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in a marked gradient of deformation from the RV inlet 
towards the apex. By integrating size, deformation and 
stroke volume, we observed that the LV working condi-
tions were similar in all sportsmen while a wider variability 
existed in the RV. Cardiac remodelling in athletes is more 
pronounced in the right heart cavities with specific regional 
differences within the right ventricle, but with a wide vari-
ability among individuals. The large inter-individual dif-
ferences, as well as its acute and chronic relevance warrant 
further investigation.

Keywords Right ventricle remodelling · Athlete’s heart · 
Overload

Introduction

Long-term endurance training induces an overload on the 
heart that leads to morphological and functional changes 
known as the “athlete’s heart”. Cardiac remodelling typi-
cally includes ventricular chamber enlargement, atrial 
dilatation and left ventricular (LV) wall thickening [1–3]. 
These cardiac changes were classically considered revers-
ible with detraining and of benign course. Given that these 
structural changes observed in the athlete’s heart might 
appear similar to other known arrhythmogenic substrates, 
a potential link between cardiac remodelling due to chronic 
training and increased prevalence of arrhythmia has been 
suggested among the sportive population [4–7]. Therefore, 
characterizing cardiac adaptation to chronic training is 
essential in order to understand its physiology, recognize its 
expected development and its potential transformation into 
pathology. Additionally, it might be useful in monitoring 
the impact of training on the adaptation of the heart.

Abstract The significance and spectrum of reduced 
right ventricular (RV) deformation, reported in endur-
ance athletes, is unclear. To comprehensively analyze the 
cardiac performance at rest of athletes, especially focus-
ing on integrating RV size and deformation to unravel the 
underlying triggers of this ventricular remodelling. Hun-
dred professional male athletes and 50 sedentary healthy 
males of similar age were prospectively studied. Conven-
tional echocardiographic parameters of all four chambers 
were obtained, as well as 2D echo-derived strain (2DSE) 
in the left (LV) and in the RV free wall with separate addi-
tional analysis of the RV basal and apical segments. Left 
and right-sided dimensions were larger in athletes than in 
controls, but with a disproportionate RA enlargement. RV 
global strain was lower in sportsmen (−26.8 ± 2.8% vs 
−28.5 ± 3.4%, p < 0.001) due to a decrease in the basal seg-
ment (−22.8 ± 3.5% vs −25.8 ± 4.0%, p < 0.001) resulting 
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Our hypothesis is that right heart adaptation differs from 
that of the left chambers as the latter are able to better cope 
with overload and that cardiac remodelling in response to 
training is more pronounced in the right cavities following 
a specific pattern of overload. The application of modern 
non-invasive imaging modalities would be of help to bet-
ter recognize and characterize this adaptation. Integration 
of deformation imaging together with chamber size assess-
ment provides a more comprehensive way to analyze car-
diac performance and to earlier detect dysfunction as com-
pared to measures of cardiac performance only based on 
volume changes and ejection [8–10].

Consequently, our aim was to comprehensively evalu-
ate cardiac structural and functional remodelling in com-
petitive professional sportsmen with the use of deformation 
imaging with particular focus on the global and regional 
adaptation of the right ventricle (RV).

Methods

Study population

In this study, 150 male participants were prospectively 
evaluated: 100 professional competitive sportsmen and 50 
age-matched sedentary healthy subjects.

All sportsmen were devoted to sports with a mid to 
high dynamic component according to the Mitchell classi-
fication [11], (soccer 58%, basketball 12%, volleyball 6%, 
hockey 6%, running 6%, handball 5% and others 7%). All 
of them had a training intensity of more than 18 h per week 
during at least the previous 5 years. In all, a comprehensive 
screening for cardiac disease was performed with a clinical 
questionnaire, physical exam, 12 lead ECG, stress test and 
echocardiogram.

Healthy sedentary controls were recruited from healthy 
members of hospital workers and university students with 
the inclusion criteria of not performing regular sport activ-
ity (less than 2 h per week). All control subjects underwent 
a clinical questionnaire, physical exam, ECG and echocar-
diogram to rule out heart disease. Written informed consent 
was obtained from all, in accordance to the Declaration of 
Helsinki and the study protocol was accepted by our insti-
tution’s ethics committee.

