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Abstract In this study we investigated resting left ven-
tricular structure and function in elite female weight-
lifters. Fifteen National Squad members [mean age (SD)
25 (6) years] were compared to a recreationally active
control group [n � 46, 23 (3) years]. Subjects were
matched for body mass, body surface area and fat free
mass, but the controls were slightly taller (P < 0.01).
Athletes and controls demonstrated similar resting heart
rates and blood pressures. Septal wall (ST), posterior
wall (PWT) and left ventricular internal dimension in
diastole and systole (LVIDd and LVIDs, respectively)
were measured from M-mode echocardiograms. Calcu-
lations were made for left ventricular mass (LVM),
mass-volume ratio (m:V), wall-thickness-cavity dimen-
sion ratio (h:R) and systolic function. Left ventricular
®lling velocities were determined via Doppler echocar-
diography. ST [9.0 (1.1) vs 7.7 (1.0) mm] and PWT [8.7
(1.4) vs 7.5 (1.3) mm] were greater, whereas LVIDd
[46.2 (2.8) vs 48.4 (3.4) mm] was smaller in the weight-
lifters (P < 0.05). After allometrically adjusting for
di�erences in height, the weightlifters had a greater ST,
PWT and LVM (P < 0.05) and similar LVIDd. Both
m:V and h:R were increased in the weightlifters
(P < 0.05). All functional data were within normal
limits and no group di�erences were observed. The fe-
male weight-lifters demonstrated a concentric left ven-
tricular enlargement that was not detrimental to left
ventricular performance at rest.
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Introduction

Grossman et al. (1975) proposed that in cardiovascular
diseases any adaptation of the myocardium depends
upon the pattern and quantity of the associated hae-
modynamic loading. In hypertensives, or people with
aortic stenosis, thickening of the septum and left ven-
tricular posterior free wall is observed, with no changes
in cavity dimensions. This type of cardiac muscle re-
modelling is often referred to as concentric enlargement.

Grossman's theory linking speci®c patterns of hae-
modynamic loading and left ventricular enlargement
was adopted as an explanation for the training-speci®c
nature of the cardiac adaptations witnessed in elite
sportsmen. Morganroth et al. (1975) reported increased
left ventricular wall thicknesses in male wrestlers and
shot putters. These activities, along with sports such as
weightlifting, have been classi®ed as a high static:low
dynamic (Mitchell et al. 1994), requiring extreme levels
of muscle power production (Garhammer 1980), and
generating an intermittent, but signi®cant, haemody-
namic pressure overload (MacDougall et al. 1985).

Con®rmation of a link between resistance training
and speci®c cardiac adaptation can be found (Longhurst
et al. 1980; Deligiannis et al. 1988; Roy et al. 1988;
MacFarlane et al. 1991; Pelliccia et al. 1991, 1993).
However, other studies (Menapace et al. 1982; Pearson
et al. 1986; Brown and Thompson 1987; Fisher et al.
1989; Fleck et al. 1989, 1993; George et al. 1998) have
failed to demonstrate any evidence of a concentric left
ventricular enlargement in a broad range of weight- and
resistance-trained athletes.

The con¯icting ®ndings may re¯ect di�erences in the
use of a range of structural indices to represent con-
centric enlargement (i.e. wall thickening, increased left
ventricular mass, increased mass-volume ratio, increased
wall thickness-cavity dimension ratio), subject group
selection, activity levels and the partitioning out of
group di�erences in body size variables. Most studies are
cross-sectional, comparing male athletes with sedentary
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controls. When matching is not achieved for body size or
composition, the most appropriate scaling process is
applied. Whilst authors are aware of the need to take
into account body size variation (Urhausen and Kind-
ermann 1992), this has been achieved by a ratio-stan-
dard approach despite theoretical criticisms (Tanner
1949). The use of allometric scaling is supported in
clinical (Lauer et al. 1995), non-athletic (Batterham et al.
1997) and athletic (George et al. 1998) populations.

Only limited evidence of cardiac adaptation to resis-
tance training in females has been published. Whilst
some cross-sectional studies exist (Pelliccia et al. 1996;
George et al. 1995) there are no data for elite female
weightlifters. Studies of females have either not scaled
structural data or scaled for di�erences in body dimen-
sions (usually body surface area) via a ratio-standard
approach. Ignoring allometric procedures (Lauer et al.
1995; Batterham et al. 1997) may have compromised the
validity of the comparisons.

