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Physiological left ventricular hypertrophy
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From the Cardiac Department, Brompton Hospital, London, and the Physical Education Department, University of
Birmingham, Birmingham

SUMMARY Echocardiograms were recorded in 154 active athletes (from various sports) and 21 ex-
athletes and compared with those in 40 normal control subjects (non-athletes). Diastolic cavity
dimension and posterior wall and septal thickness were measured and left ventricular mass and the
ratio of posterior wall thickness to cavity radius and of septum to posterior wall thickness calculated.
As a group athletes had a significantly increased diastolic cavity dimension, posterior wall and septal
thickness, and left ventricular mass. The ratio of posterior wall thickness to cavity radius was
distributed as a single continuous variable with a significantly increased mean, and there was no

separate subgroup of shot putters or weight lifters with inappropriate hypertrophy. The mean ratio
of septum to posterior wall thickness was normal, but there was a wide range of values up to 2-1: 1.
Ex-athletes had entirely normal left ventricular dimensions and wall thickness. When athletes are
categorised by their standard of competition national standard competitors had a significantly
increased posterior wall and septal thickness and left ventricular mass compared with university and
non-competitive sportsmen.

In conclusion, strenuous activity results in left ventricular hypertrophy which is appropriate to
the body size of the athlete and the degree of activity but not to its type.

The heart has been studied in sportsmen since the
development of modem athletics, and whereas there
is no doubt that the left ventricle responds to pro-
longed strenuous activity by hypertrophy there
remains considerable controversy about its form.'-18
The purpose of this present study was to consider the
relation of various types of exercise training and left
ventricular hypertrophy in a large number of active
sportsmen and past athletes.

Subjects and methods

ATHLETES
Athletes were defined as individuals who pursued
active endurance or power (not skill alone) training
for at least three hours a week for one year and had
achieved at least university competitive status. In
addition, non-competitive sportsmen who performed
a similar amount of exercise were studied. High qual-
ity echocardiograms were obtained in 157 athletes
from a wide range of sporting disciplines and abilities,
who were aged 18-59 years and included 91 men and
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66 women. The major competitive sport in these sub-
jects was swimming in 33, running in 32, throwing
events in 15, weight lifting in 19, wrestling or judo in
16, canoeing in 14, and ball sports in 28. Predomi-
nantly strength events were considered to be weight
lifting, shot putting, and hammer and discus throw-
ing. Endurance events included swimming, running,
and canoeing. Many, however, participated in several
sports which were a mixture of isometric and isotonic
exercise. The best competitive standard achieved was
recorded as international or national in 59 and univer-
sity in 68; 30 were non-competitive sportsmen.
Twenty one national standard athletes (ex-athletes)
who had not trained for at least five years were also
studied. In each subject the type and duration of exer-
cise training were recorded, height and weight meas-
ured, and body surface area calculated.

NON-ATHLETES
Forty healthy non-athletic students (25 men, 15
women; age 18-27 (mean 21) years) underwent a simi-
lar echocardiographic study.

ECHOCARDIOGRAPHY
Recordings were made with an ATL mark III instru-
ment using a 3-5 MHz transducer. A complete cross
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sectional echocardiographic study was performed
including parasternal long axis and short axis views of
the left ventricle. The studies were recorded as real
time images on 0*75 inch video tape using a Sony
U-matic recorder (Type VO 2631). End diastolic stop
frames were displayed using a video recorder with
digital frame advance (Sony 5800 PS). From the
recordings the following measurements were made
directly with calipers at the level of the tips of the
mitral valve (Fig. 1): (a) end diastolic posterior wall
(PW) and septal thickness (VS) (cm) at maximum cav-
ity size and (b) end diastolic left ventricular cavity
dimension (DD) in cm. These measurements were
used in the following calculations: (a) the ratio of wall
thickness to cavity radius (T: R) as 2PW/DD; (b) left
ventricular mass (as all subjects had normal left ven-
tricular shape and function the simplest equation
(cube volume formula) was used to differentiate bet-
ween the groups) as ([PW+VS+DD]3-DD3) x 1.055;
and (c) the ratio of ventricular septum to posterior
wall thickness. Measurements of posterior wall, ven-

Fig. 1 Long axis cross sectional echocardiograms of(a) an
endurance swimmer showing pronounced concentrc hypertrophy
with septum and posterior wall 1-5 cm thick. PM, papillary
muscle; PW, posterior wall; VS, septum; AO, aorta; LA, left
atrium: and (b) an endurance runner showing cavity enlargement
and moderate postenor wall and septal thickening.
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tricular septum, diastolic dimension, and mass were
divided by the body surface area.

