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Abstract 

Background The athlete’s heart (AH) defines the phenotypical changes that occur in response to chronic exer‑
cise training. Echocardiographic assessment of the AH is used to calculate LV mass (LVM) and determine chamber 
geometry. This is, however, interpreted using standard linear (ratiometric) scaling to body surface area (BSA) whereas 
allometric scaling is now widely recommended. This study (1) determined whether ratiometric scaling of LVM to BSA 
 (LVMiratio) provides a size‑independent index in young and veteran athletes of mixed and endurance sports (MES), 
and (2) calculated size‑independent beta exponents for allometrically derived  (LVMiallo) to BSA and (3) describes 
the physiological range of  LVMiallo and the classifications of LV geometry.

Methods 1373 MES athletes consisting of young (< 35 years old) (males n = 699 and females n = 127) and veteran 
(> 35 years old) (males n = 327 and females n = 220) were included in the study.  LVMiratio was calculated as per stand‑
ard scaling and sex‑specific  LVMiallo were derived from the population. Cut‑offs were defined and geometry was clas‑
sified according to the new exponents and relative wall thickness.

Results LVMiratio did not produce a size independent index. When tested across the age range the following indexes 
LVMi/BSA0.7663 and LVMi/BSA0.52, for males and females respectively, were size independent (r = 0.012; P = 0.7 
and r = 0.003; P = 0.920). Physiological cut‑offs for  LVMiallo were 135 g/(m2)0.7663 in male athletes and 121 g/(m2)0.52 
in female athletes. Concentric remodelling / hypertrophy was present in 3% and 0% of young male and female ath‑
letes and 24% and 17% of veteran male and female athletes, respectively. Eccentric hypertrophy was observed in 8% 
and 6% of young male and female athletes and 9% and 11% of veteran male and female athletes, respectively.

Conclusion In a large cohort of young and veteran male and female MES athletes,  LVMiratio to BSA is not size inde‑
pendent. Sex‑specific  LVMiallo to BSA with LVMi/BSA0.77 and LVMi/BSA0.52 for male and female athletes respectively can 
be applied across the age‑range. Population‑based cut‑offs of  LVMiallo provided a physiological range demonstrat‑
ing a predominance for normal geometry in all athlete groups with a greater percentage of concentric remodelling/
hypertrophy occurring in veteran male and female athletes.
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Background
The ‘Athletes Heart’ refers to the electrical, structural 
and functional cardiac changes that occur in response 
to chronic exercise training [1]. The magnitude and type 
of adaptation is dependent on factors including gender, 
ethnicity, sporting discipline, age, body size and type 
and training status [2]. Notable changes occur in the left 
ventricle (LV) with the greatest adaptation seen in ath-
letes of high cardio-respiratory fitness i.e. those involved 
in mixed or endurance sports (MES) [3, 4]. Studies that 
have assessed young MES athletes (< 35 years old) com-
pared to non-athletes, have demonstrated changes in LV 
geometry based on increased wall thicknesses and cav-
ity size and concomitant elevation in LV mass (LVM) [5]. 
Although there is a predominance for normal geometry 
or eccentric hypertrophy [6], concentric remodelling/
hypertrophy (increased wall thickness with normal cavity 
size) has been reported in up to 12% of young athletes [7].

Our interest in the veteran athlete (> 35  years old) 
has increased significantly due to older individuals hav-
ing greater participation in structured MES alongside 
reported evidence of potential exercise-induced cardiac 
maladaptation [8]. That aside, the direct impact of life-
long exercise training on LV geometry in the veteran 
athlete’s heart has not been fully reported. Moreso our 
understanding of the female heart in young and veteran 
athletes is less clear with few studies focusing on sex-
differences of LV structure [9, 10] and although there is 
some evidence to suggest less adaptation in female com-
pared to male MES athletes [7, 11] the nature and abso-
lute magnitude of change still needs to be elucidated.

