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Abstract

Background Data regarding cardiovascular magnetic resonance (CMR) reference values in athletes have not been
well determined yet. Using CMR normal reference values derived from the general population may be misleading in
athletes and may have clinical implications.

Aims To determine reference ventricular dimensions and function parameters and ratios by CMR in high perfor-
mance athletes.

Methods Elite athletes and age- and gender-matched sedentary healthy controls were included. Anatomical and
functional variables, including biventricular volumes, mass, systolic function, wall thickness, sphericity index and longi-
tudinal function were determined by CMR.

Results A total of 148 athletes (29.2+9.1 years; 64.8% men) and 124 controls (32.1 £ 10.5 years; 67.7% men) were
included. Left ventricular (LV) mass excluding papillary muscles was 67 % 13 g/m? in the control group and increased
from 65 = 14 g/m? in the low intensity sport category to 83+ 16 g/m? in the high cardiovascular demand sport
category; P<0.001. Regarding right ventricular (RV) mass, the data were 2045, 31 +6,and 38£8 g/mz, respectively;
P<0.001. LV and RV volumes, and wall thickness were higher in athletes than in the control group, and also increased
with sport category. However, LV and RV ejection fractions were similar in both groups. LV and RV dimensions, wall
thickness and LV/RV ratios reference parameters for athletes are provided.

Conclusions |V and RV masses, volumes, and wall thicknesses are higher in athletes than in sedentary subjects.

Specific CMR reference ranges for athletes are provided and can be used as reference levels, rather than the standard
upper limits used for the general population to exclude cardiomyopathy.
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ume in response to exercise [1]. This process has great
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individual variation across age, genders and sport dis-
ciplines [2]. Furthermore, there is substantial overlap
between physiological adaptation and cardiomyopathy
in the so-called grey area, which can render the dis-
tinction between athlete’s heart and cardiac disease
difficult, especially in extreme forms of sport-related
ventricular hypertrophy and dilatation, which may
require differential diagnosis with hypertrophic [3],
dilated [4] and arrhythmogenic [5] cardiomyopathies.

Cardiomyopathy is recognized as one of the leading
causes of sudden death in athletes [6]. Consequently,
regular medical evaluation is progressively being
implemented in athletes, including cardiac imaging in
those athletes with high suspicion of heart disease [7].
Distinction of pathological findings from physiological
adaptation is relevant to minimize the risk of sudden
death and because of the career changing decisions of
elite athletes that can derive from it.

Cardiovascular magnetic resonance (CMR) has excellent
accuracy for the measurement of biventricular volumes,
mass and function, stress induced perfusion defects, and
for analysis of coronary origin. It also has a unique capabil-
ity of detecting myocardial fibrosis. CMR provides a com-
prehensive evaluation of the heart and is an appropriate
technique for the preparticipation assessment of athletes
in whom symptoms or signs suggest heart disease, and of
asymptomatic athletes with either abnormal examination,
abnormal electrocardiogram (ECQG), or definite (or high
suspicion for) family history of inheritable heart disease [8].

The use of CMR normal reference values derived
from the general population may be misleading in
highly trained athletes. Reliable CMR reference val-
ues obtained in these athletes are thus mandatory to
reduce inconclusive reports caused by the grey area
between physiological adaptation and cardiopathy, to
prevent athletes being barred from sports because of
false positive findings and to prevent reassurance of
athletes in whom cardiac pathology goes undetected.

The aims of this study were, firstly, to assess differ-
ences between high-performance athletes and age and
gender-matched controls with respect to variables
including LV and right ventricular (RV) morphological
and functional parameters, secondly, to detect signifi-
cant predictors of ventricular dimensions and function
in athletes and, finally, to establish reference values for
biventricular parameters normalized for independent
influences such as age, gender, height, body surface
area and type of sport in athletes.

Methods

Subjects included

This was an observational and prospective study car-
ried out with CMR at 1.5 T in which elite athletes in

(2023) 25:12

Page 2 of 11

regular competition with>10 h training per week, and
age- and gender-matched sedentary healthy controls
were included. Sport disciplines were classified accord-
ing to their characteristics [9]. All subjects, males and
females, were white athletes and above 18 years of age.
Athletes were active on their training programs at the
time of the study (typically >2 days and <7 days since last
training session). The control group consisted of subjects
exercising <3 h per week, age and gender matched, and
also matched for height and weight. In this group, the
majority of subjects performed activities including Nor-
dic walking, yoga, Pilates, tennis, paddle, swimming,
ballroom dances, hiking, cycling, running, etc. This is
the normal physical activity for the majority of subjects
in Spain. As a result, this was considered as an appro-
priate control group [10]. Exclusion criteria included
standard contraindications for CMR, personal history
of cardiovascular risk factors such as hypertension [11],
diabetes mellitus [12], smoking habit, dyslipidemia [13],
use of illicit substances, family history of cardiac disease,
personal history of cardiac, respiratory or renal disease,
presence of ECG abnormalities other than those reported
as compatible with normal physiological adaptations in
athletes [14] and/or evidence of cardiovascular structural
or functional abnormalities on the CMR study. The study
was carried out according to the principles of the Decla-
ration of Helsinki and was approved by the institutional
ethics committee. Each subject gave informed written
consent.