Echocardiographic study

A commercially available system (Vivid 7, General Elec-
tric-Vingmed, Milwaukee, WI, USA) with a 2.5  MHz 
phased-array transducer was used to perform a compre-
hensive two-dimensional echocardiogram. Images were 
acquired from the parasternal (long and short axis) and 
apical (four, three and two chambers) views. Three cardiac 

cycles for each acquisition were stored in a cine loop for-
mat on digital storage for later off-line analysis. All stud-
ies were acquired with the subject at rest, lying in the left 
lateral decubitus position. Athletes were scanned before the 
training session, at the beginning of the competition season.

Cardiac chamber dimensions were measured according 
to the standards of the American Society of Echocardiogra-
phy [12] and indexed for body surface area (BSA) accord-
ing to the DuBois formula [13]. Interventricular septum 
(IVS) and posterior wall (PW) thickness, antero-posterior 
diameter of left atrium and end-diastolic (LVEDd) and end-
systolic (LVESd) diameter of the left ventricle (LV) were 
obtained from M-mode scans. Ventricular and atrial vol-
umes and LV ejection fraction were derived from biplane 
Simpson’s method and LV mass was calculated using 
Devereux’s formula [14].

Right atrial (RA) and ventricular (RV) dimensions were 
evaluated with RA area/volume, RV end-diastolic basal, 
mid-ventricular and longitudinal diameters and fractional 
area change assessed from the apical four-chamber view 
using two-dimensional echocardiography. TAPSE (tricus-
pid annular plane systolic excursion) was determined from 
M-mode scans across the tricuspid annulus from apical 
views and used as a marker of RV longitudinal motion and 
surrogate of its contractile function.

LV and RV sphericity index was calculated by divid-
ing the end-diastolic volume by the volume of a sphere 
whose diameter was derived from the major end-dias-
tolic LV/RV long axis (LV or RV_LAX), [15] as follows: 
Sphericity index = EDV∕

(

4∕3 ∗ � ∗
(

LV or RVLAX∕2
))3 

[16]. In order to analyze if cardiac remodelling was bal-
anced or not, we calculated the ratio between areas and 
volumes of the ventricular and atrial chambers [17] LV/RV 
end-diastolic volume ratio, LA/RA end-diastolic area ratio, 
LV/LA end-diastolic volume ratio, RV/RA end-diastolic 
area ratio and RV/RA end-diastolic volume ratio.

Pulsed Doppler was used to measure flow in the LV and 
RV outflow tracts, including peak velocity, velocity–time 
integral (VTI), acceleration and ejection time for each 
outflow.

Myocardial deformation imaging

Myocardial deformation of both ventricles was quantified 
from two-dimensional echocardiography using speckle 
tracking (2D strain, EchoPac, General Electric Healthcare, 
Milwaukee, WI, US). For the analysis, the region of inter-
est along the endocardial border was manually traced on a 
single frame two-dimensional echocardiographic image. 
The system automatically tracks myocardial motion that 
the operator can adjust if necessary. Special care was taken 
to acquire zoomed-in images of the RV and LV in apical 
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views with a frame rate between 60 and 80 fps to ensure an 
adequate ratio of spatial/temporal resolution.

Global longitudinal strain of the LV was determined by 
averaging segmental myocardial strain from the four-, two- 
and three- chamber apical views. RV free wall longitudi-
nal strain was measured as an average of the three free wall 
segments [18] (basal, mid and apical; see Fig. 1) from four 
chamber apical views; additionally, RV peak systolic seg-
mental strains were measured in the basal (inlet) and api-
cal (apical from the moderator band) segments of the RV 
free wall. Longitudinal strain (shortening) was expressed 
as negative values, with larger negative values indicat-
ing increased strain and smaller negative values indicating 
reduced strain.

Geometrical mathematical model

At rest, each individual has to generate a certain cardiac 
output (CO), meeting the demands of the body. At each 
moment, this is determined by the resting heart rate (HR) 
and stroke volume (SV). The stroke volume of a cardiac 
chamber is mathematically determined by the combination 
of its end-diastolic volume and the amount of (total = com-
bined longitudinal and circumferential) strain. Output 
increase during exercise is then provided by changing 
either HR and/or SV (trough chamber size and/or chamber 
strain). Both the baseline ‘working point’ (a certain cham-
ber size and strain, thus generating a defined SV), as well as 
which parameters change in which way, is highly individual 
dependent and determined by the CO demand together with 
the baseline cardiac size and ability to deform (i.e. normal 
vs damaged tissue). Therefore, we investigated this intrinsic 
interplay between ventricular size, strain and performance 
using a simplified geometrical mathematical model to 
determine a distribution of possible working points as well 
as to relate each individual to the others.

