker suggesting myocardial fibrosis.
Cardiac MRI should be considered when echocardiography is
insufficient to assess all myocardial segments or when

Figure 5 Abnormal ECG in a patient with hypertrophic cardiomyopathy. Note the abnormal Q waves (>3 mm in depth) in V5–V6, II and aVF. This
figure is only reproduced in colour in the online version.
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myocardial hypertrophy falls into the ‘grey zone’ between 1.2
and 1.5 cm. Cardiac MRI is recommended for markedly abnor-
mal ECGs suggestive of apical HCM, specifically ECGs with
deep TWI and/or ST depression in the inferolateral leads (V4–
V6, I, aVL, II and aVF), in which echocardiography often does
not provide an adequate assessment of the LV apex or inferior
septum (figures 1–3).

A common clinical dilemma is the detection of myocardial
hypertrophy in an athlete in which the hypertrophy may be due
to physiological adaptation to exercise. Differentiating athlete’s
heart from HCM requires careful clinical evaluation by an
experienced provider.36–38 Cardiac MRI, cardiopulmonary exer-
cise testing and Holter monitoring should be considered.
Findings suggestive of HCM include the presence of unusual
patterns of hypertrophy with substantial differences in wall
thickness of the LV segments, normal or reduced LV cavity size,
extreme LAE, diastolic dysfunction, family history of HCM or

SCD, below normal peak oxygen consumption (peak VO2), and
the presence of ventricular arrhythmias. When diagnostic uncer-
tainty remains, genetic testing and/or a period of deconditioning
followed by reassessment to document regression (or lack
thereof) of exercise-induced LVH may be considered.

Long-term follow-up of markedly abnormal ECGs
Highly trained athletes occasionally present markedly abnormal
ECG patterns instinctively suggesting the presence of a cardio-
myopathy.39 40 Such abnormal ECGs raise the question of dif-
ferentiating between the initial, subtle expression of cardiac
disease or the extreme but innocent ECG expression of the ‘ath-
lete’s heart’.26 41 42

Investigators researched the clinical outcomes of 81
athletes presenting initially with markedly abnormal repolarisa-
tion patterns in the absence of detectable cardiac abnormal-
ities.43 After an average 9-year follow-up, a new diagnosis of

Figure 6 Abnormal ECG in a patient with hypertrophic cardiomyopathy showing complete left bundle branch block (QRS≥120 ms with
predominantly negative QRS complex in lead V1).

Figure 7 ECG demonstrates abnormal left-axis deviation defined as frontal plane QRS axis of less than −30°. The QRS is positive in lead I and
negative in aVF and lead II. The QRS axis shown here is about −70°. This figure is only reproduced in colour in the online version.
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cardiomyopathy was made in five athletes (6%), including three
with HCM, one with ARVC and one with DCM.43 Two athletes
experienced adverse events (0.3% per year), including one
cardiac arrest from HCM and one sudden death related to
ARVC.43 Markedly abnormal ECGs, therefore, may represent
the initial expression of cardiomyopathy, preceding by many
years the phenotypic or morphological expression of structural
heart disease.

Athletes presenting with distinctly abnormal ECGs (ie, deep
TWI in the lateral leads) and no evidence of structural heart
disease after a thorough work-up may be permitted to partici-
pate in competitive athletics. However, these athletes should
undergo serial clinical evaluation on an annual basis, even in the
absence of symptoms, including repeat imaging tests such as
echocardiography and/or cardiac MRI to evaluate for the devel-
opment of cardiomyopathy.

Figure 8 Abnormal ECG in a patient with hypertrophic cardiomyopathy showing left atrial enlargement, defined as a prolonged P wave duration
>120 ms in leads I or II with negative portion of the P wave≥1 mm in depth and ≥40 ms duration in lead V1. This figure is only reproduced in
colour in the online version.