Data collected included age, gender, sport discipline,
years of training, average training hours per week, height,
weight, and body surface area that was calculated accord-
ing to the Mosteller formula [15]. All CMR studies were
analyzed and reported by two cardiologists with at least
10-year experience in CMR and individual diagnosis was
made by consensus. Only patients with normal CMR
were included. Whenever consensus of absence of car-
diopathy could not be reached, a third cardiologist was
invited for deciding the final diagnosis, but these cases
were not included in the study.

CMR was performed according to standardized CMR
imaging protocols [16]. CMR was performed in 1.5 T
CMR scanners (Avanto and Symphony, Siemens Health-
ineers, Erlangen, Germany) using front and back surface
coils and retrospective ECG triggering. CMR scans were
acquired by operators with at least 4-year experience in
CMR.

Images were analyzed with a specific software (Medis,
Leiden, The Netherlands) by two experienced observ-
ers (more than 10 yr experience). End-diastole and end-
systole were selected from the time-volume curve. LV
and RV endocardial and epicardial borders were manu-
ally delineated in all planes in end-diastole, while in
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end-systole only the respective LV and RV endocardial
borders were delineated. LV papillary muscles were also
delineated in end-diastole in all the planes in which they
appeared.

LV mass (LVM) was calculated from the end-diastolic
frames. Papillary muscle mass was also calculated, and
LVM values were obtained both including and exclud-
ing papillary muscle mass. LV segmental wall thickness
was quantified in diastole for all 16 segments [17]. Papil-
lary muscles were excluded when measuring ventricular
volumes. RV mass was calculated form the end-diastolic
frames. RV free wall thickness was measured in the mid-
lateral segment (segment 7) in all the subjects included
[18]. End-diastolic and end-systolic volumes were calcu-
lated for both the LV and the RV. The LV and RV out-
flow-tracts were included for calculating the ventricular
volumes. These parameters were indexed to body surface
area, height and height*’ for comparative analysis. LV
ejection fraction (LVEF) and RV ejection fraction (RVEF)
were calculated as (end-diastolic volume — end-systolic
volume)/end-diastolic volume. LV and RV atrioventricu-
lar plane displacement were measured in the lateral wall
of both the LV and RV and in the septum and expressed
as a percentage of the end-diastolic length. End-diastolic
and end-systolic LV and RV sphericity indexes were also
calculated. Other definitions included: relative wall mass
(RWM): mass relative to end-diastolic volume (g/mL);
wall thickness dispersion index: the standard deviation
of the wall thickness of all 16 segments; atrioventricular
plane descent (AVPD): the length (apex to lateral or sep-
tal AV groove, respectively) in diastole minus this length
in systole divided by the length in diastole * 100; sphe-
ricity index: LV basal radial length/longitudinal length,
measured in the apical 4-chamber views during end-
diastole and end-systole; anterior apical to basal ratio:
the wall thickness of the anterior wall in the apical seg-
ment divided by the wall thickness in the anterior wall at
the basal segment [19]. First pass myocardial perfusion
at rest was visually assessed. Presence of regional wall
motion abnormalities were excluded with CMR.

Statistical analysis

Categorical variables were described by their absolute
(n) and relative frequencies (%) and continuous vari-
ables by the mean and standard deviation or median and
interquartile range according to normality distribution.
Univariate normality assumptions were verified with the
Shapiro—Wilk test. Differences between athletes and con-
trols with respect to variables regarding baseline charac-
teristics and ventricular dimensions and function were
assessed using analysis of variance (ANOVA) or Kruskal—
Wallis test for continuous variables, as appropriate, and
Chi-square for categorical variables. Two-way ANOVA
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or Kruskal-Wallis test, as appropriate, were used to ana-
lyze differences in LV and RV dimensions and function
parameters according to age, gender and intensity of
sport. Simple linear regression was used to analyze varia-
tions in ventricular dimensions and function according to
age, gender and sport, to model the data and to construct
reference ranges as mean and 95% confidence intervals.
A level of statistical significance of 0.05 was applied in
all the statistical tests. The data were analyzed using the
statistical package SPSS (v22.0, Statistical Package for the
Social Sciences, International Business Machines, Inc.,
Armonk, New York, USA).

