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ABSTRACT
The aims of this thesis are:

1. To investigate the adaptive changes of LA reservoir, conduit, and active volumes in elite
athletes compared to controls, and their response to different training loads.
2. To prospectively investigate whether exercise-induced increase in biatrial size corresponds
to electrical changes on 12-lead ECG.
3. To longitudinally investigate the effects of endurance training on biatrial remodelling in
preadolescent athletes.
4. To evaluate whether LA size and function are affected by age.

Study I
Methods. LA maximum, pre-P, and minimum volumes were assessed in 26 top-level athletes and
23 controls. In athletes, LA volumes were measured at pre-, mid-, end-training, and postdetraining time-points using conventional two-dimensional (2D) echocardiography.
Results. Athletes had larger maximum (27.5±3.2 vs. 20.3±5.8 mL/m2, p=0.001), pre-P (11.5±0.9 vs.
9.8±2.2 mL/m2, p=0.001), and minimum (6.6±0.9 vs. 5.0±1.2 mL/m2, p<0.001) LA indexed volumes,
compared with controls. Total and passive emptying volume indeces were also larger in athletes
compared with controls (18.7±3.1 vs. 15.3±4.9 mL/m2, p<0.05 and 13.8±2.9 vs. 10.5±4.6 mL/m2,
p<0.05, respectively) while active emptying volume was similar (p=0.74). During training, LA
maximum (p<0.0001), pre-P (p<0.0001), minimum (p<0.0001), total (p<0.005), and passive
(p<0.05) emptying volume indeces progressively increased, while active emptying volume (p=0.10)
and E/e’ ratio (p=0.32) remained unchanged. After detraining, LA volume measurements were not
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different from pre-training ones. End-training left ventricular mass index was the only
independent predictor of the respective maximum LA volume (β=0.74, p<0.005).
Conclusions. Top-level athletes exhibit a dynamic morphological and functional LA remodelling,
induced by training, with an increase in reservoir and conduit volumes, but stable active volume.
LA remodelling is closely associated with left ventricular adaptation to exercise and both
completely regress after detraining.

Study II
Methods. Thirty-five athletes were evaluated at the beginning of the training and after 6 months
by ECG and standard and speckle-tracking echocardiography. Twenty-three sedentary subjects
served as controls.
Results. Athletes had greater left atrial (LA) and right atrial (RA) size compared with controls
(27.1±6.6 vs. 20.7±4.7 and 23.4±6.3 vs. 17.3±3.8; p<0.0001, respectively). After 6 months, a
further increase in LA and RA size was observed (p<0.0001 and p=0.002, respectively). Neither
athletes nor controls fulfilled the ECG criteria for RA enlargement and no difference was found in
the prevalence of LA enlargement between the two groups (2/35, 6% vs. 0/23, 0%; p=0.23). This
percentage remained unchanged after training. Biatrial stiffness remained normal in athletes also
after training.
Conclusions. Training results in an increase in biatrial volumes, with normal filling pressures and
normal stiffness. These changes in atrial morphology are not associated with respective electrical
changes, suggesting that P-wave morphology is unaffected by training-induced biatrial dilatation
in young healthy athletes.
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Study III
Methods. Ninety-four children (57 endurance athletes, 37 sedentary controls; mean age 10.8±0.2
and 10.2±0.2 years, respectively) were evaluated at baseline and after 5 months by ECG and by
two-dimensional, three-dimensional (3D) and speckle-tracking echocardiography. Athletes trained
at least 10 hour/week.
Results. The resting heart rate was lower in athletes (p=0.046) and decreased further after
training (p<0.0001). Neither athletes nor controls had ECG evidence for LA or RA enlargement. At
baseline, indexed LA volumes were not different between groups (p=0.14) but indexed RA
dimensions were larger in athletes (p=0.007). After 5 months, indexed LA volumes increased in
athletes but not in controls (p<0.0001, p=0.29; respectively) while indexed RA volumes increased
in both groups (p<0.0001, p=0.018; respectively). After training, biatrial reservoir function and RA
contraction strain decreased in both athletes and controls while LA contraction strain decreased
only in athletes, even when strain parameters remained within normal values. Furthermore,
three-dimensional-derived LA and RA ejection fraction remained stable in both groups.
Conclusions. Endurance training influences the growing heart of preadolescent athletes with an
additive increase in biatrial size, suggesting that morphological adaptations can occur also in the
early phases of the sports career. Training-induced remodelling was associated with a preserved
biatrial function, supporting the hypothesis of a physiological remodelling.

Study IV (meta-analysis)
Background. The cardiovascular system is affected by aging, however conflicting results cloud this
relationship and data on LA myocardial function and aging are scanty. Therefore, the aim of this
study was to evaluate the impact of aging on LA size and function in healthy subjects.
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Methods. We conducted a systematic literature search of MEDLINE database. We included only
studies evaluating healthy subjects, with age ranged between 18 and 80 years. Parameters were
compared among 4 age groups, <30, 30-45, >45-60, >60 years.
Results. Three hundred thirty-seven studies met the inclusion criteria and the final population
consisted of 65,052 subjects. LA antero-posterior diameter and LA volume gradually increased
with aging, however LA volume index did not differ among groups. LA ejection fraction measured
by three-dimensional echocardiography modestly reduced with age (p=0.049), but respective
measurements derived by two-dimensional echocardiography did not (p=0.94). LA reservoir
function, measured by strain, did not differ among the groups. Left ventricular (LV) size and
function were not different among groups, except LV mass index. E/A ratio decreased and E/e’
ratio increased with advancing age (p<0.0001 and p=0.001, respectively).
Conclusions. In healthy subjects LA volume index is not influenced while LA antero-posterior
diameter and absolute volumes increase with advancing age. Neither LA deformation nor systolic
function measures were affected by age. Thus, an increase in LA volume index and a decrease in
LA reservoir function should be considered as an expression of pathology rather than part of
normal aging.
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ABBREVIATIONS
LA, left atrial
2D, two-dimensional
BSA, body surface area
CMR, cardiac magnetic resonance
3D, three dimensional
STE, speckle-tracking echocardiography
PALS, peak atrial longitudinal strain
PACS, peak atrial contraction strain
LV, left ventricular
HCM, hypertrophic cardiomyopathy
AF, atrial fibrillation
LVM, left ventricular mass
RVOT, right ventricular outflow tract
IVC, inferior vena cava
ROI, region of interest
LAE, left atrial enlargement
RAE, right atrial enlargement
EDV, end-diastolic volume
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INTRODUCTION
In his earlier treatise written in 1907 on the jugular pulse, Keith (1) had reported that each atrium
and ventricle contained two sets of muscular fibres—circular and longitudinal. He suggested,
therefore, that the circular fibres of the myocardial architecture in the right atrium were for
compressing the chamber and expelling blood while the longitudinal fibres were antagonists of
those to be found in the right ventricle. Along with his associate Flack (2), Keith (1) had explored
extensively the anatomical substrates for atrial contraction and excitation. Unfortunately,
myocardial architecture was subsequently ignored. The interest had been prompted by the
developments in diagnostic technology that allowed atrial function and myocardial distensibility to
be analysed in the clinical setting.

1. Myoarchitecture
The smooth walls of the left atrium (LA) are composed of one to three, or more, overlapping layers
of differently aligned myocardial fibres, with marked regional variations in thickness (3-6). Without
a terminal crest for anchorage, the pectinate muscles tend to be less regularly arranged than in
the right appendage. In some hearts, they appear like whorls of fine ridges lining the lumen of the
tubular appendage. Although Keith (1) described a left tænia terminalis (terminal crest), an
opinion endorsed recently by Victor (7) is that this ridge is no more than an exaggerated fold in the
atrial wall. It is seen in only a proportion of human hearts and corresponds to the upper
bifurcation of the interatrial bundle on the epicardial aspect.
Most hearts have a general pattern of arrangement of fibres in the smooth portion of the LA, but
local variations are frequent. On the epicardial aspect, the most prominent bundle is the
interatrial bundle. This buttresses and runs in parallel with the circularly arranged LA fibres. The
circular fibres arise from the anterior and antero-superior margin of the atrial septum. They then
11

sweep leftward, where they blend with the leftward extent of the interatrial bundle before
bifurcating to encircle the appendage, rejoining in the lateral wall to form a broad band in the
inferior wall that then enters the septal raphe. Deeper than the circular fibres is a layer of initially
oblique fibres that arise from the antero-superior septal raphe. Termed the septopulmonary
bundle by Papez (3), this structure sweeps superiorly to become mainly longitudinal, with
branches fanning out to pass around the insertions of the pulmonary veins, continuing as the
muscular sleeves surrounding the veins. On the posterior wall, the septopulmonary bundle
branches into two oblique fascicles which fuse with the superficial circular bundle. In some hearts,
the septopulmonary bundle blends into an area of mixed fibres, without a dominant orientation.
Deeper still, in the subendocardium, the dominant fibres in the anterior wall arise from a bundle
described by Papez (3) as the septoatrial bundle. Ascending obliquely from the anterior septal
raphe, this layer soon fans out. It then proceeds as a broad band which combines with the
longitudinal fibres of the septopulmonary bundle toward the orifices of the right pulmonary veins.
Another band from the fan turns laterally, combining more superficially with leftward fibres of the
septopulmonary bundle toward the orifices of the left pulmonary veins. Thus, there is an abrupt
change of fibres, or mixed fibres, in the subendocardium of the posterior wall. A third branch is
circumferential, passing leftward to surround the mouth of the appendage, and then combining
with the circular fibres of the subepicardium in the inferior wall.

2. Imaging techniques to estimate left atrial size and function
Quantifying LA size is difficult, in part because of its complex geometry and intricate fiber
orientation and the variable contributions of its appendage and pulmonary veins. LA size is most
often measured from M-mode and 2-dimensional (2D) echocardiography. Among these
measurements, maximum LA volume and LA volume indexed to body surface area (BSA) has been
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routinely used in the clinical practice and for research purposes. LA volumes can be accurately
measured from acquired 3D datasets using cardiac computed tomography (CT) (8,9). However, the
radiation exposure and need for iodinated contrast medium relegate cardiac CT largely to an
important adjunctive role in LA ablation procedures; moreover, the relatively poor temporal
resolution of cardiac CT may preclude accurate measurements of phasic LA volumes and atrial
function. Cardiac magnetic resonance (CMR), considered the “gold standard” technique, provides
accurate measurements of LA volume with acceptable temporal resolution but is limited by
increased costs, decreased availability, an inability to measure phasic volumes with gated threedimensional (3D) sequences, and problems related to gadolinium contrast.
LA function is most often assessed using different imaging techniques based on volumetric
analysis, spectral Doppler of transmitral, pulmonary venous, and LA appendage flow, tissue
Doppler, and deformation analysis. Although atrial pressure-volume loops can be generated in
humans using invasive and semi-invasive means (10,11), these methods are cumbersome, timeconsuming, and difficult to apply. Both CMR and cardiac CT have been used to assess volumetric
LA functions. Volumetric and deformation analysis are among the most common imaging
techniques for the quantification of LA function.

2.1 Estimation of left atrial function by volumetric methods
A volumetric assessment of LA reservoir, conduit, and booster pump functions can be obtained
from LA volumes at their maximums (at end-systole, just before mitral valve opening) and
minimums (at end-diastole, when the mitral valve closes) and immediately before atrial systole
(before the electrocardiographic P-wave). From these volumes, total, passive, and active ejection
(or emptying) fractions can be calculated (table 1).
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Table 1. Volumetric measures of left atrial function.

Left atrial function

Left atrial volume fraction

Calculation

Global function; reservoir

Total emptying fraction

(LA max vol – LA min vol)/LA max vol

Conduit

Passive emptying fraction

(LA max vol – LA pre-P vol)/LA max vol

Booster pump

Active emptying fraction

(LA pre-P vol – LA min vol)/LA pre-P vol

2.2 Estimation of left atrial function by speckle-tracking echocardiography
Strain represents the magnitude of myocardial deformation and can be assessed using speckletracking echocardiography (STE). STE analyses myocardial motion by frame-by-frame tracking of
natural acoustic markers that are generated from interactions between ultrasound and myocardial
tissue within a user-defined region of interest, without angle dependency.
STE is a relatively new, largely angle-independent, non-invasive imaging technique that allows for
an objective and quantitative evaluation of global and regional myocardial function. STE-based
analysis of myocardial contraction allows the quantification of fiber deformation through virtually
any plane of the space, regardless of the imaging plane. Using STE, blocks or kernels of speckles
are semi-automatically traced frame by frame, providing local displacement information, useful to
calculate all the spatial components of myocardial strain and strain rate (12). In particular,
myocardial strain is a dimensionless parameter expressed as the percentage of myocardial
deformation; negative values indicate shortening or compression, while positive values indicate
lengthening or stretching. STE was originally applied to LV and then to left and right atrium. The
software generates the longitudinal strain curves for each segment and a mean curve of all
segments, which presents a positive peak at the end of the reservoir phase (defined as peak atrial
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longitudinal strain, PALS), a plateau corresponding to the phase of diastasis, and a second positive
peak just before atrial contraction (peak atrial contraction strain, PACS) (13), figure 1.

Figure 1. Application of speckle-tracking echocardiography to the left atrium. The curves
generated describe myocardial deformation of the atrium (a normal study).

3. Left atrial size in athlete’s heart
Intensive training is associated with hemodynamic changes, including an increase in cardiac output
and stroke volume due to the rise of maximum oxygen consumption during exercise (14). These
changes typically induce an enlargement of cardiac chambers, involving not only the ventricles,
15

