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Abstract Although many echocardiographic studies are

available about the adaptation of left ventricle to intensive

training, right heart function has been poorly investigated

and no data are available about the right atrial (RA) function

in top-level athletes. The aim of the study was to investigate

RA function and dimension by standard echocardiography

and 2D speckle tracking echocardiography (STE). One

hundred top-levels athletes were recruited from professional

sports team and were compared with 78 normal subjects.

Athletes during an off-training period or during prolonged

forced rest resulting from injuries were excluded. Top-level

athletes had higher BSA as compared with controls and, as

expected, a lower resting heart rate (p B 0.001). RA area,

volume, and volume index were significantly greater in

athletes than in controls (p B 0.001). This increase was

associated with greater right ventricular and inferior vena

cava diameters (p B 0.001). Peak atrial longitudinal strain

and peak atrial contraction strain values were significantly

lower in athletes in comparison with controls (40.92 ±

9.86 % vs. 48.00 ± 12.68 %, p B 0.001; 13.05 ± 4.84 %

vs. 15.99 ± 5.74 %, p B 0.001, respectively). Interestingly,

while athletes presented a higher E/A ratio (p B 0.001) and a

lower peak A velocity (p B 0.001), the E/e0 ratio did not

differ between the two groups. In top-level athletes the RA

presents a physiological adaptation to intensive exercise

conditioning which determines not only a morphological but

also a functional remodeling. We reported for the first time

reference values of RA strain in elite athletes, demonstrating

that 2D STE is a useful tool to investigate RA longitudinal

myocardial deformation dynamics in athlete’s heart.

Keywords Athlete’s heart �Right heart � Training � Strain �
Volleyball players � Football players � Basketball players

Introduction

A high-intensity training program is associated with

hemodynamic and morphological changes including

increases in left ventricular (LV) chamber size, wall

thickness, and mass, globally described as ‘‘athlete’s heart’’

[1–3]. Although there are many echocardiographic studies

concerning LV structure and function, right heart function

has been poorly investigated in the context of athlete’s

heart. Because of the complex anatomy and the noncon-

centric contraction of the right heart, the echocardiographic

quantitative assessment of right function and geometry has

been neglected for many years [4]. However, even if novel

echocardiographic techniques have demonstrated promis-

ing results in the assessment of right ventricular (RV)

function [4], to date, only a few studies have focused on the

assessment of right heart in athletes, reporting increased

dimension of RV and right atrium (RA) in athletes as
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compared with control subjects [5–7]. We previously

reported that cardiac remodeling associated with long-term

training determines a significant changing in the LV dia-

stolic function and in LV filling period with a resulting

typical pattern of left atrial longitudinal myocardial

deformation dynamics in top-level athletes, as assessed by

two-dimensional speckle tracking echocardiography (2D

STE) [8]. Similarly, considering the relevant contribution

of the RA in filling the RV and the peculiar remodeling

demonstrated in the right heart of top-level athletes, we

hypothesized that highly trained athletes could present a

peculiar pattern of RA strain. Two-dimensional STE has

been recently demonstrated as a feasible technique for the

assessment of myocardial RA deformation dynamics with a

good reproducibility [9]. However, to date, no echocar-

diographic research has focused on mechanical assessment

of RA function per se in athletes. In this study we sought to

determine for the first time RA function and dimension in

top-level athletes engaged in different sports by standard

echocardiography and by 2D STE. Moreover, we assessed

RV diastolic function by pulsed-wave Doppler and by

Doppler tissue imaging (TDI).

Methods

Study population

From August 2009 to September 2011, 110 top-level ath-

letes were referred to our Echo laboratory of the University

of Siena for a diagnostic examination. All athletes partic-

ipating in the study were members of professional sports

team (male soccer players of Siena Football Club, Italian

Premier League; male basketball players of Mens Sana

Basket Siena, Italian League professional basketball club;

female volleyball players of Santa Croce Volleyball Club,

Italian volleyball League of A2 series), all high ranking

national or international competitors. All the athletes were

engaged in an intensive training program, for at least 15 h/

week (distributed in 6–8 sessions) for at least 5 years. They

were submitted to training sessions at workloads ranging

from 70 to 95 % of maximal HR as indicated by individual

heart rate monitoring applied during the sessions. Training

sessions mainly consisted of technical–tactical drills, run-

ning and sprinting conditioning (for football and basketball

players) or jumping and sprinting conditioning for volley-

ball players. Athletes also performed 2 resistance training

sessions per week at moderate workload under the super-

vision of a dedicated coach. From this group, all athletes

meeting the inclusion and exclusion criteria were enrolled.