Figure 9 ECG (left panel) and cardiac MRI (right panel) of apical hypertrophic cardiomyopathy. Deep T wave inversions across the precordial leads
are a characteristic ECG finding. The region of hypertrophy (red arrow) is isolated to the left ventricular (LV) apex, which can be challenging to
detect by echocardiography. This figure is only reproduced in colour in the online version.
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ARRHYTHMOGENIC RIGHT VENTRICULAR
CARDIOMYOPATHY
ARVC is an inherited heart muscle disease characterised by
fibro-fatty replacement of right ventricular myocardium and cor-
ollary life-threatening ventricular arrhythmias or SCD, mostly in
young people and athletes. Progressive dilation/dysfunction pre-
dominantly involves the right ventricle with involvement of the
left ventricle in late-stage disease. Variants with predominantly
LV involvement are described in about 10% of patients (hence
the alternative term of arrhythmogenic cardiomyopathy).
Mutations in the desmosomal genes account for approximately
50% of ARVC cases.44 45 In addition, there is emerging evi-
dence that intense endurance sports may lead to a similar
phenotype (with similar prognosis) in the absence of desmo-
somal mutations, so-called exercise-induced ARVC, which may
be the result of increased RV wall stress during exercise.46–48

The prevalence of familial ARVC is estimated at 1 : 2000–1 :
5000 persons.44 45

Contribution as a cause of SCD
According to data from the Veneto region of Italy where post-
mortem investigation of young sudden death victims is per-
formed systematically, ARVC is a leading cause of sport-related
sudden death accounting for approximately one-fourth of fatal-
ities in young competitive athletes.3 Data from the USA, notably
without a mandatory registry for SCD in athletes, suggest that
ARVC is a less common cause of SCD.1

Diagnostic criteria
The original (1994) and the revised (2010) Task Force Criteria
for diagnosis of ARVC are based on major and minor criteria
encompassing familial/genetic, ECG, arrhythmic, morphofunc-
tional ventricular and histopathological features.49 The diagnosis
is fulfilled in the presence of two major criteria, one major plus
two minor criteria, or four minor criteria from different
groups.49

Abnormal ECG findings in ARVC
Over 80% of patients with ARVC will have an abnormal
ECG.45 50 51 ECG abnormalities include TWI in the anterior
precordial leads, epsilon waves, delayed S wave upstroke, low-

voltage in limb leads and premature ventricular beats with an
LBBB morphology and superior axis. If there is primarily LV
involvement, the TWI involves the lateral precordial leads and
the premature ventricular beats can have an RBBB morphology.

T wave inversion
TWI in the anterior precordial leads (V1–V3/V4) is present in
approximately 85% of patients with ARVC in the absence of
RBBB (figures 10 and 11).50 TWI occasionally extends to the
left precordial leads V5–V6 or inferior limb leads II, III and
aVF. TWI in V1–V3 or beyond in individuals >14 years of age
(in the absence of complete RBBB) represent a major diagnostic
criterion for ARVC, while TWI confined to just leads V1 and
V2 in individuals >14 years of age (in the absence of complete
RBBB) represents a minor diagnostic criterion.49 In Italian chil-
dren ≥14 years with TWI in the anterior precordial leads
beyond V2 (ie, V3 or V4), 3 of 26 (11%) fulfilled diagnostic cri-
teria for ARVC (1 definitive, 2 borderline).28

In the presence of complete RBBB, right precordial (V1–V3)
TWI is more likely secondary to RBBB rather than a sign of
underlying ARVC. TWI extending beyond V3 is uncommon in
patients with RBBB and represents a minor diagnostic criterion
for ARVC.49

Thus, TWI involving at least two consecutive precordial
leads, excluding V1, should prompt further investigation in the
athlete.

