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ABSTRACT

BACKGROUND
Young, trained athletes may have abnormal 12-lead electrocardiograms (ECGs) with-
out evidence of structural cardiac disease. Whether such ECG patterns represent the
initial expression of underlying cardiac disease with potential long-term adverse
consequences remains unresolved. We assessed long-term clinical outcomes in ath-
letes with ECGs characterized by marked repolarization abnormalities.

METHODS
From a database of 12,550 trained athletes, we identified 81 with diffusely distrib-
uted and deeply inverted T waves (22 mm in at least three leads) who had no appar-
ent cardiac disease and who had undergone serial clinical, ECG, and echocardio-
graphic studies for a mean (£SD) of 9+7 years (range, 1 to 27). Comparisons were
made with 229 matched control athletes with normal ECGs from the same database.

RESULTS
Of the 81 athletes with abnormal ECGs, 5 (6%) ultimately proved to have cardio-
myopathies, including one who died suddenly at the age of 24 years from clinically
undetected arrhythmogenic right ventricular cardiomyopathy. Of the 80 surviving
athletes, clinical and phenotypic features of hypertrophic cardiomyopathy devel-
oped in 3 after 1245 years (at the ages of 27, 32, and 50 years), including 1 who had
an aborted cardiac arrest. The fifth athlete demonstrated dilated cardiomyopathy
after 9 years of follow-up. In contrast, none of the 229 athletes with normal ECGs
had a cardiac event or received a diagnosis of cardiomyopathy 9+3 years after initial
evaluation (P=0.001).

CONCLUSIONS
Markedly abnormal ECGs in young and apparently healthy athletes may represent
the initial expression of underlying cardiomyopathies that may not be evident until
many years later and that may ultimately be associated with adverse outcomes.
Athletes with such ECG patterns merit continued clinical surveillance.
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HE 12-LEAD ELECTROCARDIOGRAM (ECG)
shows a spectrum of alterations in young,
trained athletes, including, most common-
ly, repolarization abnormalities and increased
R- or S-wave voltage suggestive of left ventricular
hypertrophy. Such findings are generally regarded
as an innocent consequence of systematic athletic
conditioning.**®* However, a small but important
subgroup of athletes without evidence of struc-
tural heart disease may have particularly abnor-
mal ECG patterns,' including diffusely and deep-
ly inverted T waves, suggestive of an underlying
cardiac disorder. Such markedly abnormal ECGs
in apparently healthy athletes raise a diagnostic
question: Do such patterns represent the initial
and subtle expression of cardiovascular disease
(especially genetic disorders with delayed pheno-
typic appearance and potentially adverse clinical
consequences*>?) or are they only benign expres-
sions of systematic and intensive athletic condi-
tioning?14
Despite several observational and cross-sec-
tional surveys performed over the past 30 years
exhaustively describing ECG findings in trained
athletes,-57-12.14 the long-term clinical signifi-
cance of such abnormal patterns has remained
largely unresolved. Therefore, in the present longi-
tudinal study, we evaluated the clinical outcomes
associated with markedly abnormal ECGs charac-
terized by distinctive repolarization patterns in
young, trained athletes.

METHODS

Since 1982, the Italian government has required
by law that all citizens participating in officially
sanctioned competitive sports undergo prepartici-
pation screening to rule out the presence of car-
diovascular disease that could be associated with
increased risk during training and competition.'®
At the Institute of Sports Medicine and Science,
young competitive athletes selected for inclusion
on national teams undergo a medical evaluation
that routinely includes a medical history, a physi-
cal examination, 12-lead and exercise ECGs, and a
two-dimensional echocardiogram. In addition, ath-
letes are selectively referred to this institution from
satellite sports medical centers when ECG abnor-
malities or abnormal findings from their medical
history or physical examination are detected. All
the records of clinical data on these athletes are
kept in a database maintained by the institute.

At the time each subject is enrolled in the
database, a standard 12-lead ECG is obtained with
the subject in the supine position during quiet
respiration and recorded at 25 mm per second.
The ECG tracing is obtained just before the echo-
cardiographic examination and more than 24
hours after the last athletic activity. Incremental
exercise testing until exhaustion is performed on
a bicycle ergometer (Cardioline SDS 3D or Cardio-
line ETC system).