These proposed physiological adaptations can prove 
challenging for clinicians when an athlete undergoes pre-
participation screening as these changes can often mir-
ror pathological adaptation [12]. Echocardiography plays 
a fundamental role in the assessment of LV structure and 
function in the athlete and is specifically aimed at pro-
viding an estimation of chamber geometry. This is based 
on the calculation of LV mass indexed (LVMi) to body 
size alongside the calculation of relative wall thickness 
(RWT) [13]. Scaling of LVM to body surface area (BSA) 
is most commonly undertaken in a linear form, termed 
ratiometric scaling, in which the LVM is simply divided 
by BSA [14]. This form of scaling assumes there is a lin-
ear, proportional relationship between LVM and BSA, 
however in reality very few physiological variables are 
related to body size in this linear fashion [15] and there-
fore scaling of this type remains body size dependent. 
In fact, most biological relationships are allometric in 
nature and therefore based on this there is concern that 
LVMi using standard ratiometric scaling to BSA may pro-
vide inaccurate information, potentially providing false 
positive results causing anxiety and wasted resources in 

onward investigations, or false negative results that can 
inadvertently put an athlete at risk [16].

In view of this, it is pertinent to explore whether the 
current ratiometric methodology for deriving LVMi in a 
young and veteran MES athlete population is appropriate 
and if an allometric scaling approach is advantageous. In 
view of this, the aims of the current study are based on a 
large population of young and veteran male and female 
MES athletes and are three-fold, 1: to establish whether 
LVMi scaled ratiometrically to BSA  (LVMiratio) is inde-
pendent of body size; 2: to determine size-independent 
(if appropriate age and sex specific) beta exponents for 
allometrically derived  (LVMiallo) and 3: to determine 
the physiological range and subsequent classification of 
geometry.

Methods
Study population and design
One thousand three hundred and seventy three athletes 
aged 35 ± 17 (13 to 86) years from both mixed and endur-
ance sports, provided written informed consent to par-
ticipate in the study. This sample consisted of both males 
(n = 1026) and females (n = 347) of any ethnic back-
ground. Athletes were sub-divided into young (< 35 years 
old) (males n = 699 and females n = 127) and veteran 
(> 35 years old) (males n = 327 and females n = 220). For 
the purposes of this study an MES athlete was defined 
as an individual who was involved in competitive sport 
within a mixed or endurance discipline [5] of > 3 h struc-
tured exercise per week. Data were collected either as 
part of the mandatory pre-participation cardiac screen-
ing or as part of a structured research study, with athletes 
completing a health screening questionnaire to detail 
any cardiovascular symptoms, family history of SCD 
or other cardiovascular history as well as undertaking a 
resting 12-lead ECG and transthoracic echocardiogram. 
All results were reported by a sports cardiologist with 
clinical referrals made for any individuals who required 
further cardiac investigation and were subsequently 
excluded from the study. Ethics approval was obtained 
from the ethics committee of Liverpool John Moores 
University or St Georges University Hospital London.

Procedures
Anthropometry
All participants underwent anthropometric assessment 
prior to cardiac screening. Body mass (Seca217, Han-
nover, Germany) and height (Seca Supra 719, Hannover, 
Germany) were recorded and body surface area (BSA) 
was calculated via the Mosteller equation, as previously 
described [17].
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Echocardiography
A standard echocardiogram was performed by British 
Society of Echocardiography (BSE) accredited experi-
enced sonographers using commercially available ultra-
sound systems (Vivid Q or Vivid E95, GE Healthcare, 
Horten, Norway) with a 1.5–4 MHz phased array trans-
ducer, with the participant lying in the left lateral decu-
bitus position. All images were attained in accordance 
with the BSE guidelines [18]. Images were stored as a 
raw digital imaging and communications in medicine 
(DICOM) format and exported to an offline analysis sys-
tem (EchoPac version 203, GE Healthcare, Horton, Nor-
way) for subsequent analysis.

The parasternal long axis view was used to measure LV 
linear dimensions. The ventricular septum (IVSd), LV 
cavity (LVd) and posterior wall (PWd) were measured 
at end diastole from the 2D images and RWT was cal-
culated using the formula {(IVSd + PWd)/LVd}. LV mass 
was ascertained using the ASE corrected equation (0.8 · 
1.04 · {(IVS + LVID + PWT)3 −  LVID3} + 0.6 g) [19]. LVMi 
was initially scaled ratiometrically to BSA  (LVMratio).

