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Abstract

Background: In young athletes, the level of competitiveness in sports is increasing, as well as frequency and intensity of exercise training.
Adaptations of the cardiac system to this increased workload imposed by exercise has not yet been studied sufficiently. In adults, studies
point towards a shift from the functional athlete’s heart towards pathological cardiac remodelling, with ventricular arrythmia and impaired
cardiac function, that is exercise-related. This systematic review investigates cardiac adaptations to exercise in junior athletes compared
to inactive controls. Methods: Three electronic databases (PubMed/Medline, ScienceDirect and Web of Science) were searched for
studies assessing 2-dimensional transthoracic echocardiography (2D TTE) and 2-dimensional speckle tracking echocardiography (2D
STE) parameters in junior athletes, aged 7–19 years, compared to inactive controls. Data was screened and extracted by two reviewers;
study quality and risk of bias was assessed by three reviewers. Results: Eight out of 1460 studies met all inclusion criteria, with all
studies reporting results on 2D TTE and six studies reporting results on 2D STE parameters in 540 (51 girls) junior athletes and 270 (18
girls) controls. There is evidence for structural cardiac adaptations of the left ventricle and both atria in junior athletes. Results regarding
left ventricular function are controversial with a tendency to improved function in dynamic exercising athletes. Left ventricular mass
and relative wall thickness point towards higher values in static exercising athletes. Conclusions: Cardiac adaptations to exercise occur
in children and adolescents. These adaptations are more pronounced in structural left ventricular parameters. Functional parameters are
preserved or slightly improved in junior athletes but not impaired by exercise.

Keywords: athlete’s heart; junior athletes; 2D transthoracic echocardiography; 2D speckle tracking echocardiography; cardiac remod-
elling

1. Introduction
Young athletes performing sports on a competitive

level practice between 10–20 hours a week at moderate to
high intensities [1]. To keep up with the increased demands
imposed on the body by intensive physical exercise, the car-
diovascular system has to increase its capacity by a factor
of 5–6 compared to moderate exercise [2]. Additionally,
the level of competitiveness is increasing as well as training
frequency, intensity, and demands that are placed into chil-
dren’s training sessions [3,4]. Several studies have reported
cardiac remodelling in children and adolescents [5–8]. Ap-
parently, cardiac adaptation does not require the time span
of a long professional training career.

To provide an overview of the current state of research
regarding structural and functional cardiac adaptation in ju-
nior athletes, and to present results of these studies regard-
ing the influence of exercise on the cardiovascular system,
we performed this systematic review, searching electronic
databases for studies investigating the cardiac structure and
function in male and female junior athletes (7–19 years)
compared to a non-active control group by two-dimensional

transthoracic echocardiography (2D TTE) or 2D speckle
tracking echocardiography (STE).

2. Materials and Methods
This review is in line with the PRISMA Statement [9].
Search strategy and selection criteria: We searched

databases PubMed/Medline, ScienceDirect, and Web of
Science. Inclusion criteria were (1) exercising or active
children and/or adolescents, aged 7–19 years; (2) compar-
ison of athletes with an inactive control group (CG); (3)
performing 2-dimensional transthoracic echocardiography
and/or 2-dimensional speckle tracking echocardiography.
The exact search term was: ((children OR adolescents)
AND (activ* OR trained OR exercise) AND (echocardiog-
raphy or speckle tracking) AND (control group)). Only ar-
ticles published in English were included. Review articles
and meta-analyses were not considered, as well as articles
including animal studies and the use of patients. Further
exclusion criteria were: (1) not meeting our age criteria;
(2) not exercising regularly/at a competitive level; (3) no
inactive control-group; (4) other cardiac imaging methods.
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Results were screened by two researchers separately (HW
and TE).

Risk of bias assessment: The risk of bias assessment
for methods was performed according to an 11-item check-
list for case-control studies [10]. To assess the risk of bias in
study results a 12-item checklist was applied based on a re-
cent review [4]. Three researchers (HW, LB, TE) screened
the methods section and checked each study’s results. If no
agreement could be found a consensual decision was made.

Data extraction: A standardized data extraction form
was set up (TE) and cross-checked (HW).Where study data
was unclear, authors of the corresponding publication were
contacted.

Quality assessment: Study’s quality was assessed
with the study quality assessment tool by the NIH National
Blood, Heart, and Lung Institute [11]. Criteria were rated
by three researchers (HW, LB, TE). If no agreement could
be found a consensual decision was made.

3. Results
In total, eight of 1460 studies met all inclusion crite-

ria. Most of the studies (1424/97.7%) were excluded af-
ter the first screening. The majority of these studies did
not deal with the matter of this review (43%), included pa-
tients (29%), did not meet our age criteria (16.5%), included
animals (7%), or were recommendations or reviews (4%).
Results of our search and reasons for excluding studies are
shown in Fig. 1.

3.1 Risk of Bias Assessment
Regarding the risk of bias assessment for methods full

agreement was met in 44% of cases. Regarding the risk of
bias assessment in reporting results, the researchers fully
agreed in 93% of cases (see Supplementary Table 1 and
Supplementary Table 2).

3.2 Quality Assessment
Five studies were rated to be of good quality [3,12–

15], one as fair [16] and two studies as being of poor quality
[17,18]. Full agreement between the researchers was met in
60.6% and a majority agreement in 38.3% of the categories.
Authors did not agree on 1 point (1.1%) (see Supplemen-
tary Table 3).

3.3 Study Groups Characteristics
Sample sizes varied from n = 44 to n = 300 partici-

pants [3,12–14,17]. Only two studies included female ath-
letes [14,16]. All studies included athletes performing pre-
dominantly dynamic (soccer and tennis) or mixed types of
sports (basketball, running, cross-country skiing). Three
studies included static types of sports [16–18]. A minimum
training history of two years was required in four studies
[14,16–18]. Athletes in other studies trained for an average
4–6 years [12,15,18]. Training time per week varied from
2.5–3 hours [14,16] up to 15 hours [17]. The control group’s

activity level was <2 hours in most studies. An overview
of the studies is given in Supplementary Table 4.

3.4 Anthropometry, Heart Rate and Blood Pressure
Anthropometric characteristics of study participants

(age, body height, body mass, body surface area [BSA],
body mass index [BMI]) as well as heart rate, systolic blood
pressure [SBP], and diastolic blood pressure [DBP] are dis-
played in Supplementary Table 5.

3.5 Heart Rate and Blood Pressure
Four authors reported a significantly lower heart rate

in athletes compared to controls (p< 0.05) [3,13,14,17,18].
Blood pressure results are inconsistent, with significantly
lower results in athletes [3,13], in dynamic-exercising ath-
letes only [18] or only for DBP [15] or no significant dif-
ferences in athletes vs. controls [12,14,17].

3.6 2D Transthoracic Echocardiography
There was a huge variety of echocardiographic param-

eters and their methodological approach which made it dif-
ficult to compare these studies. Most authors focused on pa-
rameters regarding the left heart [12,14–18] and two stud-
ies on the right heart’s structure and function [3,13]. Re-
sults were categorized according to the heart’s structure and
function.