We also studied a control group of 78 sedentary age- and

sex-matched subjects without detectable cardiovascular

disease and/or risk factors. None of the subjects in the

control group had cardiovascular structural of functional

abnormalities or received any medication. Subjects in the

control group did not participate in competition sports and

were engaged only in recreational activities, without fol-

lowing any kind of routine training program. All partici-

pants were asymptomatic and did not present family

history of cardiac disease or sudden cardiac death. The

athletes during an off-training period or during prolonged

forced rest ([10 days) resulting from injuries were exclu-

ded from the study.

All participants underwent complete physical examina-

tion, electrocardiogram (ECG), standard echocardiography,

and treadmill ECG test with no evidence of pathological

findings. Body surface area (BSA) was calculated using the

Dubois and Dubois formula [10].

After the rationale and the study protocol were

explained, the participants gave written informed consent

prior to their inclusion in the study. The investigational

protocol was conformed in accordance with the ethical

standards laid down in the 1964 Declaration of Helsinki

and its later amendments and was approved by the insti-

tutional committee.

Echocardiographic measurements

Echocardiographic examination was performed by one car-

diologist using a high-quality echocardiograph (Vivid 7, GE,

USA), equipped with a 2.5 MHz probe. Subjects were

studied in the steep left-lateral decubitus position. For all

measurements, three beats were stored and analyzed off-line

(EchoPac, GE, USA). Off-line data analysis was performed

by one experienced reader, blinded to the clinical charac-

teristics of the study population. All echocardiographic data

were analyzed at the end of the data collection. Heart rate

(HR) was measured from the electrocardiographic tracing

taken during the echocardiographic examination.

RA dimension was measured from the apical 4-chamber

view, at the end of LV systole (largest volume), excluding

the area between the leaflets and annulus, following the RA

endocardium, excluding the inferior vena cava (IVC) and

superior vena cava and RA appendage, as recommended

[11]. RA size was assessed by area and volume determi-

nations. Although limited data are available for RA vol-

umes, RA volume was determined for estimation of RA

size, using the biplane method of discs formula, obtaining

RA area and volume, then indexed to BSA [12]. RV end-

diastolic chamber size was assessed using the measurement

of the basal and mid cavity diameters from the apical

4-chamber view at end-diastole. In order to avoid an

underestimation of RV width, an adjusted 4-chamber view

was obtained to acquire the right ventricle-focused view, as

recommended [11]. The IVC was examined from the

subcostal view. The diameter of IVC was measured at
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1.0–2.0 cm from the junction with the right atrium [12]. An

M-mode cursor was placed through the tricuspid annulus,

measuring the amount of longitudinal motion of the

annulus at peak systole, to obtain tricuspid annular plane

systolic excursion (TAPSE) value [11].

Pulsed-wave Doppler and tissue Doppler imaging

Pulsed-wave Doppler and TDI analyses were performed to

determine RV diastolic function. The Doppler beam was

aligned parallel to the RV inflow. The sample volume was

placed at the tips of the tricuspid leaflets [11]. Care was

taken to measure at held end-expiration taking an average

of 3 consecutive beats. Doppler velocities of the transtri-

cuspid flow (E, A, and E/A ratio) were obtained.

To perform TDI analysis, an apical 4-chamber was used,

placing the sample volume at the tricuspid annulus. As

recommended [11], care was taken to ensure optimal image

orientation to avoid the underestimation of velocities.

Tissue Doppler velocities of the tricuspid annulus (s0, e0, a0)
and the derived parameters (e0/a0 ratio) were obtained. The

tricuspid E/e0 ratio was calculated and was considered as a

reliable parameter of RA pressure [11, 13–15].