STATISTICAL METHOD
Values are expressed as mean (one standard deviation
(SD)). Differences between measurements were
determined by Student's t test or the Mann-Whitney
U test. The reproducibility of this method has been
previously reported. '9

Results

Two athletes had systolic clicks and murmurs and
echocardiographic mitral valve prolapse, and one had
a thick bicuspid aortic valve with left ventricular
hypertrophy and dilatation suggesting significant aor-
tic valve disease. These three were excluded, and 154
active athletes and 21 ex-athletes form the basis of the
study.

ATHLETES VS NON-ATHLETES
Compared with non-athletes, the athletes showed
increased posterior wall and septal thickness
(p<0.001) (Table 1, Fig. 1). Diastolic dimension was
significantly increased (p<0.001), and there was a
wide range of values with 34 >2SD from normal. Left
ventricular mass was increased (p<0001), and 50 ath-
letes had a left ventricular mass >157 g/m2 (>2SD
from normal), of whom all but three performed
endurance events (Fig. 1). There was a range of values
for T: R ratio (0.27-0.57) with the mean greater than
normal (p<0.01). Fig. 2 shows that the T: R ratio is a
single continuously distributed variable with no sepa-
rate subgroup representing a group with inappropri-
ate left ventricular hypertrophy. Forty eight athletes
had a T: R ratio >2SD from normal (>0-43). The
mean ratio of septum to posterior wall was normal,
but there was a range of values (0.7-2- 1) with 29 being
>1*3: 1 and 11 >1-5: 1 (Fig. 2).

EX-ATHLETES
The ex-athletes were considered as one group because
all but five had competed in endurance events. There
was no echocardiographic evidence of left ventricular
hypertrophy or dilatation.

ENDURANCE VS STRENGTH ATHLETES
Table 2 shows the subdivision of the total group into
those who competed predominantly in endurance
(104) or strength (34) events (excluding wrestlers and
judo). Posterior wall and septal thickness, diastolic
dimension, and left ventricular mass were
significantly increased in the strength athletes
(p<0-05); however, after these measurements had
been divided by the body surface area the differences
were no longer apparent. In particular the T: R ratios



Table 1 Comparison of left ventricular measurements in athletes, ex-athletes, and non-athletes (normal subjects). Figures are
mean (SD)

Left venticular measurements Athletes Ex-athletes Non-athletes

No of subjects 154 21 40
Posterior wall (cm) 1-0 (0-2)** 0-8 (0-2) 0-8 (0-1)
Posterior wall (cm/r2) 0-54 (0- 1)** 0-45 (0-1) 0-46 (0-1)
Septum (cm) 1-2 (0-2)** 1.0 (0-1) 0-9 (0-1)
Septum (cm/M2) 0-62 (0.1)** 0-55 (0.2) 0-52 (0-1)
Diastolic dimension (cm) 5 1 (0-5)** 4-7 (0-3) 4-5 (0-3)
Diastolic dimension (cm/m2) 2-7 (0.4)* 2-6 (0-3) 2-55 (0-2)
Left ventricular mass (g) 270 (93)** 181 (60) 155 (43)
Left ventricular mass (g/m2) 143 (48)** 99 (43) 89 (29)
T: R ratio 0-39 (0-07)* 0-34 (0-04) 0-36 (0-03)
Septum: posterior wall ratio 1-2 (0-2) 1-2 (0-1) 1-1 (0-1)

Differences between athletes and non-athletes: *p<0-01, **p<0-001; differences between ex-athletes and non-athletes: NS.
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were similar. The group of strength athletes in this
study were intentionally selected to contain some rela-
tively small individuals (light and middle weight
weight lifters), and the body surface area of this group
was similar to that of the endurance group (1-93 and
1-85 m2 respectively). If only the 12 strength athletes
with a body surface area >2-2 m2 were considered
their resting heart rate was similar to that of the non-
athletes (69 (9) vs 72 (10) beats/min) as were the
measurements of cavity dimension when divided by
the body surface area (posterior wall 0-47 (0-1), sep-
tum 0-55 (0-1) cm, diastolic dimension 2-6 (0-2) cm,
and T: R ratio 0-37 (0-05)), and left ventricular mass
was only modestly increased (128 (36) compared with
the non-athletes, (89 (29) g/m2, p<005).

WRESTLERS
There were 16 sportsmen who participated in wrestl-
ing or judo and they had a similar body surface area to
the endurance athletes (1-79 m2). Compared with the
non-athletes they had a significant increase (p<0-01)
in the posterior wall and septal thickness and diastolic
dimension (0-53 (0-1), 0-6 (0-1), and 2-7 (0-4) cm
respectively, all values divided by the body surface
area).