The purpose of the study presented here was to in-
vestigate the cardiac structural responses to chronic
conditioning in a group of elite female weightlifters
compared to a healthy recreationally-active population
of control subjects.

Methods

Sixty one women gave written informed consent to participate in
the study. Ethical approval was granted by the Faculty Ethics
Committee. All subjects were healthy and free of known heart
disease. Fifteen of the subjects [mean (SD) age, 25 (6) years] were
National Weightlifting Squad members, and the athletes had been
training for competitive weightlifting for 6 (3) years and members
of the National squad for 3 (2) years. The athletes were tested just
prior to start of the competitive season. They represented a broad
range of weight categories (body mass range 46±90 kg). Perfor-
mance data ranged from 105 kg for the snatch and 130 kg for the
clean and jerk in a high weight category lifter (83+ kg), to 52 kg
for the snatch and 65 kg for the clean and jerk for a low weight
category lifter (<46 kg). The control group consisted of 46 female
non-athletes [age, 23 (3) years]. None were currently or formerly
competitively involved in any sport.

All anthropometric and echocardiographic variables were
measured at the same visit to the laboratory. Body mass (BM, kg)
and height (HT, m) were measured to derive body surface area
(BSA, m2) via the Dubois and Dubois (1916) formula. Biceps,
triceps, subscapular and suprailiac skinfold thicknesses were as-
sessed in triplicate and used to calculate percentage body fat
(Durnin and Womersley 1974). Fat mass was calculated from
percent body fat and BM. Fat free mass (FFM, kg) was calculated
as BM minus fat mass (Table 1).

After anthropometric assessment, subjects rested in the supine
position for 30 min. Electrodes were attached for a three-lead EKG
system intrinsic to the HP Sonos 100 Ultrasound Imaging System
(Hewlett Packard, Andover Massachusetts, USA). A single expe-
rienced electrocardiographer obtained ultrasound images of the left
ventricle with the subject lying in the left lateral decubitus position.
Placement of a 2.5-MHz transducer at the parasternal window al-
lowed the production of a two-dimensional image of the left ven-
tricle in the long axis. M-mode recordings were taken at the tip of
the mitral valve lea¯ets. From the concomitant EKG trace septal
thickness (ST), posterior wall thickness (PWT) and left ventricular
end-diastolic dimension in diastole (LVIDd) were digitized at the
peak of the R-wave according to Penn convention guidelines. Left
ventricular end-systolic dimension (LVIDs) was measured as the

minimum separation of the septal and posterior walls. Left ven-
tricular mass (LVM) was estimated via a regression-corrected
``cube-formula'' (Devereux and Reichek 1977). The ratios of
LVM:left ventricular end-diastolic volume (m:V; where volume was
calculated from LVIDd; Ten Cate et al. 1974), and total wall
thickness (ST + PWT):LVIDd (h:R) were calculated as indices of
concentric enlargement. Systolic and diastolic functional data were
obtained in the weightlifters and a sub-sample of 22 controls.
Fractional shortening [FS (%) � (LVIDd)LVIDs)/LVIDd*10)2]
and ejection fraction [EF (%) � (LVIDd3)LVIDs3)/
LVIDd3*10

)2] were calculated from M-mode data. Diastolic
function was assessed via pulsed-wave Doppler echocardiography.
A two-dimensional sector scan of a four-chamber view from the
apex position allowed the placement of the sample-volume at
the level of the mitral valve parallel to mitral in¯ow. This facilitated
the measurement of peak ¯ow velocities (cm á s)1) for early passive
(E) and late atrial contraction (A) ®lling of the left ventricle. The
E:A ratio was then calculated. All measurements were made over a
minimum of four consecutive heart cycles in held expiration by a
single experienced reader who was unaware of the group allocation
of the subjects. Following echocardiographic measurements a
resting heart rate was attained from the EKG and blood pressure
was attained via sphygmomanometry.

Data are reported as group means (SD) unless otherwise stated.
Echocardiographic data are expressed in absolute units and then
scaled (where appropriate) for di�erences in body dimensions. Via
multivariate allometric scaling, common group BM, FFM, BSA
and HT exponents were identi®ed for all measured cardiac dimen-
sions with group entered as a discrete variable. The commonality of
slopes was determined between the athlete and control groups. The
scaling procedures followed the format adopted for LVM (Batter-
ham et al. 1997). The residuals were normally distributed (Ko-
lmogrov-Smirnov one-sample test, P > 0.05) and no relationship
was found between the absolute residuals and body size variables
(P > 0.05). Group di�erences were then compared via one-way
analysis of variance for all absolute and allometrically scaled data.
The results of the data analysis, carried out on the Statistica soft-
ware (Statsoft), were considered to be signi®cant if P < 0.05.

