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 Purpose: To assess cardiac morphologic and functional adaptations 
in elite triathletes with magnetic resonance (MR) imaging 
and to compare fi ndings to those in recreationally active 
control subjects.

 Materials and 
Methods: 

The institutional review board approved the study, and 
written informed consent was obtained from all subjects. 
Twenty-six male triathletes (mean age  6  standard devia-
tion, 27.9 years  6  3.5; age range, 18–35 years) and 27 
nonathletic male control subjects (mean age, 27.3 years  6  
3.7; age range, 20–34 years) underwent cardiac MR 
imaging. Electrocardiographically gated steady-state free-
precession cine MR imaging was used to measure indexed 
left ventricular (LV) and right ventricular (RV) myocar-
dial mass, end-diastolic and end-systolic volumes, stroke 
volume, ejection fraction (EF), and cardiac index at rest. 
The ventricular remodeling index, which is indicative of 
the pattern of cardiac hypertrophy, was calculated. The 
maximum left atrial (LA) volume was calculated according 
to the biplane area-length method. Differences between 
means of athletes and control subjects were assessed by 
using the Student  t  test for independent samples.

 Results: The atrial and ventricular volume and mass indexes in 
triathletes were signifi cantly greater than those in con-
trol subjects ( P   ,  .001). In 25 of the 26 athletes, the 
LV and RV end-diastolic volumes were greater than the 
normal ranges reported in the literature for healthy, male, 
nonathletic control subjects (47–92 mL/m 2  and 55–105 
mL/m 2 , respectively). There was a strong positive corre-
lation between end-diastolic volume and myocardial mass 
( P   ,  .01). The mean LV and RV remodeling indexes of the 
athletes (0.73 g/mL  6  0.1 and 0.22 g/mL  6  0.01, respec-
tively) were similar to those of the control subjects (0.71 
g/mL  6  0.1 [ P  = .290] and 0.22 g/mL  6  0.01 [ P  = .614], 
respectively). There was a negative correlation between 
LA end-systolic volume and heart rate ( P   ,  .01).

 Conclusion: Changes in cardiac morphologic characteristics and func-
tion in elite triathletes, as measured with cardiac MR im-
aging, refl ect a combination of eccentric and concentric 
remodeling with regulative enlargement of atrial and ven-
tricular chambers. These fi ndings are different from what 
has been observed in previous studies in other types of 
elite athletes.
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 Materials and Methods 

 U.J.S. is a medical consultant for and 
receives research support from Bayer-
Schering, Bracco, GE Healthcare, Me-
drad, and Siemens. The other authors 
have no confl ict of interest to declare. 
The institutional review board of Uni-
versity of Erlangen-Nuremberg approved 
the study, and written informed consent 
was obtained from all subjects. 

 Study Population 
 To determine the sample size for this 
investigation, we used a general power 
analysis program (G*Power, version 
3.0.10; F. Faul [University of Kiel], E. Erd-
felder [University of Mannheim], A. G. 
Lang [University of Dusseldorf], A. Bu-
chner [University of Dusseldorf]) as-
suming a large effect ( 13 ). On the basis 
of the results of a previous study ( 10 ), 
we estimated that a sample size of only 
fi ve individuals in each group would have 
a power of 80% to detect a 10-g differ-
ence in myocardial mass with  a  = .05. 
Because our study did not involve inva-
sive procedures or radiation, group sizes 
of more than 25 were chosen to exceed 
80% power in statistical analysis. 