Allometric scaling and statistical analysis
In order to assess the first aim, we plotted  LVMiratio to 
BSA for all athletes and used a Pearsons Correlation to 
determine size independence. Where the correlation 
was significant, we proceeded to address the second aim 
of the study by establishing body size-independent indi-
ces for LVM. Here we adopted a sample-specific allo-
metric exponent for the relationship between LVM and 
BSA using an iterative, nonlinear protocol of the order 
y = a:x^b. Once determined for the whole population 
we assessed age and sex as covariates within the model 
y = a:xb * exp(C * age) and y = a:xb * exp(C * sex) providing 
a coefficient C for each model. Where C was virtually 0 it 

was considered feasible to apply the same b exponent to 
all athletes across the age range or for males and females. 
If C was different to 0 we repeated the standard non-lin-
ear protocol to determine age or sex specific b exponents. 
Size independence for the new  LVMiallo was established 
in the same ways as described above i.e. for each group by 
running a Pearsons correlation of  LVMiallo to BSA.

Once size independent b exponents had been estab-
lished we sought the final aim of the study by obtain-
ing a definition of hypertrophy for allometrically scaled 
 LVMiallo. The  LVMiratio and  LVMiallo were plotted as x and 
y variables respectively for young and veteran males and 
females respectively. A polynomial equation was used to 
establish the relationship of the order y =  mx2 + mx + c. 
The polynomial equation was then used to determine 
the  LVMiallo equivalent of  LVMiratio at 115 g/m2 for males 
and 95 g/m2 for females [19]. Geometry was determined 
using this allometric scaled mass cut-off alongside the 
RWT of 0.42.

Absolute values were presented as mean ± SD with 
cut-off values for derived  LVMiallo defined as two stand-
ard deviations either side of the mean. Assessment of 
normal distribution was undertaken using a Kolomogo-
rov Smirnov test and parameters that were normally 
distributed were compared using an independent t-test 
(non-parametric equivalent for non-normally distributed 
data) to establish differences between young and veteran 
and/or male and female athletes. A one-way samples 
ANOVA was used to establish differences between ath-
lete demographics.

Results
Participant demographics
Athlete demographics are presented in Table 1. As deter-
mined by selection, veteran athletes were significantly 

Table 1 Participant Demographics

* Denotes significance < 0.05 between Young Females and Veteran Females

^Denotes significance < 0.05 between Young Males and Veteran Males

+Denotes significance < 0.05 between Young Females and Veteran Males
” Denotes significance < 0.05 between Young Males and Veteran Females
º Denotes significance < 0.05 between Young Males and Young Females
# Denotes significance < 0.05 between Veteran Males and Veteran Females

Parameter All athletes (n = 1373) Young male athletes Veteran male athletes Young female athletes Veteran 
female 
athletes

Age (years) 35 ± 17 22 ± 5 53 ±  8^+ 22 ± 4 55 ±  7*”#

Height (cm) 176 ± 9 180 ±  7º^” 178 ±  7+# 166 ± 6 167 ± 6

Weight (kg) 74 ± 14 80 ±  14º^” 74 ±  9+# 64 ± 8* 60 ± 8

BSA  (m2) 1.90 ± 0.21 2.0 ± 0.20º^” 1.91 ± 0.14+# 1.72 ± 0.12* 1.66 ± 0.12

Training (hrs per week) 14 ± 8 18 ±  8^”º 9 ± 3 14 ± 5*+ 9 ± 3

Training Duration (years) 23 ± 15 14 ± 12 30 ±  14^+ 13 ± 4 33 ±  12*”#
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older than young athletes (P < 0.0001). There was no 
significant difference between the age of young males 
and females however female veteran athletes were sig-
nificantly older than male veteran athletes (P = 0.0125). 
Young males were taller and heavier (P < 0.0001) than 
all athlete groups whilst veteran males were taller and 
heavier than all female athletes (P < 0.0001). Young 
female athletes were heavier than veteran female ath-
letes (P = 0.031). Young male athletes had significantly 
greater training hours per week than veteran male ath-
letes and young and veteran female athletes (P < 0.0001). 
Young female athletes had significantly higher training 
hours per week than both veteran male and female ath-
letes (P < 0.0001). As expected, veteran athletes had sig-
nificantly greater training duration years compared to 
young athletes (P < 0.0001) and female veteran athletes 
had greater training years compared to male veteran ath-
letes (P = 0.024). All athlete groups were predominantly 
of white Caucasian ethnicity (see Fig. 1).

