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Abstract
Objectives Distinguishing hypertrophic cardiomyopathy (HCM) from left ventricular hypertrophy (LVH) due to systematic
training (athlete’s heart, AH) from morphologic assessment remains challenging. The purpose of this study was to examine
the role of T2 mapping and deformation imaging obtained by cardiovascular magnetic resonance (CMR) to discriminate AH
from HCM with (HOCM) or without outflow tract obstruction (HNCM).
Methods Thirty-three patients with HOCM, 9 with HNCM, 13 strength-trained athletes as well as individual age- and gender-
matched controls received CMR. For T2 mapping, GRASE-derived multi-echo images were obtained and analyzed using
dedicated software. Besides T2 mapping analyses, left ventricular (LV) dimensional and functional parameters were obtained
including LV mass per body surface area (LVMi), interventricular septum thickness (IVS), and global longitudinal strain (GLS).
Results While LVMi was not significantly different, IVS was thickened in HOCM patients compared to athlete’s. Absolute
values of GLS were significantly increased in patients with HOCM/HNCM compared to AH. Median T2 values were elevated
compared to controls except in athlete’s heart. ROC analysis revealed T2 values (AUC 0.78) and GLS (AUC 0.91) as good
parameters to discriminate AH from overall HNCM/HOCM.
Conclusion Discrimination of pathologic from non-pathologic LVH has implications for risk assessment of competitive sports in
athletes. Multiparametric CMR with parametric T2 mapping and deformation imaging may add information to distinguish AH
from LVH due to HCM.
Key Points
• Structural analyses using T2 mapping cardiovascular magnetic resonance imaging (CMR) may help to further distinguish
myocardial diseases.

• To differentiate pathologic from non-pathologic left ventricular hypertrophy, CMR including T2mapping was obtained in patients
with hypertrophic obstructive/non-obstructive cardiomyopathy (HOCM/HNCM) as well as in strength-trained athletes.

• Elevated median T2 values in HOCM/HNCM compared with athlete’s may add information to distinguish athlete’s heart from
pathologic left ventricular hypertrophy.

Keywords Multiparametric magnetic resonance imaging . Athletes . Hypertrophy . Left ventricular . Cardiomyopathy,
hypertrophic

Abbreviations
AH Athlete’s heart
AUC Area under the curve
ANOVA Analysis of variance
CMR Cardiovascular magnetic resonance
ECG Electrocardiogram
ECV Extracellular volume
GLS Global longitudinal strain
GRASE Gradient-spin echo
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HCM Hypertrophic cardiomyopathy
HNCM Hypertrophic non-obstructive cardiomyopathy
HOCM Hypertrophic obstructive cardiomyopathy
IVS Interventricular septum
LVEDV Left ventricular end-diastolic diameter volume
LVEF Left ventricular ejection fraction
LVH Left ventricular hypertrophy
LVMi Left ventricular mass indexed per body surface area
NYHA New York Heart Association
ROC Receiver operating characteristics
ROI Region of interest
RVEDV Right ventricular end-diastolic diameter volume
RVEF Right ventricular ejection fraction
SD Standard deviation
SRcc Peak early diastolic circumferential strain rate
SSFP Steady state free precession
SV Stroke volume
TE Echo time
TR Repetition time

Introduction

Hypertrophic cardiomyopathy (HCM) has implications on
risk assessment of competitive athletes due to cardiovascular
complications including sudden cardiac death or arrhythmias
[1]. As the incidence of HCM varies dependent on ethnicity
and gender, cardiovascular diagnostic tests in professional
athletes are warranted [2–4]. Left ventricular hypertrophy
(LVH) hampers the diagnosis of HCM, as it is a common
morphologic feature in high-performance athletes (athlete’s
heart, AH). According to previous studies, AH is thought to
represent a physiologic adaptation due to strength training
with concentric hypertrophy (pressure overload) or due to
endurance training with eccentric hypertrophy (volume over-
load) [5, 6]. Most sports yield a combination of both mecha-
nisms introducing a mixture of concentric and eccentric hy-
pertrophy respectively.