Table 2 Companrson of left ventricular hypertrophy in
endurance and strength athletes. Figures are mean (SD)

Left ventricular Endurance Strength
measurements

No of subjects 104 34
Posterior wall (cm) 0-97 (0-2) 1-05 (0 1)*
Posterior wall (cm/M2) 0-53 (0-1) 0-54 (0-12)
Septum (cm) 1-1 (0-2) 1-25 (0-2)*
Septum (cm/i2) 0-6 (0-1) 0-64 (0-1)
Diastolic dimension (cm) 5.0 (0-5) 5.4 (0 5)*
Diastolic dimension (cm/M2) 2-7 (0-3) 2-8 (0-4)
Left ventricular mass (g) 256 (87) 319 (99)**
Left ventricular mass (g/m2) 142 (43) 159 (60)
T: R ratio 0-4 (0-07) 0 39 (0-05)
Septum: posterior wall ratio 1-2 (0-2) 1-2 (0-2)

Differences between groups: *p<0-05, **p<0-001.
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Table 3 Effect of the standard ofcompetition on left ventricular hypertrophy. Figures are mean (SD)

Lift venticulr measurements Natiownal Universi Non-competitive
No of subjects 59 66 29
Posterior wall (cm) 1-1 (0.1) 0-95 (0-2)** 0-85 (0.1)**
Posterior wall (cm/M2) 0-58 (0-1) 0 52 (0. 1)* 0.48 (0. 1)**
Septum (cm) 1-3 (0-2) 1-1 (0-2)** 1-0 (0-2)**
Septum (cm/m2) 0.71 (0-1) 0.6 (0-1) 0 56 (0. 1)**
Diastolic dimension (cm) 5-4 (0.8) 5-1 (0.5) 4-9 (0.3)*
Diastolic dimension (cm/M2) 2-8 (0-3) 2.7 (0-3) 2-7 (0-3)
Left ventricular mass (g) 310 (94). 258 (84)* 207 (64)**
Left ventricular mass(g/m2) 163 (50) 138 (44)* 114 (31)**
T:R ratio 0-42 (0.07) 0-38 (0-06)** 0.35 (0-03)**
Septum: posterior wall ratio 1-2 (0-2) 1-2 (0-3) 1-1 (0-1)

Difference between national and other standard athletes: *p<0-01, **p<0.001.

EFFECT OF THE STANDARD OF COMPETITION ON
LEFT VENTRICULAR HYPERTROPHY
To consider the effect of the standard of exercise,
national, university, and non-competitive sportsmen
were compared. This division is necessarily arbitrary
since some national standard athletes may spend less
time per week exercising than those enthusiasts who
have less sporting ability. On average, however, the
national standard athletes spent more time per week
exercising than the university or non-competitive
groups (9.1 vs 6-3 and 4.2 hours, NS). In addition, a
large proportion of the non-competitive group per-
formed predominantly ball sports. Although diastolic
dimension was not significantly enlarged, there was
significant thickening of the posterior wall and sep-
tum with increased left ventricular mass and T: R
ratio in the national standard athletes compared with
the others (Table 3).

Discussion

Earlier this century, with the advent of modern athle-
tics and training methods, it became apparent that
highly trained individuals could develop bradycar-
dias, cardiac enlargement, murmurs, and added heart
sounds.20 The electrocardiogram and chest radio-
graph showed abnormalities similar to those found in
heart disease, and these cardiac findings were thought
to be due to the effects of exercise and not disease.21
The present study has shown that a wide spectrum of
left ventricular hypertrophy may be found in athletes
which is predominantly related to the amount but not
the type of exercise.
There are methodological problems in the study of

the heart in athletes. There is little collaborative evi-
dence from necropsy studies because the very few
deaths that occur are due to other forms of heart dis-
ease (coronary artery disease and hypertrophic car-
diomyopathy).22 23 Although animal experiments
confirm that exercise will induce reversible changes in
cardiac structure, there is a wide species variation in
its extent so that it is doubtful whether animal models

reflect human experience.2425 There are also prob-
lems with classifying the level of athletic training. A
dedicated swimmer or runner can obtain a high level
of training in three hours per week (six sessions of 30
minutes each), but this will not occur with a similar
duration of weight lifting or shot putting.

