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Cardiac magnetic resonance assessment of left and
right ventricular morphologic and functional
adaptations in professional soccer players
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Background Professional, long-term physical training is associated with cardiac morphologic and functional changes
that depend on the type of exercise performed. So far, the specific effect of soccer training on cardiac morphology has not
been investigated with cardiac magnetic resonance imaging (CMRI). We sought to use CMRI to study left ventricular (LV) and
right ventricular (RV) morphologic and functional adaptations in professional soccer players.

Methods Twenty-nine male professional soccer players (mean age 24.6 ± 3.9 years, range 18–31 years) in different
playing positions and 29 nonathlete male controls (27.0 ± 3.7 years, 21–34 years) underwent CMRI. Electrocardiographic-
gated steady-state free-precession cine CMRI was used to measure myocardial mass (MM), end-diastolic volume (EDV) and
end-systolic volume, stroke volume (SV), ejection fraction, and cardiac index at rest. We calculated the ventricular remodeling
index (RI) to describe the pattern of cardiac hypertrophy.

Results Ventricular volume and mass indices were significantly (P b .001) higher in athletes. LVEDV and RVEDV on MRI
was above normal in 27/29 athletes. There was a strong positive correlation between EDV and myocardial mass (P b .01). The
LVRI and RVRI were similar (0.73 ± 0.1 g/mL; 0.22 ± 0.01 g/mL) to that of controls (0.71 ± 0.1 g/mL; 0.22 ± 0.01 g/mL). No
significant differences were observed for LV ejection fraction and cardiac index. Neither the comparison of athletes in different
playing positions nor the comparison of younger and older players revealed statistically significant differences.

Conclusion Cardiac magnetic resonance imaging measurements enable studying the mechanisms of LV and RV
adaptation in professional soccer players and reflect the ventricular response to combined endurance and strength based
training. (Am Heart J 2010;159:911-8.)
The enlarged “athlete's heart” represents the most
striking evidence of functional and structural adaptation
of the heart to long-term, frequent physical training.1

Depending on the type of exercise performed, 2
morphologic forms of athletes' heart can be differentiat-
ed. In endurance athletes, combined thickening of the
ventricular wall and cavity dilation can be observed
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(eccentric hypertrophy) compared to sole increases in
myocardial mass (MM) and wall thickness (concentric
hypertrophy) in response to strength (resistance) train-
ing.2 Soccer is the most popular sport in Europe with N62
million active players. It incorporates a combination of
endurance (dynamic), strength/resistance (static), and
celerity training. Therefore, it differs from pure endur-
ance (eg, running) or resistance (eg, weight lifting)
sports, which were investigated in prior studies.2-7 To our
knowledge there are no previous investigations using
cardiac magnetic resonance imaging (CMRI) to study the
effects of this specific type of training on cardiac
morphology and function in soccer players. In addition,
sudden cardiac death affects predominantly male athletes
in competitive sports (by a ratio of 9 to 1)8 and has been
reported most commonly among soccer players.9

Cardiac magnetic resonance imaging provides high
anatomical resolution; is intrinsically three-dimensional,
that is, it is not relying on geometric assumptions; and is
therefore the current reference standard for the mea-
surement of both left ventricular (LV) and right
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Table I. Physical characteristics of soccer players and controls
(mean ± SD)

Soccer players
(n = 29)

Controls
(n = 29) P

Age (y) 24.6 ± 3.9 27.0 ± 3.7 .017⁎
Height (m) 1.84 ± 4.4 1.82 ± 5.0 .112
Weight (kg) 80.2 ± 4.9 78.0 ± 7.7 .198
Body mass index (kg/m2) 23.6 ± 1.1 23.4 ± 2.0 .710
BSA (m2) 2.03 ± 0.8 1.99 ± 0.2 .134
RHR (beat/min) 56.0 ± 8.5 69.3 ± 10.3 b.001⁎

⁎Significant P b .05.
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ventricular (RV) cardiac volumes and mass.10-12 Cardiac
magnetic resonance imaging enables more accurate
morphologic analyses than echocardiography13 and
allows for an up to 10-fold reduction in sample size for
studying myocardial remodeling.14 In clinical trials, CMRI
has been demonstrated to identify very small differences
in LVMM between different groups (7 g with groups of
30-40 subjects each).15

Accordingly, we sought to use CMRI to investigate the
effects of the specific training type involved in profes-
sional male soccer players on LV and RVmorphologic and
functional parameters and to compare findings to
recreationally active, nonathlete controls.
Methods
No extramural funding was used to support this work. The

authors are solely responsible for the design and conduct of this
study, all study analyses, the drafting and editing of the paper
and its final contents.