Results

A total of 148 athletes (29.24+9.1 years with age
range 18-50 vyears; 64.8% men) and 124 controls
(32.1£10.5 years; 67.7% men) were included in the study.
The reasons for athletes to perform a CMR included
post-acute pericarditis to rule out myocardial involve-
ment (n=11); for minor symptoms, defined as subjec-
tive decrease in sport performance, atypical chest pain,
palpitations (n=56); for suspicion of coronary anomaly
(n=2); to rule out intracavitary mass (n=09); for sus-
picion of RV anomalies in echocardiogram, such as RV
dilation, wall motion abnormalities, or systolic dys-
function (n=34); and for suspicion of LV anomalies in
echocardiogram, such as LV hypertrophy, LV dilatation,
LV systolic dysfunction, or hypertrabeculation (n=36).

Athletes and controls were well balanced with regard
baseline clinical characteristics. Table 1 shows anthro-
pometric variables of controls and athletes, as well as
training information of athletes and distribution across
sport groups. Sport disciplines were categorized accord-
ing to Pelliccia’s classification [9] in low, medium and
high intensity sports. Among athletes, mean hours per
week of training were 16.4+7.9 and mean years of train-
ing 10.6 5.3, with no differences with respect to sport
category.

LV morphology parameters, as well as LV wall thick-
ness ratios, LV/RV ratios and RWM for ventricular
parameters in controls and athletes according to sport
category are reported in Table 2 and Additional file 1:
Table S1. No significant differences were seen for the
majority of LV and RV parameters between controls
and the low intensity sport group. LV mass excluding
papillary muscles was 67413 g/m? in control group
and increased from 654 14 g/m? in the low intensity
sport category to 83416 g/m? in the high intensity
sport category; P<0.001. Similarly, LV end-diastolic
volume was 77 & 14 mL/m? in the control group and
increased from 79410 to 106 +19 mL/m? according
to sport category, respectively; P<0.001 and for LV
end-systolic volume, these numbers were 27+9 mL/
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Table 1 Anthropometric variables in athletes and controls
Group All Males Females P value
Controls Athletes Controls Athletes Controls Athletes  Group Gender
N 124 148 84 96 40 52
Age (years) 32.1£105 29.2+£9.1 321105 2964101 322+104 286+84 NS NS
Weight (Kg) 74+£14 70+£12 79+£12 7611 63+£13 61£10 NS <0.001
Height (cm) 173£9 17511 1778 1809 164+7 166+8 NS <0.001
BSA (m?) 1.87+£0.22 1.85+0.21 196£0.18 1.94+£0.18 169£0.17 168+£0.16 NS <0.001
BMI (g/m?) 21.0+£32 202+£27 219427 210423 19.1+£33 187£26 NS <0.05
Sport classification (n, %)
Low intensity 12 (8.1%) 7 (7.3%) 5 (9.6%) NS
Medium intensity 70 (47.3%) 40 (41.7%) 30 (57.7%)
High intensity 66 (44.6%) 49 (51.0%) 17 (32.7%)
Years of training (years) 106£53 106+£6.0 106+38 - NS
Average training (h/week) 164479 151£66 185£90 - NS
Dynamic component Low (<50%) Medium (50-75%) High (> 75%)
Static component Males Females Males Females Males Females
Low (< 10%)
Riflery 1 1 Fencing 1 Badminton 1
Golf 2 1 Table tennis 2 1 Field hockey 4
Orienteering 3 1
Running (long distance) 19 14
Soccer 1 1
Moderate (10-20%)
Archery 1 1 Rugby 1 Basketball 3 3
Equestrian 1 Running (sprint) 2 Running (middle distance) 6 5
Ultra racing 1 Swimming 4
Team handball 1
Tennis 1
High (>30%)
Gymnastics 3 Wrestling 3 1 Boxing 2
Martial arts 2 2 Canoeing 1
Sailing 1 2 Kayaking 1
Weight lifting 2 Rowing 3 1
Cycling 14 4
Triathlon 10 3

Distribution of athletes with respect to sport classification. BSA body surface area, BMI body mass index. *Sport classification according to [9]

m? 2847 mL/m? and 40410 mL/m? respectively;
P <0.001. LVEF was 66 + 7% in the control group, with-
out significant differences between groups. Regardless
segment, wall thickness was significantly greater in ath-
letes than in the control group, even in the low intensity
group, and increased with the intensity of sport. Inter-
estingly, apical-to-basal wall thickness ratios did not
differ between controls and athletes. LV relative wall
mass excluding papillary muscles was 0.83+0.14 g/mL
in the control group and decreased from 0.81 £0.15 to
0.78+0.18 g/mL, respectively, according to the inten-
sity of sport; P <0.05.