3.6.1 Left Ventricular Structure
Six studies focused on LV structure [12,14–18]. As

structural parameters are largely influenced by BSA [19,20]
only indexed parameters were compared: LV end-diastolic
diameter (LVEDD), LV end-systolic diameter (LVESD),
interventricular septal thickness (IVS), LV wall thickness
(LVWT), LV posterior wall thickness (LVPWT), mean wall
thickness (MWT), relative wall thickness (RWT), LVM, LV
length, LV end-diastolic volume (LVEDV), and LV end-
systolic volume (LVESV). LVEDDwas significantly higher
in athletes in two studies [14,15]. The latter also reported a
significantly higher LVEDS. Binnetoglu et al. [16] reported
similar mean values for LVEDD and LVESD in athletes
and controls, except for basketball players. Athletes’ IVS
was significantly higher in three studies [14–16], LVPWT
was significantly increased in five studies [14–18]. Sulovic
et al. [18] reported a higher RWT in athletes. In addi-
tion, static exercising athletes had a significantly higher
RWT compared to dynamic exercising athletes. The same
for LVM held true in this study and in three other studies
[14,15,17,18]. Binnetoglu et al. [16] reported the same
findings in soccer players vs. tennis players and controls
and a significantly increased LVM in wrestlers vs. tennis
players. In summary, there is evidence of structural cardiac
adaptations in junior athletes. These adaptations cannot be
exclusively attributed to either dynamic or static types of
sport (see Supplementary Table 6).
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Fig. 1. Flow chart of the study selection process.

3.6.2 Left Ventricular Function
LV systolic function is represented by stroke volume

(SV), LV ejection fraction (EF), fractional shortening (FS),
cardiac output (Q), cardiac index, peak systolic myocar-
dial velocity (S’), LV myocardial performance index (Tei
index), concentricity, and sphericity index.

Endurance athlete’s EF was significantly increased in
the study by Rundqvist et al. [14]. Divided into dynamic
and static types of sport, Sulovic et al. [18] reported a sig-
nificantly higher EF in dynamic exercising athletes and a
significantly reduced EF in static exercising athletes. Con-
trary to these findings, three studies did not report signif-
icant differences [15–17]. The same is reported for FS
[15,16].

Diastolic function is represented by eleven parame-
ters: mitral annulus plane systolic excursion (MAPSE),
peak early LV diastolic filling velocity (E), peak late LV
diastolic filling velocity (A), E/A ratio (E/A), deceleration
time of E (DT), early diastolic myocardial velocity (E’), late
diastolic myocardial velocity (A’), E/E’ ratio (E/E’), and
E’/A’ ratio (E’/A’).

Significant differences for E and A are reported by
Binnetoglu et al. [16] and Sulovic et al. [18]. Swimmers’
E was significantly higher than the other athletes and the
CG [16]. Sulovic et al. [18] reported a significantly higher
E in dynamic compared to static exercising athletes, and a
significantly reduced E in the latter, compared to controls.
Wrestlers [16] had a reducedA compared to controls as well
as static exercising athletes compared to dynamic exercis-
ing athletes and controls [18]. E/A was significantly higher
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in athletes in the study by Rundvqist et al. [14]. Summa-
rized, the studies reported contradictory findings regarding
LV function (Supplementary Table 7).

3.6.3 Right Ventricular Structure
Two studies assessed RV structure [3,14] with the fol-

lowing parameters: right ventricular outflow tract (RVOT)
assessed in the parasternal long-axis view (PLAX) and the
parasternal short-axis view (PSAX), RVOT distal diame-
ter, RV basal diameter, RV mid-cavity diameter, RV end-
diastolic area, and RV end-systolic area. All RV parameters
in D’Ascenzi et al.’s [3] study failed significance (indexed
to BSA) except for RV end-systolic area. RV parameters by
Rundqvist et al. [14] were significantly higher in athletes
compared to controls (p < 0.01). In summary, there are
conflicting results on the effect of exercise on RV structure
(Supplementary Table 8).

3.6.4 Right Ventricular Function
Diastolic parameters as tricuspid annular plane sys-

tolic excursion (TAPSE), E/A, E’, A’, E/E’, and E’/A’ were
assessed by two authors [3,14]. RV systolic function was
assessed with two parameters: S’ and RV fractional area
change (FAC). Only TAPSE, indexed to BSA, was signifi-
cantly higher in athletes whereas RV FACwas significantly
reduced [14]. Summarized, there are conflicting results on
the effect of exercise on RV function (Supplementary Ta-
ble 9).

3.6.5 Left Atrial Structure
D’Ascenzi et al. [13] reported results of biatrial re-

modelling. Four other authors [14,15,17,18] assessed LA
diameter and LA volume. There were no significant differ-
ences in the study by D’Ascenzi et al. [13] and Sulovic et
al. [18]. Rundqvist et al.’s [14] study showed an increased
LA diameter and volume. Soccer players in the study by
Zdravkovic et al. [15] had an increased diameter compared
to controls. Summarized, three out of five studies reported
increased left atria dimensions in athletes (Supplementary
Table 10).

3.6.6 Right Atrial Structure
Two authors reported results of RA structure [13,14].

Parameters assessed were: RA area, RA diameter, and RA
volume. Soccer players in the study by D’Ascenzi et al.
[13] had a significantly larger RA volume compared to con-
trols. Rundqvist et al. [14] observed a significantly in-
creased RA area and diameter in endurance athletes. Sum-
marized, there is evidence of the influence of exercise on
right atrial structure (Supplementary Table 11).

3.7 2D Speckle Tracking Echocardiography
Six of the eight studies assessed myocardial strain

by 2D speckle tracking echocardiography [3,12–14,16,17].
Four studies assessed LV function [12,14,16,17], two au-

thors focused on the RV [3,14], and/or function of the atria,
respectively [13,14]. This categorization was further fol-
lowed to compare studies’ results. All studies applied the
same software for off-line analysis (EchoPAC, GE Health-
care), but used different versions. All performed the analy-
sis from 40 frames/s to 80–100 frames/s and measured my-
ocardial movement selecting the heart cycle with the most
defined endocardial border at end-diastole. Authors, how-
ever, applied different recommendations on how to perform
2D STE (Supplementary Table 4).

3.7.1 Left Ventricular Function

Three studies [12,16,17] reported results on four-
chamber longitudinal strain. Whereas Beaumont et al. [12]
did not observe significant differences between soccer play-
ers and controls, basketball players in the study by Bin-
netoglu et al. [16] had a significantly lower strain (p <

0.0001) compared to soccer players, swimmers, wrestlers,
and controls but not tennis players. Controls in the study
by Simsek et al. [17] had a significantly lower strain com-
pared to runners and wrestlers. The authors observed the
same for the two- and three-chamber view as well, with
a significantly lower strain in controls. The global longi-
tudinal strain (GLS) as an overall marker of LV function
was assessed in three studies [14,16,17]. Binnetoglu et al.
and Rundqvist et al. [14,16] reported GLS as an average
strain of 18 segments (four-, two-, and three-chamber view,
two walls each, subdivided into basal, mid, and apical seg-
ments). Simsek et al. [17] however, reported GLS as an
average strain of 15 segments.