Results

The groups were evenly matched for body dimensions
[BM, 59.8 (6.7) kg and 61.5 (11.5) kg; BSA,
1.66 (0.10) m2 and 1.64 (0.18) m2; FFM, 46.2 (4.1) kg
and 47.8 (7.8) kg for the controls and weightlifters, re-
spectively] and composition [body fat, 23 (2)% and 22
(3)% in the controls and weightlifters, respectively]. The
only exception was that the controls were slightly taller
[1.66 (0.05) m vs 1.59 (0.08) m, P < 0.01].

Cardiac structural data mean values were within
normal ranges (Table 1). The internal dimension of the

Table 1 Heart dimensions for weightlifters and controls. Values
are given as the mean (SD). (LVIDd Left ventricular internal di-
mension in diastole, ST septal thickness, PWT posterior wall
thickness, LVM left ventricular mass, m:V ratio of LVM to left
ventricular end-diastolic volume, h:R ratio of wall thickness to
cavity dimension ratio)

Controls Weightlifters P values

LVIDd (mm) 48.4 (3.4) 46.2 (2.8) 0.03
ST (mm) 7.7 (1.0) 9.0 (1.1) <0.01
PWT (mm) 7.5 (1.3) 8.7 (1.4) <0.01
LVM (g) 137.0 (35.0) 157.5 (41.5) 0.07
m:V 1.15 (0.23) 1.50 (0.21) <0.01
h:R 0.31 (0.05) 0.38 (0.03) <0.01
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left ventricle was slightly greater in the controls. Con-
versely, the ST and PWT were greater in the weight-
lifters. LVM was 13% greater in the weightlifters
compared to controls, but this di�erence was not sta-
tistically signi®cant. The combination of elevated wall
thicknesses and smaller internal dimensions in the
weightlifters increased both the m:V and h:R ratios
(P < 0.05). Allometric power function exponents were
calculated (Table 2). Exponents corresponding to the
dimensionality theory lie within the 95% con®dence
limits for each variable. The allometric scaling provided
appropriate common group exponents for the compar-
ison of group cardiac structural data after normalization
for di�erences in HT. After normalization for HT, dif-
ferences in wall thicknesses were still observed (weight-
lifter values represented 123±124% of the control group
values ± calculation of the antilog of the group beta
score). Since the controls were taller, the mean values for
LVIDd, adjusted for di�erences in HT, were not di�er-
ent between groups (weightlifter values represented 99%
of the control group values). The combination of similar
internal dimensions and greater ST and PWT resulted in
a di�erence in LVM (133%) after the adjustment for
HT.

Resting heart rate and blood pressures were not sig-
ni®cantly di�erent between groups. Despite the evidence
of a concentric hypertrophy in the weightlifters, no al-
teration in either systolic or diastolic cardiac function
was noted (Table 3). As with the structural data, the
mean scores for all functional indices were within nor-
mal limits.

Discussion

Despite a high level of training and competition the
majority of body dimension variables were not signi®-
cantly di�erent between the groups. The weightlifters

were only slightly heavier and slightly less fat, resulting
in similar estimates of FFM. The weightlifters repre-
sented a broad range of weight categories and there was
a tendency for percent fat to increase as BM increased.
Thus the groups were well matched in terms of the body
dimensional variables that have been used to scale car-
diac dimensions in resistance-trained athletes (George
et al. 1991). The fact that HT was di�erent between
groups could be accounted for by the allometric scaling
process. However, HT seems neglected as a scalar vari-
able in studies of athletes, although it is used in clinical
studies (Lauer et al. 1995). Batterham et al. (1997) and
George et al. (1998) suggested that HT may be unsuit-
able as a scalar in studies of athletes because of its large
residual error scores and the fact that it does not take
into account di�erences in body composition.