The American and European guidelines recommend the
exclusion of athletes with HCM from competitive sports with
the exception of low-intensity activity [1, 4, 7, 9]. This sup-
ports the need to distinguish different entities of LVH, espe-
cially HCM, from AH.

Besides clinical history, physical examination, and 12-lead
electrocardiogram (ECG), transthoracic echocardiography
(TTE) with a focus on morphologic and functional parameters
is regularly performed in athlete assessment [7–9]. For certain
phenotypes, there is still a grey zone between HCM and AH
on the basis of pure morphological and global functional as-
sessment [1, 10].

In cases of uncertainty, cardiovascular magnetic resonance
(CMR) is recommended as an additional imaging approach
due to its reproducibility as well as its ability for the

characterization of myocardial structure, e.g., by using con-
trast agents [11]. Standard CMR exams with morphological
and global functional analysis can be improved by the addi-
tion of myocardial deformation indices using feature tracking
algorithm. Moreover, CMR covers the potential to character-
ize myocardial structure using myocardial magnetic relaxation
properties (parametric mapping) without the need for contrast
agents [12–14].

In this context, T2 values have been shown to increase
diagnostic accuracy in myocarditis as they detect extracel-
lular fluid imbalances [14]. For LVH, increased myocardi-
al T2 values have previously been reported in patients with
HCM, Fabry’s disease, or aortic stenosis [12, 15, 16]. As
the role of T2 values in strength-trained AH is yet un-
known, the purpose of this study was to examine the addi-
tional value of myocardial deformation analysis and para-
metric T2 mapping CMR to discriminate AH from a group
of HCM with (HOCM) or without left ventricular outflow
tract obstruction (HNCM).

Materials and methods

The study was conducted in accordance to the Declaration of
Helsinki and approved by the local ethics committee (applica-
tion number 4307). Written informed consent was waived by
the Institutional Review Board. Athletes gave their written
informed consent.

Participants

Thirty-three patients with HOCM (13 males, 60.5 ± 17.9
years), 9 patients with HNCM (7 males, 47.1 ± 8.3 years)
and 13 strength-trained, healthy athletes with a minimum of
120 kg weightlift in the bench press (all males, 35.3 ± 12.2
years, mean weight lift: 155.4 ± 20.4 kg, mean years of train-
ing duration: 13.7 ± 8.6) received CMR. There was no history
of cardiovascular diseases or a previous pathologic ECG in
athletes. The inclusion criteria for HOCM and HNCM were
based on the 2014 ESC Guidelines [17]. Strength-trained ath-
letes were further excluded if the major pectoralis muscle was
< 4 cm in diameter measured at the bifurcation of the pulmo-
nary artery in CMR.

A group of age-, gender-, and comorbidity-matched volun-
teers to the different types of LVH, but no LVH itself, served
as controls. Controls were ethnicity-matched as well.
Volunteers were screened and included during routine cardi-
ology consultations.

CMR

CMR was performed on a 1.5-T MRI-system (Achieva,
Philips) using a 32-channel phased array coil. After scout
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and reference scans, a gradient-spin echo (GRASE) sequence
for T2 mapping was acquired as described previously [13].
Briefly, a stack of 15 images with increasing echo time (TE)
(10-ms interecho-spacing) was acquired at end-diastole (3
slices, repetition time (TR): 1 cardiac cycle, flip angle 90°,
spatial resolution 2 × 2 × 10 mm3, EPI factor 3, parallel im-
aging with an acceleration factor of 2).

Further functional and structural assessment was deter-
mined by cine steady-state free precession (SSFP) images in
standard long-axis geometries (two-, three-, and four-chamber
view) as well as in short-axis orientation with full ventricle
coverage from basis to apex (TR/TE = 2.9/1.5 ms, FA = 60°,
res = 8 × 1.5 × 1.5 mm3, 35 phases, breath-hold).

