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Abstract: A better understanding of the left ventricle (LV) and right ventricle (RV) functioning
would help with the differentiation between athlete’s heart and dilated cardiomyopathy (DCM). We
aimed to analyse deformation parameters in endurance athletes relative to patients with DCM using
cardiac magnetic resonance feature tracking (CMR-FT). The study included males of a similar age:
22 ultramarathon runners, 22 patients with DCM and 21 sedentary healthy controls (41 ± 9 years).
The analysed parameters were peak LV global longitudinal, circumferential and radial strains (GLS,
GCS and GRS, respectively); peak LV torsion; peak RV GLS. The peak LV GLS was similar in controls
and athletes, but lower in DCM (p < 0.0001). Peak LV GCS and GRS decreased from controls to
DCM (both p < 0.0001). The best value for differentiation between DCM and other groups was found
for the LV ejection fraction (area under the curve (AUC) = 0.990, p = 0.0001, with 90.9% sensitivity
and 100% specificity for ≤53%) and the peak LV GRS diastolic rate (AUC = 0.987, p = 0.0001, with
100% sensitivity and 88.4% specificity for >−1.27 s−1). The peak LV GRS diastolic rate was the only
independent predictor of DCM (p = 0.003). Distinctive deformation patterns that were typical for each
of the analysed groups existed and can help to differentiate between athlete’s heart, a nonathletic
heart and a dilated cardiomyopathy.

Keywords: athlete’s heart; dilated cardiomyopathy; feature tracking; cardiac magnetic resonance

1. Introduction

It has been established that the hearts of endurance athletes undergo characteristic
physiological remodelling, which primarily involves enlargement of all heart chambers
and is sometimes accompanied by mild left ventricular hypertrophy, which is referred to
as athlete’s heart (AH) [1,2]. In effect, the size of the left ventricle (LV) appears to exceed
the upper reference values in approximately 40–70% of male endurance athletes, as demon-
strated in echocardiographic and cardiac magnetic resonance (CMR) studies [2,3]. The size
of the left ventricle can therefore be similar to that in patients with dilated cardiomyopathy
(DCM). In contrast, however, an indicative marker of pathology, namely, a low LV ejection
fraction, is rare, as it infrequently drops below 55% in AH [4]. Nonetheless, in athletes
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with a markedly enlarged LV and borderline LV systolic function, distinguishing between
physiological remodelling and pathology is difficult [5]. Such diagnostic differentiation
is clinically important, as DCM is one of the definable causes of sudden cardiac death
in athletes, accounting for up to 8% of all cases [6,7]. A structured diagnostic algorithm
has been proposed to differentiate between adaptive and maladaptive cardiac changes. It
considers the presence of additional features favouring AH, such as (a) symmetrical right
ventricular enlargement, (b) an asymptomatic course, (c) a lack of pathological findings on
the electrocardiogram or Holter monitoring, (d) the presence of a significant LV ejection
fraction improvement during exercise and (e) a lack of late gadolinium enhancement (LGE)
other than at junction points on CMR [8–11]. Nevertheless, the differential diagnosis of
early, preclinical phase DCM cases remains challenging.

Another parameter, which could facilitate the differentiation of AH from DCM is a bet-
ter understanding of the cardiac deformational mechanics in both groups [9,10]. These may
be assessed using echocardiographic speckle tracking (STE) or CMR feature tracking (CMR-
FT). These tools enable the precise tracking of the systolic and diastolic multidirectional
deformations and rotation of the heart [12,13]. Although several echocardiographic studies
and a single CMR-FT study were done comparing the cardiac deformational mechanics
of athletes to those of controls, no study heretofore has employed this tool to differentiate
between athlete’s heart and DCM [10,14–18].

On these grounds, we aimed to retrospectively analyse the rotational mechanics of
the hearts of ultramarathon runners relative to both patients with DCM and nonathletic
controls using CMR-FT. Our objective was to expand on what is known of myocardial
contraction in these groups, as well as to identify parameters that bear a potential value in
the discrimination between adaptive and maladaptive cardiac changes.

2. Materials and Methods
2.1. Study Groups

The study included a group of 22 male amateur endurance athletes and a comparable
number of sex- and age-matched patients with DCM, as well as healthy sedentary controls.
The athletes were all long-term ultramarathon runners with at least 7 years of documented
training, running an average of 70 km per week with frequent starts in competitions, which
often exceeded 100 km in distance. They were all asymptomatic and free of cardiovascular
disease, as verified using an electrocardiogram (ECG), cardiopulmonary exercise testing
and CMR, which is presented in detail elsewhere [3]. All patients with DCM had a clinically
confirmed disease and were under typical treatment for DCM in a specialised tertiary centre,
where they underwent CMR. In order to eliminate severe cases of the disease, only DCM
patients with an LV ejection fraction >30% and in a functional New York Heart Association
(NYHA) class I were included in the analysis. Controls were healthy male subjects who
volunteered to participate in the study but were not engaged in exercise beyond sporadic,
recreational forms of physical activity.