Epsilon waves
Epsilon waves are defined as distinct low-amplitude potentials
localised at the end of the QRS complex. Epsilon waves are
challenging to detect and appear as a small negative deflection
just beyond the QRS in V1–V3 (figure 10). The presence of
epsilon waves in the right precordial leads V1–V3 represents a
major diagnostic criterion for ARVC.49

Delayed S wave upstroke
Delayed S wave upstroke of >55 ms in leads V1–V3 in the
absence of complete RBBB represents a minor diagnostic criter-
ion for ARVC (figure 11).49 This feature is most commonly
observed among ARVC patients with mild QRS prolongation
(100–120 ms). The S wave upstroke is measured from the nadir

Figure 10 ECG from a patient with arrhythmogenic right ventricular cardiomyopathy. (A) Inverted T waves in leads V1–V5. (B) A subtle epsilon
wave with notching in V1 at the terminal portion of the QRS complex. This figure is only reproduced in colour in the online version.
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of the S wave to the end of the QRS (including epsilon wave if
present). Prolonged S wave upstroke may be present in up to
95% of patients with ARVC in the absence of RBBB.50

Low voltage in limb leads
Low voltage in limb leads, defined as a QRS amplitude ≤5 mm
in each of the limb leads (I, II and III), also can be suggestive of
ARVC (figure 11).

Premature ventricular contractions
Premature ventricular contractions (PVCs) originating from the
right ventricle typically show an LBBB pattern with a predom-
inantly negative QRS complex in V1. On the basis of the QRS
axis in the limb leads the origin of the PVC can be further sug-
gested. PVCs with LBBB morphology and an inferior axis
(positive in the inferior leads) originate from the right ven-
tricular outflow tract consistent with idiopathic right ventricu-
lar outflow tract arrhythmia which is a benign condition,
non-familial and not associated with structural ventricular
abnormalities. PVCs with an LBBB morphology and superior
axis (negative in the inferior leads) originate from the right
ventricular free wall or apex and are more suggestive of ARVC
(figure 12).

Evaluation of suspected ARVC
Disease expression in ARVC is variable, and clinical manifesta-
tions vary with age and stage of disease.49 Similarly, the extent
of ECG abnormalities are associated with the severity of
disease.51 In patients with diagnosed ARVC (‘overt stage’) or
known desmosome mutation positive subjects, 95% have an

abnormal ECG marked by abnormal TWI, a prolonged S wave
upstroke in the anterior precordial leads (V1–V3), and/or an
epsilon wave.50–52 However, in cardiac screening, physicians
may encounter asymptomatic athletes in the early ‘concealed
stage’ of the disease, showing less pronounced ECG changes.

The extent of evaluation is dependent on the specific ECG
findings suggestive of ARVC and will be more extensive in the
presence of warning symptoms or significant family history. A
combination of tests is needed to effectively make the diagnosis
or to rule out ARVC. Echocardiography, ambulatory ECG
(Holter) monitoring, signal-averaged ECG (SAECG), and ven-
tricular angiography provided optimal evaluation, while cardiac
MRI (false-positives) and biopsy (low-sensitivity) were consid-
ered less useful for diagnosis in suspected ARVC.53 54

The evaluation of major diagnostic ECG findings according
to the 2010 Task Force criteria of TWI in the right precordial
leads (V1–V3) or beyond in ages >14 years (in the absence of
complete RBBB) should be extensive. In addition to a compre-
hensive symptom history, family history and physical examin-
ation, evaluation of TWI in V1–V3 or beyond should include
echocardiography, Holter monitoring, SAECG, maximal
exercise-ECG test and possibly a cardiac MRI.49 Isolated epsilon
waves in the right precordial leads, a less specific major ECG
criteria, still require an echocardiography and ECG monitoring
for an arrhythmia (Holter or exercise-ECG test).49

Evaluation of minor diagnostic ECG-findings according to the
Task Force criteria (without accompanying positive family
history or alarming symptoms), may be less extensive.49 TWI in
V1–V2 may require simply a careful personal and family history
and physical examination.