The structural data presented in Table 1 suggest that
the athletes exhibit a concentric left ventricular en-
largement. Wall thickness was elevated in the weight-
lifters and the increase in LVM approached statistical
signi®cance. The scaling out of the in¯uence of HT re-
sulted in a group di�erence in LVM. Both the m:V and
h:R values suggest an increase in muscle mass over and
above any changes in cavity size, which represents con-
centric enlargement. The larger absolute LVIDd ob-
served in the controls was not present after allometric
scaling for HT.

The mean wall thickness (ST: 9.0 vs 6.9, PWT 8.7 vs
8.0) and LVM (157.5 vs 134.0) of the weightlifters are
greater than those reported for resistance-trained ath-
letes (George et al. 1995). George et al. (1995) included
sprinters, jumpers and throwers within their resistance-
trained group who may have been involved in a degree
of aerobic-based training. The mean LVIDd of the
athletes in the study by George et al. (1995) is higher
(48.6 vs 46.2) than that of the current weightlifters and
thus supports the contention that they were not purely
resistance trained. Pelliccia et al. (1996) did not include

Table 2 Allometric power
function exponents (�95%
con®dence intervals) and log-
linear multiple R scores in
brackets. (BM Body mass, FFM
fat free mass, BSA body surface
area, HT height)

BM FFM BSA HT

LVIDd (mm) 0.22 (0.12) [0.50] 0.32 (0.14) [0.58] 0.44 (0.20) [0.55] 0.97 (0.43) [0.57]
ST (mm) 0.38 (0.23) [0.59] 0.52 (0.26) [0.62] 0.73 (0.40) [0.61] 1.42 (0.84) [0.60]
PWT (mm) 0.53 (0.31) [0.54] 0.64 (0.35) [0.54] 0.96 (0.52) [0.55] 1.63 (1.11) [0.50]
LVM (g) 1.06 (0.42) [0.58] 1.42 (0.47) [0.65] 2.04 (0.70) [0.64] 4.01 (1.50) [0.60]

Table 3 Resting cardiovascular
and left ventricular functional
data. (E Early diastolic ®lling,
A atrial or late diastolic ®lling)

Functional
Component

Controls
(n = 22)

Weightlifters
(n = 15)

P Values
for group
comparison

Resting Heart Rate (beats á min)1) 65 � 7 68 � 12 0.50
Systolic Blood Pressure (mmHg) 116 � 8 118 � 8 0.30
Diastolic Blood Pressure (mmHg) 72 � 8 76 � 5 0.11

Systolic Fractional Shortening (%) 37.3 � 3.9 38.9 � 1.7 0.15
Ejection Fraction (%) 75.1 � 3.9 76.7 � 1.8 0.17

Diastolic Peak E Velocity (cm á s)1) 74.2 � 12.8 77.4 � 10.8 0.48
Peak A velocity (cm á s)1) 36.0 � 6.3 39.7 � 12.2 0.33
E:A ratio 2.11 � 0.49 2.06 � 0.46 0.78
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any weightlifters in their large sample of Italian athletes.
Their study included 13 female judo players whose
maximal left ventricular wall thickness [8.2 (0.8)] was
slightly lower than that of the weightlifters in the present
study. A maximal wall thickness of 9.3 mm, reported in
a sample of Italian female cyclists (Pelliccia et al. 1996),
were similar to that of the weightlifters in the current
study. Sub-samples of athletes were not compared to
controls in the study of Pelliccia et al. (1996), and scaling
normally occurred via a ratio-standard procedure using
BSA, which would be inappropriate bearing in mind the
limitations of the ratio-standard process and the fact
that the BSA-LVM exponent calculated from this study
(2.04) is di�erent from 1.0.

In studies of male resistance-trained athletes the
choice of echocardiographic variable used to represent a
concentric enlargement has di�ered, the type of athlete
has been varied and the scaling process may have been
inappropriate. Some evidence of a concentric enlarge-
ment of the left ventricle has been published (Morgan-
roth et al. 1975; Longhurst et al 1980; Deligiannis et al.
1988; MacFarlane et al. 1991; Pelliccia et al. 1993).
However, these studies have been criticized due to a
combination of the scalar variable (BSA) and process
(ratio-standard) chosen. Those who scaled by FFM have
suggested that any increase in LVM in resistance-trained
male athletes only mirrors increases in body dimensions
(Menapace et al. 1982; Fisher et al. 1989; Fleck et al.
1989, 1993; George et al. 1998). The consensus of
opinion (George et al. 1991; Urhausen and Kindermann
1992; Perrault and Turcotte 1994) supports the conten-
tion that in men, resistance or weight training does not
induce a true concentric enlargement of the left ventricle.
The lack of adaptation of the left ventricle to resistance
training in women (George et al. 1995) was speculated to
be based on the low levels of circulating testosterone.
Testosterone is a known anabolic agent for skeletal and
cardiac muscle growth or maintenance in animals
(Schaible et al. 1984). Women demonstrate both a lower
circulating testosterone level and smaller increase in
skeletal muscularity than men in response to resistance
exercise. However, the blood pressure response to re-
sistance exercise in men and women is qualitatively and
quantitatively similar. Thus, in response to chronic re-
sistance- or weight-training exercise, the stimulus for
cardiac adaptation (haemodynamic overloading) is
present but one of the stimuli for muscle growth (tes-
tosterone) is not.