This model is described in detail in the Supplemental 
Digital Content (SDC). In short, three ellipsoids were used 

(see figure SDC1). The LV epicardium was represented 
by a truncated (half) ellipsoid with the two short axis radii 
equal. The LV endocardium was represented by the same 
truncated ellipsoid with reduced radii keeping the apex 
position fixed. For the right ventricle, given that (in nor-
mal individuals at normal pressures) it is a predominant 
longitudinal pump with a thin wall, we assumed no cir-
cumferential deformation so that only an endocardium was 
considered which is represented by half a truncated ellip-
soid attached to the left ventricular epicardium, sharing the 
long axis. In order to obtain simplified, but physiologically 
plausible cardiac deformation, the following considerations 
have been taken into account. The outer border of the heart 
is constant, the LV endocardial wall contracts inwards, and 
the RV walls deform only longitudinal. The model was 
simplified to depend only on the long axis radius by meas-
uring the average ratios of the long axis to the RV and LV 
(endo- and epi-) short axis in the population studied. The 
cardiac output was assumed equal to 5  l/min. To simulate 
the potential range within which the ventricles of the stud-
ied subjects could function, we calculated the size–strain-
SV relations for a ventricular end-diastolic area from 15 to 
50 cm2, and for SV from 20 to 130 ml. Global longitudinal 
strain was computed as the change in the geodesic length 
on the ellipsoids (see SCD).

Statistical analysis

Data were included in a database and analyzed using SPSS 
v.15.0 (SPSS Inc., Chicago, IL, USA). Quantitative vari-
ables are expressed as mean value ± standard deviation 
(SD) or median (interquartile range) when appropriate after 
checking for normality with the Shapiro Wilk test. Dif-
ferences between groups were compared using Student’s 
paired T test or the U Mann-Whitney test according to nor-
mality. Qualitative variables are shown as number and per-
centage (%) and compared between groups using the Chi 

Fig. 1  Longitudinal strain curves in the basal (yellow trace) and api-
cal (green trace) segments of the RV free wall calculated separately 
in a control subject and two athletes, as well as global longitudinal 
strain of the RV free wall (dotted line white trace). Note the reduced 

deformation values in the basal segment (smaller negative values) 
in athletes as compared to the control subject, particularly in athlete 
2 who shows a marked difference from base to apical RV segments 
with a basal–apical RV strain gradient of more than 10%



334 Int J Cardiovasc Imaging (2017) 33:331–339

1 3

square or Fisher’s test when appropriate. Statistical signifi-
cance was considered with a p value <0.05.

Results

Baseline characteristics and standard 
echocardiographic findings

Baseline characteristics of the study population are 
depicted in Table 1. All participants were males with simi-
lar age. As expected, athletes had lower heart rate and were 
taller and heavier; for this reason all cardiac dimensions 
were corrected for body surface area.

Table  2 shows standard morphological and functional 
parameters of left and right cavities. All end-diastolic vol-
umes and LV mass were significantly larger in athletes as 
compared to those observed in controls. LV ejection frac-
tion (LVEF) and RV fractional area change were within 
the normal range in both groups, despite a slight but sig-
nificant reduction of LVEF in athletes (controls: 60 ± 4% vs 
athletes: 58 ± 4%, p < 0.05). TAPSE was also increased in 
athletes (24 ± 4 mm vs 26 ± 6 mm, p < 0.05).

The LV was more spherical and the RV more elongated 
in athletes as compared to control subjects. Additionally, 
the ratio between LV and RV was similar in both athletes 
and controls. However, the LA/RA and RA/RV size ratios 
were significantly different suggesting that the RA is dis-
proportionally enlarged and unbalanced with the other car-
diac chambers in athletes as compared to controls.