Post processing

The SSFP short- and long-axis slices were analyzed according
to left (LV) and right ventricular (RV) dimensional and func-
tional parameters (Extended MK Work Space, Philips
Medical Systems).

Myocardial feature tracking was performed offline using
the Image-Arena software (Image-Arena VA Version 3.0
and 2D Cardiac Performance Analysis; TomTec Imaging
Systems) [18]. Cine images were used for analyses of global
longitudinal strain (GLS) from the long-axis stacks and peak
early diastolic circumferential strain rate (SRcc) from the
short-axis stack. Endocardial contours were applied followed
by subsequent software-driven automatic tracking. Quality
adjustment was performed and contours were amended man-
ually if necessary.

GRASE images for local T2 value generation were post-
processed using software based on the LabView environment
(National Instruments) [13]. Endo- and epimyocardial con-
tours were manually drawn as a region of interest (ROI) in
the native images of the basal and midventricular short-axis
slice. For every pixel within this ROI, the time constant of the
signal intensity decay over all echoes was calculated by fitting
a mono-exponential decay curve. Afterwards, median/mean
T2 values and standard deviations (SD) were calculated for
each segment of the AHA 16-segment model [19]. To avoid
influence of high T2 values due to endocardial slow flow
artefacts and epicardial fat, a limit of 110 ms was chosen.

Statistical analysis

Statistical analysis was performed using SPSS 25.0 (SPSS
Inc.). Unless otherwise stated, quantitative data are reported
as mean ± SD. Normal distribution was tested using the
Shapiro-Wilk test.

Continuous data were analyzed using analysis of variance
(ANOVA) with the post hoc Bonferroni analysis to examine
differences between the LVH groups for normally distributed
data and the Kruskal-Wallis H test with post hoc Bonferroni

correction for not normally distributed data. Data between the
LVH groups and their respective controls were analyzed by 2-
sided unpaired Student’s t tests for normally distributed data
and the Mann-Whitney U test for not normally distributed
data. Fisher’s exact test was used to examine significant dif-
ferences between nominal classifications.

Receiver operating characteristics (ROC) were used to gen-
erate cutoff values to define sensitivity and specificity for the
diagnosis of AH. P values below 0.05 were considered statis-
tically significant.

Results

Baseline characteristics

The demographic and clinical characteristics of patients and
controls are summarized in Table 1. Age of HNCM and AH
cohorts was no different (p = 0.608) whereas patients with
HOCM were significantly older according to post hoc testing
(p < 0.01 to AH). Concomitant to an elevated left ventricular
end-diastolic pressure, patients with HOCM and HNCM
displayed a considerable amount of dyspnea in the New
York Heart Association (NYHA) class III–IV (45% of pa-
tients with HOCM, and 11% in patients with HNCM, 0% in
AH cohort).

CMR characteristics

Table 2 displays baseline CMR parameters. There was no
difference in heart rate (HR) and left ventricular mass indexed
to body surface area (LVMi) among all entities of LVH. In
comparison with their normal controls, LVMi was significant-
ly elevated in all types of LVH (p < 0.05 all). Hypertrophy was
predominantly localized in septal segments (segments 2, 3, 8,
and 9) with a significantly thickened IVS inHOCM in the post
hoc Bonferroni correction, but no difference between HNCM
and AH.

Late gadolinium enhancement (LGE) was detected in 18
patients (47%, 3 patients did not receive contrast agent; in one
patient, images were non-diagnostic) of the HOCM/HNCM
group. No myocardial scarring was seen in the 6 athletes who
received contrast agent. LGE expression was not significantly
different in Fisher’s exact test comparing HOCM/HNCM
with AH (p = 0.067).