With regard to RV (Table 3 and Additional file 1:
Table S2), RV mass was 2045 g/m? in the control group
and increased from 31+£6 g/m” in the low intensity
sport to 3848 g/m? in the high sport category; P <0.001.
Similarly, RV end-diastolic volume was 78415 mL/
m? in the control group and increased from 81412 to
105+ 17 mL/m? according to sport category, respectively;
P <0.001 and for RV end-systolic volume, these numbers
were 309 mL/m? 31+9 mL/m” and 41+11 mL/m?,
respectively; P<0.001. RVEF was 62+7% in the control
group, without significant differences between groups.
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Table 2 Left ventricular morphology and function parameters, wall thickness dispersion index, relative wall mass and left ventricular/
right ventricular ratios in controls and athletes classified with respect to sport category

Sport category according to intensity

Control Low intensity Medium intensity High intensity P

LV EDV (mL) 140431 % 140423 % 18443818 196446 "* <0001
LV EDV/BSA (mL/m?) 774147 79410% 103416 " 106419 " <0.001
LV ESV (mL) 504197 514137 664181 77424 "TF <0.001
LV ESV/BSA (mL/m?) 27497 28477 3749 40410 <0.007
LV EF (%) 6647 65+7 6446 6346 NS
LVM excluding PM (g) 1184331 118435 145440 1S 163441 " <0.001
LVM excluding PM/BSA (g/m?) 67413% 65414% 804191 834161 <0.001
LV RWM excluding PM (g/mL) 08340.14 % 08140.15 07840.15" 07840.18" <005
LV Max WT (mm) 844132% 92422 94418" 984+17" <0.001
WTDI (mm) 08940237 1014042 1034038" 1124038" <001
WT AB ratio 0.780.05 0794007 0.800.06 0.79-40.08 NS

PM mass, total (g) 4741347 484135 544167 62+16"" <0.001
PM mass/BSA (g/m?) 2540657 284068 31+£080" 32+076" <0001
LV AVPD, septal (%) 2044 1844 2043 2044 NS

LV AVPD, lateral (%) 1844 1843 1944 1844 NS

LV sphericity index, ES 2444038 2414023 2334030 2354037 NS

LV sphericity index, ED 2014021 2074018 200=£0.19 1974021 NS
LV / RV EDV ratio 1.0040.12 0.9940.10 1.0040.10 1.0240.11 NS
LV / RV ESV ratio 0.92+0.23 09240.15 0944018 0.980.20 NS

LV / RV EF ratio 1.0740.10 1054008 1.0540.09 1044008 NS

LV left ventricle, EDV end-diastolic volume, BSA body surface area, ESV end-systolic volume, EF ejection fraction, LVM: left ventricular mass, PM papillary muscles,
RWM relative wall mass, Max WT maximum wall thickness, WTDI wall thickness dispersion index, WT AB ratio global apical to basal wall thickness ratio, PM mass, total
papillary muscle mass, AVPD atrioventricular plane displacement, ES end-systole, ED end-diastole, RV right ventricle

Post-Hoc analysis: *significant differences with “Control” group; 'significant differences with “Low intensity” sport group; *significant differences with “Medium

intensity” sport group; §significant differences with “High intensity” sport group

RV wall thickness was higher in athletes than in the con-
trol group, regardless intensity of sport; P <0.001.

LV dimensions and LV wall thickness and LV/RV
ratios reference parameters for clinical use in athletes
of medium and high intensity sports (no significant dif-
ferences were found between control and low intensity
sport groups) are reported in Table 4, Fig. 1 and Addi-
tional file 1: Table S3, with gender cut-offs when appli-
cable. Furthermore, reference parameters for specific
sports are also provided. Overall, LVM excluding papil-
lary muscles was 78 £ 13 g/m?, LV end-diastolic volume
1024+16 mL/m? LV end-systolic volume 38£9 mL/
m?, LVEF 64+ 6%, and LV relative wall mass excluding
papillary muscles 0.75+0.16 g/mL. In the multivariate
analysis, in general, LV parameters were greater in men
than in women, without relevant differences according
to sport or age, except for a limited number of variables
(Additional file 1: Table S4).

Equally, RV dimensions reference parameters for clin-
ical use in athletes of medium and high intensity sports
are reported in Table 5, Fig. 1 and Additional file 1:
Table S5, with gender and age cut-offs when applicable.

Overall, RV mass was 3547 g/m2, RV end-diastolic
volume 102+17 mL/m?, RV end-systolic volume
40410 mL/m?, and RVEF 614+ 6%. In the multivariate
analysis, in general, RV parameters were greater in men
than in women, without relevant differences according
to sport or age, except for a limited number of variables
(Additional file 1: Table S6).