Again, basketball players in the study by Binnetoglu
et al. [16] presented the lowest GLS compared to other
study groups (p < 0.001). Simsek et al. [17] did not ob-
serve a significant difference in GLS between runners and
wrestlers but a significant difference between the two ath-
lete groups and controls was reported. Rundqvist et al. [14]
on the contrary did not observe a significant difference in
GLS between endurance athletes and controls.

Two studies [12,16] reported results on circumferen-
tial and radial strain but for different LV segments. Beau-
mont et al. [12] measured circumferential and radial strain
at the mitral valve or basal level, respectively, and mid-
ventricular at the mid-papillary muscle level [12]. Cir-
cumferential strain differed significantly at both levels be-
tween soccer players and controls with higher values in
soccer players. They did not observe significant differ-
ences regarding radial strain. In contrast, Binnetoglu et
al. [16] reported global circumferential and radial strain,
measured at the anteroseptal, anterior, lateral, posterior, in-
ferior, and septal wall but did not state at which segmen-
tal level [16]. The combined group of athletes showed a
significantly lower circumferential strain (p < 0.04), how-
ever, post-hoc analysis did not reveal significant differences
between groups. Only Beaumont et al. [12] assessed ro-
tational and twist mechanics and found a significant dif-

4

https://www.imrpress.com


ference between soccer players and controls in counter-
clockwise apical rotation. In summary, three out of four
studies reported higher strain values in athletes with results
being influenced by the type of sports (Supplementary Ta-
ble 12).

3.7.2 Right Ventricular Function
D’Ascenzi et al. [3] and Rundqvist et al. [14] reported

RV longitudinal strain values assessed at the four-chamber
view. Both authors took measurements of the RV free wall
only, subdivided into basal, mid, and apical segments, and
did not observe significant differences between athletes and
controls (p > 0.05), see Supplementary Table 13.

3.7.3 Left Atrial Function
Two of six studies reported results on 2D STE of

the LA, however, D’Ascenzi et al. [13] and Rundqvist
et al. [14] did not investigate the same LA parameters.
D’Ascenzi et al. [13] reported results on peak atrial longitu-
dinal strain (PALS), which is a measure of LA deformation
during the reservoir phase, and peak atrial contraction strain
(PACS), which is the myocardial strain during atrial systole
[21,22]. They did not report significant differences between
athletes and controls. Rundqvist et al. [14] assessed LA to-
tal strain measured at the four- and two-chamber view with
subdividing the LA into six segments each [23] and also
did not observe significant differences between athletes and
controls either. Summarized, there is no evidence of an in-
fluence of exercise on LA strain, (Supplementary Table
13).

3.7.4 Right Atrial Function
Only D’Ascenzi et al. [13] reported results on 2D STE

of the right atrium, assessed at the four-chamber view with
subdividing RA into six segments. Analogous to LA func-
tion, PALS and PACS of the right atrium were assessed.
The authors did not find significant differences between
athletes and controls. Summarized, there is no evidence for
an influence of exercise on RA strain (Supplementary Ta-
ble 13).

4. Discussion
This systematic review compared results of eight stud-

ies assessing 2D TTE and 2D STE parameters in junior ath-
letes vs. an inactive CG. The main findings of the study
were: (1) Training-induced chamber-remodelling does oc-
cur in junior athletes. (2) Results regarding 2D TTE as-
sessed LV and RV function are conflicting and do not pro-
vide a clear statement pointing towards an improved func-
tion in athletes. (3) LV function assessed by 2D STE was
improved in junior athletes in two of three studies. RV and
atrial function were not affected by exercise.

4.1 2D Transthoracic Echocardiography
4.1.1 Left Ventricular Structure

Overall, five of six studies observed increased LV
dimensions. These results are in line with other authors
[4,5,7,8,24–26]. Mc Clean et al. [4], reported increased LV
morphometry in a meta-analysis involving >14 000 junior
athletes. LVEDD, LVDS, IVSD, RWT, LVM (p ≤ 0.001),
and LVPWT (p ≤ 0.01) differed by 5.6–27.6% from non-
athletic controls. Krysztofiak et al. [25] observed a signifi-
cantly increased LVEDD, LVPWT (p < 0.001) and IVS (p
< 0.01) in 791 boys and girls of different types of sports (5–
18 years) and Sharma et al. [7] significantly higher IVSD,
LVPWT, LVWT, LVEDD. Non-significant LV structure in
soccer players compared to controls by Beaumont et al.
[12] were explained by participants maturity status, refer-
ring to Nottin et al. [27] who concluded that a sufficient ma-
turity status has to be reached to elicit an exercise-induced
increase in LV structure. This observation is not in line with
results byMc Clean et al. [4] who observed a significant in-
fluence of exercise on cardiac dimensions during as well as
before puberty. Ayabakan et al. [5], reported a significantly
increased IVSD, LVPWT, LVMI (p < 0.001), and RWT (p
< 0.007) in 22 pre-pubertal male swimmers (10–12 years).
These results, as well as results by D’Ascenzi et al. [3],
interfere with the hypothesis by Nottin et al. [27], leading
to the assumption that adaptations do take place before and
during puberty – however adaptations might be accelerated
by hormonal influences during puberty. Additionally, other
factors contribute to cardiac adaptations, such as genetics,
training history and intensity.

LV hypertrophy, defined by an LVM>95th percentile
can be differentiated into eccentric (RWT ≤0.42) and con-
centric (RWT >0.42) hypertrophy [28]. Traditionally, it is
believed that dynamic stimuli result in eccentric and static
stimuli in concentric hypertrophy, respectively [29,30].
Binnetoglu et al. [16] observed LV hypertrophy in 45.9%
of all athletes with 29% being eccentric and 16.1% con-
centric. Interestingly, the type of LV hypertrophy was not
a function of the underlying training stimulus. More than
one third (35.6%) of swimmers (static-dynamic) as well as
39.1% of wrestlers (static) presented eccentric hypertrophy
whereas concentric hypertrophy was observed in 28.9% of
swimmers and only 4.3% of wrestlers. Sulovic et al. [18]
reported eccentric hypertrophy in 79.4% of athletes in the
dynamic group and 54.05% of the static group. Concentric
hypertrophy was prevalent in 20.6% of athletes of the dy-
namic and 49.95% of the static groups. On the contrary,
Simsek et al. [17] reported results that support the tradi-
tional view. Participants in this study [17] were slightly
older compared to Binnetolgu et al. [16] and Sulovic et al.
[18]. Aformentioned influences like hormonal status, ge-
netics and training history could play a role in this adaptive
process.
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Regarding LV wall dimensions, a LVWT or IVSD
>12 mm represents the upper limit in males, and >11 mm
the upper limit in females [7]. Binnetoglu et al. [16]
reported 98.9% of male athletes having IVSD >12 mm.
Other authors [14,15,17,18] reported none of the athletes
exceeding this cut-off which is in line with Pelliccia et al.
[6] who reported LVWT >12 mm in only 16 of 947 male
elite Olympic athletes (13–49 years) as well as results by
Sharma et al. [7] who reported LVWT >12 mm in 38 out
of 720 male elite athletes (15.7 ± 1.4 years). None of the
studies included in this review reported IVSD or LVWT
>11 mm for females. During puberty, testosterone levels
in males exceed female levels by up to 15 times [31]. That
is why structural changes inmalesmay bemore pronounced
than in females.