Left ventricular ejection fraction (LVEF) was significantly
elevated in HOCM/HNCM compared with AH (AH vs.
HOCM or HNCM: p < 0.001 both, Bonferroni correction)
and between AH and their controls (p = 0.033).
Accompanying the results for LVEF, absolute GLS was sig-
nificantly elevated in patients with HOCM/HNCM compared
with AH (p < 0.001 both, Bonferroni correction) (Table 2).
GLS of HOCM and AH was significantly decreased
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compared with their controls (p = 0.025 for HOCM and
p < 0.001 for AH). There was no difference in SRcc between
the different study cohorts. GLS and SRcc of one HOCM
subject had to be excluded due to poor image data, but no
further data points of the other groups.

As shown in Fig. 1, not only functional and morphological
parameters were different between LVH-cohorts. Median
global T2 values were significantly increased in patients with
HOCM (N = 25 due to poor image quality of 8 subjects) and
HNCM (N = 9) compared with AH (N = 12 due to poor image
quality of one subject) (p = 0.014 for HOCMvsAH, p = 0.043
for HNCM vs. AH, both Bonferroni corrected).

Compared with their normal control groups, T2 values
were significantly increased in LVH due to HOCM and
HNCM (control HOCM: 58.5 ± 4.5 ms, p = 0.001; control
HNCM: 56.3 ± 4.0 ms, p = 0.011). AH showed no difference
from their respective controls (control AH: 55.5 ± 3.5 ms).

In segmental analysis, the difference of T2 values was most
indicated for the anterior and anteroseptal basal IVS (seg-
ments 1 and 2, p = 0.043 and 0.008 in overall ANOVA/
Kruskal-Wallis H tests). This was most pronounced in seg-
ment 2 using the post hoc Bonferroni correction (HOCM vs.
AH: 0.044, HNCM vs. AH: p = 0.010) (Fig. 2). There was
also a difference in the inferolateral and anterolateral basal
segments (segments 5 and 6) between HOCM and AH
(p = 0.036 and p = 0.008).

To account for a dependency of GLS and T2 values to
cofactors, Pearsons correlation was performed that showed a
weak, but significant, correlation of T2 values to LVMi (R =

0.344, p = 0.019), HR (R = - 0.48, p = 0.001), and age (R =
0.52, p < 0.01). GLS showed a weak correlation to age (R =
- 0.32, p = 0.017), but none to LVMi (R = - 0.025, p = 0.86). In
addition, there was no impact of gender on T2 values (p =
0.056) or GLS (p = 0.328).

Additional diagnostic testing

The results of ROC analyses to differentiate pathologic LVH
and AH are displayed in Fig. 3. Besides IVS (area under the
curve (AUC) of 0.84), left ventricular end-diastolic volume
(LVEDV) (AUC 0.81), and LVEF (AUC 0.93), ROC analy-
ses identified T2 values and GLS as good parameters to dif-
ferentiate AH fromHOCM/HNCM (AUCwith 0.78 and 0.91)
(Fig. 3). A T2 cutoff value of > 59.9 discriminated AH with a
sensitivity of 77% and a specificity of 75%. A GLS cutoff
value was chosen at < 21.8% (sensitivity 92%, specificity
68%). ROC analysis of the sole comparison between
HNCM and AH reproduced those results with an AUC for
T2 values of 0.81 and for GLS of 0.94 (Fig. 4). A T2 cutoff
value of > 61.4 ms (sensitivity 67%, specificity 83%) was
most appropriate. Sensitivity and specificity increased for
GLS to 89% and 100% using a cutoff value of > 24.3%.
AUC of IVS was 0.62, of LVEDV 0.81, and of LVEF 0.97.