The allometric power function exponents calculated
in the present study (Table 2) followed the pattern pre-
dicted by the dimensionality theory (Schmidt-Nielsen
1984; Gutgesell and Rembold 1990). The exponents for
LVM related to BM (1.06) and FFM (1.42) included the
values suggested by Batterham et al. (1997) for non-
athletes within their 95% con®dence intervals. Con®r-
mation of the dimensionality theory has also been wit-
nessed in male athletes and controls (George et al. 1998).
In body-dimension-matched subject groups scaling may
not be necessary. However, matching of HT, BM and

BSA may not be enough in studies of athletes. Care must
be taken to match for FFM. Batterham et al. (1997)
suggested that FFM is the most accurate body-dimen-
sional scalar since it takes into account di�erences in
body composition.

In the present study normal resting systolic function
was demonstrated in the weightlifters and is similar to
that noted in other studies of female athletes (e.g. George
et al. 1995). The impact of elite-level training upon dia-
stolic function in female athletes has received little at-
tention. The diastolic functional data were normal in
weightlifters despite elevated m:V and h:R ratios. This is
similar to ®ndings in male athletes (Fagard et al. 1987;
Missault et al. 1993). In contrast to the impact of con-
centric enlargement due to pathological disease states
(i.e. hypertrophic cardiomyopathy; Hanrath et al. 1980),
a physiologically induced concentric adaptation of the
left ventricle has no detrimental e�ect uponmitral in¯ow.

References

Batterham AM, George KP, Mullineaux D (1997) Allometric
scaling of left ventricular mass and body dimensions in males
and females. Med Sci Sports Exerc 29:181±186

Brown SP, Thompson WR (1987) Standardization indices of car-
diac hypertrophy in weight lifters. J Sports Sci 5:147±153

Deligiannis A, Zahopoulou E, Mandroukas K (1988) Echocar-
diographic study of cardiac dimensions and function in weight
lifters and body builders. Int J Sports Cardiol 5:24±32

Devereux RB, Reichek N (1977) Echocardiographic determination
of left ventricular mass in men: anatomic validation of the
method. Circulation 55:613±618

Dubois D, Dubois EF (1916) A formula to estimate the approxi-
mate surface area if height and weight be known. Arch Int Med
17:863±871

Durnin JVGA, Womersley J (1974) Body fat assessed from total
body density and its estimation from skinfold thicknesses:
measurement on 481 men and women aged 16±72 years. Brit J
Nutr 32:77±97

Fagard R, Van Den Broeke C, Bielen E, Vanhees L, Amery A
(1987) Assessment of sti�ness of the hypertrophied left ventricle
of bicyclists using left ventricular in¯ow Doppler velocimetry.
J Am Coll Cardiol 9:1250±1254

Fisher AG, Adams TD, Yanowitz FG, Ridges JD, Orsmond G,
Nelson AG (1989) Noninvasive evaluation of world class ath-
letes engaged in di�erent modes of training. Am J Cardiol
63:337±341

Fleck SJ, Henke C, Wilson W (1989) Cardiac MRI of elite junior
Olympic weightlifters. Int J Sports Med 10:329±333

Fleck SJ, Pattany PM, Stone MH, Kraemer WJ, Thrush J, Wong
K (1993) Magnetic resonance imaging determination of left
ventricular mass: Junior Olympic weightlifters. Med Sci Sports
Exerc 25:522±527

Garhammer J (1980) Power production by Olympic weightlifters.
Med Sci Sports Exerc 12:54±60

George KP, Wolfe LA, Burggraf GW (1991) The athletic heart
syndrome: a critical review. Sports Med 11:300±331