In conclusion, exercise does have an impact on LV
structure in young athletes. This impact is influenced by
athletes’ age, hence pubertal and hormonal status and also
by training volume and intensity. Most studies observed
significantly increased LV diameter, LVWT, and LVM in
athletes.

4.1.2 Left Ventricular Function

Results regarding LV function did not clearly state sig-
nificantly different results between athletes and controls or
within the athletic groups. None of the studies reported any
adverse results regarding a significantly impaired LV func-
tion. Three authors [12,14,18] noticed an improved systolic
function by a significantly increased EF in soccer players
and dynamic sports, respectively. Rundqvist et al. [14] ob-
served a significantly improved diastolic function (E/A) as
well as Sulovic et al. [18] in endurance-trained athletes (E).
This result is in line with other studies [5,24,32,33]. Un-
nithan et al. [33] compared 22 highly trained soccer play-
ers (12 ± 0.3 years) and 15 controls (11.7 ± 0.2 years)
and noticed a significantly higher E in soccer players at
rest as well as during submaximal exercise on the cycle
ergometer. The authors concluded that exercise leads to
an improved diastolic function in highly trained athletes
even at a young age. Ayabakan et al. [5] and Rundqvist et
al. [34] noticed significantly improved diastolic function in
pre-pubertal male swimmers (10–12 years) and endurance
athletes (13–19 years), respectively. Gajda et al. [35] ex-
amined 12 swimmers at a ultramarathon-relay with TTE be-
fore, during the competition and during recovery, e.g., 48
hours after the competition. During recovery, LVEF and SF
were significantly increased compared to baseline measure-
ments and during the competition. On the contrary, Pavlik
et al. [32] compared male children, adolescents, and adults
with a significantly improved diastolic function in adoles-
cents (15–18 years) and adults (19–60 years), only. Mc-
Clean et al. [4] and Sharma et al. [7] did not report a sig-
nificantly improved diastolic function at all, and Sulovic et
al. [18] noticed a reduced diastolic function compared to
controls (E, A) in static training athletes.

In conclusion, results are controversial and do not al-
low a clear statement. Regarding LV systolic function, there
are studies reporting improved results in young athletes but
also no significantly different results compared with con-
trols. The same is for LV diastolic function. If significantly
increased results were reported, they were reported in en-
durance athletes but not in strength-trained athletes.

4.1.3 Right Ventricular Structure

Two studies assessed RV structure [3,14] with con-
flicting results. D’Ascenzi et al. [3] only noted a signif-
icant increase in RV end-systolic area index in swimmers
compared to controls. All other parameters failed statisti-
cal significancewhen indexed to BSA. Rundqvist et al. [14]
observed a significantly increased RVOT, RV basal diame-
ter index, and RV end-systolic area index. RV adaptation is
expected in athletes as the RV works hand-in-hand with the
LV [36,37]. Strength training, on the contrary, does not af-
fect the RV to the same extent that endurance exercise does,
and pulmonary vasculature is protected by high pressures
[30,38]. Current literature does not provide better insight
into RV structure in children and adolescents. Only one
study could be found that assessed RV structure in this age
group [39]. Allen et al. [39] reported RVWT and RV cavity
in 77 swimmers (32 females), aged 10.8 (5–17) years. All
participants exceeded the 95th percentile of reference val-
ues for RVWT, and most of the participants for RV cavity.
La Gerche et al. [38] noticed a significant increase in RV
volume right after a competition in 40 adult athletes (37± 8
years) and hypothesize a strong impact of endurance exer-
cise on the right heart’s structure. Comparisons of RV end-
diastolic and end-systolic areas were significantly higher
in adult athletes vs. controls [40] and endurance athletes
vs. strength-trained athletes [41]. In conclusion, results
are controversial. Results in adults point towards an influ-
ence of predominantly dynamic but not strength exercise.
Further studies are needed to confirm these results in the
younger age group.

4.1.4 Right Ventricular Function

Two studies investigatedRV function in junior athletes
[13,14]. Rundqvist et al. [14] found a functional remod-
elling in endurance-trained athletes whereas D’Ascenzi et
al. [3] observed no differences between swimmers and con-
trols for most parameters and a significantly reduced RV
FAC in swimmers. La Gerche et al. [38,42] confirmed
these results in adults at rest and immediately after a compe-
tition. Thus, the slightly reduced resting function that was
preserved during exercise rather bears a contractile reserve
but does not represent impaired RV function [42]. Reduced
RV function in highly trained athletes immediately after a
competition mostly recovered after one week but long-term
structural remodelling is likely [38]. The adverse conse-
quence of this is ventricular arrhythmia, which is observed
in trained adults, associated with a longer duration of exer-
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cise [29,38,43]. To prevent this adverse adaptation in chil-
dren and adolescents, a closer observation of junior athletes
is needed—especially in a longitudinal setting.

4.1.5 Left and Right Atrial Structure
Five studies examined LA structure [13–15,17,18],

and two studies assessed RA structure [13,14]. All stud-
ies except for two [13,18] reported significantly increased
LA and RA dimension and volumes which is in line with
studies in adult athletes [44–49]. During exercise, the LA
adapts to pressure and volume overload, which leads to LA
dilatation [45]. Pelliccia et al. [48] observed marked atrial
dilatation (≥40 mm) in 20% of n = 1777 adult athletes
but defined this as a physiological adaptation to exercise
as only 0.8% of athletes presented with supraventricular ar-
rhythmias. LA adaptation was largely associated with the
LV as 1 mm in LV dilatation induced a 0.4 mm increase
in LA diameter. Furthermore, LVWT, BSA, and age con-
tributed to LA adaptation. For the RA, increased diameter
and volume were also regarded as a physiological adapta-
tion [13,49]. Gjerdalen [47], however, noticed significantly
more tricuspid regurgitations in adult athletes vs. controls
(n = 343/58% vs. 17/36%).

In conclusion, LA diameter and volume, RA volume,
area, and diameter were increased in athletes, indicating a
significant influence of exercise. As a consequence of LA
dilatation, atrial flutter or fibrillation could arise as compli-
cation. Therefore, more focus should be placed on atrial
examination to detect adverse adaptations as early as possi-
ble.

4.2 2D Speckle Tracking Echocardiography
Six of eight studies included in this review performed

STE analysis [3,12–14,16,17]. 2D STE is accepted as an
early marker for systolic dysfunction as it detects a decrease
in contractility when EF is still within normal limits [50,51].