Two-dimensional speckle tracking echocardiography

Two-dimensional STE analysis was obtained from an

apical 4-chamber view, using conventional 2D gray-scale

echocardiography, during breath hold for 3 s during normal

breathing, avoiding Valsalva maneuver, as previously

described [9]. Three consecutive heart cycles were recor-

ded and averaged. The frame rate was set between 60 and

80 frames per second. The off-line analysis was performed

by a single experienced and independent reader who was

not directly involved in the image acquisition and had no

knowledge of other echocardiographic parameters repre-

senting LV and left atrial structure and function, using a

commercially available semi-automated 2D strain software

(EchoPac, GE, USA). RA endocardial border was manu-

ally traced in 4-chamber view, thus delineating a region of

interest (ROI), composed by 6 segments. Then, after the

segmental tracking quality analysis and the eventual

manual adjustment of the ROI, the longitudinal strain

curves were generated by the software for each atrial

segment. All measurements were taken from the onset of

QRS complex, as previously described for left and right

atria [9, 16, 17]. RA peak atrial longitudinal strain (PALS)

and RA peak atrial contraction strain (PACS) were calcu-

lated by averaging values observed in all RA segments. RA

PALS was used to estimate RA reservoir function, while

RA PACS was used to measure the phase of RA active

conduit in late diastole during atrial contraction. The RA

time to peak longitudinal strain (TPLS) and the RA time to

peak contraction strain (TPCS) were also obtained. The

E/e’ ratio was used in conjunction with PALS to derive a

non-invasive dimensionless parameter of RA stiffness, as

reported for the left atrium [18, 19].

Interobserver and intraobserver variability was assessed

in a previous study from our research group [9].

Statistical analysis

Data were expressed as median values, 5th and 95th per-

centile. Categorical variables were expressed as percent-

ages. Considering that echocardiographic variables did not

show a normal distribution, as assessed by the Kolmogo-

rov–Smirnov test, the non-parametric test of Mann–Whit-

ney for two groups was used to compare median values.

Differences in proportions were established by the Chi-

squared test. Post hoc ANOVA analysis with Student–

Neuman–Keuls was performed among the three groups of

athletes. Correlation analysis was performed using the

Spearman and Pearson methods as appropriate for data

distribution. In addition, a multivariate stepwise linear

regression analysis was performed to identify independent

determinants of RA volume index, RA PALS and PACS

values, and RA TPLS and TPCS values. The following

variables were tested: HR, RA volume index, RA volume,

RA area, TAPSE, E/A ratio, e0/a0 ratio, E/e0 ratio, RV basal

diameter, and RV mid cavity diameter.

A p value \0.05 was considered statistically significant.

All the analyses were performed by SPSS 14.0 for Win-

dows (SPSS Inc., Chicago, Illinois, USA).

Results

Comparison between athletes and controls

Ten athletes were excluded from the study because echo-

cardiographic evaluation was performed during off-training

period or during prolonged forced rest. A final population

of 100 top-level athletes (76 males, 24 females) was ana-

lyzed and compared with 78 age- and sex-matched sed-

entary subjects (50 males, 28 females). Baseline

characteristics of the study participants were listed in

Table 1. BSA significantly differed between the two

groups, being greater in the athletes’ group (p B 0.001). As

expected, resting HR was significantly lower in the athletes

as compared with sedentary subjects (p B 0.001).

Echocardiographic and Doppler parameters are reported

in Table 2. Athletes showed a greater RA area and a

greater RA volume as compared with controls (p B 0.001).

The statistical significance between two groups was dem-

onstrated even when RA volume was indexed to BSA, with

athletes presenting a greater RA volume index in
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comparison with controls (26.96 ± 7.28 2 vs. 19.89 ±

4.99 ml/m2, respectively, p B 0.001).

Top-level athletes showed also an increase in RV

dimensions, with RV basal and middle diameters being

significantly higher as compared with normal subjects

(p B 0.001). Moreover, in top-level athletes TAPSE and

IVC diameter values were significantly higher than those of

control group (p B 0.001).

Right heart Doppler analysis demonstrated that athletes

had a higher E/A ratio (2.0 ± 0.5 vs. 1.70 ± 0.38,

respectively, p \ 0.005) with a lower peak A velocity in

comparison with controls (0.32 ± 0.08 vs. 0.39 ± 0.09

m/s, respectively, p B 0.001), while TDI indexes did not

substantially differ between the groups. Interestingly, tri-

cuspid E/e0 ratio did not significantly differ between ath-

letes and controls.