Figure 11 ECG from a patient with arrhythmogenic right ventricular cardiomyopathy showing delayed S wave upstroke in V1 (arrow), low voltages
in limb leads <5 mm (circles), and inverted T waves in anterior precordial leads (V1–V4) and inferior leads (III and aVF). This figure is only
reproduced in colour in the online version.
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Repolarisation variants in the anterior precordial leads in
black/African athletes must be distinguished from pathological
repolarisation changes found in ARVC. In ARVC, the ST
segment is usually isoelectric prior to TWI, in contrast to the
‘domed’ ST segment elevation which is the hallmark feature of
the normal repolarisation variant in black/African athletes
(figure 13). TWI involving at least two consecutive precordial

leads from V2 to V6 with an isoelectric ST segment, regardless
of ethnicity, requires additional investigation.

DILATED CARDIOMYOPATHY
DCM is a heart muscle disorder characterised by weakened
myocardial contraction, which over time leads to cavity enlarge-
ment and eccentric heart muscle hypertrophy. It is a common

Figure 12 ECG from a patient with arrhythmogenic right ventricular cardiomyopathy. Note multiple premature ventricular complexes with a left
bundle branch pattern and superior axis (negative QRS vector in inferior leads). This figure is only reproduced in colour in the online version.

Figure 13 (A) Normal variant repolarisation changes in a black/African athlete characterised by domed ST segment elevation and T wave inversion
in V1–V4. (B) Pathological T wave inversion in V1–V3. Note the isoelectric ST segment. The absence of ST segment elevation prior to T wave
inversion makes this ECG abnormal. Additional testing is required to rule out arrhythmogenic right ventricular cardiomyopathy. This figure is only
reproduced in colour in the online version.
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cause of heart failure, the inability of the heart to meet the
demands of the body. DCM can be caused by a variety of aeti-
ologies ranging from coronary artery disease, infections/myocar-
ditis, toxins (alcohol and other drugs), metabolic or endocrine
abnormalities, autoimmune disorders, infiltrative processes and
a variety of genetic/inheritable disorders. In many cases, a dis-
tinct cause of the compromised heart muscle is never found.
DCM can be asymptomatic, or it can result in symptoms of
exercise intolerance, shortness of breath, swelling, congestive
heart failure or SCD from ventricular arrhythmia.

Prevalence
The exact prevalence of DCM in the general population is not
known and estimates depend on the population demographics
and the cut-off used to define LV dysfunction.55 The majority of
cases with early stages of LV dysfunction may be asymptom-
atic.56 DCM prevalence is increased with older age, male
gender and the presence of cardiovascular risk factors. Among a
relatively young, healthy population without coronary risk
factors, asymptomatic LV dysfunction was present in about
0.2% of individuals.57

Contribution as a cause of SCD
DCM is associated with an increased risk of ventricular arrhyth-
mias and sudden cardiac arrest, with highest risk seen among
individuals with severe LV dysfunction. Notably, SCD can occur
even in the absence of heart failure symptoms. In the
Framingham Heart Study, the death rate from asymptomatic LV
dysfunction was 6.5% per 100 person-years, with 53% of
deaths occurring prior to the onset of symptoms, emphasising
the importance of screening for this disorder.58 DCM accounts
for about 2% of cases in a series of young athletes with sudden
cardiac arrest.2

Diagnostic criteria
DCM is diagnosed on non-invasive imaging (echocardiography
or cardiac MRI) by detecting LV chamber enlargement and

decreased LV systolic (contractile) function. Systolic function is
usually quantified using either fractional shortening (FS) or ejec-
tion fraction (EF), but there is no consensus cut-off definition of
DCM based on these parameters. Normal ranges vary by lab
and imaging modality.