Echocardiographic studies are performed with
commercially available instruments (Sonos 5500,
Philips). The extent and distribution of left ven-
tricular hypertrophy are assessed from two-dimen-
sional echocardiography, as previously described.®
Echocardiographic studies routinely include a
search for the normal position of the ostia and
the proximal course of the epicardial coronary
arteries.?®

STUDY DESIGN
We conducted a matched case—control study to
compare the long-term outcomes in athletes who
had marked repolarization abnormalities with the
outcomes in a similar group of athletes who had
normal ECGs. The study design was approved by
the review board of the institute. Written informed
consent was waived for the elite athletes exam-
ined in our institute within the medical program
for the Italian Olympic team (57 of the study
group and all 229 of the control group), because
these athletes were undergoing a standard clini-
cal evaluation pursuant to Italian law and insti-
tute policy. Written informed consent for this
investigation was obtained from the remaining
24 athletes, who were referred to the institute for
evaluation of specific clinical findings. The analy-
sis was funded by the Italian National Olympic
Committee.

We reviewed ECG data from the database for
all athletes evaluated at the institute between
1979 and 2001. We identified those subjects in
the database with ECGs showing marked repolar-
ization abnormalities, defined as inverted T waves
(>2 mm in depth) in at least three leads (exclu-
sive of standard lead III), and predominantly in
the anterior and lateral precordial leads V, through
V, (Fig. 1A, 1B, and 1C).

On the basis of clinical and echocardiograph-
ic assessment, those subjects with an abnormal
ECG who had evidence of structural heart dis-
ease at the time of initial evaluation were ex-
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Figure 1. Three 12-Lead Electrocardiograms (ECGs), Obtained in Trained Athletes at Initial Evaluation, Showing Evidence of Marked
Repolarization Abnormalities.

The ECG from a 24-year-old national-level canoeist shows diffuse T-wave inversion (Panel A). The athlete died suddenly during exercise
12 months after evaluation, of undetected arrhythmogenic right ventricular cardiomyopathy. Panel B shows the ECG from a 26-year-old
regional-level soccer player without left ventricular hypertrophy on echocardiography at the initial evaluation. The ECG shows markedly
increased R- and S-wave voltage in the precordial leads (V, to Vs) in association with deep T-wave inversion in standard (I, II, Ill, aVF)
and precordial (V, to Vi) leads. The athlete showed phenotypic evidence of nonobstructive hypertrophic cardiomyopathy 7 years later.
Panel C shows the ECG from a 29-year-old national-level soccer player without evidence of left ventricular hypertrophy or other structur-
al cardiac abnormalities on echocardiography. The ECG shows marked repolarization abnormalities, including ST-segment depression
and T-wave inversion in the lateral precordial and standard inferior leads.
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cluded from further analysis. The diagnoses of
hypertrophic cardiomyopathy and dilated cardio-
myopathy were based on currently accepted cri-
teria?%22 and were distinguished from physio-
logic hypertrophy and the dilatation of “athlete’s
heart,” as previously described.?*2* The criteria
for diagnosis of arrhythmogenic right ventricu-
lar cardiomyopathy were those of the European
Society of Cardiology.?> Because we wanted to
evaluate the long-term clinical course of the
study subjects, we also excluded those who had
not had at least two clinical evaluations recorded
at least 1 year apart.

A control group of athletes with normal ECGs
and no evidence of structural cardiac disease was
assembled from athletes examined at the Insti-
tute of Sports Medicine and Science between 1980
and 2000. From this cohort, we initially selected
every 20th consecutive athlete (according to the
date of enrollment in the database) with a nor-
mal ECG pattern. From this group, we selected
a subgroup of athletes that was similar to the
study group with respect to age, sex, and duration
of follow-up (Fig. 2).