Outflow properties of LV and RV

Blood-pool Doppler studies confirmed the increased flows 
in both the RV and LV outflow tract in the athlete group 
as compared to the control group (Table 3). The RV out-
flow showed a prolonged ejection time in athletes as com-
pared to controls. Also, the peak velocity in the RV outflow 
was higher in the group of athletes; however, the maximum 
peak was reached significantly later than in the control 

Table 1  Baseline characteristics of the population

Controls (n = 50) Athletes (n = 100) p

Age (years) 25 ± 4 25 ± 6 n.s
Weight (kg) 76 ± 10 80 ± 12 0.02
Height (cm) 177 ± 6 183 ± 10 <0.001
Body surface area 

(m2)
1.92 ± 0.13 2.02 ± 0.21 <0.001

Heart rate (b.p.m) 65 ± 10 58 ± 10 <0.001

Table 2  Conventional 
echocardiographic parameters

LA left atrium, LV left ventricle, RA right atrium, RV right ventricle, TAPSE tricuspid annular plane sys-
tolic excursion

Controls (n = 50) Athletes (n = 100) p

LV end-diastolic diameter (mm/m2) 27 ± 2 28 ± 2 n.s
LV end-systolic diameter (mm/m2) 17 ± 2 17 ± 2 n.s
LV end-diastolic volume (ml/m2) 55 ± 8 65 ± 10 0.00
LV end-systolic volume (ml/m2) 22 ± 4 29 ± 5 0.00
LV mass index (g/m2) 82 ± 11 107 ± 14 0.00
LV ejection fraction (%) 60 ± 4 58 ± 4 0.00
LV sphericity index 0.29 ± 0.05 0.32 ± 0.05 0.00
RV longitudinal diameter (mm/m2) 39 ± 3 40 ± 4 0.00
RV mid diameter (mm/m2) 16 ± 2 17 ± 2 n.s
RV inflow tract (mm/m2) 16 ± 2 17 ± 2 n.s
RV sphericity index 0.22 ± 0.04 0.22 ± 0.05 n.s
RV end-diastolic area (cm2/m2) 11 ± 1 12 ± 2 0.00
RV Fractional Area Change (%) 36 ± 6 36 ± 6 n.s
TAPSE 24 ± 4 26 ± 3 0.00
LA maximum area (cm2/m2) 8.3 ± 1.3 9.6 ± 1.8 0.00
RA maximum area (cm2/m2) 7.5 ± 1.3 9.3 ± 1.5 0.00
LV/RV volume ratio 2.3 ± 0.4 2.4 ± 0.6 n.s
LA/RA area ratio 1.2 ± 0.1 1.0 ± 0.1 0.00
LV/LA volume ratio 2.9 ± 0.7 2.8 ± 0.9 n.s
RV/RA volume ratio 1.3 ± 0.3 1.1 ± 0.3 0.00
RV/RA area ratio 1.5 ± 0.2 1.3 ± 0.2 0.00



335Int J Cardiovasc Imaging (2017) 33:331–339 

1 3

group, whereas in the LV outflow tract, peak velocities 
were higher and earlier in the athletes as compared to the 
control group.

Myocardial deformation imaging

Table  4 reports myocardial deformation analysis of left 
and right ventricles. No significant differences were 
found in global LV longitudinal strain (−20.1 ± 1.9% vs 
−19.9 ± 2.1%, n.s.) between volunteers and athletes. On 
average, slightly lower global RV longitudinal strain was 
observed at rest in athletes (−28.0 ± 3.4% vs −26.8 ± 2.8%, 
p < 0.05), as compared to sedentary subjects.

The regional analysis of the RV (base and apex) revealed 
that the significant reduction of global RV strain in the 
group of athletes was attributed to an important decrease 
in the deformation of the basal RV segment (−25.8 ± 4.0% 
vs −22.8 ± 3.5%, p < 0.05). The apical RV strain was simi-
lar in controls and athletes (−30.9 ± 4.5% vs −31.7 ± 5.0%), 
with even higher values in sportsmen.

Additionally, we identified an important subgroup 
of athletes who had a significant gradient in RV strain 
between the base and the apex: 19 athletes (21%) versus 3 
volunteers (7%) (p < 0.05) had more than 15% difference in 
the peak systolic strain values. Figure 1 shows an example 
of segmental RV strain in a volunteer and in two athletes, 

with a marked difference in peak strain between basal and 
apical segments of the RV in the one on the right.

Intraobserver and interobserver intraclass correlations 
were performed in 10 patients and were 0.98 and 0.96, 
respectively, for LV global longitudinal strain; 0.93 and 
0.91 for RV global longitudinal strain; 0.96 and 0.93 RV 
basal segmental strain; 0.92 and 0.90 for RV apical seg-
mental strain.

Geometrical modeling

As described in the methods, an ellipsoid-based computa-
tional model was used for comparing how the LV and RV, 
in athletes and controls, reach their ventricular performance 
(i.e. which ventricular size and deformation to generate the 
individual stroke volume).