Discussion
In our study, extensive reference CMR values of Cau-
casian athletes compared with a control group are pro-
vided. In addition, data were analyzed according to sport
category with respect to type of sport, age and gender.
Although sports practice promotes metabolic, func-
tional and physical benefits, some athletes may develop
adverse outcomes, including sudden cardiac death [20,
21]. On the other hand, high intensity exercise stimulates
changes in cardiac structure and function that trans-
lates into a physiological adaptation to physical activity,
the “Athlete’s Heart” [22]. As a result, it is mandatory
the use of diagnostic tools that may be of help to distin-
guish between physiological and pathological changes on
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Table 3 Right ventricular morphology and function parameters in controls and athletes classified with respect to sport category

Sport category according to intensity

Control Low intensity Medium intensity High intensity P
RV EDV (mL) 1474£35% 145430 % 18444018 2034421 <0.001
RV EDV/BSA (mL/m?) 78415 81+£12% 10441977 105417 7" <0.001
RV ESV (mL) 564197 564+15% 72418"" 81424 <0001
RV ESV/BSA (mL/m?) 304£9% 314£9% 41410 A <0.001
RV EF (%) 6247 6146 6146 617 NS
RVM (g) 394101 5441178 62417 7241871 <0.001
RVM/BSA (g/m?) 20451 31467 36+8"" 3848 <0.001
RV RWM 0.3040.05 ™ 0354006" 0354007" 0364008 " <0001
RV WT (mm) 3417 4408 4407 4407 <0.001
RV AVPD, lateral (%) 2746 2446 2445 2546 NS
RV sphericity index, ES 2354049 2444043 2454055 2294052 NS
RV sphericity index, ED 2344052 2344033 2464047 2414043 NS

RV right ventricle, EDV end-diastolic volume, BSA body surface area, ESV end-systolic volume, EF ejection fraction, RVM right ventricular mass, RWM relative wall mass,
RV WT RV free wall thickness (measured in segment 7), AVPD atrioventricular plane displacement, ES end-systole, ED end-diastole

Post-Hoc analysis: *significant differences with “Control” group; fsignificant differences with “Low intensity” sport group; *significant differences with “Medium

intensity” sport group; §significant differences with “High intensity” sport group

heart as this may have relevant prognostic consequences
[23-25]. In this context, although the ECG and echocar-
diogram are considered the first step in the diagnostic
approach to identify the structural adaptative changes
observed in the hearts of highly trained athletes, CMR
provides a higher volumetric accuracy to differenti-
ate normal adaptive athlete’s heart from mild or initial
expression forms of left- and right-heart side cardiomyo-
pathies [26-28]. In fact, the Society for Cardiovascular
Magnetic Resonance supports a class II recommenda-
tion for the use of CMR in the diagnosis of athlete’s heart
[29]. Unfortunately, CMR reference values from athletes
are scarce [30-32, 35]. Although the number of patients
included in our study was inferior to those reported
with echocardiography, it should be considered that the
reproducibility of CMR is higher and, consequently, the
number of subjects required is significantly lower [33].
Therefore, our data provided relevant information that
may be very valuable for their use clinical practice.
Different studies have reported that cardiac changes
induced by exercise depend on the type of training. Thus,
although normal systolic and diastolic cardiac functions
remain stable in the athlete’s heart, pure endurance and
strength training would promote different effects on
cardiac remodeling [1, 34]. Still, training programs usu-
ally include both types of exercise, in a variable propor-
tion, so in real life cardiovascular changes in response to
exercise are not dichotomous. In our study, athletes with
both type of training were included. In addition, control
and athlete groups were well balanced regarding age,
sex, anthropometric characteristics and medical history.

All of this suggests that our data could be applied to the
whole athlete population.

In our study, LVM and RV mass, end-diastolic and
end-systolic volumes, as well as wall thickness were not
only higher in athletes than in the control group, but
also these numbers gradually increased with the inten-
sity of sport. Of note, LVEF and RVEF were similar in
both groups, without a significant impact according
to sport category or type of sport, supporting the gen-
eralizability of the results. These data are in line with
previous studies that have observed that increases in
LV and RV volumes and mass are related to the amount
of training rather than the sporting discipline [31,
35-37]. However, data from low intensity sports and
control group were similar, what is important in clini-
cal practice in order to define normal CMR values. On
the other hand, it should be emphasized that we ana-
lyzed many dimensions and function parameters and
ratios, providing a more complete CMR analysis than
previously reported in highly trained athletes [31]. In
fact, we provided many important parameters that have
not been previously published (i.e. segmental parietal
thicknesses, some ratios, desynchrony index, etc.) and
that may have an important impact in the management
of patients in clinical practice. For example, in con-
trast to previous studies with athletes, we measured the
size of papillary muscles that are not well defined with
echocardiography. Therefore, our data are important
to differentiate normal values in athletes from those of
patients with Fabry’s disease or hypertrophic cardio-
myopathy [38, 39]. Additionally, we also measured the
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Table 4 Left ventricular morphology and function, wall thickness dispersion index, relative wall mass and left ventricular/right
ventricular ratios reference parameters summary data (mean, 95% confidence interval) for medium and high intensity sports, with
gender cut-offs when applicable, and for specific sports