STATISTICAL ANALYSIS
Data are expressed as means *SD. Differences be-
tween means were assessed by a paired or un-
paired Student’s t-test, as appropriate. Differences
between proportions were assessed with the chi-
square test. The rates of development of cardiac

disease in subjects with repolarization abnormal-
ities and controls were compared with the use of
Fisher’s exact test or the chi-square test, as appro-
priate. A two-tailed P value of less than 0.05 was
considered to indicate statistical significance.
Logistic-regression analysis was used to analyze
the effect of several variables (duration of follow-
up, age at the time of change in the ECG, left-
ventricular-mass index, and body-surface area)
on changes in ECG patterns during the follow-up
period. The product-limit method of survival
analysis was performed to assess the time to
change in the ECG pattern.2°

RESULTS

STUDY AND CONTROL COHORTS
Between 1979 and 2001, a total of 12,880 ath-
letes were examined in our institute, of whom
12,550 had ECG and echocardiographic data suf-
ficient for inclusion in this study (Fig. 2). From
this database, we identified 123 subjects (1%) who
presented with marked repolarization abnormal-
ities. Of these 123 athletes, 39 had echocardio-
graphic and clinical evidence of structural heart
disease on initial evaluation, including most com-
monly hypertrophic cardiomyopathy (17 subjects)
but also mitral-valve prolapse (6 subjects), arrhyth-
mogenic right ventricular cardiomyopathy (4), sys-
temic hypertension (4), dilated cardiomyopathy
(3), aortic stenosis with bicuspid valve (3), ische-
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12,880 Athletes were examined
between 1979 and 2001

12,550 Had adequate ECG and
echocardiographic data

123 In the study group had marked
repolarization abnormalities

39 Had evidence of
structural heart disease
on initial evaluation

84 Had no evidence of structural
heart disease

612 In the control group had a normal
ECG (every 20th athlete according
to date of enrollment in database)

366 Had <3 yr follow-up

246 Had mean follow-up similar
to the study group

3 Had no follow-up 10 Were <14 or >40 yr
evaluation at initial evaluation
81 Had follow-up evaluation 236 Had mean age and follow-up
similar to the study group
7 Were excluded
(every 10th female athlete)
70 Had no 5 Had cardiomyo- 6 Had other 229 Had follow-up, sex, and mean
cardiovascular pathies cardiovascular age similar to the study group
disorder 3 Had hypertrophic disorders
cardiomyopathy
1 Had dilated
cardiomyopathy
1 Had arrhythmo-
genic right
ven;rlcular h 225 Did not have None had cardio- 4 Had other
cardiomyopathy cardiovascular myopathy cardiovascular
disorder disorders

Figure 2. Athletes in the Study Group and the Control Group.

mic heart disease (1), and myocarditis (1); these
39 athletes were therefore excluded from further
analysis.

The remaining 84 athletes showed no evidence
of structural cardiovascular disease at initial
evaluation according to echocardiographic study
or other selected diagnostic tests performed as
appropriate (e.g., myocardial scintigraphy, cardiac
magnetic resonance imaging, and coronary arte-
riography). Of these 84 athletes, 81 had at least
two clinical evaluations (with 12-lead ECG and

echocardiogram), and therefore they constituted
the final study group. The control group includ-
ed 229 athletes similar in age, sex, and duration
of follow-up to the study group (Fig. 2).

In 54 of the 81 athletes (67%), other ECG ab-
normalities were associated with the deeply in-
verted T waves, including increased R- or S-wave
precordial lead voltages (Sokoloff-Lyon index
>30 mm) in 42, deep and narrow Q waves (>2 mm)
in 8, left atrial enlargement in 6, diminished
R wave in the anterior precordial leads in 5, and
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left-axis deviation (—30 degrees) in 2. The QT in-
tervals were normal in each of these athletes, and
none had evidence of the Brugada syndrome.?”

DEMOGRAPHIC CHARACTERISTICS
The 81 subjects in the study group included 63
males and 18 females who were 23%6 years of
age (range, 15 to 38) at the initial evaluation and
32+10 years (range, 17 to 63) at the most recent
assessment (Table 1). The athletes were engaged
in a variety of sporting disciplines, most common-
ly soccer (17 subjects), rowing or canoeing (16),
track and field (7), swimming (5), and cycling
(4). All had participated in regular training and
competition for a substantial number of years
(mean, 12; range, 3 to 26), and 57 (70%) had
achieved recognition at national or international
events, including 14 who had participated in the
Olympic Games.

The 229 subjects in the control group includ-
ed 157 males and 72 females, who were 22+5
years of age (range, 14 to 40) at initial evaluation
(Table 1). These athletes also participated in a
variety of sporting disciplines, most commonly
rowing or canoeing (30 subjects), soccer (18),
water polo (16), track and field (14), shooting

(14), and judo (12). Eighty percent had national
or international levels of achievement.