Allometric scaling
Starting with the full athlete cohort and following ratio-
metric scaling of LVM to BSA  (LVMiratio) a significant 
correlation remained to BSA (r = 0.282; P = 0.0004) sug-
gesting that size independence was not achieved with the 
standard approach. A non-linear b exponent of the order 

y = a:x^b was obtained for  LVMiallo (b = 1.135) which was 
size independent (r = 0.032; P =  > 0.05). Following test-
ing with age and sex as co-variates the exponent was 
consistent across age range (C = 0.01) but not applicable 
to males and females (C = 0.202). Separate b exponents 
were therefore calculated for males (b = 0.7663) and 
females (b = 0.52) which when tested across the age range 
(LVMi/BSA0.7663 and LVMi/BSA0.52 for males and females 
respectively), were size independent (r = 0.012; P = 0.7 
and r = 0.003; P = 0.920) (see Fig. 2).

Cut-off values for LVM,  LVMiallo and RWT are pre-
sented for young and veteran male and female athletes in 
Table 2. LVM and  LVMiallo were not significantly different 
between young and veteran males whilst RWT was sig-
nificantly greater in veteran males (P < 0.0001). Absolute 
LVM was not different between young and veteran female 
athletes however indexed  LVMiallo and RWT were larger 
in veteran female athletes (P = 0.0006, P = 0071, P < 0.0001 
respectively). RWT was significantly lower in young and 
veteran female athletes compared to their male counter-
parts (P < 0.0001 and P = 0.0096 respectively).

Left ventricular geometry
The polynomial relationship between  LVMiratio and 
 LVMiallo was Y = − 0.00082 + 1.3173x − 5.9165 and 
Y = − 0.0006x2 + 1.3436x − 1.14 for male and female 

11%  Black / Mixed Black and White
78%  White
2%    Asian / Mixed Asian and White
9%   Other (Arab, Pacific Island, Mauritius)

1%    Black / Mixed Black and White
95%  White
2%    Asian / Mixed Asian and White
2%    Other (Arab, Pacific Island, Mauritius)

3%   Black / Mixed Black and White
94%  White
2%    Asian / Mixed Asian and White
1%   Other (Arab, Pacific Island, Mauritius)

2%   Black / Mixed Black and White
94%  White
3%    Asian / Mixed Asian and White
1%   Other (Arab, Pacific Island, Mauritius)

Young Male Athletes

Veteran Male Athletes

Young Female Athletes

Veteran Female Athletes

Fig. 1 Athlete Ethnicity
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athletes respectively. These equations allowed the equiva-
lent cut-off for  LVMiratio = 115  g/m2 of  LVMiallo = 135  g/
(m2)0.7663) in male athletes and  LVMiratio = 95  g/m2 of 
 LVMiallo = 121  g/(m2)0.52) in female athletes. The follow-
ing geometry classifications were defined:

Normal Geometry male athletes  LVMiallo < 135  g/
(m2)0.7663) and RWT ≤ 0.42; female athletes 
 LVMiallo < 121  g/(m2)0.52) and RWT ≤ 0.42, Concentric 
Remodelling male athletes  LVMiallo < 135  g/(m2)0.7663) 

and RWT > 0.42; female athletes  LVMiallo < 121 g/(m2)0.52) 
and RWT > 0.42, Concentric Hypertrophy male athletes 
 LVMiallo > 135  g/(m2)0.7663) and RWT > 0.42; female ath-
letes  LVMiallo > 121 g/(m2)0.52) and RWT > 0.42 and Eccen-
tric Hypertrophy male athletes  LVMiallo > 135 g/(m2)0.7663) 
and RWT ≤ 0.42; female athletes > 121  g/(m2)0.52) and 
RWT ≤ 0.42.

Figure 3 highlights the distribution of LV geometry for 
all, young and veteran male and female athletes. There 
was a lack of overlap of concentric remodelling or hyper-
trophy within the ‘physiological range’ for young ath-
letes however it was present for veteran athletes with a 
significant proportion of the ‘physiological range’ being 
attributed to this type of geometry. Eccentric hypertro-
phy encompasses the ‘physiological range’ in young male 
athletes but not young female athletes whereas it was 
present in both male and female veteran athletes. The 
absolute percentages for specific geometry are presented 
in Table 3 and Fig. 4 highlighting the greater % of concen-
tric remodelling and hypertrophy in the veteran athletes.