Medium and high intensity sports

Running, soccer

Cycling, rowing, triathlon

All By gender
Males Females Males Females Males Females
LV EDV (mL)* 18636 (116, 214438 (140, 159+ 27 (106, 21141 (130, 150+ 23 (105, 211438 (136, 159+ 27 (106,
256) 288) 212) 292) 197) 286) 212)
LV EDV/BSA (mL/ 102416 (72, 110+17 (77, 954+13(70,120) 1114+18(76, 954+15(66,124) 109417 (76, 93413 (68, 128)
m)’ 134) 143) 146) 143)
LV ESV (mL)"™* 68+19 (31,105 78+21(37,119) 58+15(29,87) 764+20(37,116) 58413(32,84) 79423(34,124) 59414 (31,87)
LV ESV/BSA (mL/ 3849 (21,57) 40+10(21,59) 36+£8(20,52) 40+10(21,59) 3547(21,49) 42411 (21,65) 3746 (25,49)
2

m?)"*
LV EF (%)*

LVM excluding
PM (@)

LVM excluding
PM /BSA (g/m?)*

LV RWM exclud-
ing PM (g/mL)*

Max WT (mm)*
WTDI (mm)*

WT AB ratio

PM mass (g)T
PM mass /BSA
(g/m?)’

LV AVPD, septal
(%)

LV AVPD, lateral
%)’

Sphericity index,
ES

Sphericity index,
ED’

LV/RVEDV ratio
LV/ RV ESV ratio

LV / RV EF ratio

6416 (53,74)

142 £28 (89,
197)

7813 (52,103)

0.75£0.16 (043,
1.07)

9.0+£14(6,12)

1.014£0.21(0.59,
1.43)

0.80+0.07 (0.66,
0.94)

554+14(28,83)
3.04+08(15,46)

203 (14, 26)

1943 (13, 25)

232+£033(1.67,
2.97)

1.97£0.20 (1.58,
2.36)

1.01£0.10 (0.80,
1.20)

0.95+0.17 (0.61,
1.28)

1.05£0.08 (0.89,
1.21)

6446 (53,74)

176£31 (116,
236)

9014 (63,117)

0.820.18 (047,
1.17)

100£15(7,13)

1.17+£021(0.75,
1.59)

0.7940.06 (0.67,
0.91)

6.3+1.5(3.59.1)
32+£08(1.7,48)

1943(13,25)

18+£3(12,24)

234+033(1.68,
2.00)

1.98£0.20 (1,57,
2.36)

1.02+0.10 (0.82,
1.22)

0.96+0.17 (0.62,
1.30)

1.03+0.07 (0.89,
1.17)

6416 (53,74)

110£18 (75,
145)

65+ 10 (45, 86)

0.69+0.13 (0.44,
0.95)

80£13(511)

8540.20 (045,
1.25)

0.80+0.07 (0.66,
0.94)

48+13(23,74)
28£0.7(15,4.1)

20+3 (14, 26)

1943 (13, 25)

2.30£0.32 (1.66,
2.94)

2.0040.20 (1.60,
240)

1.01£0.10 (0.81,
1.21)

0.94+0.17 (0.60,
1.28)

1.06£0.08 (0.90,
1.22)

6446 (52,75)

173£29 (116,
231)

9014 (63,117)

0.80£0.19 (043,
1.17)

102£15(7,13)

1.15+£0.21(0.74,
1.57)

0.7840.07 (0.64,
0.92)

6.24+15(3.3,9.1)
33+£08(1.7,48)

1943(13,25)
18+£3(12,24)
2.30£0.30(1.70,

2.90)

1.93£0.20 (1.54,
233)

1.03+0.11 (0.91,
1.24)
1.00%0.17 (0.66,
1.33)
1.03+0.07 (0.89,
1.17)

63+7(50,77)

108£19 (71,
145)

69+ 13 (44, 94)

0.73£0.11 (0.51,
0.95)

80£09(6,10)

.86+0.20 (0.46,
1.25)

0.78+0.07 (0.64,
0.92)

48+£1.0(28,68)
30+£05(20,4.0)

20+3(14,26)

1943 (13, 25)

2.29+£0.30(1.69,
2.89)

20040.17 (1.66,
2.34)

0.99+0.09 (0.81,
1.17)

0.9740.17 (0.63,
1.30)

1.03£0.08 (0.88,
1.19)

63+6(51,75)

17631 (115,
237)