Two-dimensional STE parameters are reported in

Table 3. Top-level athletes showed a peculiar pattern of RA

myocardial deformation dynamics, with a significantly

lower PALS value (40.92 ± 9.86 % vs. 48.00 ± 12.68 %,

p B 0.001) and a significantly lower PACS value (13.05 ±

4.84 % vs. 15.99 ± 5.74 %, p B 0.001) as compared with

normal subjects (Fig. 1). However, PALS/PACS ratio did

not significantly differ between the two groups. Athletes

showed also a peculiar time-to-peak pattern, being greater

TPLS and TPCS values in the comparison between the

two groups. Interestingly, RA stiffness, evaluated through

the (E/e0)/PALS ratio, did not show significant differences

between the two groups.

On multivariate analysis, in the population of athletes, RV

E/A ratio was the only independent predictors of RA PALS

(r = 0.45, b = 0.35, p \ 0.01). RA volume index and RA

area were the only independent predictors of TPLS

(r = 0.36, p \ 0.05, b = 0.55 and b = -0.67 respec-

tively). HR, E/A ratio, E/e0, and RV basal diameter were the

only independent predictors of TPCS (r = 0.84, p \ 0.001,

b = -0.77, 0.21, -0.32, and 0.24 respectively).

Comparison among different sporting disciplines

The whole athletic population was divided in three groups,

according to the different sporting disciplines the athletes

were involved: football, basketball, volleyball. All volley-

ball players were female, while all athletes practicing

football and basketball were male. Demographic and

echocardiographic characteristics of the athletes are

reported in Table 4. Basketball players were older than

football and volleyball players and exhibited a higher BSA,

a greater IVC diameter, and greater right heart dimensional

parameters in comparison with football and volleyball

Table 1 Characteristics of the study population

Variable Controls

(n = 78)

Top-level athletes

(n = 100)

Age (years) 25.20 ± 3.92 25.91 ± 4.61

Male (n/%) 50, 64 % 76, 76 %

BSA (m2) 1.82 ± 0.18 2.05 ± 0.23*

HR(bpm) 72.16 ± 13.11 60.69 ± 9.63*

BSA body surface area, HR heart rate

* p B 0.001

Table 2 Right atrial size and right ventricular diastolic and dimen-

sional parameters in top-level athletes and in control subjects

Variable Controls

(n = 78)

Top-level

athletes

(n = 100)

RA area (cm2) 13.97 ± 2.19 18.16 ± 3.42*

RA volume (ml) 36.92 ± 9.76 55.53 ± 16.85*

RA volume index (ml/m2) 19.89 ± 4.99 26.96 ± 7.28*

RVED mid cavity diameter (mm) 24.85 ± 3.49 32.84 ± 5.99*

RVED basal diameter (mm) 34.31 ± 4.71 41.64 ± 6.09*

TAPSE (mm) 23.18 ± 3.27 25.59 ± 5.11*

IVC diameter (mm) 17.49 ± 3.23 21.53 ± 4.75*

Tricuspid peak E/A ratio 1.70 ± 0.38 2.0 ± 0.5�

Tricuspid peak A velocity (m/s) 0.39 ± 0.09 0.32 ± 0.08*

Tricuspid s0 peak (m/s) 0.14 ± 0.03 0.15 ± 0.03

Tricuspid e0 peak (m/s) 0.17 ± 0.04 0.16 ± 0.03

Tricuspid a0 peak (m/s) 0.11 ± 0.04 0.10 ± 0.03

Tricuspid e0/a0 ratio 1.70 ± 0.49 1.67 ± 0.65

Tricuspid E/e0 ratio 4.11 ± 1.05 4.01 ± 1.45

RA right atrial, RVED right ventricular end-diastolic, TAPSE tricuspid

annular plane systolic excursion, IVC inferior vena cava

* p B 0.001; � p \ 0.005

Table 3 Right atrial speckle tracking echocardiography in top-level

athletes and in controls

Variable Controls (n = 78) Top-level athletes

(n = 100)