but also the atria (15).
In 2005, Pelliccia et al., in a large population of 1.777 competitive athletes, found that 18%
of competitive athletes had a mild increase of LA anteroposterior diameter (40 mm) while 2%
showed a marked LA enlargement (45 mm). This training-induced increase in LA size was not
significantly influenced by gender, but largely depended on the type of sport practiced, with
cycling, rowing/canoeing, ice hockey and rugby having the largest influence on LA dimension (16).
In the overall population LA size was associated with left ventricular (LV) end-diastolic dimension
with each increase of 1 mm in LV cavity size accompanied by an increase of 0.4 mm in LA diameter
(16).
LA remodeling depends also on the years of sports practice. Indeed, in a population of endurancetrained athletes of different ages, Hoogsteen et al. found that LA diameter was significantly
increased in older compared to younger athletes and both groups showed greater LA dimensions
in comparison with normal values previously established for the general population (17). A LA
diameter >40 mm was found in 13% of young and 82% of old athletes. These results suggest that
the process of enlargement starts early in the athletic career and longstanding dynamic exercise
further influences LA size (17).
LA is not a symmetrically shaped three-dimensional structure and measurement of LA volume
reflects LA enlargement more precisely than anteroposterior diameter, which tends to
underestimate LA size (18). Therefore, in 2010 D’Andrea et al. performed a study in athletes
estimating LA size by 2D volume indexed to BSA. Comparing data from the athletic population to
the previously established reference values (19), they found a mild enlargement (corresponding to
LA volume index between 29 and 33 mL/m2) in 24% of the population and a moderate
enlargement (defined as LA volume index 34 mL/m2) in 3.2% (20). Furthermore, LA size proved to
be greater in male athletes than in females. The only independent predictors of LA volume index
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were years of training, endurance training and LV end-diastolic volume, in agreement with
previous findings by Pelliccia and Hoogsteen (16,17). The close association between LA and LV
remodeling was recently confirmed by Engel et al., reporting in athletes with LA enlargement a
corresponding increase in LV mass (21).
In a recent meta-analysis of 54 studies comprising 7.189 elite athletes and 1.375 controls,
Iskandar et al. confirmed that athletes had greater LA size in comparison with controls with a 13%
increase in LA diameter and a 30% increase in LA volume index (22). Mean LA diameter was 36.0
mm in male elite athletes and 34.2 mm in female and the overall mean diameter was 4.1 mm
greater in comparison with sedentary controls (p<0.0001). Mean LA volume index in male elite
athletes was 30.8 ml/m2, being 7 ml/m2 greater than that in sedentary population (p<0.01).
Unfortunately, the small number of studies reporting this measurement in female athletes
precluded a subgroup analysis for women. Notably, the upper limit for LA volume index in male
athletes was 35.8 ml/m2 and was greater than the established normal values (34 ml/m2, (23)),
resulting as a mild dilatation according to the current recommendations established for the
general population.
LA response to the training stimulus is dynamic and the extent of LA adaptation in athletes
modifies during the training period. Indeed, in a population of adolescent soccer players we
demonstrated that an increase in LA volume index occurs after 4 months of intensive training with
a further increase after 8 months (24). Similar results were found by Baggish et al. who reported
an increase in LA volumes in endurance athletes after 90 days of team training (25). Conversely, LA
dimensions did not significantly change after 90 days in strength-trained athletes. A dynamic
remodeling of the LA was found through longitudinal studies also in adult soccer players (26) and
in female athletes (27), confirming that LA rapidly adapts to different training loads, is dynamic in
nature and changes over time, and can be reversed after a detraining period (26).
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The characterization of atrial dimensions in athletes has improved through the assessment
of LA volume by CMR, which provides high-quality images, is intrinsically three-dimensional and
does not rely on geometric assumptions, enabling more accurate morphologic analyses than
echocardiography (28). The few CMR studies currently available confirm an increased LA volume
index in athletes, particularly in those practicing endurance sports (29-31).
While LA remodeling has been extensively investigated in adult athletes, few studies have been
performed in children practicing sport. Triposkiadis et al. observed greater LA maximal and
minimal volume in prepubertal swimmers compared to sedentary controls, reporting a similar LA
active emptying volume and a lower LA active emptying fraction in athletes (32). Greater LA
dimensions were found also in football players (24,33). Krol et al. examined 117 young elite
rowers and found that LA enlargement was present in nearly half of the athletes (43%) and was
more frequent in men than in women (52.5% vs 32.1%), with only 4.4% of athletes presenting a
severe enlargement (34). We extended these findings demonstrating, in a longitudinal study
enrolling adolescent soccer players, that LA volumes increased through the training season
according to changes in loading conditions (24). These results were further confirmed in a
population of prepubertal competitive swimmers: indeed, after 5 months of intense training,
biatrial LA volume indexes (assessed by 2-D and 3-D echocardiography) significantly increased and
a correlation between  atrial volumes and  stroke volume was found (35). These findings
suggest that intensive training affects the growing heart of young athletes with an additive
increase in biatrial size, suggesting that morphological adaptations can occur also in the early
phases of the sports career of an athlete (35).
Taken together, the current evidence suggests that atrial remodeling observed in athletes
represents an adaptive mechanism to the increased volume overload induced by training. It is
largely influenced by many determinant factors, such as the type of sport, years of training, occurs
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in close association with LV cavity enlargement, and is dynamic and reversible (15-22;24-27).
However, in highly trained athletes the extent of LA dimensional remodeling may be relevant and
absolute LA size can overlap atrial dilation observed in patients with cardiac disease, representing
a challenge for clinicians in terms of differential diagnosis.

4. Right atrial size in athlete’s heart
Exercise-induced cardiac remodeling is not a prerogative of the left heart. Hemodynamic changes
induced by long-term intensive training typically involve both left and right chambers, in a globally
symmetrical process (15,27,36). Right heart is known to be very sensitive to volume overload, due
to its thin wall, and while it is susceptible to elevated afterload, it tolerates better an increase in
preload which is able to alter the geometry of right heart but not to influence the pattern of
ejection (37,38). However, the complex anatomy and the nonconcentric contraction of right
chambers have discouraged the echocardiographic quantitative assessment of the right heart (37),
including the right atrium. To date, only a few studies have focused on the quantification of right
atrial (RA) size (18,27,36,39-42).
In 2013, D’Andrea et al. studied a population of 650 athletes, with the aim to evaluate the impact
of training on RA dimensions, defined by major and minor diameters and end-systolic area (36).
Right heart measurements were significantly greater in endurance athletes than in age- and sexmatched strength athletes and controls. The only independent predictors of RA size were type and
duration of training, pulmonary artery systolic pressure, and LV stroke volume, confirming a
reciprocal cooperation among cardiac chambers in athlete’s heart (36).
In agreement with these findings, we confirmed that top-elite athletes have greater RA
dimensions compared to sedentary controls and, assessing RA volume, we demonstrated that RA
size is significantly increased in athletes even when RA volume is indexed to BSA (40). Similar to
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LA, RA is able to rapidly adapt to the stimulus of training: in 2014, we longitudinally investigated a
population of female athletes and we found that, after 16 weeks of intensive training, RA area and
RA volume index significantly increased, supporting a cause-effect relationship between exercise
and RA remodeling (27). Moreover, both LV mass and RV basal end-diastolic diameter proved to
correlate with RA volume, confirming the interdependence between right and left heart in
athletes (27).
In order to standardize right cardiac measurements in athletes, Zaidi et al. suggested reference
values for right heart dimensions, with an upper limit for RA area of 28 cm 2 in male athletes and
24 cm2 in female athletes and an upper limit for RA index of 14 cm2/m2 in male and 13 cm2/m2
(43). Zaidi et al. found no significant differences between black and white male athletes but
greater RA dimensions in white female athletes (p<0.001). Recently, Gjerdalen et al. in 595
football players found that 4.6% of athletes exceeded the previously suggested upper limit of 28
cm2 while 4.7% exceeded the suggested upper limit of 14 cm2/m2. Accordingly, they proposed a
higher upper limit of 14.5 cm2/m2 for RA area index and 2.9 cm/m2 for RA minor axis (18). In a
recent meta-analysis of 50 studies we analyzed a cohort of 7.287 athletes, founding a greater
upper value of RA area in athletes compared to the upper value of the general population.
Particularly, our results proved that an upper value of 23 cm 2 for RA area may be applied as
normal criteria in the evaluation of athlete’s RA dimensions, exceeding the upper limit established
for the general population (18 cm2) (38,39).
RA size in athletes is influenced by several determinants, including duration of training,
biventricular dimensions, and the type of sport. Indeed, RA remodeling is particularly evident in
endurance athletes (40,41), as a response to the prolonged increase in cardiac output, the
decrease in vascular resistance, and the increase in venous return. Therefore, also the RA
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physiologically adapts to the hemodynamic changes induced by exercise, similarly to remodeling
found in the LA.

5. Biatrial function: the use of novel echocardiographic techniques to characterize biatrial
deformation

Atrial size is insufficient to provide mechanistic information about the atrium itself and an increase
in biatrial size is not intrinsically an expression of atrial dysfunction. Therefore, the evaluation of
biatrial function plays a fundamental role in the assessment of athlete’s heart and a clear
understanding of atrial function may be useful to differentiate physiological remodelling induced
by exercise from pathological changes occurring in cardiac disorders.
Several modalities, such as nuclear scintigraphy, angiography and atrial-pressure volume loops,
have been used to assess LA performance by measuring changes in LA volume over time (44,45).
However, these methods are cumbersome, time-consuming, and difficult to apply. Among the
current techniques to estimate LA function, the volumetric estimation of LA phasic volumes
obtained from maximum, minimum, and pre-P volumes by 2D echocardiography, is able to
characterize the three phases of LA contribution to ventricular filling: during ventricular systole
when LA acts as a “reservoir” receiving blood from the pulmonary veins; during early diastole
when LA operates as a “conduit” transferring blood from the pulmonary veins into the LV; and
during late diastole when LA actively contracts to pump blood into the LV cavity (46). The
application of this echocardiographic technique to athlete’s heart allowed demonstrating that
atrial cavity responds to the exercise-induced increase in preload by enhancing the reservoir and
conduit function in order to accommodate the increasing venous return and maintain normal
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contractile function, efficient emptying function and stroke volume (26). This adaptation is
accompanied by an improvement in diastolic properties of left and right ventricle, as compared to
normal subjects, particularly in athletes practicing endurance sports (20,47,48). Assessing LA
function by phasic volumes in a cohort of soccer players we found greater LA reservoir and conduit
volumes in athletes as compared to controls and similar LA active volume (29). LA reservoir and
conduit fractions were not significantly different between the groups; however, LA active fraction
was lower in athletes than controls. Moreover, we longitudinally evaluated the cohort of soccer
players during the training period and we observed that LA reservoir and conduit volume further
increase with the changes in volume and intensity of training, being greater at the end-season
compared to pre-season data (p<0.005 for reservoir volume and p<0.05 for conduit volume). LA
active contractile phase did not change during the training period, showing that, despite LA
remodeling, its pump function remains preserved (29). Notably, in our study, despite the changes
in LA volumes, the index of intracardiac filling pressure (i.e., the E/e’ ratio) was normal and
remained within normal values over different periods of the agonistic season, further supporting
the hypothesis that LA enlargement is physiologically induced by a volume rather than a pressure
overload (29).
Recently, advanced echocardiographic techniques have begun to clarify significant functional
adaptations of the myocardium that accompany previously reported morphological features of
athlete’s heart. In particular, STE has recently provided further insights into the characterization of
the myocardial properties of athletes.
The application of STE to right and left atrium in athletes demonstrated a peculiar deformation of
atrial myocardium in response to the stimulus of training. The first study applying STE to the LA in
athletes was published in 2011 by our research group (48). We found that, while reservoir
function (i.e. PALS) did not differ between athletes and controls (p=0.33), LA active function (i.e.
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PACS) was lower in the former (p<0.0001), figure 2.

Figure 2. A comparison of LA deformation between an athlete and a sedentary control. As
described in the text, while PALS does not differ between athletes and controls, PACS is lower in
the formers at rest.

This finding was accompanied by a supernormal diastolic function and was related to a shift of LV
filling towards early diastole in athlete’s heart (48). This phenomenon is consistent with a high
flexibility and elasticity of the LV and leads to a more rapid passive atrial emptying which is
associated with low PACS in athletes, in order to maintain an “economized” heart at rest.
Recently, we applied to athlete’s heart a new echocardiographic method to non-invasively
23

estimate LA stiffness, using E/e’ ratio and PALS (49), figure 3. We found that, despite greater LA
size in athletes compared to sedentary controls, LA stiffness proved to be lower in the former,
suggesting a preserved LA compliance when the increase in its size is physiologically induced by
exercise (49).

Figure 3. Estimation of LA stiffness using speckle-tracking and tissue Doppler imaging
echocardiography.

STE has been used in athletes also to characterize RA deformation (figure 4).
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Figure 4. Application of speckle-tracking echocardiography to the right atrium.

Both PALS and PACS were found to be slightly reduced in athletes as compared to controls and
this reduction was accompanied by a better diastolic function in the former (40). RA enlargement
and the decrease in deformation parameters were not associated to a high E/e’ ratio. Pagourelias
et al. applied STE to the RA in a cohort of 108 athletes (80 endurance- and 28 strength-trained
athletes), reporting similar values and confirming that in athletes, despite an enlargement of the
RA, the functional properties remain preserved, as the RA contractility remains normal,
contributing through atrioventricular coupling to preload increase and stroke volume
augmentation (41). The estimation of RA stiffness by STE confirmed that, despite an exercise25

induced increase in atrial size, in competitive athletes RA myocardial stiffness is normal as
observed for the LA (40).
These studies demonstrated that the atria of athletes had a peculiar adaptation to training that
goes beyond mere cavity enlargement. This morpho-functional adaptation is dynamic in its nature.
Indeed, changes of both LA size and function during the agonistic season have been described in a
cohort of soccer players where a decrease in global PALS and PACS after 4 months and 8 months
of training were found, despite PALS and PACS were within the normal range at peak training (26),
figure 5.

Figure 5. Effects of training and dynamic adaptation of left atrial size and function.
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Resting heart rate proved to be the strongest independent determinant of global PALS and global
PACS, suggesting that the decrease in LA PALS and PACS is mediated by physiological adaptations
of the heart, such as training-induced bradycardia (26). We subsequently confirmed also in female
athletes a significant reduction in biatrial PALS and PACS after 16 weeks of intensive training, with
a stable PALS/PACS ratio according to the balanced reduction of both PALS and PACS (27).
A slight reduction in LA PALS with a peculiar reduction in contractile function was found after 5
months of intensive endurance training also in children, confirming the findings observed in adult
athletes (35). However, despite this reduction, LA reservoir function was within normal values;
indeed, an atrial dysfunction is uncommon in athletes, as confirmed also by Krol et al.,
demonstrating in a population of young elite rowers that a reduced LA PALS was present in less
than 4% of athletes (34). Longitudinal studies with a long-term follow up are currently not
available and we cannot definitively confirm that this is a benign adaptation of atrial myocardium;
however, this slight decrease in LA reservoir function, measured by STE, is accompanied by
common and proved training-induced adaptations of the heart, such as resting bradycardia,
correlates with atrial volumes and with a better ventricular performance, and is within normal
values. Therefore, taken together, these findings support the hypothesis of a benign adaptation of
the atria to the supernormal performance of the ventricles at rest according to an ‘economized
heart’.

5.1 Biatrial function during exercise
Some authors have reported preliminary interesting data on the evaluation of atrial function in
athletes during or after an effort. Wright et al. assessed atrial function during exercise in middleaged endurance athlete (50), and demonstrated that, during light exercise, LA reservoir volume
increased, according to the greater atrioventricular plane displacement, due to the enhancement
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of longitudinal LV contraction while this volume did not increase further during moderate exercise.
LA passive emptying volume increased during light exercise and returned to baseline values at
moderate exercise, whereas LA pump function was slightly augmented in light- and significantly
enhanced in moderate exercise, in order to obtain a better LV filling throughout Frank-Starling law
(50).
Recent studies investigated atrial function also after exercise. Sanz de la Garza et al. investigated
the acute adaptation to the atria an intense endurance exercise in 60 athletes divided in 3 groups,
from short- to long-distance runners (51). After a trail-running the authors found that biatrial
strain and strain rate during contractile phase increased in short-distance runners, remained
unchanged in medium-distance runners and tended to decrease in long-distance runners, showing
an acute, dose dependent effect of exercise on biatrial function. Atrial reservoir function increased
in short-distance runners and showed a trend to decrease in the others groups, particularly in
long-distance-runners. Notably, a high variability was reported in atrial acute adaptation in
individuals performing the same amount of exercise with a small group of long-distance distance
runners proved to increase atrial contraction function, demonstrating a better cardiac adaptation
to exercise (51). The presence of an inter-individual variability was partly confirmed by Gabrielli et
al., which observed a lower LA and RA contraction strain and strain rate parameters in endurance
athletes during peak exercise compared to non-athlete controls (52). However, excluding the
athletes presenting significant atrial enlargement (LA or RA volume index  40 ml/m2), no
significant differences were noticed between athletes and controls, suggesting that a subgroup of
athletes with greater atrial size presents lower atrial deformation during exercise (52).
However, these changes in cardiac output determine a higher degree of stress on myocardial
structures and, considering the thin walls of LA and RA, atrial chambers are particularly sensitive
to these changes and some of the changes in atrial function are mediated by adaptations of the
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LV. Indeed, Oxborough et al. in athletes after a marathon found a reduction in LV diastolic function
and in LA early diastolic deformation rate, suggesting that changes in LV diastolic filling following
an intense exercise have a direct influence on LA deformation (53) and confirming that the relative
contribution of LA phasic function to LV filling is dependent upon LV diastolic properties.
The assessment of atrial function during and after exercise may provide further insights into the
understanding of training-induced biatrial remodeling and further studies are needed to
characterize changes atrial deformation according to different loading conditions.