2.2. CMR Study and Analysis

The CMR imaging was performed using a Siemens Magnetom Skyra 3 T scanner in
athletes and controls and with a Siemens Magnetom Avanto Fit 1.5 T scanner in patients
with DCM (Siemens, Erlangen, Germany). The protocol included initial scout images,
followed by cine steady-state free precession (SSFP) breath-hold sequences in two-, three-
and four-chamber views. The short axis was identified using the two- and four-chamber
images and included the ventricles from the mitral and tricuspid valvular plane to the
apex. This was followed by the administration of 0.1 mmol/kg of a gadolinium contrast
agent (gadobutrol in Gadovist®, Bayer Pharma AG, Berlin, Germany) flushed with 30 mL
of isotonic saline. Late gadolinium enhancement (LGE) images in three long axes and a
stack of short-axis imaging planes were obtained with a breath-hold segmented inversion
recovery sequence performed 10 min after the contrast injection. The inversion time was
adjusted to completely null the normal myocardium (typically between 250 and 350 ms).
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Images were retrospectively analysed with the use of dedicated software (cvi42, v. 5.11,
Circle Cardiovascular Imaging, Calgary, AB, Canada) [13]. An automatic contour detection
on the two-, three- and four-chamber long-axis slices and all short-axis slices was used,
along with discrete manual adjustments to properly delineate the endo- and epicardial
contours of both ventricles. These were used to calculate the end-diastolic and end-systolic
ventricular volumes, stroke volume and ejection fraction of the left ventricle and right
ventricle (RV) and, in the case of the LV, the myocardial mass. The values were then indexed
to the body surface area.

The same contours were used for the analysis using CMR-FT. The peak global cir-
cumferential strain and global radial strains (GCS and GRS, respectively), and the peak
GCS/GRS systolic and diastolic strain rates were derived from the analysis of a stack of
short-axis slices. These images were also used to calculate the LV peak torsion and torsion
rate, which reflects the difference between the clockwise rotation of the basal segments
and the counterclockwise rotation of the apex during systole. The peak global longitudi-
nal strain (GLS) and peak GLS systolic and diastolic strain rates of both ventricles were
obtained from the combined analysis of three long-axis image projections.

The presence and location of LGE was assessed visually and classified by location
(junction point, interventricular septum, inferolateral segments, other) and type (nonis-
chaemic, i.e., mid-wall/subepicardial, or ischaemic). The analysis was blinded to the group
assignment.

2.3. Statistical Methods

All results for the categorical variables are presented as a number and a percentage.
Continuous variables are expressed as a mean with standard deviation (SD) or a median
with an interquartile range (IQR), depending on the normality of the distribution, as
assessed using the chi-squared test. Either the chi-squared test or Fisher’s exact test was
used for the comparison of categorical variables, when appropriate. Student’s t-test or
the Mann–Whitney test for unpaired samples were applied to compare two groups and
the one-way ANOVA test or the Kruskal–Wallis test were used to compare three groups
depending on the normality of the distribution, respectively. The receiver operation curve
(ROC) analysis was computed to assess the discriminating value of the analysed parameters
between the DCM and athlete’s heart/controls. Parameters with the highest discriminating
value were included in the multivariable logistic regression to find independent predictors
of DCM. The inter-reader variability was assessed using intraclass correlation coefficients
(ICCs). All tests were two-sided with the significance level set to p < 0.05. The statistical
analyses were performed using MedCalc statistical software 10.0.2.0 (MedCalc, Mariakerke,
Belgium).

3. Results
3.1. Baseline Characteristics

Subjects from all groups were of similar age. The baseline CMR characteristics were
typical for each studied group (Table 1).

All control subjects had normal LV and RV sizes, systolic function and LV masses [19].
Only one of them (8%) had a small junction point fibrosis, but it was considered to be benign.
In comparison to the controls, the athletes had higher LV and RV sizes, a comparable systolic
function of both ventricles and higher LV masses. Four of them (28%) had small LGEs of
nonischaemic aetiology, mostly in the junction points and in one case in the inferolateral
wall (subepicardial, most likely after prior asymptomatic myocarditis). Patients with DCM
exhibited an enlarged LV size similar to that in athletes, but with lower LV ejection fractions
and masses (Figure 1). Their RV sizes were lower than in athletes and comparable to
controls, but with lower RV ejection fractions. In 50% of them, there was a mid-wall LGE
in the inferolateral wall or the interventricular septum.
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Table 1. Baseline cardiac magnetic resonance (CMR) parameters in studied groups.