PALS (%) 48.00 ± 12.68 40.92 ± 9.86*

PACS (%) 15.99 ± 5.74 13.05 ± 4.84*

TPLS (ms) 348.79 ± 48.17 370.82 ± 45.10*

TPCS (ms) 698.87 ± 131.69 853.78 ± 167.55*

TPLS/RR ratio 0.44 ± 0.12 0.40 ± 0.36�

TPCS/RR ratio 0.88 ± 0.29 0.90 ± 0.69

(E/e0)/PALS 0.10 ± 0.05 0.10 ± 0.05

PALS/PACS ratio 3.25 ± 1.18 3.48 ± 1.41

PALS peak atrial longitudinal strain, PACS peak atrial contraction

strain, TPLS time to peak longitudinal strain, TPCS time to peak

contraction strain

* p B 0.001; � p B 0.05
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players. Football players showed greater RA and RV

dimensions as compared with volleyball players. Interest-

ingly, while E/e0 ratio, (E/e0)/PALS ratio, and PALS/PACS

ratio did not substantially differ among the three groups,

basketball players showed significantly lower values of

RA PALS and PACS as compared with the other two

groups, while RA strain parameters of football players

were significantly lower in comparison with volleyball

players.

Discussion

Many echocardiographic studies have investigated left

heart size and function in athletes [1–3]; however few data

concerning the right heart in athletes are available [5–7]. If

the RV is the forgotten ventricle, RA has been ignored in

the evaluation of cardiac function and adaptation with its

assessment dwelling in true obscurity [17]. To date, no

researches are available about the functional role of RA in

Fig. 1 Right atrial longitudinal myocardial deformation dynamics by

2D speckle tracking echocardiography. A typical pattern of a top-

level athlete compared with a typical pattern of a control subject.

Dashed curve represents the average strain value. PALS peak atrial

longitudinal strain, PACS peak atrial contraction strain, TPLS time to

peak longitudinal strain, TPCS time to peak contraction strain

Table 4 Demographic and echocardiographic characteristics of the athletic population according to the different disciplines practiced by

athletes

Variable Basketball players

(n = 26)

Football players

(n = 50)

Volleyball players

(n = 24)

Age (years) 28.04 ± 4.08*� 24.86 ± 4.89 25.92 ± 3.87

BSA (m2) 2.33 ± 0.21*� 1.97 ± 0.12 1.90 ± 0.14

HR (bpm) 61.81 ± 9.72 59.6 ± 9.53 62.45 ± 9.91

RA area (cm2) 20.58 ± 2.66*� 18.61 ± 2.71� 14.58 ± 2.64

RA volume index (ml/m2) 29.22 ± 5.86� 28.79 ± 6.75� 20.59 ± 6.23

RVED mid cavity diameter (mm) 35.24 ± 5.91*� 32.88 ± 5.12� 30.04 ± 6.98

RVED basal diameter (mm) 43.92 ± 6.32� 42.16 ± 4.70� 38.20 ± 7.10

TAPSE (mm) 25.80 ± 4.96 25.33 ± 5.53 27.00 ± 3.92

IVC diameter (mm) 24.11 ± 5.69�* 20.68 ± 3.75 20.26 ± 4.26

Tricuspid E/e0 ratio 4.30 ± 1.99 3.74 ± 1.27 4.15 ± 1.01

PALS (%) 37.49 ± 9.61� 39.93 ± 9.02� 45.65 ± 11.73

PACS (%) 12.62 ± 3.73� 12.08 ± 4.15� 15.33 ± 6.57

(E/e0)/PALS 0.10 ± 0.06 0.09 ± 0.06 0.11 ± 0.06

PALS/PACS ratio 3.13 ± 0.94 3.67 ± 1.42 3.47 ± 1.75

BSA body surface area, HR heart rate, RA right atrial, RVED right ventricular end-diastolic, TAPSE tricuspid annular plane systolic excursion,

IVC inferior vena cava, PALS peak atrial longitudinal strain, PACS peak atrial contraction strain

* p \ 0.05 between basketball and football players; � p \ 0.05 between basketball and volleyball players; � p \ 0.05 between football and

volleyball players
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the context of athlete’s heart. D’Andrea et al. [7] have

recently documented that right heart measurements were

significantly greater in elite endurance athletes than in age-

and sex-matched strength athletes and controls. According

to these previous published results, we demonstrated that

top-level athletes show a greater RA size in the comparison

with age- and sex-matched controls. Moreover, we reported

for the first time RA volume measurements in top-level

athletes demonstrating that RA size is significantly greater

in athletes even when it was assessed by RA volume and

the statistical significance remains also when RA volume is

indexed to BSA.