6. The assessment of atrial size and function in athlete’s heart, in cardiac disorders and in atrial
fibrillation
In the last years, the analysis of biatrial function allowed to demonstrate that atrial size is unable
to provide information about the mechanics of the atria themselves and that the demonstration of
atrial dysfunction has an additional role as a predictor of cardiovascular outcomes in subjects with
cardiac disease. Therefore, while atrial size has an overlap between athlete’s heart and heart
disease, differences in atrial function have been found, with a preserved atrial function in athletes
and a reduced atrial function in cardiac disease.
Indeed, a reduction of atrial function assessed by STE is frequently observed in early phases of
pathologic condition, such as hypertension and cardiomyopathies, and STE is considered as a tool
for early detection of LA strain abnormalities in such patients. Decreased values of PALS have been
observed also in patients with early hypertension or pulmonary hypertension (54,55). Conversely,
LA and RA PALS values observed in the athletic populations of the studies above were significantly
higher when compared with data observed in such pathologies (24,27,39,53,54). D’Andrea et al.
studied LA deformation comparing 40 newly diagnosed hypertensive patients with LV hypertrophy
to 45 healthy strength athletes with LV hypertrophy and to 25 healthy controls. The authors
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demonstrated lower strain of all the analyzed LA myocardial segments in hypertensive patients as
compared to athletes and to controls (56).
Similarly, in hypertrophic cardiomyopathy (HCM) STE has proved to be a useful diagnostic tool
while atrial morphology alone is not able to differentiate pathologic versus non-pathologic
conditions, especially in case of young subjects with atrial enlargement (56). Gabrielli et al. found
in a population of patients with non-obstructive HCM dramatically lower value of LA PALS,
compared to highly trained athletes (57). Other studies, using different echocardiographic
techniques to characterize atrial function, demonstrated an abnormal atrial function in HCM, with
increased booster pump and decreased reservoir and conduit functions (58,59).
Therefore, while the increased biatrial size in athletes’ heart is accompanied by a preserved atrial
function, in cardiomyopathies an atrial dysfunction can be identified even in the early phases of
the disease (16,56-60). Similarly, while biatrial compliance and stiffness are preserved (or are even
better) in athletes, they were found to be abnormal in patients with supraventricular arrhythmias
and atrial fibrillation (AF)(61-63).
Although AF is the most common arrhythmia in the athletic population (64,65), conflicting data
have been reported to interpret its pathophysiology and the cause of its development in athletes
are still poorly understood: inflammatory conditions, changes in electrolytic milieu, increased
vagal tone, the use of illicit drugs, dimensional enlargement and atrial wall fibrosis have been
proposed as potential determinants, suggesting an underlying maladaptive remodeling (66-68).
Some authors have hypothesizes that in athletes both LA enlargement and LA fibrosis might play a
relevant role in the determination in supraventricular arrhythmias (66,69). However, the belief
that AF may occur in athletes as a consequence of structural changes in the atria (i.e. dilatation
and fibrosis) has been borrowed by pathophysiologic models, such as hypertension and structural
heart disease (66), is based on histological data derived from animal studies (70,71) and has not
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yet been confirmed in humans. Other authors demonstrated that, in healthy athletes, atrial
enlargement seems to play a secondary role as a substrate for the development of AF, with the
triggering activity of pulmonary veins being the predominant mechanism (72). Atrial ectopy,
particularly pulmonary vein ectopy, has been shown to be the trigger in most episodes of
paroxysmal AF (73). Moreover, LA stiffness in patients with paroxysmal AF seems to be
dramatically higher compared to LA stiffness values reported in top-level athletes (49,62),
suggesting a clear distinction between athlete’s heart and pathological substrates predisposing to
supraventricular arrhythmias.

POPULATION RECRUITED FOR THE STUDIES
Study 1. Twenty-nine male adult elite professional soccer players were recruited. Three athletes
were eventually excluded because they withdrew from the training program due to
musculoskeletal injuries; thus, the final study population consisted of 26 athletes. Twenty-three
untrained age- and gender-matched healthy subjects were used as controls.
Study 2. Thirty-five top-level athletes, practising team sports (basketball and volleyball) and
competing at national or international level, were recruited. For comparison, 23 untrained ageand gender-matched healthy controls were enrolled.
Study 3. Sixty-two pre-adolescent male competitive endurance athletes practicing swimming in a
regional level were recruited. According to inclusion and exclusion criteria, the final population
consisted of 57 athletes. Thirty-seven sedentary males of mean age 10.2±0.2 years (9-13) were
also recruited as controls
Study 4. After applying the inclusion and exclusion criteria, 326 studies met the inclusion criteria
and a final population of 62,821 healthy non-athletic subjects were included into the analysis.
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AIMS
The general purpose of this thesis is to establish the ability of the LA size and function to adapt to
the stimulus of training in adult and in pre-adolescent athletes and to investigate whether LA
functional and dimensional parameters are influenced by age.

1. To investigate the adaptive changes of LA reservoir, conduit, and active volumes in elite
athletes versus controls and their response to different training loads.
2. To prospectively investigate whether exercise-induced increase in biatrial size corresponds
to electrical changes on 12-lead ECG.
3. To longitudinally investigate the effects of endurance training on biatrial remodelling in
preadolescent athletes.
4. To evaluate whether LA size and function are affected by age.
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METHODS

STUDY POPULATION
Study 1. Study population and training regimen
Twenty-nine male elite professional soccer players were recruited for the purpose of this study. All
were engaged in similar training program, under the supervision of a dedicated coach, with
minimal variability based on player’s ability and role. Goal-keepers were excluded from the study
because they were engaged in a different training program. All athletes were evaluated at the
same time-point of the training program, at the same time of the day, and at least 48 hours after
the last strenuous training session. Three athletes were eventually excluded because they
withdrew from the training program due to musculoskeletal injuries; thus, the final study
population consisted of 26 athletes.
In the athletes, cardiac measurements were made at the beginning of the study, after 5 months,
and again after 10 months of training, corresponding respectively to a) the pre-competition
training period, b) the mid-training period and c) the end of competition. A final measurement was
obtained after 2 months of detraining. All recruited athletes were engaged in the intensive and
closely supervised training program according to the following protocol:
a) During the pre-competition training period, lasting 4 weeks, athletes exercised for at least 20
hours/week divided in 10 sessions/week. Training sessions consisted of high volume/low intensity
running (achieving 60% to 80% of maximal predicted heart rate) and sprinting conditioning (3-4
sessions/week). They also performed 2-3 resistance-training weekly sessions at moderate-high
workload. Each session lasted 45 minutes.
b) During the mid-training period, athletes exercised for at least 12 hours/week, divided in 6
sessions/week and they played one/two matches weekly. They exercised at workloads achieving
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70% to 95% of maximal predicted heart rate, as indicated by individual heart rate monitoring.
Training sessions consisted of technical-tactical drills, low volume/high intensity running and
sprinting. Athletes also performed 1-2 resistance-training moderate workload sessions weekly,
lasting 45 minutes.
c) During the last 3 months of training, volume and intensity of training were reduced. Athletes
trained 8 hours/week, divided in 5 sessions/week, with only 1 session of resistance training, lasting
45 minutes. In the last month, training sessions were 4-5/week, lasting 75-90 minutes. The training
program included only technical and tactical drills without resistance conditioning.
d) Detraining was defined as the suspension of usual training regimen. During this period, none of
the athletes performed any exercise for more than 3 hours per week.
For comparison, 23 untrained age- and gender-matched healthy controls were enrolled. They
were either completely sedentary or engaged in less than 2 hours of exercise per week and none
was engaged in sports competitions.
Before enrolment in the study, all participants underwent complete physical examination, ECG,
echocardiography, and treadmill ECG-test with no evidence of pathological findings. None had
evidence for coronary artery disease, valvular and congenital heart disease, cardiomyopathy,
arterial hypertension or diabetes mellitus. All subjects were asymptomatic and did not have family
history for sudden cardiac death.
After the rationale and the study protocol were explained, all participants gave informed consent
to take part in the study, the protocol of which complied in according to the ethical standards of
the 1964 Declaration of Helsinki and its later amendments and which was also approved by the
Local Ethics Committee.

Study 2. Study population and training regimen.
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Thirty-five top-level athletes, practising team sports (basketball and volleyball) and competing at
national or international level, were recruited (20 male, 57%; 11 athletes of African/AfroCaribbean origin, 31%). The mean age was 22±7 years for athletes and BSA was 2.1±0.2 m2.
Previous years of training were 13±6 years. Athletes were investigated at the beginning of the
training program and after 6 months of supervised intensive training. All athletes were evaluated
at the same time-point of the training program (after a detraining period of 6±2 weeks), at the
same time of the day, and at least 48 hours after the last strenuous training session. During the
first 4 weeks of the training program, athletes exercised for at least 20 hours/week divided in 10
sessions/week. Training sessions consisted of high volume/low intensity running (achieving 60% to
80% of maximal predicted heart rate), sprinting and jumping conditioning (3-4 sessions/week).
They also performed 2-3 resistance-training weekly sessions at moderate-high workload. Each
session lasted 45 minutes. After this first phase and during the competitive period, athletes
exercised for at least 12 hours/week, divided in 6 sessions/week and they played one/two
matches weekly. They exercised at workloads achieving 70% to 95% of maximal predicted heart
rate, as indicated by individual heart rate monitoring. Training sessions consisted of technicaltactical drills, low volume/high intensity running, sprinting and jumping conditioning. Athletes also
performed 1-2 resistance-training moderate workload sessions weekly, lasting 45 minutes.
For comparison, 23 untrained age- and gender-matched healthy controls were enrolled (13 male,
43%). The mean age of the control group was 23±6 years, with no significant differences between
athletes and controls (p=0.19). BSA was 1.8±0.2 m2 (p=0.52 in the comparison between athletes
and controls). They were either completely sedentary or engaged in less than 2 hours of exercise
per week and none was previously engaged in competitive sports.
All subjects were asymptomatic and free of any evidence for coronary artery, valvular or
congenital heart disease, heart failure, cardiomyopathy, arterial hypertension or diabetes mellitus.
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They did not have family history for cardiac disease or sudden cardiac death. Athletes were
excluded from the study if they withdrew from the training program for more than 10 days. After
the rationale and the study protocol were explained, the participants gave informed consent to
participate. All athletes were evaluated at the same stage of the training program and at the same
time of the day, before the training session and at least 48 hours after the last strenuous training
session. Two dimensional echocardiography and ECG were performed at the beginning of the
training program and after 6 months of supervised intensive training. The study protocol was
approved by the Local Ethics Committee in May 2013.

Study 3. Study population and training regimen.
Sixty-two pre-adolescent male competitive endurance athletes practicing swimming in a regional
level of mean age 10.8±0.2 years (9-13) were enrolled in this study. They were trained once a day,
for 5-6 days a week. A typical training started with 30-45 minutes of dry-land exercises (gymnastics
and stretching) followed by 75-90 minutes swimming. The total training programme consisted of
10% warming-up exercises, 15% technical training, and 75% of three-staged aerobic exercises. In
the first stage of aerobic training, accounting for three-fifths of all the aerobic training, 65-70% of
maximal heart rate, equivalent to 130-145 beats per minute, was achieved. In the second and
third stages, making up 25% and 15% of all the aerobic training, respectively, 70-80% of the
maximal heart rate, or 145-165 beats per minute, and 80-85% of the heart rate or 165-180 beats
per minute, were achieved.
Clinical examinations were performed at the beginning of the training program (September 2014,
named hereafter ‘pre-training’) and after 5 months of intensive and closely supervised training
(February 2015, named hereafter ‘post-training’). The baseline clinical assessment was performed
after 3 months of detraining, during which time the athletes were not engaged in any training
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program.
Participants were excluded from the study if they had signs of cardiac disease (cardiomyopathies,
shunts, interventricular septal or atrial defect, patent ductus arteriosus or ventricular
arrhythmias). Three athletes were excluded from the initial population (>20 days after training)
because of musculoskeletal injuries and two because of signs of heart disease (1 with atrial septal
defect and 1 with patent ductus arteriosus). One athlete presented with monomorphic premature
ventricular beats, but a 12-lead Holter monitoring showed that those beats were isolated and
frequent (1200/24 hours), with a right bundle branch block morphology, left axis deviation and a
narrow QRS, suggesting a fascicular origin. Accordingly, considering the absence of symptoms, the
negative family history, and normal echocardiogram, this athlete was not excluded from the study
thus making the final population 57 subjects.
Thirty-seven sedentary males of mean age 10.2±0.2 years (9-13) were also recruited as controls,
they all practised recreational activities for less than 2 hours per week. None had hypertension,
type I diabetes mellitus, endocrine disease or family history of heart disease.
All study participants underwent complete physical examination, ECG, echocardiographic
examination, and exercise ECG testing. After the rationale and the study protocol were explained,
the parents gave written informed consent for their offspring to participate in the study. The study
protocol was approved by the local Ethical Committee. During the study period, none of the
participants experienced palpitations or symptoms, requiring further investigations.

Study 4. Study population.
Data source and searches
We conducted a systematic literature search of MEDLINE database. All searches were limited to
humans and studies published between January 1st, 1990 and April 30th, 2016. The primary search
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used the following keywords: LA size, LA dimension, LA morphology, LA volume, LA phasic
volumes, LA function, LA strain, LA ejection fraction EF, and LA deformation. Studies not in English,
review articles, editorials, case reports, and letters were all excluded.
Study selection
The included studies were assessed using the following previously defined criteria: 1) the study
evaluated healthy subjects or healthy controls, with no history of cardiovascular disease; 2)
subjects with hypertension, diabetes mellitus and/or supraventricular arrhythmias were excluded;
3) athletes and pregnant women were excluded; 4) the study reported at least one parameter of
LA

dimensions

and/or

function,

measured

by

one

dimensional,

two-dimensional

echocardiography, and/or speckle-tracking echocardiography STE according to current clinical
standards; 5) the study cohort age ranged between 18 and 80 years; and 6) a measure of statistical
variance was reported. Study arms that reported individuals which potentially overlapped with
other studies as well as those included less than 30 subjects were excluded. A flowchart showing
derivation of the reference cohort is reported in Figure 6.
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Figure 6. Results of the literature search according to the different keywords used. a) inadequate
sample size; b) publication type (e.g. reviews, meta-analysis, case reports, editorials…); c)
insufficient data available; d) inadequate echocardiographic techniques and/or subjects not
fulfilling the inclusion criteria (e.g. athletes, pregnant women…).

Data collection
Two investigators (C.S. and V.C.) collected study characteristics, demographic values,
echocardiographic and strain data from individual studies. Discrepancies were resolved by
consensus among all authors. Each data set was reviewed for units and methods of measurement,
range checks were performed to identify and exclude biologically inconsistent values, and
summary statistics were cross-checked against published results, where available.
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CLINICAL EVALUATION
Study 1.
Echocardiographic examination was performed by a single cardiologist using a high-quality
echocardiograph (Vivid 7, GE, USA), equipped with a 2.5 MHz probe. For all measurements, three
cycles were stored and analysed off-line using a dedicated software (EchoPac, GE, USA). Off-line
data analysis was performed by an experienced reader, blinded to the study time-point. Resting
heart rate was measured from the electrocardiographic tracing taken during the
echocardiographic examination.

LA volumes
LA area and volume were calculated using the biplane method of disks (modified Simpson rule) in
the apical 4- and 2-chamber views and an average value was obtained and indexed to BSA. Care
was taken to exclude the pulmonary veins and LA appendage from the LA tracing. The plane of the
mitral annulus was used as inferior border. For the aim of this study, LA volumes were measured
at 3 time-points: 1) maximum LA volume, at the end of LV systole, when LA chamber is at its
greatest size; 2) pre-P-wave LA volume, just before the onset of the P wave on the superimposed
ECG; and 3) minimum LA volume, at the end of LA systole, immediately after mitral valve closure
(Eshoo et al.2010). The following LA phasic parameters were also derived:
a) LA total emptying volume = max vol–min vol and LA total emptying fraction = LA total
reservoir vol/max vol. These two measurements were markers of LA reservoir function and
are called hereafter LA reservoir volume and LA reservoir fraction, respectively.
b) LA passive emptying volume = max vol–pre-P vol and LA passive emptying fraction = LA
passive emptying volume/max vol. LA passive emptying volume and fraction were considered
as markers of LA passive conduit function and are called hereafter LA conduit volume and LA
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conduit fraction, respectively. “True” conduit volume was also estimated as LV stroke volume
(SV) – (LA passive emptying volume + LA active emptying volume).
c) LA active emptying volume = pre-P vol–min vol and LA active emptying fraction = LA active
emptying volume/pre-P vol. These two measurements were taken as markers of LA active
function.
In addition, LV end-diastolic and end-systolic wall thickness and volumes, LV mass (LVM), LV SV,
and inferior vena cava diameter were obtained as recommended and were indexed to BSA.
Standard and tissue Doppler imaging
LV spectral pulsed-wave Doppler was used in the apical 4-chamber view to obtain filling velocities,
as recommended. Early diastolic (E-wave) velocity and late diastolic (A wave) velocity were
obtained, and the E/A ratio was calculated.
Tissue Doppler imaging was performed by placing the sample volume at the level of septal and
lateral insertion sites of the mitral leaflets from the apical four-chamber view, from which
recordings of peak systolic (s’), early diastolic (e’), and late diastolic (a’) annular velocities were
obtained. The average value of septal and lateral velocities was also calculated, as recommended.
The e’ velocity and the derived e’/a’ ratio were used as markers of segmental ventricular
relaxation. The E/e’ ratio was calculated and used as an index of LV filling pressures.