4.2.1 Left Ventricular Function
Two of four studies reported improved LV function in

junior athletes. In the study by Simsek et al. [17], this dif-
ference did not depend on the types of sports, as there were
no significant differences between endurance and strength
athletes. On the contrary, Binnetoglu et al. [16] observed a
significantly reduced strain in basketball players compared
to other groups and controls whereas Rundqvist et al. [14]
did not observe significant differences in strain between en-
durance athletes and controls. The latter is in line with no
significant results reported by other authors [33,52,53] who
compared 22 soccer players (12.0± 0.3 years) with 15 con-
trols (11.7 ± 0.2 years) at rest and during submaximal ex-
ercise [33], and 76 cross country skiers (12.1 ± 0.2 years)
with 25 controls (12.1 ± 0.3 years) [52]. No significant
differences for GCS and GRS were reported by Charfed-
dine et al. [54] in a cohort of 33 soccer players (13.19
± 1.2 years) and 20 controls (12.9 ± 2.1 years). Further-

more, GLS turned out to be significantly reduced in athletes
(20.68± 2.05 vs. 22.99± 2.32, p< 0.001). De Luca et al.
[55] support these results. They recognized reduction in LV
strain as an early sign of LV dysfunction in n = 50 athletes
(soccer, cycling, basketball, 14–19 years). In conclusion,
results are conflicting regarding LV function. Contrary to
themajority of studies [14,33,52–54], two studies presented
in this review [12,17] reported an improved LV function in
junior athletes.

4.2.2 Right Ventricular Function
Two studies assessed RV function in junior athletes

[3,14] and did not observe significantly different values in
athletes and controls. Furthermore, there was a tendency
toward lower strain values in athletes vs. controls. Bjerring
et al. [52] observed a significantly reduced RV GLS (28 ±
4 vs. 31 ± 3, p < 0.001) in 76 cross country skiers (12.1
± 0.2 years) compared to 25 controls (12.1 ± 0.3 years)
and a negative correlation of RV GLS with VO2max (r =
–0.22, p < 0.06) and the amount of exercise (r = –0.24, p
< 0.05). They hypothesize that the RV might be affected
by cardiac fatigue through exercise which is explained by a
reduced resting cardiac function in athletes after strenuous
exercise. This cardiac fatigue might affect the RV earlier
than the LV [38,52]. In conclusion, results of this review
do not point towards a significant influence of exercise on
RV longitudinal strain. However, only two studies out of
six reported RV longitudinal strain. There is evidence that
the RV is affected by strenuous exercise. As the RV bears
the potential to elicit arrhythmogenic cardiomyopathies, the
focus of further studies should be placed of the assessment
of RV function.

4.2.3 Left and Right Atrial Function
Two studies investigated atrial function by 2D STE

[13,14]. D’Ascenzi et al. [13] examined biatrial function in
swimmers vs. controls and did not report significant differ-
ences. Rundqvist et al. [14] observed non-significant dif-
ferences in LA strain between endurance athletes and con-
trols. One study was identified that examined LA function
in n = 595 highly trained soccer players (25.1 ± 4.6 years)
and n = 47 controls (26.2 ± 6.5 years) with no significant
differences between groups [47]. Furthermore, in athletes
with enlarged atria, LA function was still preserved. In con-
clusion, results do not point towards a significant influence
of exercise on LA strain parameters. However, only two
studies of six investigated LA strain. Only one study exam-
ined RA function and did not observe a significant influence
of exercise. As both atria, are affected by higher blood vol-
ume in athletes, and the LA also by an increase in pressure
during exercise, assessing atrial function is of importance.

4.3 Limitations
The number of studies investigating cardiac adapta-

tions in young athletes is limited. Comparability of ex-
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isting studies is difficult due to differences in age groups,
different types of sports, whether male or female athletes
are being compared, and, importantly the difference in the
parameters assessed by echocardiography itself. The lat-
ter calls for a consensual recommendation on how to assess
the pediatric athlete’s heart by 2D TTE and 2D STE and on
how to report these data [56]. If available, sex- and age-
dependent z-scores should be reported instead of absolute
values [4,56]. In total, 51 parameters have been assessed by
2D TTE in eight studies, regarding the left and right heart
structure and function, and 15 different parameters with 2D
STE. All parameters have been assessed in different co-
horts, with sub-groups of n = 16 to n = 100 participants,
predominantly males. The age varied from 10.8 ± 0.2 to
17.5 ± 2.2 years, including pre-, peri-, and post-pubertal
athletes, respectively. This variation in-between and within
studies itself complicates the comparison of echocardio-
graphic parameters, that should be discussed regarding age
and pubertal status, respectively. Additionally, sex, ethnic-
ity, and genetic influences contribute to the variability in
results [4,29,31,37,57,58]. Regarding sex, females are not
represented equally in the literature. Out of>14 000 young
athletes in the review by McClean et al. [4], only 19% of
participants were females. Studies included in this review
include Caucasian athletes only. In general, cardiac adap-
tations are more pronounced in athletes of African ethnic-
ity compared to other ethnicities [59–61]. It is not possible
to rule these influences out, especially the role of genetics.
Therefore, considerable care should be taken to ensure bal-
anced study groups. In this review, participants took part
in 10 different types of sport. As the training stimulus is
known to influence physical adaptation, this is a further
source of controversial results. Genetic traits, determine the
type of sports a child chooses to some extent [33], depend-
ing on the ability to perform successfully in the chosen dis-
cipline. By comparing adequate samples of different types
of sports, this impact could be accounted for. The definition
of inactive controls varied considerably within the studies.
Authors defined their control groups as either being seden-
tary [16,17], not engaged in regular exercise or competi-
tive sports [14,18] or not exercisingmore than 2 hours/week
[3,13,15]. Only one study [12] specified the activity of the
control groupwith 1.53± 1.77 hour of recreational physical
activity/week. Fagard et al. [62] observed cardiac adapta-
tions to happen if subjects exercise ≥3 hours/week. This
activity level of the control group could have led to non-
significant differences between athletes and controls in this
study.

Most echocardiographic parameters are indexed to
BSA, to account for anthropometric differences in subjects
and to enable comparability [19]. However, how parame-
ters were indexed contributed to variation in echo parame-
ters. Diameters were either not indexed to BSA or indexed
to BSA or BSA0.5, volumes were either not indexed to BSA
or indexed to BSA or BSA1.5. LVMcan be indexed to BSA,

BSA1.5, or body height2.7 (m2.7). Additionally, three dif-
ferent methods to calculate BSA are reported in the studies
presented: the Mosteller method [63], the Du Bois formula
[64], and the Haycock formula [65]. TheMosteller formula
was proven to be a reliable estimate of BSA in children [66].
There are studies reporting a good correlation between the
Mosteller and Du Bois as well as between theMosteller and
Haycock formula (r = 0.99 for both) [67] however, some
studies revealed considerable differences [68,69]. Guide-
lines, providing a concept on which formula to apply, and
on how to report indexed results are needed to overcome
this large variability in data.

Overall, as requested by D’Ascenzi [44], recommen-
dations on how to assess cardiac function in this pediatric
sub-group, are required. In addition, studies that assess car-
diac function in a longitudinal setting [33] could provide
better insight into the process of cardiac adaptation in ju-
nior athletes, help us to differentiate between physiological
and pathological adaptations and to recognize these differ-
ences at a very early stage.

5. Conclusions
Cardiac adaptation to exercise does occur in chil-

dren and adolescents—even in very young athletes. These
adaptations are more pronounced in structural parameters,
whereas functional parameters are preserved or slightly im-
proved. The underlying stimuli for cardiac adaptation have
been identified as being factors like the training history,
training volume and intensity, the types of sports [70], ge-
netics [58] and pubertal and hormonal status [31,71,72].