Study population
The institutional review board approved the study, and

written informed consent was obtained from all subjects. To
determine the sample size for this investigation, we used
G*Power (Version 3.0.10; 2008, Faul et al., Dusseldorf,
Germany) assuming a large effect.16 Based on the results of
previous studies,13 we estimated that a sample size of only 5
individuals in each group would have a power of 80% to detect a
10-g difference in MM with α = .05.
Twenty-nine male professional soccer players were age- and

weight-matched with a control group of initially 31 recreation-
ally active but not athletic men. Racial profiles for both groups
were homogenous, including only white participants. Athletes
were top national players (Premium Soccer League) with N10
years of continuous training, competing at a national and
international level. Soccer players' CMRI examinations took
place during their competitive (active) season. Inclusion criteria
for controls required a history of having been active in
recreational sports for at least 5 years but absence of
engagement in any routine (ie, N3 hours per week) physical
training or organized physical activity.
All participants completed a medical history questionnaire.

Two controls were subsequently excluded from the study,
one because of a known heart condition (atrial septum
defect) and another because of hypertension. Thus, eventu-
ally, an athletic group of 29 professional soccer players (age
range 18–31 years, mean ± SD 24.6 ± 3.9 years) and a control
group of 29 healthy men (age range 21–34 years, 27.0 ± 3.7
years) were included in the study. Training experience,
weekly training volume averaged over the preceding 3
months, and periods of rest were documented. All subjects
denied use of illicit substances, had normal physical
examinations and rest electrocardiograms, and were not
taking any medications. Resting heart rate (RHR), weight,
and height were measured. The body surface area (BSA) was
calculated based on height and weight using the “Mosteller”
standard formula.17 Physical characteristics of athletes and
controls are presented in Table I.
Cardiac magnetic resonance imaging protocol
Cardiac magnetic resonance imaging was performed using a

1.5-T MRI scanner (Magnetom Espree; Siemens, Erlangen,
Germany). Cardiac cine images were acquired using retro-
spectively electrocardiographic-gated steady-state free-preces-
sion18 sequences. Participants were in the supine position and
performed a breath hold at end-expiration for each image
acquisition to eliminate respiratory motion artefacts. After
performing scout sequences, cine imaging was performed in
4-, 3-, and 2-chamber long-axis views as well as short-axis
views (Figure 1) using the following parameters: section
thickness 6 mm, gap between sections 1.5 mm, repetition
time = 61.56 milliseconds, echo time = 1.48 milliseconds, flip
angle = 80°, with a 192 × 134-mm matrix, and a pixel size of
2.5 × 1.8 mm.
Image analysis
Quantitative image data analysis was performed using the

ARGUS-software (Version 2008A; Siemens, Erlangen, Germany).
Satisfactory image quality was obtained in all examinations.

LV and RV functional analysis was performed by 2 experienced
observers in consensus who evaluated CMRI studies in random
order and blinded as to whether a subject belonged to the
athlete or nonathlete group. The endo- and epicardial borders
of each section were manually defined at end-diastole and end-
systole because manual delineation has been demonstrated to
be the most accurate method for cardiac function analysis
using CMRI.19 Papillary muscles and epicardial adipose tissue
were excluded. The definition of the basal (atrioventricular)
plane was based on the position of the mitral and tricuspid
valve insertions, which were identified in long-axis and 4-
chamber views. End-diastolic and end-systolic volumes (EDV
and ESV) were calculated by summing the volume of the LV
blood pool in each section. Ejection fraction (EF) and stroke
volume (SV) were calculated based on EDV and ESV. Stroke
volume was calculated as (EDV − ESV), EF as (EDV − ESV/EDV
× 100), cardiac output as (RHR × SV), and cardiac index as
(RHR × SV/BSA). LV and RVMM were measured at end-diastole
by multiplying the myocardial volume with the specific gravity
of myocardium (1.05 g/mL).20 For mass calculations the
interventricular septum was added to the LV. All results were
divided by BSA to minimize differences of myocardial
parameters related to height and weight. Left ventricular wall
thickness was defined as the average of 6 segment thickness
measurements (anterior, anterolateral, anteroseptal, inferior,
inferolateral, inferoseptal). We calculated the LV and RV