Right heart, due to its thin wall, is known to be very

sensitive to changes in preload and, while it is susceptible

to elevated afterload, it better tolerates volume overload

which is able to alter the geometry of right heart but not to

influence the pattern of ejection [4, 11]. However, if sus-

tained, volume overload will also ultimately lead to RV

functional decline [4]. Athletes, particularly those engaged

in endurance activity, exhibit greater cardiac dimensions in

comparison with normal subjects, with a symmetry of

training-induced dimensional changes affecting both the

right and left heart and both the ventricles and atria [5–7].

In this study, we confirmed that the changes in RA

dimensions were proportional to those observed for the

RV, as demonstrated by greater RV middle and basal

diameters observed in the athlete’s group, supporting the

hypothesis that the modifications observed in athletes

reflect the physiological change in hemodynamic loading

conditions associated with intense training. In fact, as

demonstrated by Doppler and TDI analysis, RV function

does not deteriorate in the athlete’s heart despite the sig-

nificant chamber dilatation. Conversely, athletes exhibit

not only a normal RV systolic and diastolic function, but

even a supernormal function, as demonstrated by higher

values of E/A ratio and TAPSE observed in the present

study in athletes as compared with normal subjects.

In the first pioneer studies concerning the athlete’s heart,

mainly using chest percussion and X-rays, it was already

documented that athlete’s heart is a symmetrical phenom-

enon regarding both left and right chambers [20, 21] and

more recent echocardiographic studies have investigated

the morphological changes of the RA and the RV induced

by exercise training [6, 7, 22–24]. However, to date, no

research has focused on RA function in athletes. A previ-

ous study by our research group demonstrated that 2D STE

is a feasible technique for the assessment of RA longitu-

dinal myocardial deformation in normal subjects, able to

provide stimulating insights into the functional role of RA

[9]. In the present study, we extended the previous obser-

vations providing new functional data about the role of RA

in athlete’s heart, establishing for the first time the refer-

ence values of RA longitudinal strain in 100 top-level

athletes obtained by 2D STE. This novel echocardiographic

technique gives us the opportunity to go further the his-

torical observations concerning the right heart, demon-

strating that RA remodeling in top-level athletes is not

limited to the morphology, but encompasses also a func-

tional adaptation with a characteristic pattern of myocardial

deformation dynamics. Two-dimensional STE analysis was

able to detect these functional peculiarities, demonstrating

that athletes exhibit significantly lower values of RA PALS

and PACS as compared with controls.

A reduction of atrial strain values has been reported for

the left atrium in association with cardiovascular disease,

suggesting an impairment of left atrial performance [25].

However, we previously demonstrated that athletes show a

peculiar reduction of left atrial global PALS and global

PACS values in comparison with controls [8]. Moreover, a

significant reduction of left atrial global PALS and global

PACS has been also demonstrated in elite athletes during

the regular season, with higher values observed at the

beginning of the training program and significantly lower

values found after 8 months of intensive exercise [26]. In

this study, we observed that the decrease in RA strain

values was associated with a significant increase in E/A

ratio, a normal PALS/PACS ratio, and a normal RA stiff-

ness parameter. These findings suggest that the reduction of

left atrial strain values and, similarly, the reduction of RA

PALS and PACS observed in athletes in the present study

represent a physiological adaptation to intensive training

and they should be interpreted as physiological phenomena

rather than pathological abnormalities when evaluating RA

function in highly trained athletes and can be included in

the context of the so-called ‘‘athlete’s heart’’.

We demonstrated that RA volume index and RA area

are independent predictors of TPLS while RV E/A ratio

and HR, together with RV basal diameter, are independent

predictors of RA TPCS. Interestingly, while TPLS and

TPCS were significantly differ between athletes and con-

trols when expressed in absolute values, the difference was

not significant when TPCS was indexed to RR, suggesting

that resting bradycardia played a relevant influence on RA

contraction strain parameters, reducing the RA contribution

to RV filling by lengthening diastole. Thus, the present

findings confirmed that top-level athletes show significant

variations in HR occurred in close association with cardiac

chamber enlargement. Athletes involved in sports with a

high dynamic component are known to develop predomi-

nantly increase in chamber size, able to maintain, even in a

condition of bradycardia, an adequate cardiac output at rest

[1]. Moreover, the increase in chamber size is able to

enhance stroke volume during exercise and, together with

the increase in HR, is responsible for cardiac output aug-

mentation. Thus, the variations in chamber size and in

resting HR exhibited by athletes could have influenced the
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RA myocardial deformation dynamics, supporting the