9114 (63,118)

0.8440.18 (0.48,
1.20)

104£1.6(7,13)

1.09£0.23 (0.65,
1.55)

0.8140.05 (0.71,
0.91)

6.34+1.5(3.3,9.3)
33+£08(1.7,48)

18£4 (10, 26)

18£4 (10, 25)

240£032(1.67,
3.03)

1994021 (1.57,
240)
1.0240.10 (0.82,
1.22)

0.9740.17 (0.63,
1.30)

1.0440.07 (0.90,
1.17)

6347 (50,77)
116£18(80,151)

73+11(51,95)

0.7440.12 (0.50,
0.97)

85+1.1(7,11)

0.90£0.20 (0.50,
1.30)

0.7940.04 (0.71,
0.87)

51£13(25,76)
33£06(2.1,45)

1944 (11,27)

1943 (13, 25)

235+031(1.63,
2.97)

1.984£0.20 (1.59,
2.38)

1.03£0.11 (0.81,
1.24)

0.98+0.17 (0.64,
1.31)

1.05+£0.08 (0.90,
1.21)

LV left ventricle, EDV end-diastolic volume, BSA body surface area, ESV end-systolic volume, EF ejection fraction, LVM left ventricular mass, PM papillary muscles,
RWM relative wall mass, Max WT maximum wall thickness, WTDI wall thickness dispersion index, WT AB ratio global apical to basal wall thickness ratio, PM mass total
papillary muscle mass, AVPD atrioventricular plane displacement, ES end-systole, ED end-diastole, RV right ventricle

" Significant differences (p < 0.05) among age groups on multivariable analysis

* Significant differences (p < 0.05) between genders on multivariable analysis

* Significant differences (p < 0.05) between medium and high intensity sport categories on multivariable analysis

maximum wall thickness, the wall thickness dispersion
index, and apical/basal wall thickness ratios, that can
be helpful parameters for the early diagnosis of mild
apical hypertrophic cardiomyopathy [40].

Morphological, functional, and electrical changes of
the cardiac chambers induced by exercise do not only

depend on type or intensity of training, but also on age
and sex [34]. Thus, a recent study that investigated the
impact of sex, age, body size, sports type and training
volume on cardiac adaptation in healthy athletes with
CMR showed that male athletes had higher LV and RV
volumes and masses in both adult and adolescent groups
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Fig. 1 Left ventrcular and right ventricular dimensions reference parameters for clinical use in athletes according to gender and type of sport.
LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVEF left ventricular ejection fraction, LVM left ventricular
mass, RVEDV right ventricular end-diastolic volume, RVESV right ventricular end-systolic volume, RVRF right ventricular ejection fraction, RVM right

ventricular mass, RWM relative wall mass, PM papillary muscle

compared with women [41]. In our study, the multivari-
ate analysis showed that in general, LV and RV parame-
ters were greater in men than in women, without relevant
differences according to sport or age in the majority of
variables. In fact, it has been reported that training inten-
sity, rather than age has a relevant impact on changes in
cardiac parameters [36]. As a result, LV and RV dimen-
sions reference parameters were provided not only in the
general athlete population, but also according to gender
and age when applicable.

Providing a quantitative evaluation of ventricular
chambers is important and this may allow differentiating
between pathology and normal conditions, establishing
the severity of pathologies and monitoring changes dur-
ing the follow-up under therapy [30]. However, to date,
only some reference ranges for CMR have been provided
for athletes, but limited to some particular conditions (i.e.
males, right heart, etc.) [31, 42]. Thus, current informa-
tion about CMR values in athletes come from relatively
small studies with homogeneous sporting disciplines or

with suspected cardiomyopathy [32]. A recent meta-anal-
ysis of studies involving CMR in apparently adult healthy
competitive athletes have proposed normal values for
biventricular size and function [31]. As in our case, vol-
umes and mass were greater in athletes than in the gen-
eral population, and biventricular function was not
significantly affected by training volume [31]. However,
this meta-analysis was limited to male athletes and sub-
stantial heterogeneity were found between studies [31].
As a result, new data that may provide normal values
for cardiac dimensions in athletes engaging in a variety
of sports rather than using standard upper limits derived
from the general population are warranted [32]. In this
context, our study provided LV and RV dimensions and
functional parameters as well as LV/RV ratios reference
parameters for athletes of moderate and high cardiovas-
cular demand sports that could be very helpful in the
management of this population. Furthermore, data were
provided including/excluding papillary muscles, and ref-
erence numbers about wall thickness were also given. In
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Table 5 Right ventricular morphology and function, reference parameters summary data (mean, 95% confidence interval) for
medium and high intensity sports, with gender cut-offs when applicable, and for specific sports