George KP, Wolfe LA, Burggraf GW, Norman R (1995) Electro-
cardiographic and echocardiographic characteristics of female
athletes. Med Sci Sports Exerc 27:1362±1370

George KP, Batterham AM, Jones B (1998) The impact of scalar
variable and process on athlete-control comparisons of cardiac
dimensions. Med Sci Sports Exerc 30:824±830

Grossman W, Jones D, McLaurin LP (1975) Wall stress and pat-
terns of hypertrophy in the human left ventricle. J Clin Invest
56:56±64

91



Gutgesell HP, Rembold CM (1990) Growth of the human heart
relative to body surface area. Am J Cardiol 65:662±668

Hanrath P, Mathey DB, Siegert R, Bleifeld W (1980) Left ven-
tricular relaxation and ®lling in di�erent forms of left ventric-
ular hypertrophy: An echocardiographic study. Am J Cardiol
45:15±23

Lauer MS, Larson MG, Levy DL (1995) Gender-speci®c reference
M-mode values in adults: Population-derived values with con-
sideration of the impact of height. J Am Coll Cardiol 26:1039±
1046

Longhurst JC, Kelly AR, Gonyea WJ, Mitchell JH (1980) Echo-
cardiographic left ventricular masses in distance runners and
weight lifters. J Appl Physiol 48:154±162

MacDougall JD, Tuxen D, Sale DG, Moroz JR, Sutton JR (1985)
Arterial blood pressure response to heavy resistance exercise.
J Appl Physiol 58:785±790

MacFarlane N, Northridge DB, Wright AR, Grant S, Dargie HJ
(1991) A comparative study of left ventricular structure and
function in elite athletes. Br J Sports Med 25:45±48

Menapace FJ, Hammer WJ, Ritzer TF, Kessler KM, Warner HF,
Spann JF, Bove AA (1982) Left ventricular size in competitive
weight lifters; an echocardiographic study. Med Sci Sports
Exerc 14:72±75

Missault L, Duprez D, Jordaens L, de Buyzere M, Bonny K,
Adang L, Clement D (1993) Cardiac anatomy and diastolic
®lling in professional road cyclists. Eur J Appl Physiol 66:405±
408

Mitchell JH, Haskell WL, Raven PB (1994) Classi®cation of sports.
Med Sci Sports Exerc 26:S242±S245

Morganroth J, Maron BJ, Henry WL, Epstein SE (1975) Com-
parative left ventricular dimensions in trained athletes. Ann
Intern Med 82:521±524

Pearson AC, Schi� M, Mrosek D, Labovitz AJ, Williams GA
(1986) Left ventricular diastolic function in weightlifters. Am J
Cardiol 58:1254±1259

Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P (1991)
The upper limit of physiologic cardiac hypertrophy in highly-
trained elite athletes. N Eng J Med 324:295±301

Pelliccia A, Spataro A, Caselli G, Maron BJ (1993) Absence of left
ventricular wall thickening in athletes engaged in intense power
training. Am J Cardiol 72:1048±1054

Pelliccia A, Maron BJ, Culasso F, Spataro A, Caselli G (1996)
Athletes hearts in women -Echocardiographic characterization
of highly trained elite female athletes. JAMA 276:211±215

Perrault H, Turcotte RA (1994) Exercise induced cardiac hyper-
trophy: Fact or fallacy? Sports Med 17:288±308

Roy A, Doyon M, Dumesnil JG, Jobin J, Landry F (1988) En-
durance vs. strength training: comparison of cardiac structures
using normal predicted values. J Appl Physiol 64:2552±2557

Schaible TF, Malhotra A, Ciambrione G (1984) The e�ects of
gonadectomy on left ventricular function and cardiac contrac-
tile proteins in male and female rats. Circ Res 54:38±49

Schmidt-Nielsen K (1984) Scaling: why is animal size so important?
Cambridge University Press, Cambridge

Tanner JM (1949) Fallacy of per-weight and per-surface area
standards and their relation to spurious correlation. J Appl
Physiol 2:1±15

Ten Cate FJ, Kloster FE, van Dorp WG, Meester GT, Roelandt J
(1974) Dimensions and volumes of left atrium and ventricle
determined by single beam echocardiography. Br Heart J
36:737±746

Urhausen A, Kindermann W (1992) Echocardiographic ®ndings in
strength- and endurance-trained athletes. Sports Med 13:270±
284

92