Study 2.
Echocardiographic analysis
Echocardiographic examination was performed by one cardiologist using a high-quality
echocardiograph (Vivid 9, GE, Milwaukee, Wisconsin), equipped with an M4S 1.5-MHz to 4.0 MHz
transducer, and a one-lead ECG was continuously displayed. Subjects were studied in the left41

lateral decubitus position. All measurements were made in accordance with the recommendations
of the American and European Society of Echocardiography. Care was taken to adjust filter and
gain settings at the minimal level in order to obtain the best signal-to-noise ratio. LA and RA
dimensions, area and volume were obtained at end systole, when these chambers were at their
maximum size. RA and LA area and volume were calculated using the biplane method of disks
(modified Simpson rule) in the apical 4-chamber view for the former and both 4- and 2-chamber
views for the latter, and the average value was calculated. LA volume was assessed, excluding the
pulmonary veins and LA appendage, from LA tracing with the mitral annulus used as the inferior
border.
RA volume was estimated from the apical 4-chamber view as recommended. Bi-atrial volumes
were indexed to BSA, calculated using the Du Bois formula. Right ventricular (RV) end-diastolic
chamber size was assessed using the measurement of basal and mid-cavity diameters from the
apical 4-chamber view at end diastole.
To identify possible parameters of atrial remodelling, LV volumes, LV mass (LVM), LVM index,
inter-ventricular septal thickness and LV posterior wall thickness, right ventricular outflow tract
measured in parasternal long- axis (RVOT1) and in parasternal short-axis views, inferior vena cava
(IVC) and RV wall thickness were all made, as recommended.

LA and RA myocardial speckle-tracking echocardiography
2D myocardial speckle-tracking function was studied and recorded using conventional 2D greyscale echocardiography during brief breath holding with stable electrocardiographic tracing.
Offline analysis was performed using a commercially available semi-automated 2D strain software
(EchoPAC PC, version 112, rev. 1.1; GE Healthcare), obtaining PALS and PACS measures of atrial
reservoir and atrial active contractile function, respectively.
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LA endocardial surface was manually traced in apical 4-chamber and 2-chamber views. The QRS
onset was taken as the reference point. A tracing was then automatically generated by the
software, thus creating a region of interest (ROI). After manual adjustment of ROI width and
shape, the software divided the ROI into 6 segments, and the resulting tracking quality for each
segment was automatically scored as either acceptable or non-acceptable, with the possibility of a
further manual correction. Segments with inadequate quality were rejected by the software and
excluded from the analysis. Lastly, the software generated strain curves for each atrial segment. In
subjects with adequate image quality, a total of 12 segments were analysed (six in the apical 4chamber view and six in the apical 2-chamber view) and an average value was obtained. In
subjects in whom some segments were excluded because of the impossibility of achieving
adequate tracking, PALS and PACS were calculated by averaging values measured in the remaining
segments.
The E/e′ ratio was used in conjunction with PALS to derive a non-invasive dimensionless
parameter of LA and RA stiffness, as previously reported.

Electrocardiographic analysis
A standard 12-lead ECG was performed using an ESAOTE P8000 Power Light, recorded at 25 mm/s
in the supine position during quiet respiration. ECG was interpreted by an expert cardiologist,
blinded to study time and without any knowledge of the echocardiographic findings. The ECGs of
the athletes were interpreted in accordance with the 2010 ESC recommendations. Resting heart
rate, QRS duration, and QRS axis were calculated. The QT interval was also measured and
corrected for heart rate using the Bazett formula. The Sokolow-Lyon voltage criterion was used to
define both LV and RV hypertrophy. Left axis deviation was defined as ≤-30° and right axis
deviation as ≥+120°. Left atrial enlargement (LAE) was defined as a negative portion of the P-wave
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in lead V1 ≥ -0.1 mV in depth and ≥0.04 s in duration or ≥120 ms in duration in lead II. Right atrial
enlargement (RAE) was defined as a P-wave amplitude ≥0.25 mV in lead II and III or V1. Early
repolarization was defined according to the new Seattle criteria. A Q wave was considered
abnormal or pathological if it exceeded 0.04 seconds in duration and/or if the depth of the Q wave
exceeded 25% of the height of the R wave.

Study 3.
Physical examination.
Height, weight and BSA were obtained both at the beginning of the study and after 5 months of
training. The biological maturation of the participants was established using the Tanner’s five
stages of penile and testicular development, obtained at the two different time-points.

Twelve-lead ECG.
A standard 12-lead ECG was performed using an ESAOTE P8000 Power Light, recorded at 25 mm/s
in the supine position during quiet respiration. ECG was interpreted by an experienced
cardiologist, blinded to study time and without any knowledge of the echocardiographic findings.
Resting heart rate, QRS axis, and RA and LA enlargement criteria were ascertained. Left axis
deviation was defined as a QRS axis less than −30°, and right axis deviation was defined as a QRS
axis more than +120°. LAE was defined as a negative portion of the P-wave in lead V1 ≥ -0.1 mV in
depth and ≥40 ms in duration or ≥120 ms in duration in lead II. RAE was defined as a P-wave
amplitude ≥0.25 mV in lead II and III or V1.

Echocardiographic examination.
All echocardiographic examinations were performed by one cardiologist using a high-quality
echocardiograph (Vivid 9, GE, Milwaukee, WI, USA), equipped with an M4S 1.5–4.0 MHz
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transducer, and a one-lead ECG was continuously displayed. Off-line data analysis, from three
stored cycles, was performed by two experienced readers, blinded to the study time-point,
using a dedicated software (EchoPac, version 112, GE, USA).
LA and RA dimensions were measured at the end of LV systole, at their largest size during the
cardiac cycle, as recommended. RA and LA areas and volumes were calculated using the biplane
method of disks (modified Simpson rule) from the apical 4-chamber and in the 4- and 2-chamber
views for RA and LA, respectively. For the LA an average value was obtained. Care was taken to
exclude the pulmonary veins and LA appendage from the LA tracing. The mitral annulus plane was
used as the inferior border.
RA dimensions were measured excluding the area between the leaflets and the annulus, beyond
the RA endocardium and excluding the inferior and superior vena cava and RA appendage. Biatrial
volumes were indexed to BSA, as recommended.
To identify potential predictors of training-induced atrial remodelling, LV volumes, mass, stroke
volume and RV basal and mid-cavity diameters and outflow tract measured both from parasternal
long-axis and short-axis views were obtained, as previously recommended. Also LV ejection
fraction and RV fractional area change were measured.
Pulsed-wave and tissue Doppler imaging measurements were made to determine LV and RV
diastolic function, according to the current recommendations. The following measurements of LV
and RV filling were obtained: Peak E and A wave velocities, E/A ratio, s′, e′, and a′ velocities. The
mitral and tricuspid E/e’ ratio was calculated and considered as a reliable index of LA and RA filling
pressures.
Two-dimensional speckle-tracking echocardiography.
The application of 2D STE to the study of LA and RA myocardial deformation has been already
described. See above for details.
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Three-dimensional echocardiography.
LA and RA volumes by three-dimensional (3D) echocardiography was collected in four-cycles fullvolume made during a breath hold, using a 3D matrix-array transducer. Acquisition was triggered
to the electrocardiographic R wave. Care was taken to include the entire LA and RA within the
pyramidal 3D data set. LA and RA volume by 3D echocardiography was derived from semiautomated tracing of the LA endocardium, starting the measurements in the frame with the
largest atrial dimension, corresponding to ventricular end-systole, just before opening of the atrioventricular valves, in perpendicular apical long-axis planes, tracing 5 points on the atrial surfaces.
Following this manual identification, the program automatically identified the endocardial surface
using a deformable shell model. Then, a manual adjustment of the endocardial surface was
undertaken to include trabeculae and to exclude atrial appendages and large veins from the cavity
volumes. The frame with the smallest atrial dimension, at ventricular end-diastole, was selected
with similar surface detection and manual editing. Biatrial maximum and minimum volumes were
obtained and biatrial ejection fraction was derived as maximum - minimum volume/maximum
volume.

Study 4.
Two-dimensional and speckle-tracking echocardiography
Among the dimensional parameters, the following echocardiographic indexes evaluated in the
current meta-analysis were: LA diameter, indexed diameter to body surface area (BSA), LA
absolute and indexed area, LA volume and indexed volume, LV absolute and indexed end-diastolic
and end-systolic diameter and volumes and LV ejection fraction (EF), peak early (E) and late (A)
mitral flow velocity ratio (E/A) and E/e’. Two-dimensional echocardiography and the derived
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phasic volumes, three-dimensional echocardiography, and STE were also performed to assess LA
myocardial function, from which we obtained the following parameters: LA strain, defined as peak
atrial longitudinal strain (PALS), with the R wave (R-R gating) or P wave (P-P gating) as the onset of
the strain calculation, LA phasic volumes obtained by two-dimensional echocardiography and LA
EF obtained by 3-dimensional echocardiography. No STE studies using P-P gating compatible with
our inclusion criteria were found.
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STATISTICAL ANALYSIS
Study 1.
Normal distribution of all continuous variables was confirmed using the Shapiro-Wilk test and data
are presented as mean ± SD. Differences in baseline characteristics between athletes and controls
were assessed using unpaired Student’s t test. Comparison of data collected at different timepoints was made using repeated-measures ANOVA with Bonferroni post-hoc correction for
multiple comparisons. Pre-training and detraining data were compared using the paired Student’s
t test. A P value <0.05 was considered significant.
The relationship between two variables was assessed by Pearson’s correlation. The following
variables were selected for potential impact on LA volumes: demographic data (age, BSA), LV enddiastolic volume (EDV), LVM, LV stroke volume, and the difference between end-training and pretraining values of each variable. Multivariate stepwise linear regression analysis was used to
examine independent predictors of LA total and phasic volumes. Statistics were performed using
SPSS version 22.0 (Statistical Package for the Social Sciences, Chicago, Illinois).

Study 2.
Normal distribution of all continuous variables was examined using the Shapiro–Wilk test, and
data are presented as mean±SD. Categorical variables are expressed as percentages. The unpaired
t test and the Mann–Whitney U test were used according to data distribution to assess betweengroups differences. The paired t test and the Wilcoxon matched-pair test were used to assess the
within-groups significant differences of pre-training and post-training measurements, as
appropriate, according to data distribution. Univariate correlation analysis was performed to
identify any association between continuous variables using the Spearman and Pearson methods.
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A P value <0.05 was considered significant. Statistics were performed using SPSS version 20.0
software (Statistical Package for the Social Sciences Inc, Chicago, IL).

Study 3.
Normal distribution of all continuous variables was examined using the Shapiro–Wilk test, and
data are presented as mean ± SD or median and interquartile range, as appropriate. Categorical
variables are expressed as percentages. The unpaired t test and the Mann–Whitney U test were
used to assess the between groups significance, according to data distribution. The paired t test
and the Wilcoxon matched-pair test were used to assess the within subjects significance of pretraining and post-training measurements, as appropriate for data distribution. A P value <0.05 was
considered significant. The potential differences in Tanner’s group assignment between athletes
and controls were adjusted using sampling weights so that the marginal totals on Tanner’s group
assignment in the athletes group agreed with the corresponding totals of the control population,
according to raking ratio estimation.
Correlation analysis was performed to find association between continuous variables using the
Spearman and Pearson methods, as appropriate for data distribution. Δ parameters between
baseline and 5-month measurements were calculated and used as dependent or independent
variables.
To assess the reproducibility of biatrial parameters, measurements were repeated, in a random
sample of 20 subjects (10 athletes and 10 controls), by the same investigator (intra-observer
variability) and by an additional reader (inter-observer variability), blinded to previous results.
Inter- and intra-observer variability was assessed by the intraclass correlation coefficients (ICC)
with 95% confidence intervals (CIs).
Statistical analyses were performed using SPSS version 21.0 software for Windows (Statistical
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Package for the Social Sciences Inc, Chicago, IL).

Study 4.
To explore the impact of gender and age on LA size and function, a meta-analysis was conducted
to integrate the results of a set of studies about LA parameters measured by echocardiography in
healthy subjects. Specifically, meta-regressions were used which allowed for potential residual
heterogeneity. LA dimensional data were analysed both in the overall population and in males and
females taken separately while LA function was evaluated only in the overall population because
of the lack of gender-related studies in the available literature. The outcome variable in each
meta-regression was the raw mean of the LA parameters and the explanatory variable was
expressed by the sample average age reported by the included studies. To allow for the residual
heterogeneity among intervention effects not to be modelled by age, random-effects models were
considered for the meta-regressions. The Knapp-Hartung adjustment to the standard errors of the
estimated coefficients was applied in order to adjust the statistics and the confidence intervals of
the estimates whose properties are closer to the nominal. Therefore, the tests on individual
coefficients as well as the confidence intervals relied on the distributions with k-1 degrees of
freedom, where k is the number of studies. The coefficients from the fitted model estimated the
direction and magnitude of the relationship between the average ‘true’ outcome in the population
of studies and the moderator variable included in the model. Upper reference values were defined
at the 95th percentile and lower reference values at the 5th percentile. These values defined 90% of
the population as normal, but they allowed for abnormal distributions.
Homogeneity statistics were computed to quantify the amount of the residual unexplained
variance in true effects across studies (between-study variance). We calculated both the Q and the
I2 statistics, which measure the proportion of overall variation that is attributable to between-
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study heterogeneity rather than chance. I2 statistic greater than 50% and p values less than 0.05
for the Q statistic suggested significant heterogeneity among the studies. Reference values were
derived for LA size (LA diameter, LA area, LA volume, and their indexed values) and for LA function
(LA PALS, LA reservoir volume, and LA EF). In order to report a comprehensive analysis of the left
heart from the selected studies, reference values for LV end-diastolic and end-systolic volume, LV
mass, LV EF, E/A ratio, and E/e’ ratio were derived. All statistical analyses were carried out with
the comprehensive software meta-analysis package for R: metafor 1.9-8 (2015-09-28).
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RESULTS
Study 1
Comparison between athletes and controls
Athletes had similar age to controls (27.1±3.7 vs. 26.7±3.8 years, p=0.70), but slightly higher BSA
(2.0±0.1 vs. 1.9±0.1 m2, p<0.05) and lower heart rate (61.3±8.0 vs. 72.8±9.3 bpm, p<0.001). LA and
LV volume indeces and LV Doppler parameters are reported in table 2.

Table 2. LA and LV echocardiographic data: comparison between athletes and controls.