Abnormal ECG findings in DCM
Several studies have examined ECG abnormalities in patients
with symptomatic DCM, but few have reported findings among
non-ischaemic DCM or among individuals with asymptomatic
LV dysfunction.59–61 Overall, approximately 90% of individuals
with DCM have abnormal ECG findings (figures 14 and 15).
Patients with prior myocardial infarction may manifest patho-
logical Q waves. Among individuals with non-ischaemic cardio-
myopathy, the most common abnormalities seen include voltage
criteria for LVH (33–40%), TWIs (25–45%), LAE (15–33%),
LAD (15–25%), pathological Q waves (10–25%), LBBB (9–
25%), premature ventricular contractions (5–10%) and RBBB
(4%).62 These findings are non-specific for DCM. Goldberger
has proposed a triad of findings that may offer more specificity:
(1) LVH in the anterior precordial leads; (2) low limb lead
voltage and (3) poor precordial R wave progression.63 Given
the overlap of some of these findings with physiological ECG
changes found in athlete’s heart, distinctly abnormal ECG cri-
teria unrelated to regular training and requiring additional
evaluation to rule out an underlying cardiomyopathy are listed
in table 1.

Evaluation of suspected DCM
When DCM is suspected, further evaluation of LV size and
function is required. Echocardiography provides assessment of
cardiac structure and function, including FS and/or EF, and is
the first test of choice under most circumstances. Contrast echo-
cardiography or cardiac MRI should be considered when image
resolution is reduced.

Athletes may have LV chamber enlargement as a part of
physiological adaptation to exercise.64 This is most often seen in

Figure 14 ECG from a patient with idiopathic dilated cardiomyopathy. Note the resting sinus tachycardia, left atrial enlargement, T wave
inversions in the lateral limb (I and aVL) and precordial (V5–V6) leads and deep S waves in V1–V3 (part of Goldberger’s triad). This figure is only
reproduced in colour in the online version.
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athletes participating in endurance sports such as cycling, cross-
country skiing or rowing. Mild reduction in LV contractility (EF
40–50%) is seen in a minority of athletes with LV cavity dila-
tion, but is not an invariable component of physiological adap-
tation to exercise.64 65 Stress echocardiography can assess
myocardial performance at submaximal or peak exercise which
may help differentiate those with low normal or borderline sys-
tolic function, as systolic function is more likely to normalised
in athlete’s heart than in DCM. Thus, LV dilatation and mea-
sures of systolic function should be interpreted carefully and in
the context of the athlete’s level and amount of endurance train-
ing. All patients with DCM should be referred to a cardiologist
for further aetiological evaluation, including assessment for
myocardial ischaemia and infiltrative disorders.

LV NON-COMPACTION
LVNC is a heart muscle disorder in which loosely organised
myocardial fibres fail to condense into a compact layer resulting
in increased myocardial trabeculations and thinning of the
compact myocardium (figure 16).66 67 LVNC can occur along
with other congenital or embryological abnormalities, or can be
found in isolation, and can be due to underlying gene muta-
tions. However, the majority of LVNC remains genetically
elusive. This disturbance of myocardial structure leads to pro-
gressive weakening of heart muscle contraction (lower EF) with
ventricular dilation. Therefore, LVNC should be distinguished
from DCM. Blood clots may also form within the trabecular
recesses, increasing the risk for embolic strokes.

Prevalence
The exact prevalence of isolated LVNC is unknown, but is
thought to be <0.1–0.2%. Reasons for the uncertainty in preva-
lence include challenges in imaging the non-compaction and dis-
agreement regarding diagnostic criteria.

Contribution as a cause of SCD
LVNC is associated with an increased risk of abnormal heart
rhythms and sudden cardiac arrest.68 LVNC is a rare (<1%)
cause of SCD in a series of young athletes.2

Diagnostic criteria
Several sets of diagnostic criteria for isolated LVNC exist, but
remain controversial.69–73 These criteria are based generally on
echocardiography or cardiac MRI findings of an increased ratio
of trabeculations to compact myocardium. These criteria have

Figure 15 ECG of a young patient with dilated cardiomyopathy. Note inferior Q waves (II, III and aVF), poor R wave progression across the
precordial leads with deep S waves in V1–V3, and a single premature ventricular complex. High-degree AV block is also present. This figure is only
reproduced in colour in the online version.