Figure 1

CMRI studies in short-axis view in a control subject (left) and a soccer player (right). End-diastolic (upper panel) and end-systolic (lower panel)
image acquisitions are shown. Note differences in chamber size with larger EDV and concentrically thickened myocardium during systole in the
soccer player.
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remodeling index (LVMM/LVEDV, RVMM/RVEDV) to study the
patterns of ventricular remodeling in the 2 groups. An
increased remodeling index (RI) is consistent with concentric
hypertrophy, whereas a reduced RI is typical for isolated
cavitary dilation.21

Statistical analysis
All data are expressed as the mean ± SD. Differences between

means of athletes and controls were assessed by using Student's
t-test for independent samples. Throughout the analysis, a 2-sided
P value of b.05 was considered statistically significant. All
computationswere performedwith SPSS 17.0 (SPSS, Chicago, IL).
Results
There were no statistically significant differences in

height, weight, body mass index, and BSA between
athletes and controls (Table I). Left and right ventricular
morphologic and functional parameters of soccer players
and controls are summarized in Table II.

Morphologic parameters
Indexed LVMM and RVMM at end-diastole were

significantly (P b .001) increased in soccer players by
25.2% ± 13.3% and 21.4% ± 13.5% compared to controls
(Figure 2). All values for LVMM and RVMM in the
athletes group were within reference ranges (70-113
and 16-36 g/m2). The LV myocardium was 9.3% ± 10.5%
(P = .001) thicker in athletes (range 7.7-11.6 mm) than
in recreationally active subjects (range 7.0-10.5 mm)
(Figure 3).
Left and right ventricular EDV, indexed to BSA, were

significantly (P b .001) increased by 21.6% ± 12.9% and
21.3% ± 11.4% in athletes compared to controls, resulting
in greater SV (22.7% ± 14.5% and 22.6% ± 11.7%) despite



Table II. Left and right ventricular morphologic and functional parameters of soccer players and controls

Soccer players (n = 29) Controls (n = 29) P

LV end-diastolic volume index (mL/m2) 112.0 ± 12.0 92.1 ± 11.9 b.001⁎
LV end-systolic volume index (mL/m2) 45.0 ± 9.5 37.4 ± 8.2 .002⁎
LV mass index at end-diastole (g/m2) 81.0 ± 8.6 64.7 ± 8.5 b.001⁎
LV stroke volume index (mL/m2) 67.0 ± 8.5 54.6 ± 7.9 b0.001⁎
LV wall thickness 9.4 ± 0.9 8.6 ± 0.9 .001⁎
LV ejection fraction (%) 59.9 ± 6.0 59.5 ± 5.7 .755
RV end-diastolic volume index (mL/m2) 117.9 ± 10.0 97.2 ± 11.1 b.001⁎
RV end-systolic volume index (mL/m2) 51.0 ± 6.2 43.2 ± 7.3 b.001⁎
RV mass index at end-diastole (g/m2) 26.1 ± 2.4 21.5 ± 2.9 b.001⁎
RV stroke volume index (mL/m2) 66.8 ± 7.6 54.5 ± 6.4 b.001⁎
RV ejection fraction (%) 56.3 ± 3.8 55.6 ± 4.4 .529
Cardiac index (L min−1 m−2) 3.7 ± 0.7 3.8 ± 0.8 .838

Cardiac index = RHR × SV/BSA; ejection fraction = SV/EDV.
⁎Significant P values b.05.

Figure 2

Boxplots of LVMM and RVMM index in athletes and controls. Data
are expressed in grams per square meter. Black dots are outliers.

Figure 3

Absolute numbers of LV wall thickness in athletes (range 7.7-
11.6 mm) and controls (range 7.0-10.5 mm).