Variables

Athletes

Controls

P value

Maximum LA volume index, mL/m2

25.7 ± 3.2

20.3 ± 5.8

0.001

Pre-P LA volume index, mL/m2

11.5 ± 0.9

9.8 ± 2.2

0.001

Minimum LA volume index, mL/m2

6.6 ± 0.9

5.0 ± 1.2

<0.001

LV EF, %

62.8 ± 5.8

61.2 ± 3.4

0.11

LV EDV index, mL/m2

68.9 ± 9.0

53.6 ± 13.8

0.000

LV ESV index, mL/m2

26.0 ± 5.2

20.6 ± 5.2

0.005

LV SV index, mL/m2

43.0 ± 7.1

33.0 ± 9.3

0.001

LVM index, g/m2

97.1 ± 13.9

77.3 ± 16.0

<0.0001

E/A ratio

2.0 ± 0.5

1.6 ± 0.2

0.020

e’/a’ ratio

2.1 ± 0.3

2.05 ± 0.7

0.11

E/e’ ratio

4.1 ± 0.8

4.6 ± 0.6

0.039

Data are expressed as mean ± SD or as percentages. LA, left atrial; LV, left ventricular; EF, ejection fraction;
EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; LVM, left ventricular mass
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Athletes had higher maximum (p=0.001), pre-P (p=0.001), and minimum (p<0.001) LA volumes
compared with controls, and also larger LV end-diastolic (p<0.0001), LV end-systolic (p=0.005), LV
SV (p=0.001), and LVM index (p<0.0001).
E/A ratio (p<0.05) and e’/a’ ratio (p<0.05) were both higher but E/e’ ratio lower in athletes
compared to controls (p<0.05) (all were within the normal range in both groups) (table 2).
Differences between athletes and controls in LA phasic volumes are shown in table 3.

Table 3. Left atrial phasic volumes and fractions: comparison between athletes and controls.

Variable

Athletes

Controls

P value

18.7 ± 3.1

15.3 ± 4.9

0.014

73 ± 10

74 ± 10

0.32

14.2 ± 2.9

10.5 ± 4.6

0.013

54 ± 6

49 ± 8

0.20

4.9 ± 1.2

4.8 ± 1.3

0.74

42 ± 8

49 ± 9

0.007

Reservoir
Reservoir volume index, mL/m2
Reservoir fraction, %
Conduit
Conduit volume index, mL/m2
Conduit fraction, %
Contractile
Active volume index, mL/m2
Active fraction, %

Data are expressed as mean ± SD or as percentages.

Athletes had higher indexed LA reservoir volume (p<0.05) and indexed LA conduit volume
(p<0.05), but similar indexed LA active volume (p=0.74) to controls. LA reservoir and conduit
fractions were not significantly different between the two groups; however, LA active fraction was
lower in athletes than controls (p=0.007).
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Changes in LA total volumes and in LV parameters during training period
Changes in LA total volumes are listed in table 4 where also changes in LV parameters are
reported.

Table 4. LA and LV echocardiographic data during the competitive season in professional soccer
players.

Variable

Pre training

Mid training

Maximum LA volume index,
mL/m2

25.7 ± 3.2

30.4 ± 6.5*

32.1 ± 4.9†

<0.0001

Pre-P LA volume index, mL/m2

11.5 ± 0.9

15.2 ± 2.5†

14.9 ± 2.1†

<0.0001

Minimum LA volume index,
mL/m2

6.6 ± 0.9

9.5± 2.1*

9.0 ± 2.0*

<0.0001

LV EDV index, mL/m2

68.9 ± 9.0

74.4 ± 8.7

70.4 ± 10.8

0.24

LV ESV index, mL/m2

26.0 ± 5.2

25.6 ± 3.0

25.1 ± 5.3

0.87

LV SV index, mL/m2

43.0 ± 7.1

48.9 ± 7.4

45.3 ± 6.6

0.060

LVM index, g/m2

97.1 ± 13.9

LV EDD, mm

51.7 ± 0.3

53.1 ± 0.3§

53.2 ± 0.3§

0.015

IVST, mm

9.8 ± 1.0

10.5 ± 1.0

10.5 ± 1.0

0.005

PWT, mm

10.0 ± 1.0

10.4 ± 0.8

10.4 ± 0.9

0.33

Resting HR, bpm

61.3 ± 8.0

54.9 ± 7.6§

59.9 ± 6.8

0.023

Peak E velocity, m/s

0.80 ±0.03

0.86 ± 0.04§

0.95 ± 0.03§

0.003

2.0 ± 0.5

1.9 ± 0.4

1.9 ± 0.3

0.87

s’ peak value, m/s

0.11 ± 0.02

0.10 ±0.03

0.11 ± 0.02

0.64

e’ peak value, m/s

0.16 ± 0.02

0.16 ± 0.03

0.17 ± 0.03

0.17

a’ peak value, m/s

0.08 ±0.01

0.07 ± 0.02

0.09 ±0.02

0.12

e’/a’ ratio

2.1 ± 0.3

2.4 ±0.7

2.0 ± 0.5

0.068

E/e’ ratio

4.1 ± 0.8

4.4 ± 0.9

4.7 ± 0.7

0.32

E/A ratio
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End training Overall P
value

107.9 ± 11.0‡ 109.5 ± 14.7*

0.001

Data are expressed as mean ± SD. LA, left atrial; LV, left ventricular; EDV, end-diastolic volume; ESV, endsystolic volume; SV, stroke volume; LVM, left ventricular mass; EDD, end-diastolic diameter; IVST
interventricular septum thickness; PWT, posterior wall thickness; HR, heart rate. *p=0.001 vs. pre-season
data; †p<0.0001 vs. pre-season data; ‡p=0.005 vs. pre-season data; §p<0.05 vs. pre-season data.

No change in BSA was observed during the training period (overall p=0.47). Resting heart rate fell,
and reached the lowest value at mid-training (60.6±5.6 vs. 54.9±7.6 bpm; p<0.05 pre- vs. midtraining). The maximum, pre-P, and minimum LA volumes significantly increased during the midand end-training compared with pre-training (p<0.0001 for both), with max absolute changes
between end- and pre-training of 12.6, 5.6, and 7.1 mL, respectively, corresponding to a respective
increase in LA volumes of 25%, 43%, and 31%. There were no significant differences in LV enddiastolic volume, LV end-systolic volume or LV SV during the training period. However, LVM
increased, reaching the highest value at end-training (p<0.005 vs. pre-training), this was
contributed to by the increase in LV end-diastolic diameter and septal thickness. E/A ratio and
E/e’ ratio did not change. An increase in inferior vena cava diameter was noticed, with the highest
value at mid-season (22.7±4.6 vs. 20.3±3.5 mm at pre-training; p<0.05).

Changes in LA phasic volumes and LA phasic fractions (Table 5)
LA reservoir volume and LA conduit volume increased over the training period, reaching the
highest value at end-training (p=0.005 and p<0.05, respectively). LA true conduit volume index did
not significantly change over the training period (23.8±6.5 at pre-training, 27.9±8.8 at midtraining, and 22.1±5.0 at end-training; p=0.18 pre-training vs. mid-training; p=0.39 pre-training vs.
end-training, and p=0.05 mid-training vs. end-training, respectively). LA active volume remained
unchanged. LA reservoir and conduit fractions decreased at mid-training (p=0.006 and p=0.007,
respectively), but LA active fraction did not change (p=0.34).
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Table 5. Left atrial phasic volumes and fractions observed during the competitive season in
professional soccer players.

Variable

Pre training

Mid training

End training

Overall P
value

19.0 ± 3.3

21.0 ± 5.0*

23.2 ± 3.6†

0.005

73 ± 10

69 ± 5†

72 ± 4‡

0.006

14.2 ± 2.9

15.2 ± 4.4

17.2 ± 3.2*

0.021

54 ± 6

49 ± 4†

54 ± 3‡

0.007

4.9 ± 1.2

5.7 ± 1.6

5.9 ± 1.1

0.10

42 ± 8

38 ± 9

40 ± 8

0.35

Reservoir
Reservoir volume index,
mL/m2
Reservoir fraction, %
Conduit
Conduit volume index,
mL/m2
Conduit fraction, %
Contractile
Active volume index, mL/m2
Active fraction, %

Data are expressed as mean ±SD or as percentages. *p<0.05 vs. pre-season data; †p≤0.005 vs. preseason data; ‡p<0.05 vs. mid-season data.

Effect of detraining on LA function
After 2 months of detraining, LA size fell and there was no difference between pre- and detraining
measurements of maximum (p=0.31), pre-P (p=0.16), or minimum (p=0.52) volumes. Similar effect
was seen in LA phasic volumes with no differences between pre- and detraining values in reservoir
(p=0.38), conduit (p=0.84), and active (p=0.15) volumes as well as in LA reservoir (p=0.69), conduit
(p=0.71), and active (p=0.44) fractions.
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Univariate correlation of LA structural and function parameters over-time
On univariate analysis, maximum LA volume correlated with LV mass index at mid- and endtraining (r=0.55, p<0.05, and r=0.74, p<0.005, respectively). LA reservoir volumes modestly
correlated with LV mass indeces (at mid- and end-training, r=0.49, p<0.05, and r=0.64, p<005,
respectively). The changes in LA conduit volume (end- vs. pre-training) correlated with the change
in LV EDV and SV between the two time points (r=0.68, p<0.05, and r=0.86, p<0.0001,
respectively). The changes in LA minimum volume between the two time-points correlated with
the respective change in LV EDV and SV (r=0.55, p<0.05, and r=0.64, p<0.05, respectively). In the
controls, LVM index correlated modestly with LA maximum volume (r=0.55, p<0.005) and poorly
with LA reservoir volume (r=0.37, p<0.05).

Determinants of LA total and phasic volumes
The only independent predictor of maximum LA volume was LVM index, at mid- and end-training
(β=0.55, p<0.05, and β=0.74, p<0.005, respectively), accounting for 30% and 55%, respectively, of
the variability explained by the model. The only independent predictor of LA reservoir volume was
LVM index, at the same two time points (β=0.54, p<0.05, and β =0.87, p<0.005, respectively),
accounting for 30% and 76%, respectively, of the variability. Respective predictor of the difference
in LA minimum volume change was LV SV (β=0.65, p<0.05), accounting for 42% of the total
variability. LVM index was identified as the only independent predictor of both LA maximum
volume (β =0.49, p<0.005) and LA reservoir volume (β =0.36, p<0.05) also in the control group.

Study 2.
Comparison between athletes and controls
Echocardiographic characteristics of the left heart in athletes and controls are reported in Table 6.
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Table 6. LA and LV morphological remodelling induced by exercise: comparison between athletes
and controls and training-induced changes after 6 months of a supervised training program.

Variable

Competitive athletes

P value

P value

athletes vs.
controls

pre-training
vs. posttraining

Controls

Pre-training

Posttraining

LA volume, mL

37.1 ± 11.0

58.3 ± 12.3

67.6 ± 21.6

<0.0001

<0.0001

LA volume index,
mL/m2
LVEDV, mL

20.7 ± 4.7

27.1 ± 6.6

31.1 ± 8.2

<0.0001

<0.0001

93.7 ± 27.5

131.9 ± 33.4

148.4 ± 40.4

<0.0001

0.018

LVESV, mL

35.6 ± 12.0

51.2 ± 15.8

55.7 ± 13.9

<0.0001

0.056

2

52.3 ± 12.4

61.2 ± 10.6

68.6 ± 15.7

<0.0001

0.026

2

19.8 ± 5.7

23.7 ± 4.9

25.8 ± 5.7

<0.0001

0.067

LVM, g

113.4 ± 46.4

177.2 ± 59.3

207.0 ± 75.4

<0.0001

0.006

LVM index, g/m2

62.7 ± 21.9

82.2 ± 23.4

93.7 ± 27.2

<0.003

0.015

LV EF, %

62.4 ± 3.6

61.1 ± 0.4

62.0 ± 0.5

0.26

0.50

E/A ratio

1.7 ± 0.5

2.0 ± 06

2.0 ± 0.5

0.011

0.73

E/e’ ratio

5.4 ± 1.0

5.2 ± 1.2

5.1 ± 0.8

0.19

0.92

LA PALS, %

41.8 ± 5.2

38.5 ± 4.5

39.1 ± 5.1

0.14

0.64

LA PACS, %

12.5 ± 2.8

11.5 ± 3.1

11.3 ± 3.0

0.25

0.74

LA stiffness

0.136 ±
0.025

0.135 ±
0.033

0.129 ±
0.033

0.94

0.21

LVEDV index, mL/m
LVESV index, mL/m

Data are presented as mean ± SD. LA, left atrial; LVEDD, left ventricular end-diastolic diameter; IVSWT,
interventricular septal wall thickness; PWT, posterior wall thickness; LVEDV, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume; LVM, left ventricular mass, LV EF, left ventricular
ejection fraction; LA; left atrial; PALS, peak atrial longitudinal strain; PACS, peak atrial contraction strain.

Athletes had larger LA volume (p<0.0001), LV mass (p<0.0001), and LV volumes (p<0.0001) than
controls. They also had higher E/A (p=0.01) and e’/a’ (p=0.04), but no difference in E/e’ (p=0.19).
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LA PALS and LA stiffness were not different between the two groups (p=0.14 and p=0.94,
respectively). Similar findings were observed in the right heart (Table 7). Athletes had larger RA
size (p<0.0001) and RV diameters (p<0.05) and lower PALS than controls (p=0.046), but RA
stiffness was not different between groups (p=1.0).

Table 7. Right atrial and right ventricular morphological remodelling induced by exercise:
comparison between athletes and controls and training-induced changes observed after 6 months
of a supervised training program.

Competitive athletes

P value

P value

Variable

Controls

Pre-training

Post-training

athletes vs.
controls

pre-training
vs. posttraining

RA volume, mL

31.2 ± 9.2

50.5 ± 17.1

57.4 ± 17.1

<0.0001

0.002

RA volume index,
mL/m2

17.3 ± 3.8

23.4 ± 6.3

26.4 ± 6.4

<0.0001

0.005

RV basal EDD, mm

35.4 ± 4.8

39.4 ± 6.5

43.5 ± 6.1

0.024

<0.0001

RV mid-cavity EDD,
mm

29.4 ± 3.9

33.0 ± 5.8

36.5 ± 4.7

0.010

<0.0001

IVC diameter, mm

18.0 ± 4.7

20.5 ± 6.2

23.0 ± 4.8

0.17

0.014

RVOT1, mm

23.5 ± 3.9

28.3 ± 5.6

28.9 ± 5.0

0.001

0.45

RVOT2, mm

29.6 ± 5.3

33.4 ± 7.0

32.5 ± 5.4

0.11

0.90

E/e’ ratio

4.5 ± 2.3

3.6 ± 0.9

4.0 ± 1.5

0.55

0.47

RA PALS, %

44.4 ± 4.3

41.6 ± 8.4

45.2 ± 7.8

0.049

0.26

RA PACS, %

13.2 ± 4.6

12.4 ± 4.8

11.5 ± 4.7

0.60

0.37

RA stiffness

0.103 ±
0.058

0.087 ± 0.020

0.092 ± 0.042

1.0

0.56

Data are presented as mean ± SD. RA, right atrial; RV, right ventricular; EDD, end-diastolic diameter; IVC,
inferior vena cava; RVOT, right ventricular outflow tract; PALS, peak atrial longitudinal strain; PACS, peak
atrial contraction strain.
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Athletes exhibited lower resting heart rate with no significant differences as compared to controls
(61.2±10.9 vs. 73.8±10.0 bpm, p=0.36). Electrocardiographic characteristics of athletes and
controls are listed in Table 8.
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Table 8. Electrical remodelling induced by exercise: comparison between athletes and controls and
training-induced changes observed after 6 months of a supervised training program.
Competitive athletes

P value

P value

Variable

Controls

Pre-training

Post-training

athletes vs.
controls

pre-training
vs. posttraining

Bradycardia

14%

45%

64%

0.011

0.083

Non-sinus rhythm

0%

3%

3%

0.40

1.0

61.2±10.9

59.1 ± 10.0

0.001

0.40

3%

12%

0.40

0.083

Resting heart rate,
73.8 ± 10.0
bpm
First degree AV
0%
block
QRS duration, ms

78.7 ± 13.2

76.4 ± 12.7

74.2 ± 10.0

0.52

0.24

Incomplete RBBB

55%

48%

55%

0.79

0.16

Complete RBBB

0%

0%

0%

NA

NA

QRS axis, degree

58.3 ± 23.1

63.5 ± 16.6

62.7 ± 15.1

0.76

0.66

397.2 ± 31.2 380.0 ± 25.6

397.8 ± 23.4

0.050

0.009

QTc, ms
LA enlargement
criteria
RA enlargement
criteria

0%

6%

6%

0.23

1.0

0%

0%

0%

NA

NA

RAD

0%

0%

0%

NA

NA

LAD

0%

0%

0%

NA

NA

9%

24%

27%

0.14

0.74

0%

0%

0%

NA

NA

0%

0%

0%

NA

NA

14%

39%

67%

0.033

0.007

Isolated QRS voltage
criteria for LV
hypertrophy
(Sokolow-Lyon)
Isolated QRS voltage
criteria for RV
hypertrophy
(Sokolow-LYon)
Pathological Qwaves
Early repolarization

Data are presented as mean ± SD or as percentages. AV, atrio-ventricular; RBBB, right bundle branch block;
LA, left atrial; RA; right atrial; NA, not applicable; RAD, right axis deviation; LAD, left axis deviation; LV, left
ventricular.
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On the 12 lead ECG, sinus bradycardia and signs of early repolarization were more common in
athletes compared to controls (p=0.01 and p=0.03, respectively), but there was no differences in
the percentage of first degree atrio-ventricular block (p=0.40), incomplete or complete right
bundle branch block (RBBB) (p=0.79 and p=1.0, respectively) or isolated QRS voltage criteria for
both LV and RV hypertrophy (p=0.14 and p=1.0, respectively) between groups. Although LA and RA
were commonly enlarged in athletes, there were no differences from controls in the percentage of
subjects fulfilling the ECG criteria for LA or RA enlargement (p=0.23 for LA). Neither athletes nor
controls showed left axis or right axis deviation.