Parameter
Control
Group
n = 21

Endurance
Group
n = 22

DCM
Group
n = 22

p for Trend

Age, years (±SD) 40 ± 12 41 ± 6 45 ± 12 0.271
LVEDVI, mL/m2 (±SD) 84 ± 15 117 ± 10 * 123 ± 29 * <0.001
LVESVI, mL/m2 (±SD) 30 ± 6 43 ± 7 74 ± 14 <0.001
LVSVI, mL/m2 (±SD) 54 ± 10 # 74 ± 8 49 ± 13 # <0.001

LVEF, % (±SD) 64 ± 4 ** 63 ± 4 ** 41 ± 9 <0.001
LVMI, g/m2 (±SD) 68 ± 10 # 86 ± 11 73 ± 14 # <0.001

RVEDVI, mL/m2 (±SD) 89 ± 15 # 132 ± 18 88 ± 25 # <0.001
RVESVI, mL/m2 (±SD) 39 ± 9 # 56 ± 11 44 ± 14 # <0.001
RVSVI, mL/m2 (±SD) 50 ± 10 # 76 ± 10 44 ± 15 # <0.001

RVEF, % (±SD) 56 ± 6 ** 58 ± 5 ** 49 ± 10 <0.001
LGE, %

Nonischaemic
Junction point
Inferolateral

IVS
Ischaemic

1 (8)
1
1
0
0
0

4 (28)
4
3
1
0
0

11 (50)
11
1
4
6
0

0.003

* insignificant DCM vs. endurance, ** insignificant endurance vs. control, # insignificant DCM vs. control.
DCM—dilated cardiomyopathy, IVS—interventricular septum, LGE—late gadolinium enhancement, LVEDVI—
left ventricular end-diastolic volume index, LVEF—left ventricular ejection fraction, LVESVI—left ventricular
end-systolic volume index, LVMI—left ventricular mass index, LVSVI—left ventricular stroke volume index,
RVEF—right ventricular ejection fraction, RVEDVI—right ventricular end-diastolic volume index, RVESVI—right
ventricular end-systolic volume index, RVSVI—right ventricular stroke volume index, SD—standard deviation.
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3.2. Deformation Mechanics of the LV

Peak GLS of the LV was similar in athletes and in controls, but lower in patients with
DCM (Table 2, Figure 2).
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Table 2. Deformation parameters of the left and right ventricles in the studied groups.

Parameter
Control
Group
n = 21

Endurance
Group
n = 22

DCM
Group
n = 22

p for Trend

Left Ventricle
Global longitudinal strain (±SD)

Peak, %
Peak systolic rate, s−1

Peak diastolic rate, s−1

−14.4 ± 1.9 **
−0.77 ± 0.08 **
−0.78 ± 0.18

−14.3 ± 2.3 **
−0.73 ± 0.10 **
−0.56 ± 0.09 *

−10.3 ± 3.2
−0.59 ± 0.13
−0.57 ± 0.16 *

<0.001
<0.001
<0.001

Global circumferential strain
Peak, %

Peak systolic rate, s−1

Peak diastolic rate, s−1

−16.9 ± 2.0
−0.89 ± 0.14
−0.93 ± 0.18 **

−14.5 ± 2.6
−0.70 ± 0.12
−0.95 ± 0.14 **

−10.1 ± 2.7
−0.59 ± 0.14
−0.50 ± 0.16

<0.001
<0.001
<0.001

Global radial strain (±SD)
Peak, %

Peak systolic rate, s−1

Peak diastolic rate, s−1

27.6 ± 4.9
1.48 ± 0.42

−1.63 ± 0.37 **

22.6 ± 5.4
1.06 ± 0.30

−1.58 ± 0.31 **

14.6 ± 4.8
0.80 ± 0.24
−0.69 ± 0.29

<0.001
<0.015
<0.001

Torsion, % (±SD)
Peak (◦/cm)

Peak rate (◦/(cm·s))
0.86 ± 0.35 **
7.7 ± 2.1 **

0.73 ± 0.36 */**
6.4 ± 2.1 */**

0.56 ± 0.19 *
5.6 ± 2.2 *

0.01
0.01

Right Ventricle
Global longitudinal strain (±SD)

Peak, %
Peak systolic rate, s−1

Peak diastolic rate, s−1

−18.4 ± 4.1
−1.21 ± 0.31
1.03 ± 0.29

−15.7 ± 3.6
−1.00 ± 0.33
0.97 ± 0.30

−17.8 ± 5.5
−1.24 ± 0.74
1.08 ± 0.67

0.116
0.221
0.731

* insignificant DCM vs. endurance, ** insignificant endurance vs. control, # insignificant DCM vs. control.
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Figure 2. Comparison of the left ventricular peak global longitudinal (A), circumferential (B) and
radial (C) strains between the studied groups. GCS—global circumferential strain, GLS—global
longitudinal strain, GRS—global radial strain, LV—left ventricular.