Discussion
To the best of our knowledge this is the first study to 
assess a sex specific size-independent index of LV geom-
etry in a large cohort of young and veteran male and 
female MES athletes. The main findings of this study are 
(1) standard ratiometric scaling of LVM to BSA does not 
produce a size independent index in MES athletes, (2) 
sex-specific allometric scaling of LVM to BSA, LVMi/
BSA0.77 and LVMi/BSA0.52, were size independent across 
the age-range in male and female MES athletes, respec-
tively, and (3) age and sex-based physiological cut-offs 
demonstrate a predominance for normal geometry in all 
athlete groups with a greater percentage of concentric 
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Fig. 2 Non‑linear regression of the order y = a:x^b for LVM and BSA 
for male and female athletes

Table 2 Cut‑off values for absolute LVM, allometrically scaled LVMi and RWT in young and veteran male and female athletes

^ denotes P < 0.0001 males vs females
# denotes P = 0.0096 males vs females

Parameter All male 
(n = 1026)
Mean ± 2SD 
(lower–
upper)

Young male 
(n = 699)
Mean ± 2SD 
(lower–
upper)

Veteran male 
(n = 327)
Mean ± 2SD 
(lower–
upper)

P value
(young male 
vs veteran 
male)

All female 
(n = 347)
mean ± 2SD 
(lower–
upper)

Young female 
(n = 127)
Mean ± 2SD 
(lower–
upper)

Veteran 
female 
(n = 220)
Mean ± 2SD 
(lower–
upper)

P value 
(young female 
vs veteran 
female)

LVM (g) 176 ± 40 
(96–256)

178 ± 38 
(102–254)

174 ± 42 
(90–258)

0.1498 129 ± 29 
(70–187)

125 ± 23 
(79–171)

131 ± 32 
(67–195)

0.0699

LVMiallo (g/
(m2)0.7663)

105 ± 23 
(59–151)

104 ± 21 
(62–146)

106 ± 26 
(54–158)

0.3088 – – – –

LVMiallo (g/
(m2)0.52)

– – – – 98 ± 22 (54–142) 94 ± 16 (62–126) 100 ± 25 
(50–150)

0.0071

RWT 0.35 ± 0.06 
(0.23–0.47)

0.33 ± 0.04 
(0.25–0.41)

0.38 ± 0.07 
(0.24–0.52)

< 0.0001* 0.34 ± 0.06 
(0.22–0.46)

0.31 ± 0.04 
(0.23–0.39)^

0.37 ± 0.06 
(0.25–0.49)#

< 0.0001
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remodelling/hypertrophy occurring in veteran male and 
female athletes.

Seminal work by Morganroth [20] demonstrated a 
dichotomous nature of LV adaptation with concen-
tric hypertrophy in young strength trained athletes and 
eccentric hypertrophy in young endurance athletes. The 
concentric limb of this hypothesis has since been refuted 
based on our developing knowledge of the physiological 
cardiac stimuli of acute and chronic exposure to exer-
cise training and the mixed nature of sporting disciplines 
[21]. Our data support a predominance for normal geom-
etry in young male and female MES athletes alongside a 
small proportion presenting with eccentric hypertrophy 

(8% of both female and male athletes) and concentric 
remodelling and hypertrophy (0% and 3% of female and 
male athletes respectively). Mixed and endurance sport-
ing disciplines are defined by their relative contribution 
of isometric and isotonic activity with ‘mixed’ being 
related to alternate phases of dynamic and static work-
load and ‘endurance’ with a high degree of both dynamic 
and static activity [5]. These types of athletes represent 
those with the greatest degree of cardiac adaptation [4] 
and hence our findings of predominantly normal geom-
etry are important when understanding the magnitude 
of adaption. A recent meta-analysis explored the impact 
of endurance training on LVM, demonstrating greater 

Fig. 3 Allometrically scaled  LVMIallo and RWT demonstrating distribution of LV geometry. The dashed blue lines highlight the cut‑offs for ± 2SD 
for both parameters and therefore the central box refers to the ‘physiological range’. The dark red shaded area indicates concentric hypertrophy 
whilst the orange shaded area above the RWT cut‑off indicates concentric remodelling and the orange shaded area to the right of the  LVMiallo 
cut‑off indicates eccentric hypertrophy