LA morphological, functional, and electrical adaptation to training
Pre-training and post-training data for the left heart in athletes are reported in Table 6. After
training, the LA volume increased further (p<0.0001) but LA stiffness did not change with respect
to pre-training values (p=0.21). LV end-diastolic volume and LV mass significantly increased after
training (p<0.05 for both) but LV ejection fraction (p=0.50), E/A (p=0.73), and E/e’ (p=0.92)
remained unchanged.
Despite the anatomical changes of the LA, the number of athletes fulfilling the ECG criteria for LA
enlargement remained unchanged (Table 8, figure 7). Also, training resulted in no difference in
heart rate or first-degree atrio-ventricular block (p=0.083 for both). However, a higher percentage
of athletes developed signs of early repolarization after training in the infero-lateral leads
(p=0.007).
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Figure 7. A typical case of training-induced remodelling of the left atrium in an athlete. Despite the
increase in LA size, resting ECG did not vary after training.

RA morphological, functional, and electrical adaptation to training
Pre-training and post-training data obtained for the right heart in athletes are reported in Table 7.
After training, RA volume increased further (p=0.005), but RA stiffness did not change (p=0.56). RV
size also increased after training, as shown by basal and mid-cavity end-diastolic diameters
(p<0.0001 for both) and IVC diameter (p<0.05), but RVOT1 and RVOT2 did not change (p=0.45 and
p=0.90, respectively). Despite the increase in RA volume, none of the athletes fulfilled the ECG
criteria for RA enlargement neither at pre-training nor at post-training (table 8, figure 8).
Furthermore, the percentage of athletes with incomplete or complete right bundle branch block
remained unchanged after training (p=0.16 and p=1.0, respectively). Throughout the study period,
none of the athletes experienced palpitations or symptoms requiring further investigations.
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Figure 8. A typical case of training-induced remodelling of the right atrium in an athlete. Despite the
increase in RA size, resting ECG did not vary after training.

Relationships between atrial and ventricular structure and function
In athletes, pre-training LA volume correlated with RA volume (R=0.68, p<0.0001), BSA (R=0.61,
p<0.0001), LVM (R=0.60, p<0.0001), LV EDV (R=0.60, p<0.0001) and to a lesser extent with LV endsystolic volume (R=0.46, p=0.008). After training, LA volume remained associated with RA volume
(R=0.66, p<0.0001), LVM (R=0.59, p<0.0001) and BSA (R=0.50, p=0.003) but correlated with LV
EDV (R=0.42, p=0.016). Δ LA volume correlated with Δ E/A ratio (R=0.54, p=0.001), LV ESV (R=0.35,
p=0.046), and inversely with A wave (R=-0.42, p=0.008).
Pre-training RA volume was significantly associated with BSA (R=0.78, p<0.0001), RV basal enddiastolic diameter (R=0.68, p<0.0001), IVC (R=0.66, p<0.0001), and to a lesser extent RV mid-cavity
ED diameter (R=0.45, p=0.008). Post-training RA volume was significantly associated with BSA
(R=0.67, p<0.0001), RV basal ED diameter (R=0.64, p<0.0001) and to a lesser extent with RV mid64

cavity end-diastolic diameter (R=0.48, p=0.005), and IVC diameter (R=0.38, p=0.03). While RAE and
LAE criteria did not correlate with echocardiographic data, LAE was modestly associated with age
both before and after training (R=0.37, p=0.034 for both).

Study 3.
The demographic characteristics of athletes and controls are reported in Table 9.

Table 9. Demographic and biatrial morphological characteristics of the study population.

Controls
(n = 37)
Variable

Age
Systolic BP,
mmHg
Diastolic BP,
mmHg
HR, bpm

Pretraining

Posttraining

10.2±0.2

Endurance athletes
(n = 57)
Pretraining

Posttraining

P value P value
P value
athletes controls
athletes
pre- vs. pre- vs.
vs.
postpostcontrols
training training

10.8±0.2

104±12

100±9

109±10

106±11

0.027

0.018

0.51

66±8

64±6

70±7

66±6

0.027

0.001

0.79

77±12

78±11

72±9

67±9

0.046

<0.0001

0.63

Height, cm

142.2±8.3 145.9±8.8 146.3±10.9 149.0±10.9

0.11

<0.0001

<0.0001

Weight, Kg

41.5±12.0 44.1±12.4

41.4±9.9

43.2±10.0

0.94

<0.0001

<0.0001

BSA, m2
LA volume
index, mL/m2
RA area, cm2
RA volume
index, mL/m2

1.27±0.20 1.33±0.20

1.29±0.20

1.34±0.20

0.45

<0.0001

<0.0001

16.2±2.4

16.6±2.7

17.2±3.3

23.3±3.2

0.14

<0.0001

0.29

9.0±1.4

9.9±1.6

10.0±2.2

12.4±2.2

0.022

<0.0001

<0.0001

15.4±2.9

16.0±2.0

17.6±3.9

22.9±4.1

0.007

<0.0001

0.018

Data are presented as mean ± SD. BP, blood pressure; HR, heart rate; BSA; body surface area; LA, left atrial;
RA; right atrial.
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At baseline there were no significant differences between athletes and controls for height, weight,
and BSA. After 5 months, height, weight, and BSA all increased in both athletes and in controls
(p<0.0001 for both).
Based on the Tanner’s Scale, 46% (n=25) of athletes were at stage 1 (pre-puberty) and the rest
were at stages 2-5 (puberty), at baseline. 9% (n=5) of athletes had reached sexual maturity and
37% remained at the pre-pubertal stage (n=20, p=0.024 vs. baseline). At baseline, 43% (n=16) of
controls were at stage 1 (pre-puberty, p=0.87 vs. athletes) and 16% (n=6) reached sexual maturity
in the following 5 months with 27% remaining at pre-pubertal stage (n=10, p=0.01 vs. baseline and
p=0.37 vs. athletes).
At baseline, athletes had a lower resting heart rate compared to controls (p=0.046) and it reduced
further 5 months afterwards (p<0.0001). Neither of the two groups had left axis deviation or
fulfilled the ECG criteria for LA or RA enlargement. After 5 months neither athletes nor controls
developed ECG signs of enlarged atria.

Biatrial morphological remodelling.
The pre-training and post-training measurements obtained in athletes and the baseline and 5month data of controls are reported in Table 9. At baseline, indexed LA volumes did not differ
between athletes and controls (p=0.14). After 5 months a significant increase in indexed LA
volumes was found in the athletes but not in controls (p<0.0001 and p=0.29, respectively), Figure
9.
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Figure 9. Comparison of left atrial volume index measured at baseline and after 5 months of
observation in athletes and in controls

At baseline, indexed RA dimensions were larger in athletes compared to controls (Figure 10). After
5 months a significant increase in indexed RA volumes was observed both in athletes and in
controls (Figure 10).

Figure 10. Comparison of right atrial volume index measured at baseline and after 5 months of
observation in athletes and in controls
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The results of 3D echocardiographic examination are listed in Table 10. Three-dimensional
echocardiographic analysis demonstrated that, after 5 months, 3D LA maximum volume index
increased only in athletes and not in controls (p<0.0001 and p=0.74, respectively) and a similar
trend was found also for 3D LA minimum volume index. Both 3D RA maximum and minimum
volume indexes increased after 5 months in athletes (p<0.0001 for both) but remained unchanged
in controls (p=0.91 and p=0.94, respectively).

Table 10. Three-dimensional and speckle-tracking echocardiographic parameters measured in
athletes and in controls at the beginning of the study and after 5 months.

Controls
(n = 37)
Variable

Pretraining

Posttraining

Endurance athletes
(n = 57 )
Pretraining

Posttraining

P value
athletes
vs.
controls

P value P value
athletes controls
pre- vs. pre- vs.
postposttraining training

RA PALS, %

58.2±12.6 51.1±15.2 53.1±11.7 41.2±10.1

0.071

<0.0001

0.018

RA PACS, %

11.8±6.2

12.0±5.6

10.9±4.6

6.9±4.0

0.58

<0.0001

0.46

LA PALS, %
64.2±6.8 51.4±9.3 61.1±10.2
LA PACS, %
15.5±4.1 13.1±3.3 16.4±4.8
3D LA
maximum
17.6±2.8 17.6±3.2 18.7±3.7
volume index,
mL/m2
3D LA minimum
volume index,
6.0±1.5
5.9±1.5
6.2±1.5
2
mL/m
LA EF, %
66.3±6.3 67.6±6.3 66.9±6.4
3D RA
maximum
17.7±2.8 17.7±3.4 19.6±4.3
volume index,
mL/m2
3D RA minimum
volume index,
7.5±2.2
7.5±2.0
8.5±2.4
2
mL/m
RA EF, %
57.1±11.5 56.0±11.9 56.8±8.4

45.7±8.0
9.9±2.7

0.15
0.41

<0.0001
<0.0001

<0.0001
0.026

23.7±3.7

0.10

<0.0001

0.74

7.8±2.0

0.76

<0.0001

0.18

67.0±6.5

0.66

0.77

0.26

24.4±3.6

0.037

<0.0001

0.94

10.2±2.5

0.077

<0.0001

0.91

58.2±7.7

0.87

0.32

0.69

Data are presented as mean ± SD. RA; right atrial; PALS, peak atrial longitudinal strain; PACS, peak atrial
contraction strain; 3D, three-dimensional; LA, left atrial; EF, ejection fraction.
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Biatrial function remodelling.
Biatrial function parameters obtained by speckle-tracking and by 3D echocardiography are listed in
Table 10. At baseline biatrial deformation indexes were similar between athletes and controls.
After 5 months, LA PALS and LA PACS significantly decreased in athletes (p<0.0001). Conversely,
only LA PALS decreased in controls (p<0.0001). Both RA PALS and RA PACS significantly decreased
in the athletes after 5 months of training (p<0.0001) while in controls only RA PALS modestly
decreased after 5 months of observation (p=0.018). 3D-derived LA and RA ejection fractions
remained stable in both athletes and controls.

Biventricular remodelling
No differences were found between athletes and controls in LV ejection fraction (p=0.062) at
baseline and no changes were detected after 5 months (p=0.94, p=0.16, respectively). While
stroke volume did not differ between athletes and controls (p=0.06) and between baseline and 5month data in controls (p=0.076), it significantly increased after training in athletes (p<0.0001). LV
indexed end-diastolic volume was larger in athletes at baseline (p=0.007) and increased further
after training (p<0.0001). While no differences in RV end-diastolic area were found between
athletes and controls (p=0.05), it increased after training in athletes (p<0.0001) but did not change
in controls (p=0.077).

Weighted analysis
When the weighted analysis was performed to reassign the differences in growth and
development between the two groups having matched them according to Tanner’s scale, the
comparison between pre-training and post-training data in the athletes proved similar results of
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biatrial volumes. Indeed, LA and RA indexed volumes significantly increased after training
(p<0.0001), irrespective of the technique used for their measurement 2D or 3D (p<0.0001).

Correlation analysis
Left atrium. The Δ LA volumes significantly correlated with Δ SV (R=0.38, p=0.003), Δ weight
(R=0.31, p=0.019), Δ BSA (R=0.30, p=0.021), and with Δ RA volume (R=0.29, p=0.028). Δ 3D LA
volume significantly correlated with Δ RA volume 3D max (R=0.32, p=0.014) and with Δ LV stroke
volume (R=0.29, 0=0.024).
Right atrium. Both 2D and 3D Δ RA volumes correlated with SV (R=0.29 p=0.024).

Reproducibility analysis
The inter-observer variability yielded an ICC of 0.98 (95% CI from 0.95 to 0.99, p<0.001) for LA
volume, an ICC of 0.97 (95% CI from 0.96 to 0.98, p<0.001) for RA volume, an ICC of 0.97 (95% CI
from 0.96 to 0.98, p<0.001) for LA PALS and an ICC of 0.96 (95% CI from 0.95 to 0.97, p<0.001) for
RA PALS. The intra-observer variability showed an ICC of 0.99 (95% CI from 0.98 to 0.99, p<0.001)
for LA volume, an ICC of 0.98 (95% CI form 0.98 to 0.99, p<0.001) for RA volume, an ICC of 0.98
(95% CI from 0.97 to 0.99, p<0.001) for LA PALS and an ICC of 0.98 (95% CI from 0.97 to 0.99,
p<0.01) for RA PALS.

Study 4.
The literature search for LA size and function identified 1996 articles with the keyword LA size, 767
with LA dimension, 4050 with LA volume, 4590 with LA morphology, 154 with LA deformation, 518
with LA strain, 28 with LA phasic volumes, 3613 with LA EF, and 6256 with LA function. Among the
selected studies, 1948 articles with the keyword LA size, 748 with LA dimension, 3988 with LA
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volume, 4560 with LA morphology, 152 with LA deformation, 419 with LA strain, 25 with LA phasic
volumes, 3589 with LA EF, 6173 with LA function, were excluded for various reasons, mainly
because populations were not free of cardiovascular disorders or risk factors or because LA was
not accurately evaluated. Thus, after excluding 34 duplicates, 326 studies met the inclusion criteria
and a final population of 62,821 subjects were included into the analysis. Parameters were
compared among 4 age groups, <30, 30-45, >45-60, >60 years.
In the population as a whole, neither BSA nor body mass index differed (p=0.19 and p=0.48,
respectively) between groups but systolic and diastolic blood pressure (BP) increased with
increasing age (systolic BP: 115.9±0.8 vs. 119.6±0.5 vs. 123.2±0.5 vs. 126.8±0.9 mmHg, p<0.0001
and diastolic BP: 74.1±0.5 vs. 75.3±0.3 vs. 76.5±0.3 vs. 77.6±0.6 mmHg, p=0.005 for the 4 age
groups, respectively.

Impact of age on LA and LV structure. Table 11, 12 and 13 shows LA and LV parameters in the
overall population divided in 4 age groups. LA antero-posterior diameter and LA volume gradually
increased with increasing age, however LA volume index did not differ between groups. LV
dimensions were not different among groups neither were LV end-diastolic volume or LV endsystolic volume. While LV mass did not differ, LV mass index increased with age (p<0.0001). LV EF
did not change with age, but LV diastolic function was significantly influenced by age with a
decrease in E/A ratio and an increase in E/e’ ratio with advancing age (p<0.0001 and p=0.001,
respectively).
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Table 11. Left atrial size according to age obtained from the overall population.