The variability, given by the nature of the cohort of ju-
nior athletes and the individual sports emphasizes the need
to standardize variables, e.g., the test and measures we ap-
ply and how results are reported. Recommendations on the
assessment of cardiac function in junior athletes are needed
as well as studies with a longitudinal design.

Abbreviations
2D STE, 2-dimensional speckle tracking echocardio-

graphy; 2D TTE, 2-dimensional transthoracic echocardio-
graphy; A, peak late LV diastolic filling velocity; A’, late
diastolic myocardial velocity; BMI, bodymass index; BSA,
body surface area; CG, control group; DBP, diastolic blood
pressure; DT, deceleration time of E; E, peak early LV di-
astolic filling velocity; E’, early diastolic myocardial ve-
locity; E’/A’, E’/A’ ratio; E/A, E/A ratio; E/E’, E/E’ ratio;
EF, ejection fraction; FAC, fractional area change; FS, frac-
tional shortening; GLS, global longitudinal strain; IVS, in-
terventricular septal thickness; LV, left ventricle; LVEDD,
LV end-diastolic diameter; LVEDV, LV end-diastolic vol-
ume; LVESD, LV end-systolic diameter; LVESV, LV end-
systolic volume; LVM, left ventricular mass; LVPWT,
LV posterior wall thickness; LVWT, LV wall thickness;
MAPSE, mitral annulus plane systolic excursion; MWT,
mean wall thickness; PACS, peak atrial contraction strain;

8

https://www.imrpress.com


PALS, peak atrial longitudinal strain; PLAX, parasternal
long-axis view; PSAX, parasternal short-axis view; Q, car-
diac output; RVOT, right ventricular outflow tract; RWT,
relative wall thickness; S’, peak systolic myocardial ve-
locity; SBP, systolic blood pressure; SV, stroke volume;
TAPSE, tricuspid annular plane systolic excursion.

Author Contributions
HW designed the research study and drafted the

manuscript. HW and TE performed the literature re-
search and screened publications, performed the data ex-
traction, risk of bias, and quality assessment. LB per-
formed the risk of bias, and quality assessment, and re-
viewed the manuscript. FM, NS and ROF screened
and reviewed echocardiographic results, and reviewed the
manuscript. All authors contributed to editorial changes in
the manuscript. All authors read and approved the final
manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Thanks to Susan Perkins, for language edits.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/j.rcm2304129.

References
[1] Sabato TM, Walch TJ, Caine DJ. The elite young athlete: strate-

gies to ensure physical and emotional health. Open Access Jour-
nal of Sports Medicine. 2016; 7: 99–113.

[2] Sharma S, Merghani A, Mont L. Exercise and the heart: the
good, the bad, and the ugly. European Heart Journal. 2015; 36:
1445–1453.

[3] D’Ascenzi F, Pelliccia A, Valentini F, Malandrino A, Natali BM,
Barbati R, et al. Training-induced right ventricular remodelling
in pre-adolescent endurance athletes: the athlete’s heart in chil-
dren. International Journal of Cardiology. 2017; 236: 270–275.

[4] McClean G, Riding NR, Ardern CL, Farooq A, Pieles GE, Watt
V, et al. Electrical and structural adaptations of the paediatric
athlete’s heart: a systematic review with meta-analysis. British
Journal of Sports Medicine. 2018; 52: 230.

[5] Ayabakan C, Akalin F, Mengütay S, Cotuk B, Odabas I, Ozüak
A. Athlete’s heart in prepubertal male swimmers. Cardiology in
the Young. 2006; 16: 61–66.

[6] Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The
upper limit of physiologic cardiac hypertrophy in highly trained
elite athletes. The New England Journal of Medicine. 1991; 324:
295–301.

[7] Sharma S, Maron BJ, Whyte G, Firoozi S, Elliott PM, McKenna
WJ. Physiologic limits of left ventricular hypertrophy in elite
junior athletes: relevance to differential diagnosis of athlete’s
heart and hypertrophic cardiomyopathy. Journal of the American
College of Cardiology. 2002; 40: 1431–1436.

[8] Makan J. Physiological upper limits of ventricular cavity size in
highly trained adolescent athletes. Heart. 2005; 91: 495–499.

[9] MoherD, Liberati A, Tetzlaff J, AltmanDG. PreferredReporting
Items for Systematic Reviews andMeta-Analyses: the PRISMA
Statement. Journal of Clinical Epidemiology. 2009; 62: 1006–
1012.

[10] Viswanathan M, Ansari MT, Berkman ND, Chang S, Hartling
L, McPheeters M, et al. Assessing the Risk of Bias of Individ-
ual Studies in Systematic Reviews of Health Care Interventions.
Methods Guide for Effectiveness and Comparative Effective-
ness Reviews. Publisher: Agency for Healthcare Research and
Quality, Rockville (US). 2008.

[11] Health NIo. Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies. 2014. Available at:
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/c
ardiovascular-risk-reduction/tools/cohort (Accessed: 21 May
2020).

[12] Beaumont A, Oxborough D, George K, Rowland TW,
Sculthorpe N, Lord R, et al. Superior cardiac mechanics with-
out structural adaptations in pre-adolescent soccer players. Eu-
ropean Journal of Preventive Cardiology. 2020; 27: 1494–1501.

[13] D’Ascenzi F, Solari M, Anselmi F, Maffei S, Focardi M,
Bonifazi M, et al. Atrial chamber remodelling in healthy pre-
adolescent athletes engaged in endurance sports: a study with a
longitudinal design. The CHILD study. International Journal of
Cardiology. 2016; 223: 325–330.

[14] Rundqvist L, Engvall J, Faresjo M, Carlsson E, Blomstrand P.
Regular endurance training in adolescents impacts atrial and
ventricular size and function. European Heart Journal: Cardio-
vascular Imaging. 2017; 18: 681–687.

[15] Zdravkovic M, Perunicic J, Krotin M, Ristic M, Vukomanovic
V, Soldatovic I, et al. Echocardiographic study of early left ven-
tricular remodeling in highly trained preadolescent footballers.
Journal of Science and Medicine in Sport. 2010; 13: 602–606.

[16] Binnetoğlu FK, Babaoğlu K, Altun G, Kayabey Ö. Effects that
different types of sports have on the hearts of children and
adolescents and the value of two-dimensional strain-strain-rate
echocardiography. Pediatric Cardiology. 2014; 35: 126–139.

[17] Simsek Z, Hakan Tas M, Degirmenci H, Gokhan Yazıcı A, Ipek
E, Duman H, et al. Speckle tracking echocardiographic analysis
of left ventricular systolic and diastolic functions of young elite
athletes with eccentric and concentric type of cardiac remodel-
ing. Echocardiography. 2013; 30: 1202–1208.

[18] Sulovic LS, Mahmutovic M, Lazic S, Sulovic N. The role of
echocardiography in the evaluation of cardiac re-modelling and
differentiation between physiological and pathological hypertro-
phy in teenagers engaged in competitive amateur sports. Cardi-
ology in the Young. 2017; 27: 706–712.

[19] Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Er-
nande L, et al. Recommendations for cardiac chamber quantifi-
cation by echocardiography in adults: an update from the Amer-
ican Society of Echocardiography and the European Association
of Cardiovascular Imaging. Journal of the American Society of
Echocardiography. 2015; 28: 1–39.e14.