CHANGES DURING FOLLOW-UP
Follow-up data were available for a mean of 9£7
years (range, 1 to 27) in the group with marked
repolarization abnormalities and for a mean of
9+3 years (range, 3 to 19) in the control group. At
the most recent evaluation, 63 of the 81 athletes
with an abnormal repolarization pattern (78%)
were still engaged in regular training and com-
petition, whereas 17 (21%) had discontinued train-
ing and competition and 1 had died.

During the follow-up period, repolarization
abnormalities on the 12-lead ECG remained es-
sentially unchanged (or showed deeper T-wave
inversion) in 54 athletes (67%). In the remaining
27 athletes, ECG patterns either normalized com-
pletely (in 12) or became less abnormal (in 15)
by showing reduced T-wave inversion (maximum
T-wave inversion from 4.5+4 to 2.9+2 mm, P<0.001),
with fewer leads involved (from 6.1%1 to 4.5+3 mm,
P<0.001) (Fig. 3A and 3B). The mean period for
abnormal ECG patterns to revert (i.e., either nor-
malize or improve) was 11.4+3.5 years (median,
8.5). Logistic-regression analysis showed that nor-

Athletes with Normal ECGs.*

Table 1. Characteristics at Baseline and at Follow-up of 81 Athletes with Distinctly Abnormal 12-Lead ECGs and 229 Control

Characteristic
Age —yr
Mean
Range
Male sex — no. (%)
Body-surface area — m?
Resting heart rate — beats/min
Elite achievement level — no. (%)
Follow-up — yr
Mean
Range
Follow-up =10 yr — no. (%)
Cardiovascular conditions during follow-up — no.
Cardiomyopathy
Other cardiovascular conditions

Any cardiovascular condition

Abnormal ECG Normal ECG
(N=81) (N=229) P Value
0.12
23+6 2245
15-38 14-40
63 (78) 157 (69) 0.16
1.88+0.21 1.90+0.22 0.48
59+12 56+11 0.04
57 (70) 186 (81) 0.09
0.62
9+7 9+3
1-26 3-19
29 (36) 82 (36)
5 0 0.001
6 4 0.05
11 4 0.001

* Plus—minus values are means +SD. ECG denotes electrocardiogram.
T Elite achievement level is defined as competition at national or international events.
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Figure 3. Partial Resolution of Electrocardiographic (ECG) Abnormalities in a National-Level Soccer Player

without Evidence of Left Ventricular Hypertrophy or Other Structural Cardiac Abnormalities.

The data are from the same athlete as shown in Figure 1C. The initial ECG, obtained at the age of 29 years, shows
marked repolarization abnormalities, including ST-segment depression and T-wave inversion in the lateral precordial
and standard inferior leads (Panel A). An ECG obtained at the most recent evaluation, at 56 years of age, shows that
these abnormalities have partially resolved, although abnormal anterolateral T-wave inversion persists (Panel B).

malization or improvement in ECG repolarization
patterns during the observation period was asso-
ciated with the length of the follow-up (P<0.001).

We also observed partial regression or com-
plete normalization of the abnormal repolariza-
tion pattern during exercise testing in 58 (72%) of
the 81 athletes with abnormal ECGs. At the most
recent evaluation, all these athletes were able to
attain a high-intensity workload (peak exercise,
23760 W) by achieving a maximum heart rate
of 166%13 beats per minute. No changes in left
ventricular dimensions were observed in the 81
athletes during the follow-up period (mean cavity
dimension, 52.7+4.9 to 52.6+4.7 mm; maximum
wall thickness, 10.4%1.3 to 10.5+1.4 mm), regard-
less of change in ECG patterns.