Mean ± SE

95% CR

< 0.0001

LA AP diameter (mm)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

31.8 ± 0.4
32.9 ± 0.2
34.0 ± 0.2
35.1± 0.4

28.9 - 34.6
30.1 - 35.6
31.2 - 36.7
32.3 - 37.9

LA area (cm2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

0.35
14.9 ± 0.9
15.3 ± 0.6
15.8 ± 0.5
16.3 ± 0.9

11.3 - 18.4
12.1 - 18.6
12.6 - 19.1
12.7 - 19.8
0.0002

LA volume (mL)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

31.5 ± 2.2
36.5 ± 1.2
41.6± 1.1
46.6 ± 2.1

20.3 - 42.6
26.0 - 46.1
31.1 - 52.1
35.6 - 57.7

LA volume index (mL/m2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

p value for
age

0.21
22.2 ± 0.6
22.6 ± 0.3
23.1 ± 0.3
23.5 ± 0.6

LA, left atrial; AP, antero-posterior.

72

20.8 - 23.5
21.7 - 23.5
22.1 - 24.0
22.1 - 24.9

Table 12. Left ventricular size according to age obtained from the overall population.

Mean ± SE

95% CR

47.4 ± 0.4
47.1 ± 0.2
46.8 ± 0.2
46.6 ± 0.3

45.1 - 49.6
44.5 - 49.3
44.6 - 49.0
44.3 - 48.4

LV end-diastolic diameter (mm)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

0.10

LV end-systolic diameter (mm)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

28.8 ± 0.8
29.6 ± 0.4
30.4 ± 0.4
31.2 ± 0.8

23.2 - 34.4
24.2 - 35.1
25.0 - 35.9
25.6 - 36.8
0.46

LV EDV (mL)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

97.5 ± 4.0
95.9 ± 2.2
93.6 ± 2.6
91.6 ± 4.7

78.8 - 116.2
78.1 - 112.9
76.0 - 111.2
72.3 - 111.0
0.30

LV ESV (mL)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

31.6 ± 1.9
33.0 ± 1.0
34.4 ± 1.4
35.9 ± 2.6

25.3 - 37.9
27.7 - 38.4
28.7 - 40.2
28.7 - 43.1

LV EDV index (mL/m2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

0.06
54.9 ± 1.8
52.9 ± 1.2
50.8 ± 1.3
48.8 ± 2.1

51.3 - 58.5
50.5 - 55.2
48.1 - 53.5
44.6 - 53.1

LV ESV index (mL/m2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

0.14
20.1 ± 0.7
19.4 ± 0.5
18.6 ± 0.7
17.8 ± 1.2

18.7 - 21.5
18.3 - 20.4
17.1 - 20.1
15.4 - 20.2
0.15

LV mass (g)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

128.6 ± 8.6
136.5 ± 5.4
144.5 ± 6.6
152.4 ± 10.8

65.7 -191.5
75.1 - 198.0
82.5 - 206.4
88.1 - 216.7

66.4 ± 3.2
74.6 ± 1.8
82.9 ± 1.8
91.2 ± 3.1

39.5 - 93.3
48.2 - 101.1
56.5 - 109.3
64.3 - 118.1

LV mass index (g/m2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

p value for
age
0.20

< 0.0001

LV, left ventricular; EDV, end-diastolic volume; ESV, end-systolic volume.
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Table 13. Left ventricular systolic and diastolic function according to age obtained from the overall
population.

Mean ± SE
EF (%)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60
E/A ratio
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60
E/e’ ratio
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

95% CR

p value for
age
0.75

65.0 ± 0.6
64.9 ± 0.3
64.8 ± 0.3
64.7 ± 0.5

60.3 - 69.7
60.3 - 69.5
60.2 - 69.4
60.0 - 69.3
< 0.0001

1.65 ± 0.03
1.41 ± 0.02
1.18 ± 0.01
0.95 ± 0.02

1.50 - 1.80
1.27 - 1.56
1.04 - 1.32
0.81 - 1.10
0.001

6.8 ± 0.3
7.3 ± 0.2
7.8 ± 0.2
8.3 ± 0.3

4.8 - 8.9
5.3 - 9.3
5.8 - 9.9
6.2 - 10.4

EF, ejection fraction.

Impact of age on LA and LV function. Table 14 shows the effect of age on LA function parameters.
LA EF measured by 3D echocardiography modestly reduced with age (p=0.049), but respective
measurements derived by 2D did not (p=0.94). We selected 25 studies, of a total of 1842 subject,
which estimated LA strain, i.e. reservoir function, by STE. The impact of age was not significant
among the groups (36.9±1.9 vs. 36.9±1.2 vs. 37.8 ± 0.6 vs. 38.7± 0.6%, p=0.32). This lack of effect
was further confirmed when only studies using the GE software were included in the analysis (22
studies, 1648 subjects) table 14.
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Table 14. Left atrial function in the overall population estimated by 2-dimensional phasic volumes,
speckle-tracking and three-dimensional echocardiography.

Mean ± SE
PALS (%)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60
3D EF (%)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60
EF by phasic volumes (%)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

95% CR

P value
for age
0.25

39.1 ± 2.4
37.8 ± 1.3
36.5 ± 0.8
35.2± 1.7

34.1-44.2
35.1-40.5
34.8-38.3
31.7-38.8
0.04

86.9 ± 7.7
65.8 ± 1.4
44.7 ± 7.2
23.7 ± 14.4

NA
61.9-69.8
24.9-64.3
NA
0.94

56.4 ± 8.8
56.9 ± 3.4
57.5 ± 5.5
58.0 ± 11.6

28.2-84.6
46.0-67.9
39.8-75.1
21.0-95.0

PALS, peak-atrial longitudinal strain; 3D, three-dimensional; EF, ejection fraction. NA, not available

Effect of age on LA and LV function according to gender. Table 15 shows the most relevant LA and
LV parameters according to age and gender. Neither LA antero-posterior diameter nor LA volume
index were affected by age in males (p=0.77 and p=0.47, respectively), but both LV end-diastolic
and end-systolic volumes decreased (p=0.0007 and p=0.0002, respectively). LV EF did not differ
among the 4 groups (p=0.35). In females, no differences were found among the 4 age groups for
LA antero-posterior diameter (p=0.18), LA volume index (p=0.38), LV end-diastolic and end-systolic
volumes (p=0.32 and p=0.31, respectively), or LV EF (p=0.80).
The number of studies and subjects used to derive each parameter are reported in table 16.
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Table 15. Left atrial size and left ventricular dimensions according to age and gender.

Men
Mean ± SE

Women
95% CR

Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

LA volume index
(ml/m2)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

34.4 ± 1.4
34.7 ± 0.8
34.9 ± 1.1
35.2± 1.9

31.3-37.4
32.8-36.5
32.5-37.4
31.2-39.3

31.6-36.0
31.7-34.2
30.6-33.4
28.6-33.7
0.38

21.1 ± 3.7
21.1 ± 2.3
21.2 ± 2.2

9.5-32.6
11.7-30.6
11.8-30.6

22.2 ± 3.8

13.4-30.9

21.2 ± 3.6

9.8-32.7

0.0007

92.1 ± 1.4
84.1 ± 1.3
76.2 ± 2.3

94.3105.9
88.8-95.5
81.0-87.3
70.7-81.7

0.32
81.1 ± 8.9

59.4-102.8

75.5 ± 4.9
69.9 ± 5.1
64.3 ± 9.1

62.0-88.9
56.1-83.6
42.0-86.5

0.0002
39.4 ± 1.0
35.5 ± 0.6
31.6 ± 0.5
27.7 ± 0.9

37.1-41.7
34.2-36.8
30.4-32.8
25.6-29.8

0.31
26.6 ± 1.6
25.6 ± 0.9
24.5 ± 1.0
23.5 ± 1.7

22.7-30.5
23.4-27.7
22.2-26.8
19.4-27.5

0.35

EF (%)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

33.8 ± 1.0
32.9 ± 0.6
32.0 ± 0.6
31.1± 1.2

14.4-28.4
17.4-25.9
16.7-27.1

100.1 ± 2.5

62.4 ± 1.4
63.1 ± 0.8
63.9 ± 0.8
64.7 ± 1.4

59.3-65.4
61.4-64.9
62.1-65.7
61.6-67.8

P value
for age
0.18

21.4 ± 3.0
21.7 ± 1.8
21.9 ± 2.3

LV ESV (mL)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

95% CR

0.47

LV EDV (mL)
Age ≤30 years
Age > 30 & Age ≤45
Age > 45 & Age ≤60
Age > 60

Mean ±
SE

0.77

LA AP diameter (mm)
Age ≤30 years

P value
for age

0.80
65.3 ± 0.9
65.1 ± 0.5
64.9 ± 0.6
64.8 ± 1.1

63.3-67.2
64.1-66.2
63.7-66.2
62.4-67.1

LA, left atrial; AP, antero-posterior; LV, left ventricular; EDV, end-diastolic volume; ESV, end-systolic
volume; EF, ejection fraction.
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Table 16. Number of studies and subjects used to derive each parameter. I2 and Q factor for each
parameter are also shown.

Studies (n)

Subjects (n)

I2

Q

P value Q

187

21589

24.65

308.1

< 0.0001

28
67
116

4120
9081
30940

25.7
54.8
0.42

32.5
125.9
53.5

0.17
< 0.0001
0.99

167

36002

16.5

0.7

0.20

109

13373

53.4

243.4

< 0.0001

40

5289

35.3

77.3

0.0002

33

3511

12.8

24.7

0.78

33

2452

0

13.4

1.0

29

1830

0

8.5

1.0

50
128
222
171
88
25
6

24058
37739
39133
14757
8481
1842
516

80.5
68.0
31.8
7.8
49.5
0
0

417.4
889.7
312.0
95.6
177.6
11.3
1.8

< 0.0001
< 0.0001
< 0.0001
1.0
< 0.0001
0.98
0.78

5

304

0

2.3

0.50

14

3404

0

7.7

0.80

10

971

0

8.5

0.90

Overall
LA antero-posterior
diameter
LA area
LA volume
LA volume index
LV end-diastolic
diameter
LV end-systolic
diameter
LV end-diastolic
volume
LV end-systolic
volume
LV end-diastolic
volume index
LV end-systolic
volume index
LV mass
LV mass index
LV ejection fraction
E/A ratio
E/e’
PALS
3D ejection fraction
Ejection fraction by
phasic volumes

Male
LA antero-posterior
diameter
LA volume index
LV end-diastolic
volume
LV end-systolic
volume
LV ejection fraction

9

1842

0

0.2

1.0

9

1842

0

0.2

1.0

15

2587

0

5.8

0.95

15

4105

0

4.0

0.99

10

696

29.7

12.7

0.98

Female
LA antero-posterior
diameter
LA volume index
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LV end-diastolic
volume
LV end-systolic
volume
LV ejection fraction

10

1811

5.2

8.5

0.39

9

1779

0

1.2

0.99

16

2383

0

3.4

0.99

LA, left atrial; LV, left ventricular; PALS, peak atrial longitudinal strain; 3D, three-dimensional.
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DISCUSSION
Study 1
Findings: This study confirms and extends previous observations showing the changes in LA size
and function through the three phases of the cardiac cycle, i.e., maximum filling (reservoir),
passive empting (conduit), and active empting (atrial pump), demonstrating that the morphofunctional LA remodelling occurs in athletes in response to increasing training load over the
competitive season.
Top-level athletes had larger indexed LA volumes at the time of maximum atrial filling and passive
empting, but similar volumes during atrial systole compared with controls. LA volume increased
further with changes in training intensity and volume, again during the reservoir and conduit
phases but remained unchanged during the active LA pumping phase. However, two months after
detraining the LA volumes fell and became not different from pre-training values. Finally, the only
independent predictor of maximum LA volume at-end training was LVM index, which was
determined by the increase in LV end-diastolic diameter and septal thickness.
Data interpretation: The increased LA pre-training volume is likely to reflect chronic cavity
remodelling in a group of soccer players. The exact relationship between such changes in LA
volumes and LV structure and function, being its counterpart during the cardiac cycle, has never
been fully understood. It has, however, become clearer when we studied volume changes during
training. LA volumes during the reservoir and conduit phases increased further, along with LV enddiastolic volume, and achieved their largest values at peak training time. Such atrio-ventricular
coupled behaviour may, in part, be explained on the basis of LV adaptive mechanism and
increased venous return in order to cope with the progressive increase in stroke volume demand
with exercise. This theory is supported by the sole predicting ability of LVM index of maximum LA
volume, confirming that the main driving force for LA volumetric change is the LV structure and
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function. Interestingly, LA volume during the active pumping phase (late diastole) was not
different from controls and did not change with training. This confirms two facts, 1) in those
athletes despite LA remodelling, its pump function remains preserved and 2) In the presence of
maintained LV filling in early diastole there was no need for a change in LA systolic function during
its pumping phase. This is further confirmed when the volumes regressed to their original size
after detraining and still its systolic function remained stable. Furthermore, the results of this
study demonstrate that a decrease in resting heart rate and an increase in LV preload are able to
facilitate the observed increase in LA “true” conduit phase, identifying this phase as a relevant
determinant of LV filling. Noteworthy, the interaction between the LA and the LV is complex:
indeed, while previous cross-sectional investigations demonstrated a relationship between LA and
LV volumes, in this longitudinal study we found that, while LA seems to be early affected by the
hemodynamic changes induced by exercise, its morphological remodelling is maintained in the
long-term, contrary to the rapid response observed for the LV, after the decrease in training
volume and intensity. Although we can only speculate about the possible mechanisms beyond this
phenomenon, the different content in contractile proteins observed between the LA and the LV
and the need to maintain an “economized” heart at rest with a different atrio-ventricular protein
concentration, could at least in part explain our findings.

It is noteworthy that in this study the index of intra-cardiac filling pressure (i.e. E/e’ ratio) was
normal and remained within normal limits over the different season periods, despite the
substantial atrial and LV morphological remodelling. This finding suggests that atrial cavity
responds to the increased hemodynamic pre-load (induced by chronic exercise) by enhancing the
reservoir and conduit function in order to accommodate the increasing venous return and
maintain normal contractile function, efficient emptying function, and stroke volume, in a manner
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similar to that seen in volume overloaded LV. It must be noted that the pattern of LA remodelling
in the athlete substantially differs from that observed in pathological LV increased mass index such
as systemic hypertension or hypertrophic cardiomyopathy. In those conditions, the LA
enlargement is associated with the increase of LV filling pressure and the ensuing reduction of LA
passive and emptying volumes, thus leads to the compensatory increase in the atrial active
emptying time and emptying fraction. Similarly, LA enlargement in hypertrophic cardiomyopathy
is associated with reduced LV compliance and relaxation, decreased atrial conduit volume and
increased active emptying fraction. Thus, in those pathological conditions, LA remodelling conveys
impairment of reservoir and conduit function as a consequence of increased hemodynamic
afterload and an abnormal LV stiffness. Conversely, in athlete’s heart, the dynamic remodelling of
the LA is associated with an enhanced reservoir and conduit phase, while LA contractile function
remains stable, suggesting also a benign adaptation of the LV. Indeed, contrary to data observed
in this study, a maladaptive remodelling of the LV would be associated with a worsening in LA
reservoir and conduit function and an increased LA active contribution to LV filling, in order to
compensate for the increased LV stiffness. Thus, taken together, the analysis of dynamic changes
in LA phasic volumes demonstrates that exercise conditioning is able to generate in the athlete a
further atrial functional reserve, representing a relevant benign contribution to training-induced
cardiovascular remodelling.