[20] Pelliccia A, Caselli S, Sharma S, Basso C, Bax JJ, Corrado D,
et al. European Association of Preventive Cardiology (EAPC)
and European Association of Cardiovascular Imaging (EACVI)
joint position statement: recommendations for the indication and
interpretation of cardiovascular imaging in the evaluation of the
athlete’s heart. European Heart Journal. 2018; 39: 1949–1969.

9

https://doi.org/10.31083/j.rcm2304129
https://doi.org/10.31083/j.rcm2304129
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort
https://www.imrpress.com


[21] Cameli M, Caputo M, Mondillo S, Ballo P, Palmerini E, Lisi M,
et al. Feasibility and reference values of left atrial longitudinal
strain imaging by two-dimensional speckle tracking. Cardiovas-
cular Ultrasound. 2009; 7: 6.

[22] Padeletti M, Cameli M, Lisi M,Malandrino A, Zacà V,Mondillo
S. Reference Values of Right Atrial Longitudinal Strain Imag-
ing by Two-Dimensional Speckle Tracking. Echocardiography.
2012; 29: 147–152.

[23] Saraiva RM, Demirkol S, Buakhamsri A, Greenberg N, Popović
ZB, Thomas JD, et al. Left Atrial Strain Measured by Two-
Dimensional Speckle Tracking Represents a New Tool to Eval-
uate Left Atrial Function. Journal of the American Society of
Echocardiography. 2010; 23: 172–180.

[24] Kayali S, Yildirim FT. Echocardiographic assessment of chil-
dren participating in regular sports training. Northern Clinics of
Istanbul. 2018 6: 236–241.

[25] Krysztofiak H, Malek LA, Mlynczak M, Folga A, Braksator W.
Comparison of echocardiographic linear dimensions for male
and female child and adolescent athletes with published pedi-
atric normative data. PLoS ONE. 2018; 13: e0205459.

[26] Venckunas T, Lionikas A, Marcinkeviciene JE, Raugaliene R,
Alekrinskis A, Stasiulis A. Echocardiographic parameters in ath-
letes of different sports. Journal of Sports Science & Medicine.
2008; 7: 151–156.

[27] Nottin S, Nguyen L, Terbah M, Obert P. Left ventricular func-
tion in endurance-trained children by tissue Doppler imaging.
Medicine and Science in Sports and Exercise. 2004; 36: 1507–
1513.

[28] Khoury PR, Mitsnefes M, Daniels SR, Kimball TR. Age-
Specific Reference Intervals for Indexed Left Ventricular Mass
in Children. Journal of the American Society of Echocardiogra-
phy. 2009; 22: 709–714.

[29] King G,WoodMJ. The Heart of the Endurance Athlete Assessed
by Echocardiography and its Modalities: “Embracing the Deli-
cate Balance”. Current Cardiology Reports. 2013; 15: 383.

[30] Kovacs R, Baggish AL. Cardiovascular adaptation in athletes.
Trends in Cardiovascular Medicine. 2016; 26: 46–52.

[31] Handelsman DJ, Hirschberg AL, Bermon S. Circulating Testos-
terone as the Hormonal Basis of Sex Differences in Athletic Per-
formance. Endocrine Reviews. 2018; 39: 803–829.

[32] Pavlik G. Echocardiographic characteristics of male athletes of
different age. British Journal of Sports Medicine. 2001; 35: 95–
99.

[33] Unnithan VB, Rowland TW, George K, Lord R, Oxborough
D. Left ventricular function during exercise in trained pre-
adolescent soccer players. Scandinavian Journal of Medicine &
Science in Sports. 2018; 28: 2330–2338.

[34] Rundqvist L, Engvall J, Faresjö M, Blomstrand P. Left ven-
tricular diastolic function is enhanced after peak exercise in
endurance-trained adolescents as well as in their non-trained
controls. Clinical Physiology and Functional Imaging. 2018.
[Preprint].

[35] Gajda R, Kowalik E, Rybka S, Rebowska E, Smigielski W,
Nowak M, et al. Evaluation of the Heart Function of Swimmers
Subjected to Exhaustive Repetitive Endurance Efforts During a
500-km Relay. Frontiers in Physiology. 2019; 10: 296.

[36] Scharf M, Brem MH, Wilhelm M, Schoepf UJ, Uder M, Lell
MM. Cardiac magnetic resonance assessment of left and right
ventricular morphologic and functional adaptations in profes-
sional soccer players. American Heart Journal. 2010; 159: 911–
918.

[37] Paterick TE, Gordon T, Spiegel D. Echocardiography: profil-
ing of the athlete’s heart. Journal of the American Society of
Echocardiography. 2014; 27: 940–948.

[38] La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bo-
gaert J, et al. Exercise-induced right ventricular dysfunction and

structural remodelling in endurance athletes. European Heart
Journal. 2012; 33: 998–1006.

[39] Allen HD, Goldberg SJ, Sahn DJ, Schy N,Wojcik R. A quantita-
tive echocardiographic study of champion childhood swimmers.
Circulation. 1977; 55: 142–145.

[40] Scharhag J, Schneider G, Urhausen A, Rochette V, Kramann B,
Kindermann W. Athlete’s heart: right and left ventricular mass
and function in male endurance athletes and untrained individ-
uals determined by magnetic resonance imaging. Journal of the
American College of Cardiology. 2002; 40: 1856–1863.

[41] D’Andrea A, Caso P, Sarubbi B, Limongelli G, Liccardo B,
Cice G, et al. Right VentricularMyocardial Adaptation to Differ-
ent Training Protocols in top-Level Athletes. Echocardiography.
2003; 20: 329–336.

[42] LaGercheA, BurnsAT,D’Hooge J,MacisaacAI, Heidbüchel H,
Prior DL. Exercise strain rate imaging demonstrates normal right
ventricular contractile reserve and clarifies ambiguous resting
measures in endurance athletes. Journal of the American Society
of Echocardiography. 2012; 25: 253–262.e1.

[43] Heidbüchel H, Hoogsteen J, Fagard R, Vanhees L, Ector H,
Willems R, et al. High prevalence of right ventricular involve-
ment in endurance athletes with ventricular arrhythmias. Role of
an electrophysiologic study in risk stratification. European Heart
Journal. 2003; 24: 1473–1480.

[44] D’Andrea A, Formisano T, Riegler L, Scarafile R, America R,
Martone F, et al. Acute and Chronic Response to Exercise in
Athletes: the “Supernormal Heart” Advances in Experimental
Medicine and Biology. 2017; 999: 21–41.

[45] D’Andrea A, La Gerche A, Golia E, Teske AJ, Bossone E, Russo
MG, et al. Right heart structural and functional remodeling in
athletes. Echocardiography. 2015; 32: S11–S22.

[46] D’Ascenzi F, Pisicchio C, Caselli S, Di Paolo FM, Spataro A,
Pelliccia A. RV Remodeling in Olympic Athletes. JACC: Car-
diovascular Imaging. 2017; 10: 385–393.

[47] Gjerdalen GF, Hisdal J, Solberg EE, Andersen TE, Radunovic
Z, Steine K. Atrial Size and Function in Athletes. International
Journal of Sports Medicine. 2015; 36: 1170–1176.