914 Scharf et al
American Heart Journal

May 2010
larger ESV (20.3% ± 21.9% and 18.1% ± 16.9%). All
measured LV and RVEDV in the professional athletes,
except in 2, were above the reference range of EDV (47-
92 and 55-105 mL/m2) as measured on CMRI.22 There was
a strong positive correlation between LVEDV and MM
(Pearson correlation 0.786, P b .01), the same being true
for the right ventricle (Pearson correlation 0.968, P b
.01). The LVRI and RVRI (Figure 4) were similar in
athletes (0.73 ± 0.1 g/mL; 0.22 ± 0.01 g/mL) and controls
(0.71 ± 0.1 g/mL; 0.22 ± 0.01 g/mL), indicating a balanced
adaptation of the heart in soccer players. In addition, a
moderate correlation between LVEDV and body size
(Pearson correlation 0.389, P b .01) was found. Left to
right ventricular ratios for EDV (RVEDV/LVEDV) and MM
(LVMM/RVMM) were comparable in soccer players and
control subjects (1.06 vs 1.07 and 3.12 vs 3.07).

Functional parameters
Resting heart rate was significantly (P b .001) lower in

athletes (mean 56 beats/min) than in controls (69.3 beats/
min). There were no significant differences between
athletes and controls for LVEF (59.9% ± 6.0% and 59.5% ±
5.7%, P = .755), RVEF (56.3 ± 3.8 and 55.6 ± 4.4 L/min,
P = .529), and cardiac index at rest (3.7 ± 0.7 and 3.8 ±
0.8 L min−1 m−2, P = .838). A total of 52% of athletes had a
LVEF of 60 −70% and 41% were in the range from 50% to
60%. Only one athlete had a LVEF b50%. Similarly, all the



Figure 4

LVRI and RVRI, expressed as the ratio of indexed MM (g/m2) to
indexed EDV (mL/m2). Circles, controls; crosses, athletes. Despite
higher indexed MM and EDV in athletes, mean values for LV and
RVRI were similar to controls.
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RVEF were within reference ranges (47%-74%) at MRI and
did not differ from controls.

Comparison of soccer players in different playing positions
There were no statistically significant differences in the

LV and RV functional parameters for comparisons
between different positions (forward, midfield, or
defensive) nor for the comparison of younger (18-24
years) and older (25-31 years) players. There was a
nonstatistically significant trend (P = .11) toward lower
RHR in the midfield players (52 ± 6.7 beats/min) as
compared to forwards (57 ± 5.1 beats/min).
Discussion
Structural cardiac changes in response to physical

conditioning depend on the type, duration, and intensity
of training. As demonstrated in prior studies using
CMRI,2-6 pure endurance training is typically associated
with eccentric hypertrophy, that is, thickening of the
ventricular wall and cavity dilation, whereas pure
strength/resistance training results in concentric hyper-
trophy, that is, increases in MM and wall thickness. The
effect on myocardial remodeling of popular sports
disciplines that incorporate a combination of endurance
and strength training, such as soccer, is less well
investigated with CMRI.
The imaging findings obtained in our study suggest that

the specific type of training involved with soccer results
in myocardial adaptations that combine features of
eccentric and concentric remodeling. In our study, the
findings of LV and RV dilation in soccer players were
accompanied by increased MM and wall thickness. The
similar LV and RVRI in athletes compared to controls
indicates that cardiac adaptation to intensive soccer
training occurs in a balanced fashion without preponder-
ance of one specific remodeling mechanism and does not
alter ventricular geometry.23 These results agree with
previous published echocardiographic studies in soccer
players.24-27 In addition, there were no differences in left
to right ventricular ratios for EDV and MM, showing that
the benign structural and functional adaptation of the
heart to professional soccer training is associated with
regulative enlargement of all chambers. In competitive
athletes it is important to distinguish such normal
physiological adaptations to training from pathologic
conditions such as hypertrophic cardiomyopathy,28 the
most common cardiovascular cause of sudden death in
athletes. Pathologic forms of ventricular hypertrophy are
characterized by an asymmetrically hypertrophied and
nondilated ventricle.29

In the present study, soccer players showed greater
LVEDV (112.0 ± 12.0 mL/m2) than those reported in
previous CMRI trials in endurance athletes (71-108 mL/
m2), the same being true for LVESV (45.0 ± 9.5 mL/m2 vs
33-38 mL/m2).6,7,10,23 Higher LVEDV in our athletes likely
is attributable to the selection of only top soccer players,
whereas previous studies often investigated mixed study
populations with no differentiation of various sport
disciplines (eg, rowers and cyclists combined). The
balanced increase in LVEDV (21.6%) and RVEDV
(21.3%) found in our study contrasts with CMRI
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investigations in triathletes performed by Petersen et al,10

showing an unbalanced biventricular hypertrophy, favor-
ing the LV, and agrees with results from Scharhag et al.23