A similar pattern was observed for the peak systolic GLS rate, while the peak diastolic
GLS rate was similar in the athletes and in patients with DCM and lower than in the
controls (Figure 3).

The peak LV GCS and peak LV GRS were lower in athletes and in patients with DCM
in comparison to the controls (Figure 2). A similar pattern was observed for the peak
systolic GCS and GRS rates, while the peak diastolic GLS rate was similar in the athletes
and controls and lower than in patients with DCM (Figure 3).

Examples of the main LV deformation parameters as 4D reconstructions in single
subjects from each group are supplied in a supplementary file.

Differences in the peak torsion and torsion rate were observed only between the
controls and patients with DCM.
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3.3. Deformation Mechanics of the RV

The peak GLS of the RV was lower in athletes in comparison to the controls (p = 0.028),
as was the peak GLS systolic rate (p = 0.035). Besides this, no significant differences were
found between the studied groups in terms of the RV deformation mechanics (Table 2).

3.4. Discriminating Ability of the Analysed Parameters

The ROC analysis included the parameters that best differentiated between the adap-
tive changes (athlete’s heart) and maladaptation (DCM) in the univariate analysis. It
revealed that five parameters had a very high area under the curve (AUC) (>0.90, range
0.918–0.990) that was characterised by high sensitivity (72.7% to 100%—best for the peak
LV GRS diastolic rate) and specificity (88.4–100%—best for the LV ejection fraction), as
demonstrated in Table 3. Those five parameters were included in the multivariable logistic
regression model, which showed that the only independent predictor of DCM was the
peak LV GRS diastolic rate (p = 0.003).

Table 3. Receiver operator characteristic curve analysis of the CMR parameters to distinguish
between physiology (athlete’s heart or controls) and pathology (dilated cardiomyopathy).

Variable Cut-Off Value AUC Sensitivity Specificity p

RVEDVI ≤119 mL/m2 0.724 95.5% 41.9% 0.0004
LVEDVI >122 mL/m2 0.732 50.0% 88.4% 0.0008

RVEF ≤50% 0.790 59.1% 93.0% 0.0001
Peak LV GLS systolic rate >−0.65 s−1 0.830 70.0% 90.7% 0.0001

Peak LV GLS >−11.0% 0.847 70.0% 97.7% 0.0001
Peak LV GRS ≤15.7% 0.918 72.7% 95.3% 0.0001
Peak LV GCS >12.3% 0.931 81.8% 93.0% 0.0001

Peak LV GCS diastolic rate ≤0.70 s−1 0.974 90.9% 97.7% 0.0001
Peak LV GRS diastolic rate >−1.27 s−1 0.987 100% 88.4% 0.0001

LVEF ≤53% 0.990 90.9% 100% 0.0001
AUC—area under the curve.

Of note, the left and right ventricular sizes and the RV ejection fractions had only
moderate accuracy in the discrimination between physiology and pathology, with low
sensitivity for LV size and RV ejection fraction (50% and 59.1%) and low specificity for RV
size (41.9%), as demonstrated in Table 3.

3.5. Inter-Reader Variability

The inter-reader variability was analysed using 20 randomly peaked studies from the
whole sample. The ICCs for the assessment of the peak LV GLS, GCS and GRS were 0.95,
0.96 and 0.98 respectively. The ICCs for the assessment of the peak torsion and RV GLS
were 0.91 and 0.92.

4. Discussion

Our study was the first to analyse the differences in the deformational mechanics
of both ventricles of the heart in endurance athletes, non-athletic controls and patients
with DCM. Previous studies, which were performed mostly using echocardiography,
compared athletes to controls [9,10,14–16]. Thus far, few studies have used CMR-FT as a
tool to analyse the deformational mechanics of the hearts of athletes [17,18]. In fact, the
gap in the literature produced by the lack of direct comparison between the two studied
groups addressed in this study has been referenced in the position statement on the use of
cardiovascular imaging in the evaluation of athlete’s heart [10].