CLINICAL OUTCOME
Of the 81 athletes with abnormal ECGs, evidence
of cardiomyopathy developed in 5 (6%) during
the period of follow-up and evidence of other car-
diovascular disorders developed in 6 (7%), for a
total of 11 subjects (14%) (Tables 1 and 2). One
participant died suddenly at the age of 24 years
(1 year after initial evaluation) from clinically un-
detected arrhythmogenic right ventricular cardio-
myopathy (Fig. 4). Of the 80 surviving athletes,
clinical and phenotypic features of hypertrophic
cardiomyopathy developed, during an average
follow-up period of 12+5 years, in 3 subjects at
the ages of 27, 32, and 50 years, including 1 who

had an aborted cardiac arrest (after 16 years of
follow-up). These athletes showed relatively mild
left ventricular hypertrophy (wall thickness, 13 to
16 mm) in association with a nondilated cavity
(end-diastolic dimension, 47 to 50 mm) in the
absence of systemic hypertension, as well as mild
systolic anterior motion of the mitral valve in one
and ventricular fibrillation or ventricular tachy-
cardia in two.?! Dilated cardiomyopathy (left ven-
tricular end-diastolic dimension, 62 mm; ejection
fraction, 40%) developed in another athlete dur-
ing a 9-year follow-up.22 Detailed descriptions of
the clinical course in these five patients are avail-
able in the Supplementary Appendix, available with
the full text of this article at www.nejm.org.

Other cardiovascular conditions that developed
in the study group included systemic hyperten-
sion in three subjects, atherosclerotic coronary
artery disease (requiring bypass grafting) in one,
myocarditis in one, and supraventricular tachy-
cardia (requiring radiofrequency ablation) in one
(Tables 1 and 2). For the remaining 70 athletes
with abnormal ECGs (86%), the clinical course re-
mained unremarkable during the average 9-year
follow-up period (Fig. 2).

In contrast, none of the 229 athletes with
normal ECGs, representing the control group,
had evidence of cardiomyopathy at follow-up
(P=0.001 for the comparison with the rate of
cardiomyopathy in those with abnormal ECGs)
(Table 1). Only four (2%) had evidence of other
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genic Right Ventricular Cardiomyopathy.

Figure 4. Gross and Histopathological Cardiac Findings in a 24-Year-Old Athlete Who Died Suddenly of Arrhythmo-

The electrocardiogram of this athlete is shown in Figure 1A. Panel A shows a cross section of the heart with a dilated
right ventricular chamber, hypertrophied subendocardial trabeculae, and a diffusely thinned (1.5 mm in thickness)
anterolateral wall (arrowheads), in the absence of aneurysm formation. Panel B shows a panoramic histologic sec-
tion of the right ventricular outflow tract, including the pulmonary valve (arrow). Abnormalities are not evident in
the myocardium (red staining) at this magnification (Heidenhain’s trichrome stain). Panel C represents the boxed
area of Panel B at higher magnification, showing areas of fibrofatty replacement of atrophic myocardium. The aster-
isk indicates epicardial fat, which is regarded as normal. Panel D shows the boxed area of Panel C at higher magnifi-
cation. Surviving myocytes (red staining) are embedded within fibrous tissue (blue staining) and fat (white staining),
an acknowledged feature of arrhythmogenic right ventricular cardiomyopathy.

cardiovascular disorders (Tables 1 and 2). In one
of these athletes, myocarditis developed at the
age of 19 years, 1 year after the initial evaluation;
in another, pericarditis developed at the age of
28 years, 2 years after the initial evaluation. In
addition, supraventricular tachycardia was iden-
tified in two athletes after 2 and 3 years of fol-
low-up (requiring radiofrequency ablation in one).
The overall incidence of cardiovascular abnor-
malities was therefore 14% (11 of 81 athletes) in
the study group, as compared with 2% (4 of 229
athletes) in the control group (P=0.001).

In our study population, the negative predic-
tive value of a normal ECG was 100% to exclude

the development of cardiomyopathy and 98% to
exclude the development of any cardiac abnormal-
ity. The positive predictive value of an abnormal
ECG was 6% for cardiomyopathy and 14% for any
cardiac condition. Among the study participants
in whom cardiomyopathy subsequently developed,
none showed improvement or resolution of their
marked repolarization abnormalities in the rest-
ing ECG over time (Table 2).