Study 2
This study is the first longitudinal study investigating biatrial morphological and electrical
remodelling in top-level athletes. The major findings of the study are: i) top-level athletes have
greater biatrial size as compared to controls; ii) a further morphological adaptation can be
observed after 6 months of intensive training, with no changes in biatrial stiffness; iii) although
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athletes have greater biatrial dimensions compared to controls, no significant differences were
found in the ECG criteria for RAE and LAE and after 6 months of intensive training.
Previous cross-sectional studies demonstrated that competitive athletes have larger LA and RA
volumes compared with age- and gender-matched controls and with the normal reference values
used in the general population. After training a further increase in biatrial dimensions can be
observed in response to exercise-induced changes in haemodynamics. In this study, we confirm
these previous observations, demonstrating that athletes have greater biatrial dimensions
compared to controls and that a further increase can be observed after 6 months of intensive
training, despite the previous years of training. Although athletes exhibit these marked
morphological changes, atrial myocardial stiffness is normal both before and after training. We
have also demonstrated that a mismatch between morphological and electrical remodelling exists
in the athlete. Indeed, despite the biatrial enlargement, none of the athletes fulfilled the ECG
criteria for RA enlargement, while only 6% had showed ECG criteria for LA enlargement, but with
no overall differences with respect to controls. Furthermore, none of the participants had left or
right axis deviation. Thus, using a combined 12-lead ECG and echocardiographic examination of
atrial structure and dysfunction, we demonstrated, in a selected cohort of athletes that, despite a
significant increase in left and right atrial size induced by a 6-month intensive training workout, Pwave morphology remained unchanged. We also found no relationship between the
morphological changes in LAE and RAE after training and respective ECG measurements.
We used the recently developed non-invasive estimation of atrial stiffness, based on E/e’ ratio in
conjunction with LA global PALS to indirectly assess the potential effect of training and increase in
atrial size on myocardial stiffness. Despite the increase in biatrial size, cavity stiffness did not
change, supporting the hypothesis that LA remodelling in athletes is the result of a benign,
compensatory mechanism and does not convey, per se, pathological myocardial changes resulting
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from increased intra-cavitary pressures or interstitial fibrosis, as is the case in cardiomyopathies. In
addition, the lack of significant electrical (P wave) changes with any potential relationship with
atrial volumetric changes supports the previous mechanistic interpretation that, in the athlete,
despite the biatrial enlargement, myocardial electric and mechanical function integrity remains
preserved. These preliminary data suggests that, in a population of young, healthy athletes, Pwave morphology is primarily a reflection of interatrial conduction rather than of atrial size. This
has to be differentiated from the known changes in P wave morphology in patients with
cardiomyopathies or pulmonary hypertension.

Clinical implications: Twelve-lead resting ECG in athletes is recommended in the pre-participation
cardiovascular screening and the Italian experience has demonstrated that the addition of 12-lead
ECG to routine history and physical examination provides incremental diagnostic value and
reduces the incidence of sudden cardiac death in athletes. Distinguishing pathological from
physiological ECG changes remains, however, uncertain. Indeed, some training-related
adaptations of cardiac chambers mimic pathological findings and can be reflected on the surface
12-lead ECG, although their determinants are not fully understood. Although the interpretation of
atrial remodelling by echocardiography relies on a general consensus, interpretation of resting 12lead ECG of LAE and RAE is debatable with some considering it abnormal and others normal
variant. Thus, electrical determinants of atrial abnormalities among trained athletes remain largely
not formalised and the correlation with atrial size needs to be redefined. This issue is supported by
a single cross-sectional study that compared athletes with sedentary subjects, and found that
athletes P-wave morphology does not depend on the size of atria in young, healthy athletes. In a
cross-sectional study investigating a large population of competitive athletes, Gati and colleagues
demonstrated that athletes with LAE or left axis deviation exhibited larger LA and LV dimensions
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compared with athletes with a normal ECG. Conversely, no differences in atrial dimensions were
found between athletes with RAE or right axis deviation. However, while ≥20 h of weekly training
were identified as an independent predictor of individuals exhibiting LAE or left axis deviation
compared with individuals training for ≤5 h per week, no relationship was found between atrial
dimensions and LAE or left axis deviation. The study also acknowledged that echocardiographic
investigation of athletes demonstrating these disturbances on resting ECG failed to confirm an
evidence for cardiomyopathy or other major structural abnormalities. Likewise, the current
evidence failed to demonstrate a direct relationship between biatrial size and ECG demonstration
of LAE, RAE, left or right axis deviation. In addition, in our prospective, longitudinal study we
concur with these findings and we support the hypothesis that, in healthy athletes practising team
sports, atrial size does not impact on P-wave morphology. Furthermore, the rather strong
relationships we found between LA volume and LV structure and function support the concept of
integrated haemodynamic changes caused by volume overload with the thin walled chambers
dilating while the thick walled one thickens.

Study 3.
This study is the first to longitudinally characterize biatrial response to training in pre-adolescent
athletes. We demonstrated that: i) at baseline indexed biatrial structural measurements were not
different between pre-adolescent athletes, evaluated after 3 months of detraining, and their
sedentary counterparts; ii) after 5 months, LA size significantly increased in athletes and these
findings were consistent irrespective of technique used (2D or 3D echocardiography); however, RA
size did increase both in athletes and in controls, although with a greater extent in the former; iii)
biatrial dilatation was accompanied by a slight decrease in reservoir function as shown by a slight
reduction in LA and RA PALS, in the two groups with a peculiar reduction in contractile function in
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athletes. However, this parameter remained within the normal range in both groups. The
demonstration of a stable and normal biatrial ejection fraction further confirm that, despite the
cavity enlargement, biatrial function remained preserved. iv) Atrial volumes correlated, although
modestly, with stroke volume.
Knowledge of the effect of training on biatrial morphological remodelling in children is scanty and
conflicting findings were reported, denying any relationship between LA volume changes and
physical activity variables. However, Triposkiadis et al. demonstrated in a cross-sectional study
that LA volumes were greater in prepubertal swimmers compared to controls, findings which were
further confirmed by Zdravkovic M et al. in pre-adolescent football players. Although biatrial
indexed dimensions were not different between athletes and controls, this is the first longitudinal
study demonstrating that 5 months of intensive training resulted in significant increase in biatrial
volumes in athletes along with reduction in their myocardial deformation function. These changes
were irrespective of age, therefore they can be interpreted on the basis of sport activities.
The potential cause of LA enlargement could be either LV dysfunction or the increase in venous
return to the atrium which is bound to enlarge because of its thin wall against the increase in wall
stress with exercise. Our findings support the latter mechanism since we found no change in LV
structure or function with such type of sports. Furthermore, we found a modest relationship
between changes in LA volumes and stroke volume of the athletes but not of the controls. This
explanation is further supported by the changes we documented in the right atrial volumes which
were significantly larger than those of controls, even at baseline after 3 months of detraining. The
even thinner RA walls with their support to a circulation pressure 30% that of the left heart can
probably explain the difference in response between the two atria. Finally, retrospective
interpretation of the lack of indexed volume difference between athletes and controls suggests
that swimming results in healthy physiological changes in the atrial function which are reversible
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after deconditioning. Furthermore, even with the increase in LA indexed volume with exercise its
overall cavity systolic function remained preserved suggesting maintained myocardial reserve.
Longer-term effect of swimming on biatrial structure and function remains to be determined,
along with age related changes in cardiac structure and function.
This longitudinal study demonstrates that biatrial remodelling is dynamic in its nature and
changes after training, the knowledge of this biatrial adaptation is relevant, when considering
biatrial size as a marker for cardiac anatomical and functional pathology or for raising the
suspicion of a pulmonary hypertension independent of tricuspid regurgitation velocity. The slight
reduction in atrial deformation parameters should not be seen as pathological since it
accompanied the enlargement of the atrial cavity, thus could easily be explained on the basis of
Frank-Starling law, and its recovery which contributed to a normal ejection fraction supports its
physiological nature. These observations are in agreement with previous longitudinal studies in
competitive athletes demonstrating a slight reduction in atrial deformation parameters and a
peculiar contractile property induced by training, not only in adults but also in adolescent athletes.
A slight reduction in atrial deformation parameters was observed in this study also in the controls,
further supporting the interpretation of biatrial functional remodelling in athletes as a
physiological phenomenon.

Study 4.
Findings
The present meta-analysis shows that absolute LA volumes and LA antero-posterior diameter
increase with age but this relationship is lost when measurements are indexed to body surface
area. On the other hand, LA myocardial function in the form of deformation was not affected by
age. These findings are irrespective of gender or the echocardiograph or software used. Also, LV
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volumes in systole and diastole and ejection fraction were not affected by age but the indexed
mass significantly increased. Finally, LV diastolic function was the most sensitive cardiac measure
affected by age with E/A ratio increasing and E/e’ ratio reducing.

Data interpretation
The available literature reports conflicting data on the influence of aging on LA size. Using LA
volume measurements, Pearlman et al. found that LA volume index is independent of age from
childhood. Thomas et al. confirmed these results in a population of varying age from 17 to 86
years. Also, in a cohort of 966 patients with no known cardiovascular disease or risk factors, no
difference in LA volume index or relationship was found across age decades, which suggested any
increase of LA dimensions to be pathological. On the other hand, using LA antero-posterior
diameter, the calculated LA size was found to significantly increase with age. More recently, Nistri
et al. in a population of 418 healthy subjects (age range 16-84 years) found that age is a predictor
of LA volume index, both in the athletes and non-athletes, independent of changes in LV diastolic
properties. In order to reconcile the two means of measuring LA size, we designed the current
meta-analysis which included the largest ever analysed cohort of 65,052 subject.

The present findings demonstrate an impact of aging on absolute values of LA antero-posterior
diameter and LA volumes, but, when LA volume index was considered, no differences were found
among age groups. This finding is of significant importance since LA volume index, the
recommended method for measuring LA size, is the strongest marker associated with
cardiovascular disease, predicts cardiovascular clinical outcomes and provides uniform and
accurate risk stratification. Therefore, our findings support the current guidelines in justifying the
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accurate role of LA volume index in reflecting cavity size, with any increase due to an underlying
structure or function disturbances as pathological.
Despite not planning this meta-analysis to study the effect of age on LV structure and function, it
was inevitable to ignore the available data in different studies, in an attempt to interpret the
overall findings. The present meta-analysis shows that the only structural LV change with age is
the increase in indexed cavity mass and the function most sensitive to aging is the diastolic, not
the conventionally used systolic function i.e. LV EF. These findings are consistent with what we
previously reported using myocardial tissue Doppler velocity analysis, having demonstrated that
not only EF but even segmental systolic velocities are not affected by age but it is the early
diastolic velocities that drop and the late diastolic ones that increase with age. In the same report
we also highlighted the close relationship, we found, between myocardial velocities and spectral
cavity diastolic velocities. These results are supported by the recently published differences in
phasic LA volumes. The latter explains the significant relationship our meta-analysis showed
between LV E/A and E/e’ ratios and age.
Finally, our results also show that age has no effect on LA myocardial intrinsic function as shown
be deformation parameters, strain and strain rate. These findings were received not with any
surprise since various LA volumes were not affected either. Therefore, changes in pattern of LV
diastolic filling with age should always be seen as a reflection of LV myocardium function rather
than LA function.
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LIMITATIONS
Study 1
This study has obvious limitations. The sample size is small and this limitation could have
influenced the correlation analysis: indeed, a correlation between resting bradycardia and atrial
function has been previously reported. This correlation was not confirmed in this study, but we
cannot exclude its absence is related to the small sample size. However, the small sample size is
justified by the need to enrol a well-selected group of athletes who shared the same sport and
similar training protocol. We are unable to confirm or refute the absolute or partial recovery of LA
structure and function after detraining, since many factors could play parts, including age and type
of sports. Furthermore, although we observed an inverse remodelling of exercise-induced LA
adaptation after detraining, we cannot exclude that the existence of a cumulative effect of
repeated years of training could lead to some irreversible LA morphological or functional changes.

Study 2
The main limitation of this study is the small sample size. However, we chose to longitudinally
study a selected cohort of athletes rather than pooling data from additional teams in order to
expand the sample size. This could have resulted in uncontrolled additional differences between
subjects, e.g. athletic skill, coaching practices and competitive setting. However, according to this
limitation, the present findings should be interpreted as preliminary and hypothesis-generating
rather than offering a definitive answer. This study was not designed to validate the role of ECG as
a screening tool for cardiovascular disorders in young athletes. Furthermore, the determination of
the performance of 12-lead ECG in the athletic population when including, rather than excluding,
LAE and RAE criteria was beyond the scope of this study; thus, neither sensitivity nor specificity of
LAE and RAE were obtained. Finally, this study investigated athletes engaged in team sports, i.e.
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the most commonly practiced disciplines in Europe. Thus, data cannot be generalized to athletes
engaged in different disciplines, particularly those practising endurance, i.e. the type of sport most
commonly associated with marked atrial remodelling. Further studies are warranted to evaluate
whether these findings can be confirmed also in endurance athletes.

Study 3.
While the present study suggests that training can affect biatrial size and function in preadolescents, it is important to highlight that this finding may be sport specific, it is possible that
the influence of age and the related hormonal and growth factors may have a different impact in
anaerobic sports. Also, we cannot exclude that the observed response to training may reflect
genetic traits which predisposed the trained children to a more favourable and relevant
adaptation. Our results apply only to boys so should not be generalised to both genders. In
addition, the extent of recovery and normalisation of biatrial volumes after stopping exercise
should not be expected in adults without studying it first. Finally, echocardiography was used to
estimate biatrial size, even if cardiac magnetic resonance imaging (MRI) now represents the
method of choice to quantitatively assess cardiac dimensions. The lack of data based on cardiac
MRI represents a limitation; however, in this study we used not only two-dimensional, but also
three-dimensional echocardiography which is the only echocardiographic technique that
measures cardiac chamber volumes directly without geometric assumption and that has an
accuracy comparable with that of cardiac MRI, although volumes tends to be lower on
echocardiography.

Study 4.
Our results should be interpreted in the context of the following limitations. First, as all meta-
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analyses, our study is limited by variations in the studies included, which themselves may be
limited by biases in the recruitment process. Although most of the studies were performed
according to the international recommendations, some variations may have occurred in image
capturing or measurement.
LA volume measured from 2D echocardiography in the studies we included may underestimate
the exact value measured by cardiac computed tomography (about 19% for LA volume index).
However, in those studies the LA volume was compared with the normal values determined by the
same imaging technique using the same methodology. For the characterization of LA function, we
included data obtained using the most recent echocardiographic techniques, including STE, which
is known for its limitations, and requires expertise and highly trained operators.

CONCLUSIONS
Study 1.
LA remodelling in top-level athletes includes functional changes such as increased LA reservoir and
conduit volume and the relative reduction of LA active emptying. LA remodelling is dynamic in
nature, varies during competitive training in response to incremental training loads, and after
detraining. The strong correlation between exercise-induced LA and LV remodelling supports the
concept that morpho-functional LA remodelling also represents a physiological and benign
response to athletic training.

Study 2.
An intensive, high-volume training program causes significant increase in LA and RA volumes, with
normal filling pressures and normal stiffness. These changes in atrial morphology are not
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associated with significant changes in P-wave duration or amplitude on 12-lead ECG, suggesting
that P-wave morphology, in young, healthy athletes is not related to atrial size.

Study 3.
Intensive endurance training affects the growing heart of preadolescent athletes with an additive
increase in biatrial size, suggesting that morphological adaptations can occur also in the early
phases of the sports career of an athlete. Five months of intensive training were associated with a
preserved biatrial function, as demonstrated by two-dimensional STE and by 3-D
echocardiographic measurements, supporting the hypothesis of a physiological remodelling of the
heart. Although the presence of a dilated atrium in a child should raise the suspicion of an
underlying cardiovascular disease, in absence of congenital heart defects, an increase in biatrial
dimensions associated with preserved biatrial function can be considered a physiological
expression of the athlete’s heart and knowledge of training characteristics is necessary to
interpret echocardiographic and clinical data in this population.

Study 4.
In subjects free of cardiovascular disease or risk factors LA volume index is not influenced while LA
antero-posterior diameter and absolute volumes increase with advancing age. Normal aging does
not affect LA reservoir function with stable values of LA deformation and systolic function
measures. Therefore, these findings suggest that an increase in LA volume index and a decrease in
LA reservoir function are an expression of pathology and cannot be considered part of normal
aging.
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