Sports cardiologists are occasionally faced with the need to differentiate pronounced
forms of athlete’s heart—including a marked enlargement of the LV with borderline LV
ejection fraction—from DCM, which, in the preclinical phase, can present in a similar
form [5,9,10]. Different algorithms have been proposed to better characterise the grey area
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between athlete’s heart and DCM patterns in imaging [9–11]. These include the presence of
other features of athlete’s heart, such as enlargement of the RV and the atria. Nonischaemic
forms of LGE are more likely to be present in patients with DCM, as seen in our study.
However, athletes may also present with subepicardial or mid-wall scarring that is likely
postmyocarditis, which can further blur the clinical picture [20]. Unfortunately, steady-
state imaging is often unable to clearly differentiate between both entities. Therefore,
other markers must be taken into account, such as (a) the presence of symptoms, (b) a
pathological electrocardiographic pattern, (c) the presence of arrhythmias during Holter
monitoring, (d) increased biomarker levels (especially N-terminal prohormone of brain
natriuretic peptide - NT-proBNP) or (e) a lack of significant improvement in the LV ejection
fraction during exercise [11,21].

A deeper analysis of LV and RV systolic and diastolic function, including deformation
parameters and rotational mechanics, may benefit the differentiation process. CMR appears
to be a favourable and reproducible tool for this purpose due to its good signal-to-noise
ratio, which allows for clear delineation of the heart structures and endo- and epicardial
contour detection with modern postprocessing tools, as demonstrated in our study. There-
fore, unlike with echocardiography, a reliable analysis does not have to be limited to GLS
and can include other parameters, such as GCS, GRS or torsion, as well as RV mechanics.
CMR is also one of the imaging methods that is recommended by experts for routine use in
grey zone cases of athlete’s heart, as the analysis of deformation parameters comes at no
additional cost and can be done in the postprocessing stage [9,10]. However, CMR parame-
ters cannot directly be compared to echocardiographic ones and need their own normal
values [22]. There are also significant differences between the vendors of feature-tracking
software, as shown in previous studies, which does not make them interchangeable [23,24].
A previous study demonstrated that the most widely used parameter, namely LV GLS, is
lower in CMR-FT than in speckle tracking imaging, as in our study [25].

We have demonstrated that each of the analysed groups has its unique deformational
characteristics for left and right ventricular cardiac muscle. It has been previously shown
that elite athletes have improved LV systolic performance at rest, which is characterised by
significant shortening of the systolic time duration in comparison with sedentary controls,
in association with a significant increase in the LV emptying velocity [26]. We have shown
that this may be related to decreased peak LV GCS and GRS (mainly due to lower peak
GCS and GRS systolic rates), while peak GLS and peak torsion did not change significantly,
maintaining a normal LV ejection fraction. This was accompanied by lower RV GLS. Our
findings are supported by previous research with the use of CMR-FT in endurance athletes
that also showed similar LV GLS, lower LV GCS/GRS and lower RV GLS in comparison to
controls [17,18]. However, unlike in the study by Swoboda et al., we did not observe lower
torsion in our athletic group [17].

Pathological remodelling of the heart in DCM is characterised by enlargement of the
LV, which is accompanied by decreased LV systolic performance at rest. A lower LV ejection
fraction in patients with DCM in comparison to AH is an effect of further decreases in
peak GCS and GRS, but also of a decrease in other parameters of systolic LV performance,
such as peak LV GLS and peak torsion. In our study, peak LV GCS and GRS diastolic rates
seemed to best discriminate physiological from pathological LV remodelling, with peak LV
GRS diastolic rate being the only independent predictor of DCM. The peak LV GRS diastolic
rate and LVEF can potentially be considered as complementary discriminatory parameters
in the differentiation between DCM and AH, as the first one had perfect sensitivity and the
other one showed perfect specificity, as demonstrated in our study.

From a pathophysiological standpoint, our results can be explained by the type
of scarring present in patients with DCM, which is often diffuse and not visible with
simple LGE imaging. GCS represents mid-wall fibers and GRS represents epicardial
fibers, which are typically affected by the fibrosis observed in DCM, in contrast to GLS,
which is more representative of subendocardial scarring that is typical for ischaemic
cardiomyopathy [27,28].
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Our study has some limitations. We included endurance athletes with enlarged heart
chambers and nonathletic controls, but not athletes lacking features of AH as a comparison
group [11]. Furthermore, there was a clear difference in the LV ejection fraction between
the athletes and patients with DCM without many grey zone cases in terms of borderline
ejection fractions [11]. Nevertheless, we believe that the finding of the LV GRS diastolic
rate as the sole independent parameter predicting DCM, despite marked differences in
the LV ejection fraction between the athletes/controls and patients with DCM, shows that
deformation parameters can bear a significant role in a differential diagnosis between
adaptive and maladaptive cardiac changes.