Figure 16 Echocardiographic (left panel) and cardiac MRI (right
panel) of isolated left ventricular non-compaction. Note the prominent
trabeculations in the left ventricular apex (red arrow), with a thin layer
of compact myocardium (blue arrow) and prominent intertrabecular
recesses. This figure is only reproduced in colour in the online version.
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been called into question recently for being non-specific, par-
ticularly among black individuals who have relatively greater
degrees of myocardial trabeculations and among athletes.74

Abnormal ECG findings in isolated LVNC
ECG abnormalities in isolated LVNC are common but non-
specific (figures 17 and 18). In a series of 78 patients with a
clinical diagnosis of LVNC, only 13% had a normal ECG.75

The most common abnormalities in this series included repolari-
sation changes (72%), QT prolongation (52%), ST segment
depression (51%), TWI (41%), LVH voltage criteria (38%),
IVCD (31%) including LBBB (19%) and RBBB (3%), and LAE
(26%).75 Given the overlap of some of these findings with
physiological ECG changes found in athlete’s heart, abnormal
ECG criteria requiring additional evaluation to rule out an
underlying cardiomyopathy are listed in table 1.

Evaluation of suspected isolated LVNC
Echocardiography is usually the first investigation in the evalu-
ation of ECG abnormalities suggestive of cardiomyopathy. The
diagnosis and evaluation of suspected LVNC is quite challen-
ging, and therefore patients should be referred to a cardiovascu-
lar specialist familiar with LVNC. Cardiac MRI provides a more
detailed and accurate assessment of myocardial trabeculations
and is recommended in cases with concerning or borderline
findings on echocardiography. A smaller absolute thickness of
compacted myocardium and the presence of LV dysfunction
favour the diagnosis of LVNC. In select cases, LV angiography
may be used to help delineate hypertrabeculation from com-
pacted myocardium. Holter monitoring or more extended
ambulatory monitoring for arrhythmias also should be

considered. In some cases, genetic testing may inform the diag-
nostic evaluation.

OTHER ECG FINDINGS POSSIBLY SUGGESTIVE OF A
CARDIOMYOPATHY
Several additional ECG abnormalities including RBBB, non-
specific IVCD with QRS duration <140 ms, and isolated (one
per tracing) ectopic/premature ventricular contractions (PVCs)
have been associated with an underlying cardiomyopathy in
non-athletic populations.76–83 However, these findings are also
more common in trained athletes without an underlying heart
disease than among the general population.26 84–87 Each of
these findings, particularly when observed in an asymptomatic
athlete with no family history suggestive of heritable heart
disease, has a low-positive predictive value for the cardiomyo-
pathic conditions associated with an increased risk of SCD
during exercise. As such, none of these ECG patterns, when
found in isolation in asymptomatic athletes, clearly necessitate
further evaluation. However, in athletes with cardiovascular-
related symptoms or a family history of sudden death or sus-
pected cardiomyopathy, each of these findings should prompt
additional evaluation to evaluate for cardiomyopathy.

Right bundle branch block
RBBB is defined as a QRS complex ≥120 ms in association with
a terminal (final component of the QRS complex) R0 wave in
lead V1 and terminal S waves in leads I, aVL and V6 (figure 19).
The R0 may extend into lead V2 but is typically absent in
other precordial leads. Twaves in typical RBBB are in the same
direction as the terminal QRS forces and are thus inverted
in leads with an R0 (V1±V2). A QRS complex duration of

Figure 17 ECG from a patient with isolated left ventricular non-compaction. Note the ST segment depression in the inferolateral leads (II, III, aVF
and V5–V6). This figure is only reproduced in colour in the online version.
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100–119 ms with these morphological features is termed an
incomplete RBBB.