[48] Pelliccia A, Maron BJ, Di Paolo FM, Biffi A, Quattrini FM,
Pisicchio C, et al. Prevalence and clinical significance of left
atrial remodeling in competitive athletes. Journal of the Ameri-
can College of Cardiology. 2005; 46: 690–696.

[49] Pagourelias ED, Kouidi E, Efthimiadis GK, Deligiannis A,
Geleris P, Vassilikos V. Right atrial and ventricular adaptations
to training in male Caucasian athletes: an echocardiographic
study. Journal of the American Society of Echocardiography.
2013; 26: 1344–1352.

[50] Zghal F, Bougteb H, Réant P, Lafitte S, Roudaut R. Assessing
Global andRegional Left VentricularMyocardial Function in El-
derly Patients Using the Bidimensional Strain Method. Echocar-
diography. 2011; 28: 978–982.

[51] Potter E, Marwick TH. Assessment of Left Ventricular Function
by Echocardiography: the Case for Routinely Adding Global
Longitudinal Strain to Ejection Fraction. JACC: Cardiovascular
Imaging. 2018; 11: 260–274.

[52] Bjerring AW, Landgraff HE, Leirstein S, Aaeng A, Ansari HZ,
Saberniak J, et al. Morphological changes and myocardial func-
tion assessed by traditional and novel echocardiographic meth-
ods in preadolescent athlete’s heart. European Journal of Preven-
tive Cardiology. 2018; 25: 1000–1007.

[53] D’Ascenzi F, Caselli S, SolariM, Pelliccia A, CameliM, Focardi
M, et al. Novel echocardiographic techniques for the evaluation
of athletes’ heart: a focus on speckle-tracking echocardiography.
European Journal of Preventive Cardiology. 2016; 23: 437–446.

[54] Charfeddine S, Mallek S, Triki F, Hammami R, Abid D, Abid L,
et al. Echocardiographic analysis of the left ventricular function
in young athletes: a focus on speckle tracking imaging. The Pan

10

https://www.imrpress.com


African Medical Journal. 2016; 25: 171.
[55] De Luca A, Stefani L, Pedrizzetti G, Pedri S, Galanti G. The

effect of exercise training on left ventricular function in young
elite athletes. Cardiovascular Ultrasound. 2011; 9: 27.

[56] D’Ascenzi F. Echocardiographic evaluation of paediatric ath-
lete’s heart. European Journal of Preventive Cardiology. 2018;
25: 1202–1203.

[57] Aydin A, Mortensen K, Rybczynski M, Sheikhzadeh S, Will-
mann S, Bernhardt AMJ, et al. Central pulse pressure and aug-
mentation index in asymptomatic bicuspid aortic valve disease.
International Journal of Cardiology. 2011; 147: 466–468.

[58] Guth LM, Roth SM. Genetic influence on athletic performance.
Current Opinion in Pediatrics. 2013; 25: 653–658.

[59] Basavarajaiah S, Boraita A, Whyte G, Wilson M, Carby L, Shah
A, et al. Ethnic differences in left ventricular remodeling in
highly-trained athletes relevance to differentiating physiologic
left ventricular hypertrophy from hypertrophic cardiomyopathy.
Journal of the American College of Cardiology. 2008; 51: 2256–
2262.

[60] Rawlins J, Carre F, Kervio G, Papadakis M, Chandra N, Ed-
wards C, et al. Ethnic differences in physiological cardiac adap-
tation to intense physical exercise in highly trained female ath-
letes. Circulation. 2010; 121: 1078–1085.

[61] Sheikh N, Papadakis M, Carre F, Kervio G, Panoulas VF, Ghani
S, et al. Cardiac adaptation to exercise in adolescent athletes of
African ethnicity: an emergent elite athletic population. British
Journal of Sports Medicine. 2013; 47: 585–592.

[62] Fagard R. Athlete’s heart. Heart. 2003; 89: 1455–1461.
[63] Du Bois D, Du Bois EF. A formula to estimate the approximate

surface area if height and weight be known. 1916. Nutrition.
1989; 5: 303–311.

[64] Mosteller RD. Simplified calculation of body-surface area. The
New England Journal of Medicine. 1987; 317: 1098.

[65] Haycock GB, Schwartz GJ, Wisotsky DH. Geometric method
for measuring body surface area: a height-weight formula vali-
dated in infants, children, and adults. The Journal of Pediatrics.
1978; 93: 62–66.

[66] Lam TK, Leung DT. More on simplified calculation of body-
surface area. The New England Journal of Medicine. 1988; 318:
1130.

[67] Verbraecken J, Van de Heyning P, De Backer W, Van Gaal
L. Body surface area in normal-weight, overweight, and obese
adults. a comparison study. Metabolism. 2006; 55: 515–524.

[68] Miller AA. Body surface area in dosing anticancer agents:
scratch the surface! Journal of the National Cancer Institute.
2002; 94: 1822–1823.

[69] Redlarski G, Palkowski A, Krawczuk M. Body surface area
formulae: an alarming ambiguity. Scientific Reports. 2016; 6:
27966.

[70] Beaumont A, Grace F, Richards J, Hough J, Oxborough D,
Sculthorpe N. Left Ventricular Speckle Tracking-Derived Car-
diac Strain and Cardiac Twist Mechanics in Athletes: a Sys-
tematic Review andMeta-Analysis of Controlled Studies. Sports
Medicine. 2017; 47: 1145–1170.

[71] Bergeron MF, Mountjoy M, Armstrong N, Chia M, Côté J,
Emery CA, et al. International Olympic Committee consen-
sus statement on youth athletic development. British Journal of
Sports Medicine. 2015; 49: 843–851.

[72] Kraemer WJ, Ratamess NA. Hormonal Responses and Adap-
tations to Resistance Exercise and Training. Sports Medicine.
2005; 35: 339–361.

11

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	3. Results
	3.1 Risk of Bias Assessment
	3.2 Quality Assessment
	3.3 Study Groups Characteristics
	3.4 Anthropometry, Heart Rate and Blood Pressure
	3.5 Heart Rate and Blood Pressure
	3.6 2D Transthoracic Echocardiography 
	3.6.1 Left Ventricular Structure
	3.6.2 Left Ventricular Function
	3.6.3 Right Ventricular Structure
	3.6.4 Right Ventricular Function
	3.6.5 Left Atrial Structure
	3.6.6 Right Atrial Structure

	3.7 2D Speckle Tracking Echocardiography 
	3.7.1 Left Ventricular Function
	3.7.2 Right Ventricular Function
	3.7.3 Left Atrial Function
	3.7.4 Right Atrial Function


	4. Discussion
	4.1 2D Transthoracic Echocardiography
	4.1.1 Left Ventricular Structure
	4.1.2 Left Ventricular Function
	4.1.3 Right Ventricular Structure
	4.1.4 Right Ventricular Function
	4.1.5 Left and Right Atrial Structure 

	4.2 2D Speckle Tracking Echocardiography
	4.2.1 Left Ventricular Function
	4.2.2 Right Ventricular Function
	4.2.3 Left and Right Atrial Function

	4.3 Limitations

	5. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