For model simplification, the ratio of the different axis 
used was calculated from the whole population. The LV 
long axis radius to RV short axis radius was 2.83; the LV 
long axis to LV endocardial short axis 1.95; and the LV 
long axis to LV epicardial short axis 1.36. These values 
were used in the formulas detailed in the Supplemental 
Digital Content.

Figure  2 first depicts the theoretical relationships for 
the LV (Fig. 2a) and the RV (Fig. 2b) by plotting the lines 
of constant strain in the area-SV grid. Next, the measured 
working points of all individuals was indicated in the plot. 
As can be observed, the resting working points of both ven-
tricles were clearly different in athletes (red points) and 
sedentary subjects (blue circles). Additionally, a (dashed) 
region was indicated in which most subjects cluster for 
both groups. For the LV, Athletes showed a slightly more 
dilated LV (with still a lot of overlap with the control 
group), but with clearly similar LV longitudinal global 
strain, impendent of the size. Therefore, to cope with the 
higher stroke volumes, the LV dilates and deformation 

Table 3  Left and right ventricle 
outflow tract study

LV left ventricle, RV right ventricle, VTI velocity–time integral

Controls (n = 50) Athletes (n = 100) p

LV outflow tract
 VTI (cm) 18.1 ± 2.9 22.1 ± 2.9 0.00
 Isovolumetric acceleration (m/s2) 9.9 ± 3.0 12.8 ± 2.7 0.00
 Ejection time (ms) 292 ± 18 301 ± 23 0.02
 Maximum peak velocity (m/s) 0.9 ± 0.2 1.3 ± 0.9 0.00
 Time to peak velocity (ms) 97 ± 15 92 ± 12 n.s

RV outflow tract
 VTI (cm) 15.6 ± 2.5 21.9 ± 3.5 0.00
 Isovolumetric acceleration (m/s2) 5.7 ± 1.7 6.5 ± 1.5 0.02
 Ejection time (ms) 308 ± 28 326 ± 29 0.00
 Maximum peak velocity (m/s) 0.7 ± 0.1 1 ± 0.5 0.00
 Time to peak velocity (ms) 132 ± 26 151 ± 23 0.00

Table 4  Left and Right ventricular myocardial deformation analysis

LV left ventricle, RV right ventricle

Controls (n = 50) Athletes (n = 100) p

LV global strain (%) −20.1 ± 1.9 −19.9 ± 2.1 n.s
RV global strain (%) −28.5 ± 3.4 −26.8 ± 2.8 0.00
Inlet RV strain (%) −25.8 ± 4.0 −22.8 ± 3.5 0.00
Apex RV strain (%) −30.9 ± 4.5 −31.7 ± 5.0 n.s
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only increases slightly. On the other hand, the athletes’ RV 
dilates relatively more so that they almost fully separate 
on group level. However, while the smaller athlete’s RVs 
increase the SV by additionally increasing strain, the larg-
est RVs are clearly working at low strain (red-filled region 
on Fig. 2). Therefore, RVs cope differently with increasing 
stroke volume, either by increasing strain and only slightly 
dilate or by dilating a lot but using low strain values. Thus, 
much more variability in the RV working point of athletes 
was observed with wider differences in RV strain (from 
−10 to −50%) than for LV strain (from −10 to −30%). 
This suggests a different adaptation of the RV in differ-
ent individuals whereas the LV adapts progressively in all 
individuals.

Discussion

This study confirms structural and functional adaptation in 
the heart in response to chronic endurance training, particu-
larly involving the right cavities; in comparison to the other 
chambers, the RA is more dilated in athletes; the RV shows 
a markedly different performance in athletes as compared 
to sedentary subjects while the LV deformation is unal-
tered. Additionally, while the LV adapts similarly in most 
individuals, the RV shows a wider variability especially 
with regards to size, strain and stroke volume.