Although RBBB may be present in various forms of heart
disease, complete and incomplete RBBB are found commonly
among trained athletes without underlying heart disease. This
ECG pattern has been shown to reflect the exercise-induced
right ventricular remodelling common in endurance sport ath-
letes.88 In asymptomatic athletes with an isolated complete or
incomplete RBBB, no further diagnostic evaluation is required.
In contrast, athletes presenting with symptoms suggestive of

cardiomyopathy, a family history of sudden death or suspected
cardiomyopathy, an RBBB with atypical features (extensive
TWIs, ST-segment elevation or a markedly prolonged R0), or a
RBBB in conjunction with other abnormal ECG findings should
be further evaluated.

Non-Specific intra-ventricular conduction delay
IVCD is defined as a QRS complex >110 ms that does not have
morphological features consistent with either LBBB or RBBB.
IVCD has been documented among patients with

Figure 18 ECG from a patient with isolated left ventricular non-compaction, demonstrating left atrial enlargement with a left bundle branch block.
An isolated premature ventricular complex is also present. These findings warrant further testing to evaluate for cardiomyopathy. This figure is only
reproduced in colour in the online version.

Figure 19 ECG showing complete right bundle branch block with an R0 wave in V1, terminal S wave in V6, and a QRS duration of 128 ms. This
figure is only reproduced in colour in the online version.
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cardiomyopathy, but is also frequently seen in healthy athletes.
The physiology underlying IVCD in athletes remains incom-
pletely understood but likely includes some combination of
neurally mediated conduction fibre slowing and increased myo-
cardial mass.

Digital analysis of QRS duration can outperform standard
visual measurement because the first onset and last offset in all
of the leads can be considered.6 In asymptomatic athletes with
an isolated IVCD with a QRS duration of 100–139 ms, no
further diagnostic evaluation is required. In contrast, athletes
presenting with symptoms suggestive of cardiomyopathy, a
family history of sudden death or suspected cardiomyopathy, an
IVCD with marked QRS prolongation (≥140 ms) or an IVCD
in tandem with other abnormal ECG findings should be further
evaluated.

Isolated premature ventricular contractions
PVCs are electrical impulses that originate from myocardial
tissue below the AV node. They are defined as QRS complexes
>100 ms that are not preceded by a triggering p-wave. PVCs
may reflect pathological myocardial ‘irritability’ due to a cardio-
myopathy, an underlying systemic disease process, or may be a
completely benign normal variant. PVCs are common in athletes
with high vagal tone and resting bradycardia and may increase
in frequency in parallel with physical fitness. A single PVC cap-
tured during a routine 12-lead ECG in an asymptomatic athlete
does not require further evaluation, unless the athlete performs
a high-intensity endurance sport (mainly cycling, triathlon,
rowing or swimming). In this select group of high-intensity
endurance athletes, a single PVC, especially if it has an LBBB
morphology, may be a hallmark of ‘exercise-induced’ ARVC,
and further evaluation should be considered.46–48 The presence
of PVCs in an athlete with cardiovascular symptoms or a family
history of sudden death or suspected cardiomyopathy should
prompt further evaluation. In addition, multiple PVCs (2 or

more) during a single ECG tracing (10 s), multifocal PVCs or
PVCs found in tandem with other abnormal ECG findings
should be further evaluated.

PULMONARY HYPERTENSION
Pulmonary hypertension (PHT) is caused by a variety of aetiolo-
gies that result in elevation in the pulmonary artery pressure
(mean pulmonary artery pressure greater than or equal to
25 mm Hg) and elevation in the pulmonary vascular resist-
ance.89 As a result of the increased afterload on the right heart,
patients are predisposed to develop right heart failure and are at
risk for sudden death. PHT is a rare cause of sudden death in
athletes but may be suggested by ECG abnormalities and thus a
clinically relevant finding in the cardiovascular care of athletes.