Cardiac magnetic resonance imaging studies investigating
athletes undergoing sustained power or anaerobic power
training (eg, sprinters) suggest that the effect of exercise
training on the RV chamber size may be more pro-
nounced than the effect on the LV chamber size.30 In
contrast to echocardiographic studies in endurance
athletes (144 ± 22.0 g/m2)31 and soccer players
(132.4 ± 23.7 g/m2),32 none of the soccer players in our
investigation (81.0 ± 8.6 g/m2) had a LVMM above the
clinical limit at CMRI (113 g/m2). Partly, the wide
discrepancy in LVMM is probably due to different
methods of image analysis (inclusion or exclusion of
papillary muscles) and the technical difficulty in analyzing
ventricular volume and mass with echocardiography.
It has been demonstrated that a LV wall thickness of

N13 mm is very uncommon among healthy trained
athletes.33 In our study, none of the professional soccer
players had a wall thickness N12 mm. As it has been
shown that N3 hours of exercise per week are necessary
to change MM,34 we compared the athletic group to
recreationally active controls with b3 hours of sportive
activity per week. The mean value for LV wall thickness
(8.6 mm) in our controls corresponds well with a recent
meta-analysis, which systematically reviewed findings of
N800 healthy subjects in 78 original studies, demonstrat-
ing a normal mean LV wall thickness of 8.8 mm.35

Dynamic, aerobic exercise training has functional and
morphologic cardiovascular effects, which include,
among others, resting bradycardia, blood pressure
reduction, increased maximal oxygen uptake, as well as
ventricular dilation and hypertrophy.3,36 These cardiac
adaptations are mainly due to increased volume load on
the ventricle and episodes of high cardiac output.37

Prolonged diastolic ventricular filling, with increased
myocardial contractility, and larger SV are the effects,
leading to cardiac end-diastolic dilation.38 As a conse-
quence, wall thickness increases to sustain the larger
cavitary size and wall stress.39 Extreme changes in cavity
dimensions and wall thickness have been found in
rowers, cross-country skiers, bicyclists, and swimmers.40

The increased MM and wall thickness with unchanged
chamber size,41 in athletes involved in sports with mainly
static or isometric exercise, is thought to develop as a
consequence of pressure load.
In our cohort of elite athletes, RHR was significantly

lower (−19.2%) than in the control group. This well-
known bradycardic effect at rest has been explained with
the increased vagal tone induced by dynamic exercise42

and agrees with the results of several studies in endurance
athletes43,44 and soccer players.45 Ventricular systolic
function is commonly assessed by EF. No variation
between athletes and controls for LV and RVEF or cardiac
index at rest was observed, corresponding well with
results from prior echocardiography35,46 and MRI30

studies that show that even dramatic changes in training
volumes do not influence these indices of integrated
ventricular systolic function at rest.
In addition to the type and intensity of training, other

important determinants of structural heart adaptations in
athletes are age, sex, race, and genetic components.47 In
endurance athletes the angiotensin-converting enzyme
genotype has been associated with the magnitude of
exercise-induced LV hypertrophy.48 Moreover, heart
dimensions and cardiac function change throughout the
training cycle, adapting to the seasonal demands of the
specific sport. Therefore, our investigations were per-
formed during the active (competitive) period of the
soccer season to best evaluate training specific adapta-
tions of the heart in soccer players.

Limitations
Because of the nature of our study involving healthy

subjects, all measurements were invariably acquired at
rest. It is conceivable that even greater differences
between athletes and healthy control subjects could be
observed under (eg, pharmacologically induced) stress
conditions, which, however, is beyond the scope of
this work.
Conclusions
In summary, the pattern of myocardial remodeling in

professional soccer players reflects the nature of the
underlying training that combines both endurance and
resistance components. Cardiac adaptations in profes-
sional soccer players are characterized by a balanced
increase in LV and RVMM, wall thickness, ventricular
dilation, and diastolic function. Cardiac magnetic reso-
nance imaging enables direct, objective measurement of
these features and allows differentiating them from
pathologic hypertrophic cardiomyopathy.
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