 Initially, 26 male elite triathletes and 
a control group of 28 recreationally ac-
tive men were enrolled in this study; the 
mean values for age and weight were 
similar for both groups. Athletes were 

(dynamic) and resistance (static) train-
ing. Dynamic forms of exercise prevail 
during running and swimming, whereas 
cycling involves both dynamic and static 
effort. Therefore, triathlon differs from 
pure endurance (eg, marathon running) 
or resistance (eg, weight lifting) sports, 
which were investigated in previous 
studies—mostly as to their effect on the 
left ventricle ( 2–6 ). To our knowledge, 
the effect of the specifi c type of triathlon 
training on the morphologic characteris-
tics of the heart has not been investigated 
with cardiac magnetic resonance (MR) 
imaging. Moreover, ultra-endurance ex-
ercise is thought to be associated with a 
predisposition to ventricular tachycardia 
and sudden cardiac death, which is more 
common in male athletes ( 7,8 ). 

 Cardiac MR imaging provides high-
quality images, is intrinsically three 
dimensional (ie, does not rely on geo-
metric assumptions), and is, therefore, 
the current reference standard for the 
measurement of both left ventricular 
(LV) and right ventricular (RV) cardiac 
volumes and mass ( 9 ). MR imaging en-
ables more accurate morphologic anal-
yses than does echocardiography ( 10 ) 
and allows for an up to 10-fold reduc-
tion in sample size for studying myocar-
dial remodeling ( 11 ). In clinical trials, 
MR imaging has been demonstrated 
to depict very small differences in myo-
cardial mass between different groups 
( 12 ). Accordingly, this study was per-
formed to assess cardiac morphologic 
and functional adaptations in elite tri-
athletes with cardiac MR imaging and 
to compare findings to those of rec-
reationally active, nonathletic control 
subjects. 

             The “athlete’s heart,” which is the 
most striking evidence of cardiac 
adaptation to long-term, frequent 

physical training, is commonly differen-
tiated into two morphologic types ( 1 ). 
The volume load in endurance training 
leads to thickening of the ventricular 
wall and cavity dilatation (eccentric hy-
pertrophy), whereas the pressure load 
in resistance training induces concentric 
hypertrophy characterized by increased 
myocardial mass and wall thickness 
without a substantial change in cavity 
size ( 2 ). 

 During the past 3 decades, triathlon 
has developed into a popular Olympic 
sports discipline—with an unparalleled 
growth rate in the past 10 years. From 
2006 to 2007, the number of athletes par-
ticipating in at least one triathlon in the 
United States has increased from 921 000 
to more than 1.1 million (an increase 
of 19.5%); other endurance sports (eg, 
cycling) experienced only marginal growth 
or decreased in popularity. Triathlon 
incorporates a combination of endurance 

 Implication for Patient Care 

 The training of elite triathletes  n

results in specifi c physiologic LA, 
LV, and RV adaptations that 
refl ect the nature of the underly-
ing training, which incorporates 
a combination of endurance and 
resistance components. These 
cardiac adaptations in elite tri-
athletes are not associated with 
ventricular arrhythmias. 

 Advances in Knowledge 

 Left atrial (LA) enlargement is  n

substantially more common in 
elite triathletes than in nonath-
letic control subjects. LA dilata-
tion in elite triathletes is accom-
panied by left ventricular (LV) 
remodeling as an adaptation to 
training. 

 The LV and right ventricular (RV)  n

end-diastolic volumes in elite tri-
athletes are signifi cantly greater 
than the normal ranges of end-
diastolic volumes as measured at 
cardiac MR imaging; values for 
LV and RV myocardial mass do 
not exceed normal ranges. 

 The similar LV remodeling index  n

in athletes and control subjects 
and the strong positive correlation 
between LV myocardial mass and 
end-diastolic volume are indicative 
of a balanced eccentric adaptation 
of the heart. The indexed ratio of 
end-systolic LA volume to end-
diastolic volume  was greater in 
athletes, which is indicative of 
pronounced LA dilatation. 