Medium and high intensity sports

Running, soccer

Cycling, rowing, triathlon

All By gender
Males Females Males Females Males Females

RV EDV (mL)+ 182+£37 (108, 212438 (136, 150+ 28 (94, 208+38 (133, 152425 (103, 207435 (138, 155+24 (107,

255) 288) 206) 284) 202) 277) 202)
RV EDV/BSA (mL/ 102+17 (68, 109+18 (74, 96415 (66,125) 109418 (74, 97416 (65,128) 10717 (75, 95415 (66, 125)
m)? 136) 144) 144) 141)
RV ESV (mL)"" 734+20(34,112) 81421(40,121) 624+18(26,98) 77+18(41,113) 584+12(34,82) 80+19(42,118) 62411 (40, 84)
RV ESV/BSA (mL/ 40410 (20, 59) 42411 (20,63) 38+8(23,55) 41410 (21,60) 37+£8(21,53) 43411 (21,64) 38+7(24,52)
mZ)*T

RV EF (%) 6146 (49,73) 6246 (50,73) 6045 (49,71)

RVM (g) 60+14(33,89) 7615 (46,106) 48410 (28,68)

RVM/BSA (g/m?)" 354+7(21,48)  4048(24,55 3045 (21,40)

RVRWM (g/mL)" 0354007 (021, 0374007 (023, 0.33+005 (0.23,
0.48) 0.51) 0.42)

RVWT (mm)* 38407 (25,51) 40+07(26,53) 35+05(26,45)

RV AVPD, lateral  25+5(16,36) 2645 (16, 36) 25+5 (15, 35)

(%)

RV sphericity 2384049 (140, 2354049 (137, 23940.50(1.39,

index, ES 3.36) 3.33) 3.39)

RV sphericity 2454044 (167, 2444044 (166, 2464045 (1.66,

index, ED 3.33) 3.32) 3.35)

63+6(51,75)

2354047 (141,

62+5(52,72) 6146(49,73) 60£5 (50, 70)

74+14(47,102) 47+8(31,62) 7615 (46,105 4946 (37,61)
3947 (25,53) 30+6(18,42) 40+£8 (24, 55) 3045 (20, 40)
0.354+0.07(0.21, 0.3140.07(0.27, 0.3740.09(0.20, 0.3140.05(0.21,
049) 0.45) 0.54) 041)

04040.07 (0.26, 0.3540.05(0.25, 04140.08(0.25, 0.3440.05 (0.25,
54) 0.45) 0.56) 045)

265 (16, 36) 23+4(15,31) 2445 (14, 34) 22+5(13,33)

239+£036(1.67, 220+£041(1.39, 2.25+031(1.63,

3.29) 341) 3.01) 2.88)
2464039 (1.68, 2484041(1.66, 2314+038(1.57, 2414040 (1.61,
3.24) 3.30) 3.07) 3.21)

RV right ventricle, EDV end-diastolic volume, BSA body surface area, ESV end-systolic volume, EF ejection fraction, RVM right ventricular mass, RWM relative wall mass,
WT free wall thickness (measured in segment 7), AVPD atrioventricular plane displacement, ES end-systole, ED end-diastole

" Significant differences (p < 0.05) among age groups on multivariable analysis
T Significant differences (p < 0.05) between genders on multivariable analysis

* Significant differences (p < 0.05) among sport categories (medium and high intensity) on multivariable analysis

addition, numbers were provided according to gender
and age when applicable.

Limitations

Our study has several limitations. First, although the over-
all sample size was enough to respond the main objective
of the study, when analyzing some subgroups of patients
(i.e. female athletes), large error in the estimates could
occur, causing wider confidence intervals. In addition,
not all types of training were equally represented, and
should be specifically analyzed in further researches. As
previously commented, cardiac remodeling is influenced
by age. Unfortunately, only in some specific variables ref-
erence values could be provided according to age. There-
fore, when considering reference values, training regimen,
intensity, years of training, gender and age should be
considered. On the other hand, late gadolinium enhance-
ment was not performed, but this was not the scope of the
study. Finally, as this study was performed in European
Caucasian subjects, the current results cannot be neces-
sarily applied to athletes of other races or origin and fur-
ther CMR studies are needed in these populations.

Conclusions

CMR is a relevant tool in the evaluation of athlete’s
heart and may be considered for a most comprehensive
approach in the management of athletes to assess for
pathology. LV and RV masses, volumes, and wall thick-
ness were higher in athletes than in the control group,
but also these numbers gradually increased with the
intensity of sport. LVEF and RVEF were independent of
the intensity of activity. Specific CMR reference ranges
for athletes are provided and can be used as reference
levels in this population, rather than the standard upper
limits used for the general population to establish nor-
mality and exclude cardiomyopathy.

Abbreviations
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Lv Left ventricle/left ventricular
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