Echocardiography allows repeated non-invasive
investigation of athletes and has led to advances in the
study of physiological left ventricular hypertrophy.
Previous echocardiographic studies have shown left
ventricular cavity enlargement in athletes.' -18 The
increased end diastolic cavity size (and stroke volume)
explains the mechanism by which athletes sustain a
high cardiac output during exercise. Since peak heart
rate is principally determined by age not training, and
ejection fraction remains constant, cardiac size is
therefore the determinant of the increased cardiac
output in athletes. Echocardiographic studies show
that diastolic cavity dimension may increase from 3%
greater than normal in runners6 to 19% in runners7
and cyclists. " The present study shows on average an
11% increase in diastolic dimension, which reduces to
6% when divided by the body surface area. During
periods of training an increase in diastolic dimension
of 4-8% has been found.5 13 16 Although this appears
to be a small increase, assuming that ejection fraction
remains constant and diastolic dimension increases by
only 6%, stroke volume will increase by 18%. It must,
however, be considered that differences of 0-2-0.3 cm
in cavity size are close to the reproducibility of the
method and that the cavity enlargement may merely
be due to the reduced heart rate.

Disproportionate or asymmetrical septal hypertro-
phy was initially thought to be specific for hyper-
trophic cardiomyopathy,26 but it may be found in
other forms of left ventricular hypertrophy.27 Seven
per cent of our athletes had a septum to posterior wall
ratio > 1-5: l, and in a further 21% it was greater than
1-3: 1 (Fig. 2b). It is of interest that those with a left
ventricular mass >2SD from normal had a propor-
tionally thicker septum than those with less hypertro-
phy. This would provide further evidence that septal
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thickening is a normal manifestation of secondary left
ventricular hypertrophy of whatever cause.

Echocardiographic studies in athletes have shown
that training may result in an increased left ventricu-
lar mass with increased wall thickness and cavity size,
but a series of conflicting views have arisen. I- 1 7 Mor-
ganroth and coworkers7 suggested that isometric
exercise will result in wall thickening and isotonic
exercise in cavity dilatation. The former would, how-
ever, appear to result in concentric hypertrophy (with
an increased T: R ratio as found in pressure over-
load), and the latter would increase wall stress, both
of which would appear to be non-physiological.142829
This argument is based on two groups of athletes, one
of which contains four world champion shot putters
with enormous body mass and an increased T: R
ratio, who after the dimensions had been divided by
the body surface area (the mean quoted value) had
normal wall thickness and a small left ventricular cav-

ity. To maintain the huge body mass required for top
class participation in shot putting very little endur-
ance training is performed, and these four subjects
probably had a very low level of "cardiovascular
fitness." The other group of isometric athletes
described were wrestlers (who did show significant
wall thickening); they had normal body mass and a

resting bradycardia and presumably must have been
endurance as well as isometrically trained. We studied
a similar group of subjects who did not have inap-
propriate hypertrophy. Comparison of the percentage
increase in the T: R ratio for sportsmen compared
with normal subjects shows that most are within 15%
of the normal quoted value and only the studies of
Morganroth,7 Sugishita,'8 and Ikaheimo3 found
values greater than this; the latter study described
long distance runners and not strength athletes. The
data in this study show that the T: R ratio is a single
continuously distributed variable and not bimodally
distributed as would have been expected if concentric
hypertrophy occurred in strength athletes. In addi-
tion, separate analysis of athletes with a huge body
mass also does not show an increased T: R ratio.
Therefore, there would appear to be little to suggest
that exercise results in inappropriate hypertrophy.
The physiological adaptations of the circulatory

system to endurance and strength events are neces-

sarily different, but it is unknown whether they result
in a detectable structural difference. Extrapolation
from disease suggests that an increase in the T: R
ratio occurs in response to pressure overload.28 29 In
contrast to the initial hypothesis that the T: R ratio
increases in strength athletes, the present and other
studies show that such an increase occurs in response
to many different forms of exercise intense enough
to cause left ventricular hypertrophy.246 1011 6
Anaerobic energy release can be maintained only for a
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very short period of time. Therefore in strength
events and other sports where a substantial rise in
systolic blood pressure occurs at peak exercise the
cardiac stimulus is pressure overload, which should
theoretically result in concentric left ventricular
hypertrophy. Nevertheless, the very transient dura-
tion of this load may not affect the heart as it would be
difficult to understand why a moderately raised left
ventricular systolic pressure for a very short period of
time per day would increase the T: R ratio, whereas
prolonged pressure overload in aortic stenosis or
hypertension may fail to do so. In conclusion, the
study of a large group of athletes has shown that left
ventricular hypertrophy may frequently be detected
by echocardiography and appears to be related to the
duration of the activity rather than to its type.
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