  Published online before print  
 10.1148/radiol.10092377 
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muscles and epicardial adipose tissue 
were excluded. For mass calculations, 
the interventricular septum was added to 
the left ventricle. End-diastolic and end-
systolic volumes were calculated by sum-
ming the volume of the LV blood pool in 
each section. Ejection fraction (EF) and 
stroke volume were calculated on the 
basis of end-diastolic and end-systolic 
volumes. Stroke volume was calculated 
as end-diastolic volume  2  end-systolic 
volume; EF as [(end-diastolic volume  2  
end-systolic volume)/end-diastolic vol-
ume]  3  100; cardiac output as resting 
heart rate  3  stroke volume; and cardiac 
index as resting heart rate  3  (stroke 
volume/BSA). The myocardial mass of 
the left and right ventricles was mea-
sured at end diastole by multiplying the 
myocardial volume by the specifi c grav-
ity of myocardium (1.05 g/mL) ( 18 ). All 
results were divided by the BSA to mini-
mize differences of myocardium param-
eters related to height and weight. LV 
wall thickness was defi ned as the average 
of six segment thickness measurements 
(anterior, anterolateral, anteroseptal, 
inferior, inferolateral, and inferoseptal). 
We calculated the LV and RV remodel-
ing index (myocardial mass/end-diastolic 
volume) to determine the pattern of ven-
tricular remodeling in the two groups. An 
increased remodeling index is consistent 
with concentric hypertrophy, whereas a 
reduced remodeling index is indicative of 
isolated cavitary dilatation ( 19 ). 

 In addition, the maximum LA volume 
was calculated according to the biplane 
area-length method and then indexed 
for BSA, as it has been shown that 
the indexed LA volume provides more 

steady-state free-precession sequences 
with retrospective electrocardiographic 
gating ( 15 ). Participants were imaged 
in the supine position and performed a 
breath hold at end expiration for each 
image acquisition to eliminate respira-
tory motion artifacts. After scout images 
were obtained, cine imaging was per-
formed in four-chamber, three-chamber, 
and two-chamber long- and short-axis 
views ( Fig 1  ) with use of the following 
parameters: 6-mm-thick sections with a 
1.5-mm gap between sections, 61.56/1.48 
(repetition time msec/echo time msec), 
80° fl ip angle, 192  3  134-mm matrix, 
and 2.5  3  1.8-mm pixel size. 

 Image Analysis 
 Quantitative image data analysis was 
performed by using software (Argus, 
version 2008A; Siemens). LV and RV 
functional analysis was performed in 
consensus by two experienced observers 
with more than 3 (M.S.) and more than 
5 (M.M.L.) years of experience in the in-
terpretation of cardiac MR images. The 
readers evaluated the studies indepen-
dently in random order and were blinded 
as to whether a subject belonged to the 
athlete or control group. The most basal 
section in short-axis views in which the 
tricuspid or mitral valve was seen was 
considered to represent the base of the 
right or left ventricle, respectively ( 16 ). 
Endo- and epicardial borders of each 
section from the base to the apex were 
identifi ed manually at end diastole and 
end systole because manual delineation 
has been demonstrated to be the most 
accurate method for cardiac function 
analysis with MR imaging ( 17 ). Papillary 

top national triathletes (premium triath-
lon division) with more than 6 years of 
continuous training who competed at 
national and international levels. The 
athletes were examined during their 
competitive (active) season. Control sub-
jects were included in this study if they 
were active in recreational sports for at 
least 5 years but did not engage in any 
routine (ie,  . 3 hours per week) physical 
training or organized physical activity. 