Table 3 Classification of LV geometry based on new LVM/BSA0.7663 and LVM/BSA0.52 criteria

Classification All male athletes
n (%)

Young male athletes
n (%)

Veteran male 
athletes
n (%)

All female athletes
n (%)

Young female 
athletes
n (%)

Veteran 
female 
athletes
n (%)

Normal Geometry 844 (82.6) 624 (89.3) 220 (67.2) 277 (79.8) 119 (93.7) 158 (71.8)

Concentric Remodelling 79 (7.7) 17 (2.4) 62 (19.0) 25 (7.2) 0 (0) 25 (11.4)

Concentric Hypertrophy 18 (1.8) 2 (0.3) 16 (4.9) 13 (3.8) 0 (0) 13 (5.9)

Eccentric hypertrophy 85 (8.3) 56 (8.0) 29 (8.9) 32 (9.2) 8 (6.3) 24 (10.9)
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values compared to non-athletic controls [22]. These 
data provide further insight alongside the data presented 
here, that although LVM increases with athletic training, 
eccentric and more so concentric geometrical adaptation 
is relatively rare in young MES athletes.

Previous work is less clear regarding LV adaptation 
in older MES athletes primarily due to the multifacto-
rial nature of adaptation including the impact of age 
alongside life-long training stimuli and variable/habitual 
lifestyle choices [23]. There are data however demon-
strating greater cavity size and wall thicknesses in vet-
eran athletes compared to controls [11]. Closer scrutiny 
of their data also highlights higher RWT in female ath-
letes versus controls. Our findings support this and high-
light the similar prevalence of eccentric LVH compared 
to younger athletes (8% and 11% in males and female 
older MES athletes respectively) but, importantly, more 
concentric hypertrophy/remodelling (24% and 17% in 
male and female MES athletes respectively). Concentric 
adaptation is a mechanism that occurs in response to 
an elevated afterload stimuli [24] and previous studies 
have highlighted an exaggerated blood pressure response 
to exercise as a major contributor to this type of adap-
tation [25]. Although we didn’t report blood pressure 

response to exercise in this study it could be speculated 
that a lifelong exposure to a subtle or marked hyperten-
sive response during exercise could manifest later in an 
athlete’s career/life. Previous work has demonstrated that 
veteran MES athletes have superior diastolic function 
compared to non-active controls [26]. This may suggest 
that although there is concentric remodelling in these 
athletes, the nature of exercise training ensures that this 
adaptation remains physiological. Concentric remodel-
ling as a natural ageing phenomenon in normotensive 
individuals has also been reported [27], and although 
greater concentric remodelling has been evidenced in 
veteran athletes compared to controls the sample sizes 
are relatively small [11]. It is apparent that larger longitu-
dinal studies are required to determine the magnitude of 
concentric LV adaptation in older populations and spe-
cifically the impact of MES training on its development.

Echocardiography is invaluable in highlighting cardiac 
adaptation with measurements of LVM and RWT being 
fundamental in the assessment of athletic LV geometry 
[13]. The developed physiological ranges in this study 
are important to further direct the interpretation of this 
data and to support geometrical classifications. It is well 
established that scaling LVM for body size is important 

Young Male Athletes

Veteran Male Athletes

Young Female Athletes

Veteran Female Athletes

Normal Geometry
Concentric Remodelling
Concentric Hypertrophy
Eccentric Hypertrophy

Normal Geometry
Eccentric Hypertrophy

Normal Geometry
Concentric Remodelling
Concentric Hypertrophy
Eccentric Hypertrophy

Normal Geometry
Concentric Remodelling
Concentric Hypertrophy
Eccentric Hypertrophy