DISCUSSION

Highly trained athletes occasionally present with
abnormal ECG patterns, many of which are often
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regarded as innocent expressions of the cardiac
remodeling associated with systematic and inten-
sive exercise conditioning.*** However, in a small
but important subgroup of athletes,** ECGs may
be markedly abnormal and even bizarre in ap-
pearance, suggesting the presence of a patho-
logic cardiac condition such as hypertrophic car-
diomyopathy or arrhythmogenic right ventricular
cardiomyopathy.?128:2° Abnormal repolarization
patterns have previously been reported to occur in
2 to 4% of large populations of trained athletes
who are young adults (aged 18 to 35 years).1*3°

Such distinctly abnormal ECGs pose a diag-
nostic question when they occur in the absence
of detectable structural heart disease. These ECG
findings may represent the initial, subtle expres-
sion of cardiac disease with adverse long-term
clinical consequences.'>*” Alternatively, these
ECGs may be innocent expressions of the cardiac
remodeling associated with “athlete’s heart.”14
In an effort to clarify this important issue, we
undertook the present long-term study to inves-
tigate the clinical outcomes of a unique sub-
group of elite competitive athletes who initially
presented with marked repolarization abnormali-
ties on the ECG in the apparent absence of car-
diac disease.

In the present analysis, we found distinctly
abnormal repolarization patterns in 1% of our
large population of athletes. A subsequent diag-
nosis of cardiomyopathy was made in 5 (6%) of
the 81 athletes with such abnormalities who had
no previous evidence of cardiac disease. Further-
more, two of these five athletes had major ad-
verse cardiac events (a rate of 0.3% per year). One
survived a cardiac arrest due to hypertrophic car-
diomyopathy and one died suddenly of arrhyth-
mogenic right ventricular cardiomyopathy; both
were without previous cardiac symptoms.

In contrast, neither cardiomyopathy nor a ma-
jor adverse cardiac event subsequently developed
in any of the patients in the control group. Other
cardiovascular disorders occurred in the study
group (systemic hypertension, coronary artery dis-
ease, myocarditis, and supraventricular tachycar-
dia) and the control group (myocarditis, pericar-
ditis, and supraventricular tachycardia), although
it is not likely that these conditions were related
to the original abnormal ECGs.

Our experience, therefore, provides a useful
perspective on isolated, markedly abnormal ECGs

in young, asymptomatic athletes. Contrary to
previous reports describing such ECG patterns as
innocent manifestations of “athlete’s heart” with-
out adverse clinical consequences,**3! the pres-
ent study shows that these abnormal ECGs may
represent the initial expression of genetic cardiac
disease, preceding by many years phenotypic ex-
pression and adverse clinical outcomes.3?

Another insight derived from our investiga-
tion is the potential difficulty in clinical recog-
nition of both arrhythmogenic right ventricular
cardiomyopathy and hypertrophic cardiomyopa-
thy, particularly in young, physically active (and
asymptomatic) people. Arrhythmogenic right ven-
tricular cardiomyopathy was not identified during
the lifetime of our athlete who died suddenly,
despite the heightened awareness of that disease
within the Italian national preparticipation screen-
ing program.'® In retrospect, the clinical evalua-
tion did not create a strong suspicion of this di-
agnosis in this athlete because the repolarization
abnormalities were not those most typically
identified in this disease (T-wave inversion was
diffuse rather than confined to the anterior pre-
cordial leads). Furthermore, echocardiography did
not show marked enlargement of the right ven-
tricular chamber or segmental wall-motion abnor-
malities, and electrophysiological study with pro-
grammed ventricular stimulation did not induce
ventricular tachyarrhythmia (see the Supplemen-
tary Appendix).

On the basis of our data, it seems reasonable
that, in the setting of large-scale preparticipation
screening, ECGs showing marked repolarization
abnormalities may be useful for identifying ath-
letes at risk for the subsequent development of
structural heart disease. These observations un-
derscore the importance of greater diagnostic
scrutiny and continued clinical surveillance of
trained athletes who present with such distinctly
abnormal ECGs. On the basis of our observations,
it seems likely that serial ECG alone is not suf-
ficient for such surveillance, but echocardiogra-
phy and selective additional testing are necessary
to clarify the cardiac diagnosis. Conversely, the
finding of a normal ECG during preparticipation
screening can be regarded as reasonably reliable
evidence to exclude the presence of potentially
lethal cardiac disease and can serve as a source
of reassurance to young athletes.33

In summary, we investigated the clinical
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course of trained athletes with marked repolar-

ization abnormalities on the ECG. Such abnor- disease.

malities were uncommon but were associated
with a disproportionately increased risk of the

reported.

subsequent development of structural cardiac
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