 All participants completed a medi-
cal history questionnaire. One control 
subject was subsequently excluded from 
the study because he had type 1 diabe-
tes. Thus, a group of 26 triathletes (age 
range, 18–35 years; mean age  6  stan-
dard deviation, 27.9 years  6  5.5) and 
a control group of 27 healthy men (age 
range, 20–34 years; mean age, 27.3 
years  6  3.7) were included in the study. 
Training experience, weekly training 
volume averaged over the preceding 
6 months, and periods of rest were doc-
umented. All subjects denied the use of 
illicit substances and had normal fi nd-
ings at physical examination and rest 
electrocardiography. None of the sub-
jects were taking any medication. Rest-
ing heart rate, weight, and height were 
measured. Body surface area (BSA) was 
calculated on the basis of height and 
weight by using the Mosteller standard 
equation ( 14 ). The physical characteris-
tics of the triathletes and control subjects 
are shown in  Table 1  . Finally, we evalu-
ated electrocardiograms obtained dur-
ing long-term 24-hour monitoring in 14 
of the 26 elite triathletes within the past 
4 years. Electrocardiographic analysis 
included evaluation of causes of sud-
den cardiac death in athletes, especially 
features of hypertrophic cardiomyopathy 
(eg, ST-T changes, abnormal Q waves, 
and nonsustained ventricular tachycar-
dia), arrhythmogenic RV dysplasia, long 
QT syndrome, and Brugada syndrome. 
Electrocardiograms were interpreted by 
one observer (M.S.) in random order 
and in a blinded fashion. 

 Cardiac MR Imaging Protocol 
 Cardiac MR imaging was performed by 
using a 1.5-T unit (Magnetom Espree; 
Siemens, Erlangen, Germany). Cardiac 
cine images were acquired by using 

 Table 1 

 Physical Characteristics of Triathletes and Control Subjects 

Parameter Triathletes ( n  = 26) Control Subjects ( n  = 27)  P  Value

Age (y) 27.9  6  3.5 27.3  6  3.7 .623
Height (m) 1.84  6  5.0 1.83  6  5.2 .436
Weight (kg) 77.4  6  7.1 77.8  6  8.0 .837
Body mass index (kg/m 2 ) 22.9  6  1.5 23.4  6  2.0 .423
BSA (m 2 ) 1.99  6  0.1 1.98  6  0.1 .978
Resting heart rate (beats/min) 57.6  6  8.6 69.3  6  10.7  , .001 * 

Note.—Data are given as means  6  standard deviations.

* Statistically signifi cant.
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functional LV and RV parameters are de-
tailed in  Table 2  . The indexed LV and 
RV myocardial masses at end diastole 
(myocardial mass/BSA) were signifi cantly 
greater in athletes than in control sub-
jects ( P   ,  .001) ( Fig 2  ). All values for LV 
and RV myocardial mass in the athletes 
were within normal ranges (70–113 g/m 2  
and 16–36 g/m 2 , respectively). The LV 
wall was signifi cantly thicker in athletes 
than in control subjects (range, 8.2–11.6 
mm and 7.0–10.5 mm, respectively;  P   ,  
.001) ( Fig 3  ). 

 Indexed LV and RV end-diastolic 
volumes were signifi cantly greater in 
athletes than in control subjects ( P   ,  
.001), resulting in greater stroke volume 
despite a larger end-systolic volume 
( Fig 4  ). All measured LV and RV end-
diastolic volumes in all triathletes ex-
cept one were above the normal range 
of end-diastolic volumes reported in 
the literature for cardiac MR imaging 
in healthy, male, nonathletic control 
subjects (47–92 mL/m 2  for the left ven-
tricle and 55–105 mL/m 2  for the right 
ventricle) ( 22 ). There was a strong 
positive correlation between LV end-
diastolic volume and myocardial mass 
(Pearson correlation, 0.818;  P   ,  .01), 
with the same being true for the right 
ventricle (Pearson correlation, 0.977; 
 P   ,  .01). In addition, there was a moder-
ate correlation between LV end-diastolic 
volume and body size (Pearson correla-
tion, 0.404;  P   ,  .01). The LV and RV 
remodeling indexes of athletes (0.73 
g/mL  6  0.1 and 0.22 g/mL  6  0.01, 
respectively) were similar to those of 
the control subjects (0.71 g/mL  6  0.1 
[ P  = .290] and 0.22 g/mL  6  0.01 [ P  = 
.614], respectively), which is indicative 
of a balanced adaptation of the heart in 
triathletes ( Fig 5  ). Furthermore, LV-to-
RV ratios for end-diastolic volume (RV 
end-diastolic volume/LV end-diastolic 
volume) and myocardial mass (LV myo-
cardial mass/RV myocardial mass) were 
comparable in triathletes and control sub-
jects (end-diastolic volume: 1.08 vs 1.07, 
respectively,  P  = .662; myocardial mass: 
3.01 vs 2.97, respectively,  P  = .671). 