ECG findings in pulmonary hypertension
The ECG findings in PHTare due to physiological and anatomic
adaptions of the right heart as a result of elevated pulmonary
artery pressures and/or pulmonary vascular resistance. Findings
suggestive of PHT include right ventricular hypertrophy (RVH),
right axis deviation, right ventricular strain and right atrial
enlargement (figure 20).89–91 In adults with idiopathic PHT,
87% demonstrated RVH and 79% demonstrated right axis devi-
ation.89 However, in patients with PHT, the ECG remains an
inadequate screening tool to completely rule out the presence of
this disease.92

Right ventricular hypertrophy pattern
RVH pattern is defined as an R wave in lead V1 plus S wave in
V5 greater than 1.05 mV (10.5 mm at standard amplification)
AND right axis deviation >120° (figure 20). Additional criteria
for RVH associated with PHT include a tall R wave and small S
wave with R/S ratio greater than 1 in lead V1 and a qR complex
in lead V1. The presence of RHV pattern on ECG should
prompt further investigation in the athlete.

Figure 20 ECG from a patient with pulmonary hypertension demonstrating evidence of right-axis deviation >120° (A), right ventricular
hypertrophy (B), right atrial enlargement (C) and right ventricular strain (D). This figure is only reproduced in colour in the online version.
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Right axis deviation
Right-axis deviation is defined as a frontal plane QRS axis of
>120° (figure 20).

Right atrial enlargement
Right atrial enlargement is defined as a P wave greater than or
equal to 2.5 mm in leads II, III and aVF (figure 20).

RV strain
Right ventricular ‘strain’ is defined as ST depression and TWI in
the right precordial leads (V1–V3) (figure 20). As with LVH,
these ST-T changes are referred to as ‘secondary ST-T
abnormalities.’

Evaluation of suspected pulmonary hypertension
Evaluation should include clinical assessment with appropriate
diagnostic testing. Pulmonary artery pressures often can be
assessed by Doppler echocardiography, and both echocardiog-
raphy and cardiac MRI can evaluate RVH and function, and
assess for secondary causes of PHT such as intracardiac shunts.
Definitive diagnosis of PHT is made by cardiac catheterisation.

CONCLUSIONS
The cardiomyopathies are a heterogeneous group of heart
muscle diseases associated with important clinical implications.
In aggregate, HCM, ARVC, DCM and LVNC underlie the major-
ity of autopsy-positive sudden death cases in young athletes. Each
of these cardiomyopathies can manifest in athletes with a broad
spectrum of clinical severity ranging from completely asymptom-
atic to markedly symptomatic disease with associated exercise
limitations. The ECG plays an important role in the cardiovascu-
lar assessment of athletes given its capacity to detect cardiomyop-
athies. As delineated in this paper, there is a concise list of ECG
findings that may indicate the presence of an underlying cardio-
myopathic condition. Importantly, these ECG findings are not
characteristic of the benign exercise-induced cardiac remodelling
common in athletes, and, thus, the ECG can be useful for differ-
entiating physiological cardiac enlargement in athletes from
pathological myocardial disease.

Clinicians charged with the cardiovascular care of athletes
should be familiar with the ECG findings associated with car-
diomyopathy. During pre-participation screening that includes
the use of ECG, asymptomatic athletes with any of these abnor-
mal findings should undergo further testing. Athletes presenting
with symptoms that may be indicative of an underlying cardio-
myopathy (ie, exercise intolerance, inappropriate exertional dys-
pnoea, chest pain, palpitations or syncope) should undergo a
prompt evaluation including an ECG. The symptomatic athlete
with an ECG suggestive of a cardiomyopathy requires a compre-
hensive and definitive assessment that will include some combin-
ation of non-invasive cardiac imaging, exercise testing and
ambulatory rhythm monitoring. This evaluation should be con-
ducted by a sports medicine team that includes a cardiovascular
specialist familiar with cardiomyopathic diseases and with
experience in caring for athletes.

Additional resources
For a free online training module on ECG interpretation in ath-
letes, please visit: http://learning.bmj.com/ECGathlete
For the November 2012 BJSM supplement on ‘Advances in
Sports Cardiology,’ please visit: http://bjsm.bmj.com/content/46/
Suppl_1.toc
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