Fig. 4 Classification of LV geometry
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across populations [14] but more so in an athletic popu-
lation in the presence of extremes of anthropometry and 
increased muscle mass. Our data highlights the need 
to develop physiological ranges based on an allomet-
ric approach and emphasises the limitations of standard 
ratiometric (linear) scaling. This is not a surprising find-
ing based on the biological and scientific principles of 
geometric similarity [15] but it is at odds with current 
recommendations from echocardiographic professional 
bodies [28] where ratiometric scaling of LVM to BSA is 
advocated. Our findings are supported by other studies 
that have highlighted the importance of allometric scal-
ing in athletes. Giraldeau et al. presented a collegiate ath-
lete population and demonstrated that sex differences in 
absolute and ratiometrically scaled LVM were eliminated 
when allometrically scaled to lean body mass [29]. Whilst 
in a cohort of 464 junior athletes, it was found that size 
independence of LVM was achieved by scaling allometri-
cally to BSA but with a different exponent (b = 1.5) than 
derived from our data [30]. This may be related to the 
wide-age range of our population, reflecting the interac-
tion of both age and athletic adaptation on LVM. We also 
present different geometry between young and veteran 
athletes and therefore the different derived exponents 
likely encompass this structural variance. This fur-
ther highlights the importance in deriving a population 
based exponent and although we found that a common 
exponent could be used across the age range it was not 
interchangeable between males and females. The expo-
nents for male and female athletes were approximately 
0.8 and 0.5 respectively and although the values are rela-
tively similar, size independence was not achieved when 
using a common value. This has implications related to 
our physiological understanding of sex on the athlete’s 
heart suggesting that the association between LV remod-
elling and body size in an athletic population is different 
between males and females. It has been documented that 
the rate and magnitude of adaptation in LVM [22] and 
body composition [31] in response to endurance train-
ing differ between males and females. These differences 
have been related to both testosterone [32] and oestro-
gen levels with data on post-menopausal women being 
insightful highlighting increased LVM compared to pre-
menopause [33]. In addition, it has been suggested that 
male athletes have a higher exercise related systolic blood 
pressure and therefore a potential subsequent impact on 
LV adaptation [34].

Clinical implications
This study highlights the nature of LVM adaptation 
across the age-range in male and female MES athletes and 
the data informs us of an expected physiological range. 
This is important when interpreting echocardiography 

in the pre-participation screening environment when 
attempting to differentiate physiological from pathologi-
cal adaptation and we advocate the equivalent cut-off 
for  LVMiratio = 115 g/m2 of  LVMiallo = 135 g/(m2)0.7663) in 
male athletes and  LVMiratio = 95 g/m2 of  LVMiallo = 121 g/
(m2)0.52) in female athletes. The use of the allometric 
scaling exponents developed here refine the size inde-
pendence of LVMi and improve the accuracy of the 
measurement when comparing across cohorts. A major 
challenge to clinical translation is often the cumbersome 
nature of employing an exponent and then being able to 
interpret the results. These data provide a starting point 
and a substrate for the use of advancing technology in 
large datasets as well as integrating web-based apps to 
facilitate their translation. It is also essential that these 
population-based exponents are reidentified and further 
tested to enable them to be applied in the research and 
clinical sports cardiology setting with confidence.

Limitations
Although this is a large dataset we had fewer female ath-
letes, a lack of pure resistance trained individuals and 
our population was not ethnically diverse. We would 
have liked to explore any derived exponents taking into 
account other demographics, however this was not fea-
sible in this population but should be a consideration for 
future work. Echocardiographic assessment of LVM has 
inherent limitations and we acknowledge that the valid-
ity of this measurement is debateable when using it to 
characterise hypertrophy. The current study used equiv-
alent  LVMiallo to determine geometry but as these were 
derived from the established ratiometric cut-offs the allo-
cation of geometry is not different between approaches. 
That aside, These data highlight the distribution of geom-
etry within the allometrically derived physiological range 
which would not have been possible had we provided 
ratiometric values. Further work is required to fully elu-
cidate the extent of geometry using allometrically scaled 
LVMi and requires validation in future cohorts. As it is 
standard clinical practice to use LVMi derived geometry, 
it is therefore important to attempt to define athletic nor-
mality using this method.

Conclusion
In conclusion, this study demonstrates that in a large 
cohort of young and veteran male and female MES ath-
letes, standard ratiometric scaling of LVM to BSA does 
not produce a size independent index and we should 
consider applying sex-specific allometric scaling of LVM 
to BSA with LVMi/BSA0.77 and LVMi/BSA0.52 for male 
and female athletes respectively which can be applied 
across the age-range. Physiological equivalent cut-
offs for  LVMiallo were produced and when using 135  g/
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(m2)0.7663 in male athletes and 121  g/(m2)0.52 in female 
athletes alongside standard values for RWT we demon-
strate a predominance for normal geometry in all athlete 
groups with a greater percentage of concentric remodel-
ling / hypertrophy occurring in veteran male and female 
athletes.
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