 The maximum LA volume at end 
systole, indexed to BSA, was 57.8 mL/
m 2   6  7.8 in athletes and 40.7 mL/m 2   6  
8.7 in control subjects ( P   ,  .001). 

means of athletes and control subjects 
were assessed by using the Student 
 t  test for independent samples. All  t  tests 
were also adjusted for multiple com-
parisons according to Bonferroni-Holm 
correction. Throughout the analysis, a 
two-sided  P  value of less than .05 was 
considered statistically signifi cant. All 
computations were performed with 
software (SPSS, version 17.0; SPSS, 
Chicago, Ill). 

 Results 

 Satisfactory image quality was obtained 
in all examinations. Morphologic and 

accurate evaluation of LA size than 
does LA area or diameter ( 20 ). Maxi-
mum LA volume was measured during 
end systole just before the opening of 
the mitral valve during the phase of 
greatest LA fi lling and smallest LV fi ll-
ing, as determined with two- and four-
chamber views of the left ventricle. The 
pulmonary veins were carefully excluded 
from these measurements ( 21 ). An en-
larged LA volume index was defi ned as 
greater than 55 mL/m 2 . 

 Statistical Analysis 
 All data are expressed as means  6  stan-
dard deviations. Differences between 

 Figure 1 

  
  Figure 1:  Cardiac MR images obtained in the short-axis view by using steady-state free-precession 
sequences with retrospective electrocardiographic gating.  (a)  End-diastolic and  (c)  end-systolic images 
in a control subject.  (b)  End-diastolic and  (d)  end-systolic images in a triathlete. Note the differences in 
chamber size, with larger end-diastolic volume and concentrically thickened myocardium during systole in 
the triathlete.   
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or exclusion of papillary muscles); and 
 (c)  partial inclusion of the left atrium 
in LV volume measurements. The larger 
LV and RV end-diastolic volumes in our 
athletes likely are attributable to the se-
lection of only top elite triathletes. The 
fact that the LV and RV end-diastolic 
volumes for control subjects were similar 
to those obtained in previous MR im-
aging trials (58–91 mL/m 2  and 68–103 
mL/m 2 , respectively) validates our mea-
surements. The larger RV end-diastolic 
volumes obtained in triathletes in our 
study compared with previous MR im-
aging trials (86–119 mL/m 2 ) may also 
be partly explained by the technical 
diffi culty in analyzing RV volume and 
mass ( 9,23 ). 

 Whereas studies investigating ath-
letes undergoing sustained power or 
anaerobic power training (eg, sprint-
ers) suggest that the effect of exercise 
training may be more pronounced on 
the chamber size in the right ventri-
cle than the left ventricle ( 24 ), triath-
letes in our study showed a balanced 
increase in LV (27%) and RV end-
diastolic volume (28%) compared with 
control subjects. 

 More than 3 hours of weekly exer-
cise is necessary to change myocardial 
mass ( 25 ); therefore, we compared the 
athletic group to recreationally active 
control subjects who participated in 
less than 3 hours of physical activity per 
week. The upper clinical limits for LV 
and RV myocardial mass were defi ned 
in MR imaging studies as 113 g/m 2  and 
36 g/m 2 , respectively, with an increase 
in cardiovascular-related mortality if 
those limits are exceeded ( 26,27 ). In 
our study, the LV and RV myocardial 
mass in triathletes was 31% and 30%, 
respectively, larger than that in control 
subjects; however, none of the athletes 
had a myocardial mass larger than the 
clinical limits. The balanced LV and RV 
hypertrophy found in our study con-
trasts with results from the study by 
Petersen et al ( 9 ), who showed an un-
balanced biventricular hypertrophy in 
triathletes, favoring the left ventricle, 
and agrees with a report by Scharhag 
et al ( 23 ). This discrepancy might re-
fl ect different effects of type, intensity, 
and duration of training. 