hypothesis of a global remodeling of the right heart. Fur-

thermore, the significant difference in resting HR between

athletes and controls could have influenced the analysis of

RV diastolic function. In fact, training-induced bradycardia

is able to prolong the diastolic filling period and to lengthen

the diastasis during mid-diastole, increasing the E/A ratio

and making complex the interpretation of diastolic function

in athlete’s heart. Further researches are needed to confirm

our findings and to clarify the determinants of the varia-

tions of RA PALS, PACS, TPLS, and TPCS values,

associated with training and with HR changes.

The process of cardiovascular adaptation to exercise

conditioning is associated in athletes not only to cardiac, but

also to extracardiac modifications [6, 22, 27]. In this study,

we reported that athletes show significantly higher values of

inferior vena cava (IVC) diameter in comparison with con-

trols, suggesting an extracardiac adaptation caused by pro-

longed training. In absence of cardiac diseases, the dilatation

of inferior vena cava can be referred to a physiological

adaptation to the augmented venous return, causing an

increased volume load with an increased cardiac output.

These results are in agreement with previous observations by

Goldhammer et al. [22], demonstrating that IVC is dilated in

highly trained athletes and suggesting that this phenomenon

is related to the intensity of training and the number of

training hours. The authors, through the collapsibility of the

IVC, derived an index of RA pressure and assumed that RA

pressure in athletes was somewhat higher than in control

group, reporting a negative correlation between IVC diam-

eter and collapsibility index, with a positive derived corre-

lation between RA pressure and IVC diameter. Conversely,

in the present study, to estimate RA pressure, we used the

ratio between the tricuspid flow early diastolic velocity

(E) and peak early diastolic velocity of the lateral tricuspid

annulus (e0), the tricuspid annular E/e0 ratio, an echocar-

diographic index highly correlated to invasively measured

RA pressure [11, 13]. Using this noninvasive parameter, we

demonstrated for the first time that resting RA pressure did

not substantially vary between athletes and controls. These

findings suggest that the increase in IVC diameter, the great

RA volume index, and the great RV diameters observed in

elite athletes cannot be interpreted as markers of right dia-

stolic impairment and do not likely represent a form of

adaptation to pressure overload, but rather can be regarded as

a physiologic remodeling related to the volume overload

associated with intensive training.

Finally, in this study, the comparison among the three

groups of athletes allowed us to demonstrate that sex- and

sport-specific adaptations of athlete’s heart exist in subjects

of different sex engaged in different sporting disciplines,

providing further insights into a topic that is known to be

somewhat controversial [28].

Limitations

Two-dimensional STE is a novel echocardiographic tech-

nique known to be dependent on frame rate as well as

image resolution. Even if this technical limitation rarely

represents a problem when evaluating athletes, RA myo-

cardium is thinner than RV one as well as LA myocardium

is thinner than left ventricular one: the thinness of the atria

represents a possible technical limitation when evaluating

the myocardial deformation by 2D STE. However, 2D STE

is a semiautomatic technique and small manual adjust-

ments are able to improve the tracking of RA endocardium

in nearly all cases, allowing the assessment of RA longi-

tudinal myocardial deformation dynamics with a good

reproducibility [9]. Another limitation of this study is that

the changes in RA morphology and function occurring with

intensive training have been investigated at rest. It would

be of interest to explore the myocardial deformation

dynamics of right heart during the effort.

Conclusions

Top-level athletes exhibit greater RA area, volume, and

volume index as compared with controls. The physiologic

adaptation of RA to intensive training encompasses not

only a morphological but also a functional remodeling, as

demonstrated by a peculiar pattern of RA longitudinal

myocardial deformation dynamics. We demonstrated that

2D STE is a useful tool to assess RA longitudinal myo-

cardial deformation dynamics in the context of athlete’s

heart.
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of right heart measurements in top-level athletes: the training

impact. Int J Cardiol [Epub ahead of print]
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