5. Conclusions

There is a distinctive deformation pattern that is typical of each of the analysed groups,
which could help in differentiating between athlete’s heart, a nonathletic heart and dilated
cardiomyopathy. The peak left ventricular global circumferential and radial strains, as well
as their diastolic strain rates, are parameters that are characterised by very good sensitivity
and specificity when differentiating between physiology and pathology. The peak left
ventricular global radial diastolic strain rate was the only independent predictor of dilated
cardiomyopathy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-441
8/11/2/374/s1. Video S1: Examples of left ventricular global strains in a control subject, an athlete
and a patient with dilated cardiomyopathy. DCM—dilated cardiomyopathy, GCS—global circumfer-
ential strain, GLS—global longitudinal strain, GRS—global radial strain. The colour gradient goes
from high values (marked red) through yellow and green down to the lowest values (marked blue).
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3. Małek, Ł.A.; Barczuk-Falęcka, M.; Werys, K.; Czajkowska, A.; Mróz, A.; Witek, K.; Burrage, M.; Bakalarski, W.; Nowicki, D.; Roik,

D.; et al. Cardiovascular magnetic resonance with parametric mapping in long-term ultra-marathon runners. Eur. J. Radiol. 2019,
117, 89–94. [CrossRef] [PubMed]

4. Pluim, B.M.; Zwinderman, A.H.; van der Laarse, A.; van der Wall, E.E. The athlete’s heart: A meta-analysis of cardiac structure
and function. Circulation 2000, 101, 336–344. [CrossRef] [PubMed]

5. Abulí, M.; De La Garza, M.S.; Sitges, M. Differentiating Athlete’s Heart from Left Ventricle Cardiomyopathies. J. Cardiovasc.
Transl. Res. 2020, 13, 1–9. [CrossRef]

https://www.mdpi.com/2075-4418/11/2/374/s1
https://www.mdpi.com/2075-4418/11/2/374/s1
http://doi.org/10.7326/0003-4819-130-1-199901050-00005
http://www.ncbi.nlm.nih.gov/pubmed/9890846
http://doi.org/10.1056/NEJM199101313240504
http://www.ncbi.nlm.nih.gov/pubmed/1824720
http://doi.org/10.1016/j.ejrad.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31307657
http://doi.org/10.1161/01.CIR.101.3.336
http://www.ncbi.nlm.nih.gov/pubmed/10645932
http://doi.org/10.1007/s12265-020-10021-8


Diagnostics 2021, 11, 374 11 of 12

6. Harmon, K.G.; Drezner, J.A.; Maleszewski, J.J.; Lopez-Anderson, M.; Owens, D.; Prutkin, J.M.; Asif, I.M.; Klossner, D.; Ackerman,
M.J. Pathogeneses of Sudden Cardiac Death in National Collegiate Athletic Association Athletes. Circ. Arrhythmia Electrophysiol.
2014, 7, 198–204. [CrossRef]

7. Finocchiaro, G.; Papadakis, M.; Robertus, J.L.; Dhutia, H.; Steriotis, A.K.; Tome, M.; Mellor, G.; Merghani, A.; Malhotra, A.; Behr,
E.; et al. Etiology of sudden death in sports: Insights from a United Kingdom Regional Registry. J. Am. Coll. Cardiol. 2016, 67,
2108–2115. [CrossRef] [PubMed]

8. Sharma, S.; Drezner, J.A.; Baggish, A.; Papadakis, M.; Wilson, M.G.; Prutkin, J.M.; La Gerche, A.; Ackerman, M.J.; Börjesson,
M.; Salerno, J.C.; et al. International recommendations for electrocardiographic interpretation in athletes. Eur. Heart J. 2018, 39,
1466–1480. [CrossRef]

9. Galderisi, M.; Cardim, N.; D’Andrea, A.; Bruder, O.; Cosyns, B.; Davin, L.; Donal, E.; Edvardsen, T.; Freitas, A.; Habib, G.;
et al. The multi-modality cardiac imaging approach to the Athlete’s heart: An expert consensus of the European Association of
Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 353. [CrossRef] [PubMed]

10. Pelliccia, A.; Caselli, S.; Sharma, S.; Basso, C.; Bax, J.J.; Corrado, D.; D’Andrea, A.; D’Ascenzi, F.; Di Paolo, F.M.; Edvardsen, T.;
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 cardio-vascular imaging in the evaluation of
the athlete’s heart. Eur. Heart J. 2018, 39, 1949–1969. [PubMed]