 Discussion 

 The effect of sports disciplines that in-
corporate a combination of dynamic and 
static training (eg, triathlon) on myo-
cardial remodeling has not been well 
investigated with MR imaging. To our 
knowledge, cardiac MR imaging studies 
that focus solely on triathletes have not 
been performed to date. The fi ndings 
obtained in our study suggest that the 
specifi c type of training involved with 
triathlon results in myocardial adapta-
tions that combine features of eccentric 
and concentric remodeling. 

 In the present study, the LV end-
diastolic volumes in triathletes were 
larger than those reported in previous 
MR imaging trials in endurance athletes 
(71–108 mL/m 2 ), with the same being 
true for LV end-systolic volumes (46 
mL/m 2  vs 33–38 mL/m 2 , respectively) 
( 5,6,9,23 ). The wide discrepancy in LV 
end-diastolic and end-systolic volumes 
in previous studies is probably due to 
 (a)  mixed study populations, with no 
differentiation between various sports 
disciplines (eg, combining rowers, cy-
clists, and swimmers);  (b)  different 
methods of image analysis (inclusion 

Sixteen of the 26 triathletes (62%) had 
an LA end-systolic volume of more than 
55 mL/m 2 , whereas only one control 
subject exceeded 55 mL/m 2 . The ratio of 
end-systolic LA volume to end-diastolic 
LV volume, indexed for BSA, was signifi -
cantly higher in athletes than in control 
subjects (0.52 vs 0.45, respectively;  P  = 
.003), refl ecting pronounced LA dilata-
tion. There was a moderate negative 
correlation between the indexed LA end-
systolic volume and resting heart rate 
(Pearson correlation, 0.502;  P   ,  .01). 

 The resting heart rate was signifi -
cantly lower in athletes than in control 
subjects ( P   ,  .001) ( Table 1 ). Fourteen 
of the 26 athletes (54%) had an LV EF 
of 60%–70% and 11 (42%) had an LV 
EF of 50%–60%. Only one athlete had 
an LV EF of less than 50%. Similarly, 
all RV EFs in athletes were within the 
normal range (47%–74%) published for 
healthy, male individuals at MR imaging 
and did not differ from those in control 
subjects. The evaluation of long-term 
electrocardiograms obtained during 24-
hour monitoring in the 14 elite triath-
letes showed no relationship between 
morphologic or functional cardiac ad-
aptations and ventricular arrhythmias. 

 Table 2 

 LV and RV Morphologic and Functional Parameters of Triathletes and Control Subjects 

Parameter
Triathletes 
( n  = 26) * 

Control Subjects 
( n  = 27) *  P  Value

Adjusted 
 P  Value

Left ventricle
 End-diastolic volume index (mL/m 2 ) 115.1  6  12.1 90.8  6  11.2  , .001  †   , .001  †  
 End-systolic volume index (mL/m 2 ) 46.1  6  9.8 36.9  6  8.2  , .001  †   , .003  †  
 Stroke volume index (mL/m 2 ) 69.0  6  7.2 53.9  6  7.7  , .001  †   , .001  †  
 Mass index at end diastole (g/m 2 ) 83.2  6  7.6 63.6  6  7.1  , .001  †   , .001  †  
 Wall thickness (mm) 9.8  6  1.0 8.5  6  0.9  , .001  †   , .001  †  
 EF (%)  ‡  60.2  6  5.6 59.5  6  6.0 .679 .999
Right ventricle
 End-diastolic volume index (mL/m 2 ) 124.3  6  12.9 97.1  6  12.7  , .001  †   , .001  †  
 End-systolic volume index (mL/m 2 ) 55.5  6  7.6 43.8  6  7.8  , .001  †   , .001  †  
 Stroke volume index (mL/m 2 ) 68.8  6  9.8 53.9  6  7.3  , .001  †   , .001  †  
 Mass index at end diastole (g/m 2 ) 27.8  6  2.3 21.4  6  3.2  , .001  †   , .001  †  
 EF (%)  ‡  55.2  6  4.8 55.3  6  4.5 .980 .980
Cardiac index (L/min/m 2 )  §  4.0  6  0.6 3.7  6  0.8 .282 .846