The remodelling in the athlete’s heart is predominantly 
right‑sided

Our findings are in concordance with previous studies 
reporting more involvement of the RV as compared to the 
LV in the remodelling process associated with chronic 
exercise training [19, 20], with specific features resembling 

morphologic features of arrhythmogenic right ventricu-
lar diysplasia. Moreover, recent reports have suggested an 
impairment of RV systolic function in some athletes either 
at rest [21] or particularly after an endurance race [7, 22, 
23] as demonstrated by reduced longitudinal strain of the 
RV. However, the interplay between chamber size and 
strain, both implied in the development of ventricular ejec-
tion and generation of stroke volume, was not previously 
analyzed. Reduced longitudinal strain may not necessarily 
indicate RV systolic dysfunction when analyzed isolated, 
as systolic ejection volume might be maintained by larger 
ventricular size (or increased heart rate); less strain at rest 
could indeed provide a larger potential contractile reserve 
during exercise, when the simple increase in heart rate or 
a slight increase in RV contractility (i.e. strain) would pro-
vide an increased stroke volume. Actually, during exercise 
echocardiography RV global strain proportionally increases 
to the increase in heart rate [24]. These different working 
conditions of the RV, despite not necessarily indicating 
RV dysfunction, might lead to higher wall stress when the 
ventricle is larger, and therefore, is more likely to develop 
myocardial fibrosis and scarring [7, 25, 26]. Finally, a 
wider variability in the working conditions of the RV was 
observed in athletes with much more uniformity in the LV 
performance (less dispersion in the plots relating ventricu-
lar size, strain and stroke volume). La Gerche et  al. have 
suggested that different adaptations of the RV might be 
observed according to the capability of subjects to develop 
intrapulmonary circulatory shunting [24]. Further studies 
relating the presence and quantity of this shunting and RV 
remodelling will provide further insights into these hypoth-
esis and observations.

Another interesting finding, suggesting a more profound 
remodelling of the RV as compared to the LV in athletes as 
a result of exercise, is the longer time required by the RV to 

Fig. 2  The relationship between the parameters involved in ventricu-
lar performance: size and strain and stroke volume. The colored solid 
lines represent the theoretical relation of a certain strain value in the 
area-SV space (calculated from the ellipsoid-based computational 
model) for the LV (left) and the RV (right). All individuals were addi-

tionally indicated in the plots (athletes—red points; sedentary sub-
jects—blue circles). The dashed ellipsoids indicate the regions where 
most subjects are located. The red semi-transparent circle indicates 
the aberrant RV remodeling
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reach the peak outflow velocity in the RV as compared to 
controls, whereas the LV outflow velocity remained simi-
lar. The RV took more time to eject than the LV did in ath-
letes, an observation which was not found in untrained sub-
jects. Both an intrinsic delay/decrease in RV contractility as 
well a response to an elevated RV afterload could explain 
these findings [23].

A disproportionate increase in RA size as compared to 
the other cardiac chambers was also observed in athletes 
and not in the control sedentary group further supporting 
the more important involvement of the right side in the 
athlete’s heart development. Indeed, it has been previously 
shown that both atria are dilated and potentially working at 
higher wall stress to cope with the increased stroke volume 
[9]. The proportionally more pronounced RA dilatation 
could be attributed to an RV contractility decrease, pressure 
overload and/or diastolic dysfunction.

Segmental adaptation of the RV with training

Additionally, the analysis of myocardial deformation 
revealed regional differences within the RV in athletes. A 
significant reduction of systolic strain in the basal portion 
of the RV free wall was observed in sportsmen as compared 
to sedentary subjects. This lower basal deformation of the 
RV is similar to those described by other authors in their 
group of athletes [21, 27] and its meaning remains unclear. 
The general population also presents a trend to have less 
strain in the inlet portion of the free wall of the RV [18]. 
This is in agreement with our control group but in athletes 
the fall is even greater and this decrease in deformation is 
not seen in the apex. Our hypothesis is that the heteroge-
neous morphology of the RV induced predominant dam-
age to the basal region of the RV during exercise since the 
(Laplace) wall stress would be higher in the (flatter) basal 
segment. This seems particularly the case in some more 
vulnerable individuals with potentially higher local wall 
stresses. In this sense, we have identified a subgroup of ath-
letes with a marked reduction of myocardial deformation in 
the inlet portion of the RV.

Recent studies have been published applying Tissue 
Doppler Imaging and speckle tracking to analyze RV per-
formance in different states of chronic volume and pres-
sure overload, such as atrial septal defects or pulmonary 
hypertension [27–30]. In patients with atrial septal defects, 
RV longitudinal deformation globally decreases after the 
closure of the defect [27, 30]. In patients with pulmonary 
hypertension, RV global strain is lower, but with a specific 
decrease in the mid-basal segments of the RV free wall [28, 
29, 31].