11. Millar, L.M.; Fanton, Z.; Finocchiaro, G.; Sanchez-Fernandez, G.; Dhutia, H.; Malhotra, A.; Merghani, A.; Papadakis, M.; Behr,
E.R.; Bunce, N.; et al. Differentiation between athlete’s heart and dilated cardiomyopathy in athletic individuals. Heart 2020, 106,
1059–1065. [CrossRef] [PubMed]

12. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American society of echocardiography and the European association of cardiovascular imaging. Eur. Heart J. Cardiovasc. Imaging
2015, 16, 233–271. [CrossRef] [PubMed]

13. Maceira, A.M.; Tuset-Sanchis, L.; Lopez-Garrido, M.; San Andreas, M.; Lopez-Lereu, M.P.; Monmeneu, J.V.; Garcia-Gonzalez,
M.P.; Higueras, L. Feasibility and reproducibility offeature-tracking-based strain and strain rate measures of the left ventricle in
different diseases and genders. J. Magn. Reason. Imaging 2018, 47, 1415–1425. [CrossRef]

14. Caselli, S.; Montesanti, D.; Autore, C.; Di Paolo, F.M.; Pisicchio, C.; Squeo, M.R.; Musumeci, B.; Spataro, A.; Pandian, N.G.;
Pelliccia, A.; et al. Patterns of Left Ventricular Longitudinal Strain and Strain Rate in Olympic Athletes. J. Am. Soc. Echocardiogr.
2015, 28, 245–253. [CrossRef] [PubMed]

15. Weiner Hutter, A.M., Jr.; Wang, F.; Kim, J.; Weyman, A.E.; Wood, M.J.; Picard, M.H.; Baggish, A.L. The impact of endurance
exercise training on left ventricular torsion. JACC Cardiovasc Imaging 2010, 3, 1001–1009. [CrossRef] [PubMed]

16. Oxborough, D.; Sharma, S.; Shave, R.; Whyte, G.; Birch, K.; Artis, N.; Batterham, A.M.; George, K. The Right Ventricle of
the Endurance Athlete: The Relationship between Morphology and Deformation. J. Am. Soc. Echocardiogr. 2012, 25, 263–271.
[CrossRef]

17. Swoboda, P.P.; Erhayiem, B.; McDiarmid, A.K.; Lancaster, R.E.; Lyall, G.K.; Dobson, L.E.; Ripley, D.P.; Musa, T.A.; Garg, P.;
Ferguson, C.; et al. Relationship between cardiac deformation parameters measured by cardiovascular magnetic resonance and
aerobic fitness in endurance athletes. J. Cardiovasc. Magn. Reson. 2016, 18, 48. [CrossRef]

18. Tahir, E.; Starekova, J.; Muellerleile, K.; Freiwald, E.; von Stritzky, A.; Munch, J.; Avaneson, M.; Weinrich, J.M.; Stehning, C.;
Cavus, E.; et al. Impact of myocardial fibrosis on left ventricular function evaluated by fea-ture-tracking myocardial strain cardiac
magnetic resonance in competitive male triathletes with normal ejection fraction. Circ. J. 2019, 83, 1553–1562. [CrossRef]

19. Kawel-Boehm, N.; Maceira, A.; Valsangiacomo-Buechel, E.R.; Vogel-Claussen, J.; Turkbey, E.B.; Williams, R.; Plein, S.; Tee, M.;
Eng, J.; Bluemke, D.A. Normal values for cardiovascular magnetic resonance in adults and children. J. Cardiovasc. Magn. Reson.
2015, 17, 1–33. [CrossRef]

20. Małek, Ł.A.; Bucciarelli-Ducci, C. Myocardial fibrosis in athletes—Current perspective. Clin. Cardiol. 2020, 43, 882–888. [CrossRef]
21. Claessen, G.; Schnell, F.; Bogaert, J.; Claeys, M.; Pattyn, N.; De Buck, F.; Dymarkowski, S.; Claus, P.; Carré, F.; Van Cleemput, J.;

et al. Exercise cardiac magnetic resonance to differentiate athlete’s heart from structural heart disease. Eur. Hear. J. Cardiovasc.
Imaging 2018, 19, 1062–1070. [CrossRef]

22. Taylor, R.J.; Moody, W.E.; Umar, F.; Edwards, N.C.; Taylor, T.J.; Stegemann, B.; Townend, J.N.; Hor, K.N.; Steeds, R.P.; Mazur, W.;
et al. Myocardial strain measurement with feature-tracking cardiovascular magnetic resonance: Normal values. Eur. Heart J.
Cardiovasc. Imaging 2015, 16, 871–881. [CrossRef] [PubMed]