* Data are given as means  6  standard deviations.

 †  Statistically significant. Significant differences between triathletes and control subjects also held true after multiple 
comparisons.

 ‡  EF = (stroke volume/end-diastolic volume)  3  100.

 §  Cardiac index = resting heart rate  3  (stroke volume/BSA).
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 It has been reported that an LV wall 
thickness of more than 13 mm is very 
uncommon among healthy trained ath-
letes ( 28 ). In our study, the LV wall was 
15% thicker in athletes than in control 
subjects; however, none of the triath-
letes had a wall thickness greater than 
12 mm. The mean value for LV wall 
thickness in our control subjects (8.5 
mm) corresponds to that found in a 
recent meta-analysis ( 29 ) that summa-
rized fi ndings of more than 800 control 
subjects in 78 original studies, report-
ing an average normal wall thickness 
of 8.8 mm. 

 LA size is recognized as an indepen-
dent prognostic factor for cardiovascular 
morbidity and mortality, including atrial 
fi brillation, heart failure, and stroke ( 20 ). 
The underlying mechanisms for struc-
tural changes of the atrium in athletes 
are not entirely understood, although 
increased parasympathetic tone, in-
creased infl ammatory markers, and re-
modeling of the left atrium have been 
mentioned as possible causes ( 30 ). In our 
study, triathletes with lower heart rates 
showed greater maximum LA end-systolic 

 Figure 4 

  
  Figure 4:  Box plot of indexed LV and RV end-diastolic volume ( LVEDV  and  RVEDV , respectively) 
and LV and RV end-systolic volume ( LVESV  and  RVESV , respectively) in triathletes and control 
subjects. Data are expressed in milliliters per square meter. Chamber volumes are signifi cantly 
increased in the athletes. Black dots = outliers.   

Figure 2

 

 

  Figure 2:  Box plot of LV and RV myocardial mass index in triathletes 
and control subjects. Black dot = outlier.   

Figure 3

  

  Figure 3:  Bar graph shows absolute numbers of LV wall thickness in tri-
athletes (range, 8.2–11.6 mm) and control subjects (range, 7.0–10.5 mm).   
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study, there was no variation in the LV 
and RV EF or the cardiac index at rest 
between athletes and control subjects. 
This fi nding corresponds to results from 
echocardiographic ( 29,36 ) and MR im-
aging ( 24 ) studies that showed that even 
dramatic changes in training loads do 
not infl uence this index of integrated 
ventricular systolic function at rest. 

 It has been reported that structural 
changes of the heart in athletes also 
involve the right ventricle, leading to 
higher RV stroke volume, end-diastolic 
volume, and myocardial mass ( 24,37 ). 
In our study, there were no differences 
in the LV-to-RV ratios of these volume 
and mass indexes, showing that the be-
nign adaptive structural and functional 
changes with triathlon training associ-
ated with athlete’s heart represent a bal-
anced cardiac hypertrophy with regula-
tive enlargement of all chambers ( 23 ). 
These results are supported by the 
fi nding of similar remodeling indexes in 
athletes and control subjects, indicating 
cardiac adaptation without preponder-
ance of one specifi c remodeling mech-
anism ( 23 ). In competitive athletes, it 

Differences may be due in part to dif-
ferent evaluation methods. In previous 
studies, LA volumes were usually eval-
uated with echocardiography, which 
tends to underestimate the true vol-
umes ( 21 ). 