Therefore, our findings could suggest that long-term 
exercise training might develop RV remodelling compat-
ible with pressure overload in some athletes, similarly to 

what has been described on the right heart cavities in other 
experimental states of initial volume overload [32]. Clas-
sically, structural changes in the athletes’ heart have been 
considered secondary to volume overload induced by exer-
cise; if such was the case, RV myocardial deformation 
would be similar to that observed in other situations where 
there is an increased circulating volume, such as septal 
defects (i.e. global decrease in longitudinal strain in all RV 
segments). However, our data demonstrated that some ath-
letes show a pattern of myocardial deformation in the RV 
similar to that observed in pressure overload. The reason 
why some athletes develop this pattern and others do not 
remains to be elucidated. Unfortunately, we were not able 
to accurately evaluate pulmonary artery pressure because 
of the lack or minimal amount of tricuspid regurgitation in 
most studied subjects so our data are at most only hypoth-
esis generating.

Limitations

This study only assessed deformation and size at rest. In 
order to get a full picture of the cardiac remodelling, this 
evaluation should be completed with analysis under exer-
cise, but this is out of the scope of this study. Also, inclu-
sion of a heterogeneous groups of sport disciplines might 
have different impact on cardiac adaptation but indeed, all 
the subjects were performing mixed trainings with most 
of them having high dynamic components. As opposed to 
previous studies [6, 7, 19–21], most of the athletes were 
playing team ball sports and few were endurance athletes, 
which might have implied different heart adaptations. 
Also, the current findings were observed in male athletes; 
further studies will have to address if they are also simi-
lar in female athletes and what the influence of gender is. 
Another important limitation is the lack of three-dimen-
sional echocardiography to better estimate RV volumes 
and to evaluate RV shape. However, and despite its limi-
tations, we believe that our data from two-dimensional 
echocardiography provides enough insights on the relative 
differences of the athlete’s RV as compared to the seden-
tary subject. On the other hand, the geometrical model, 
used to illustrate that the RV shown a wider spectrum of 
remodelling compared to the left, is based on a simplified 
geometry. Firstly, a constant cardiac output of 5  l/min is 
assumed, which is a simplification since CO will depend on 
body size. While this might influence size and deformation 
of on individual, it would not change the relative working 
point of the LV with regards to the RV. Geometrically, for 
the RV, a crescent ellipsoid might oversimplify the geom-
etry. Additionally, the RV is modelled with only longitudi-
nal deformation. However, young healthy individuals have 
predominantly longitudinal RV deformation and are not 
expected to have complex remodelling. Additionally, the 
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model is used to illustrate diversity in the relations between 
deformation and size rather than to calculate absolute val-
ues for any variables. The current findings would probably 
not change significantly with a more elaborated model.

Conclusions

This study shows, by a novel comprehensive approach of 
integrating size and myocardial deformation, that long-term 
intense endurance training, in male athletes, promotes heart 
chamber-specific remodelling with special susceptibility 
of the right cavities and particularly for the inlet portion of 
RV and the RA. It remains to be determined whether those 
athletes with the more extensive remodelling are at greatest 
risk of arrhythmias. If such was the case, a comprehensive 
assessment of the cardiac performance integrating size and 
deformation, would be potentially useful to monitor and to 
stratify the risk of subjects with long term exercise training.

Clinical perspective

The changes in the morphology and function of the heart 
in response to chronic training have been recognized for 
many years and considered into the “athlete’s heart” con-
cept, mainly characterized for the left ventricle. In recent 
years though, the importance of other chamber involvement 
such as the right ventricle (RV) and its potential relation-
ship with arrhythmias has been highlighted. Despite being 
described, the characterization and the mechanisms under-
lying RV remodelling in response to exercise have not been 
well elucidated. Understanding how the RV remodels is the 
first step to prevent irreversible harm to the heart of ath-
letes. In our study, we characterized the RV remodelling 
in athletes with a novel comprehensive approach by inte-
grating size and myocardial deformation and analyzing 
segmental patterns. We observed a characteristic pattern 
of myocardial deformation in the RV, previously related to 
pressure overload. Our findings support the hypothesis of 
an exaggerated increase in pulmonary arterial pressure dur-
ing exercise as a trigger for RV remodelling in susceptible 
athletes. Detecting this exaggerated response (for example 
with exercise echocardiography) could be useful to early 
identify those subjects with more risk of pronounced RV 
remodelling. Finally, the long term clinical implications of 
RV remodelling in athletes and its association with clinical 
arrhythmias should be further evaluated.
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