23. Barreiro-Pérez, M.; Curione, D.; Symons, R.; Claus, P.; Voigt, J.-U.; Bogaert, J. Left ventricular global myocardial strain assessment
comparing the re-producibility of four commercially available CMR-feature tracking algorithms. Eur. Radiol. 2018, 28, 5137–5147.
[CrossRef] [PubMed]

24. Dobrovie, M.; Barreiro-Pérez, M.; Curione, D.; Symons, R.; Claus, P.; Voigt, J.-U.; Bogaert, J. Inter-vendor reproducibility and
accuracy of segmental left ventricular strain measurements using CMR feature tracking. Eur. Radiol. 2019, 29, 6846–6857.
[CrossRef]

25. Pryds, K.; Larsen, A.H.; Hansen, M.S.; Grøndal, A.Y.K.; Tougaard, R.S.; Hansson, N.H.; Clemmensen, T.S.; Løgstrup, B.B.; Wiggers,
H.; Kim, W.Y.; et al. Myocardial strain assessed by feature tracking cardiac magnetic resonance in patients with a variety of
cardiovascular diseases—A comparison with echocardiography. Sci. Rep. 2019, 9, 1–9. [CrossRef]

http://doi.org/10.1161/CIRCEP.113.001376
http://doi.org/10.1016/j.jacc.2016.02.062
http://www.ncbi.nlm.nih.gov/pubmed/27151341
http://doi.org/10.1093/eurheartj/ehw631
http://doi.org/10.1093/ehjci/jeu323
http://www.ncbi.nlm.nih.gov/pubmed/25681828
http://www.ncbi.nlm.nih.gov/pubmed/29029207
http://doi.org/10.1136/heartjnl-2019-316147
http://www.ncbi.nlm.nih.gov/pubmed/32341137
http://doi.org/10.1093/ehjci/jev014
http://www.ncbi.nlm.nih.gov/pubmed/25712077
http://doi.org/10.1002/jmri.25894
http://doi.org/10.1016/j.echo.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25455545
http://doi.org/10.1016/j.jcmg.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20947045
http://doi.org/10.1016/j.echo.2011.11.017
http://doi.org/10.1186/s12968-016-0266-x
http://doi.org/10.1253/circj.CJ-18-1388
http://doi.org/10.1186/s12968-015-0111-7
http://doi.org/10.1002/clc.23360
http://doi.org/10.1093/ehjci/jey050
http://doi.org/10.1093/ehjci/jev006
http://www.ncbi.nlm.nih.gov/pubmed/25711353
http://doi.org/10.1007/s00330-018-5538-4
http://www.ncbi.nlm.nih.gov/pubmed/29872912
http://doi.org/10.1007/s00330-019-06315-4
http://doi.org/10.1038/s41598-019-47775-4


Diagnostics 2021, 11, 374 12 of 12

26. Caselli, S.; Di Pietro, R.; Di Paolo, F.M.; Pisicchio, C.; Di Giacinto, B.; Guerra, E.; Culasso, F.; Pelliccia, A. Left ventricular systolic
performance is improved in elite athletes. Eur. J. Echocardiogr. 2011, 12, 514–519. [CrossRef]

27. Geyer, H.; Caracciolo, G.; Abe, H.; Wilansky, S.; Carerj, S.; Gentile, F.; Nesser, H.-J.; Khandheria, B.; Narula, J.; Sengupta, P.P.
Assessment of myocardial mechanics using speckle tracking echocardiography: Fun-damentals and clinical applications. J. Am.
Soc. Echocardiogr. 2010, 23, 351–369. [CrossRef] [PubMed]

28. Mahrholdt, H.; Wagner, A.; Judd, R.M.; Sechtem, U.; Kim, R.J. Delayed enhancement cardiovascular magnetic resonance
assessment of non-ischaemic cardiomyopathies. Eur. Heart J. 2005, 26, 1461–1474. [CrossRef] [PubMed]

http://doi.org/10.1093/ejechocard/jer071
http://doi.org/10.1016/j.echo.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20362924
http://doi.org/10.1093/eurheartj/ehi258
http://www.ncbi.nlm.nih.gov/pubmed/15831557

	Introduction 
	Materials and Methods 
	Study Groups 
	CMR Study and Analysis 
	Statistical Methods 

	Results 
	Baseline Characteristics 
	Deformation Mechanics of the LV 
	Deformation Mechanics of the RV 
	Discriminating Ability of the Analysed Parameters 
	Inter-Reader Variability 

	Discussion 
	Conclusions 
	References