 In our study, the resting heart rate 
of the triathletes was signifi cantly lower 
( 2 17%) than that of control subjects. 
This well-known bradycardic effect of 
dynamic exercise has been attributed to 
increased vagal tone ( 33 ) and was pre-
viously demonstrated in several studies 
of endurance-trained athletes ( 34,35 ). 
Lower resting heart rates improve the 
cardiac blood supply by means of a bet-
ter diastolic-to-systolic ratio and are in-
dicative of economized heart function. 
The LV and RV stroke volumes in our 
elite athletes were similar to those found 
at previous MR imaging studies in en-
durance athletes ( 1,5,9,23,24 ). The in-
crease in the stroke volume of endur-
ance athletes is attributable to the larger 
end-diastolic volume of hypertrophied 
ventricles and not to a higher EF. 

 Ventricular systolic function is com-
monly assessed with the EF. In our 

volumes. Therefore, we hypothesize that 
an increased LA filling pressure due 
to a higher vagal tone may contribute 
to atrial enlargement ( 21 ). Further re-
search is needed to investigate the re-
lationship between LA remodeling and 
parasympathetic tone. Because electro-
cardiographic examinations revealed no 
atrial fi brillation or other supraventricu-
lar tachyarrhythmias, LA remodeling in 
competitive triathletes may be consid-
ered a physiologic adaptation to exer-
cise conditioning. 

 Moreover, our data suggest that, 
in highly active triathletes, LA dilata-
tion is accompanied by LV remodeling 
as an adaptation to training. This is in 
contrast to studies in other sports such 
as soccer, which have demonstrated no 
relationship between LA dilatation and 
LV cavity enlargement ( 31 ). The percent-
age of LA enlargement in our study 
(62%) was much higher than that in 
athletes involved in other disciplines 
such as soccer (20%) ( 32 ), indicat-
ing that a combination of endurance 
and resistance training as in triathlon 
has a greater effect on LA remodeling. 

 Figure 5 

  
  Figure 5:  Graphs show the  (a)  LV and  (b)  RV remodeling indexes, expressed as the ratio of indexed myocardial mass to indexed end-diastolic 
volume ( EDV ). Even though the indexed myocardial mass and end-diastolic volume were greater in triathletes, the mean values for the LV and 
RV remodeling index were similar to those of the control subjects.   
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in previous studies owing to the use of 
different methods of image analysis. Al-
though an enlarged left atrium is often 
associated with arrhythmia, we did not 
fi nd any arrhythmias in our athletes. 
This fi nding should be interpreted care-
fully because the study duration might 
be too short (only one examination per 
athlete) or the sample size could be too 
small. Finally, we did not perform myo-
cardial strain imaging. Previous cardiac 
MR imaging studies in which strain 
imaging techniques were used in pa-
tients with hypertrophic cardiomyopathy 
showed reduced regional wall motion 
(myocardial hypokinesis) ( 41 ), whereas 
echocardiographic investigations with 
two-dimensional strain imaging showed 
a signifi cant reduction in strain rates 
at the basal and midseptal segments 
in endurance athletes compared with 
healthy control subjects ( 42 ). Cardiac 
MR imaging studies with strain imaging 
should be performed in triathletes to 
identify differences between physiologic 
and pathologic cardiac adaptations. 

 In summary, the pattern of myo-
cardial remodeling in elite triathletes 
refl ects the nature of the underlying 
training, which combines both endur-
ance and resistance components. Car-
diac adaptations in elite triathletes are 
characterized by a balanced increase in 
LV and RV myocardial mass, wall thick-
ness, ventricular dilatation, and diastolic 
function. Cardiac dilatation is more pro-
nounced in the left atrium than in the 
left ventricle. These fi ndings of cardiac 
adaptations in elite triathletes are not 
associated with ventricular arrhythmias. 
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