In further univariate regression analysis, LVEF (p < 0.01),
IVS (p = 0.007), LVEDV (p = 0.007), GLS (p = 0.002), and
T2 values (p = 0.007) were significant for the differentiation of
AH from overall HCM. Multivariate analyses were not

Table 1 Demographic and clinical characteristics in all cohorts of LVH aswell as in controls.P values indicate results fromANOVA analyses between
groups of LVH

LVH Controls

HOCM HNCM AH p value HOCM controls HNCM controls AH controls

Demographics N = 33 N = 9 N = 13 N = 33 N = 9 N = 13

Male, n (%) 13 (39) 7 (78) 13 (100) < 0.001 13(39) 7 (78) 13 (100)

Age (years) 60.5 ± 17.9 47.1 ± 8.3 35.3 ± 12.2 < 0.001 66.8 ± 14.8 46.8 ± 8.0 32.3 ± 11.5

BMI (kg/m2) 28.0 ± 6.1 27.6 ± 4.8 29.6 ± 3.8 0.231 24.1 ± 3.0* 23.7 ± 3.0 22.1 ± 3.5#

Clinical

Diabetes, n (%) 2 (6) 1 (11) 0 (0) 0.530 3 (9) 0 (0) 0 (0)

Manifest hypertension, n (%) 25 (78) 0 (0) 0 (0) < 0.001 22 (67) 4 (44) 1 (8)

Hypercholesterolemia, n (%) 17 (53) 2 (22) 0 (0) 0.001 12 (36) 2 (22) 0 (0)

CKD III, n (%) 9 (28) 2 (22) 0 (0) 0.068 5 (15) 1 (11) 0 (0)

CAD, n (%) 7 (2) 1 (11) 0 (0) 0.200 6 (18) 1 (11) 0 (0)

PCI, n (%) 3 (9) 1 (11) 0 (0) 0.611 3 (9) 1 (11) 0 (0)

Class NYHA III–IV, n (%) 15 (45) 1 (11) 0 (0) 0.003 1 (3)* 0 (0) 0 (0)

MR > I°, n (%) 12 (36) 1 (11) 0 (0) 0.013 9 (27) 1 (11) 0 (0)

ANOVA, analysis of variance; AH, athlete’s heart; BMI, body mass index; CAD, coronary artery disease; CKD III, chronic kidney disease (glomerular
filtration rate < 60 ml/min); HNCM, hypertrophic non-obstructive cardiomyopathy; HOCM, hypertrophic obstructive cardiomyopathy; MR, mitral
regurgitation; NYHA, New York Heart Association classification; PCI, percutaneous coronary intervention. */# < 0.05/0.01 in comparison with the
corresponding LVH group
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performed due to a potential overfit of the model as given by
the low number of athletes and HNCM patients.

Discussion

In the present study, absolute GLS and T2 values were elevat-
ed in HNCM and HOCM whereas AH exhibited normal T2
values. Based on these results, cutoff values for an additional
differentiation between HCM from AH were identified.
However, “classic” functional and dimensional parameters
served as good parameters for a discrimination between the
different LVH entities as well.

Morphologic and functional CMR parameters

The American and European recommendations for pre-
participation screening in athletes do not include TTE or
CMR as standard methods. Those imaging modalities are
consulted once suspicion of HOCM/HNCM arises due to
far-reaching consequences in the exclusion of athletes from
competitive sports [1, 9]. Although the definition of HCM is
made in actual guidelines, diagnosis is hampered by
genotype-phenotype correlations, such as a compatibility to
any kind of wall thickness [17]. This results in a diagnostic
grey zone of up to 18% in LVH of athletes [10, 20]. Previous
CMR studies reported a diastolic wall-to-volume ratio of
< 0.15 mm × m2 × ml-1 as the best discriminator between
AH and other forms of LVH [7]. The study collective
consisted of male athletes with a high level of dynamic sports

training. In the present study, only 4 athletes had a ratio small-
er than 0.15 mm × m2 × ml-1 as strength training leads to a
more concentric LVH consequently increasing wall-to-
volume ratio [11]. Compared with other studies, our partici-
pants were characterized by a higher percentage of thickened
IVS, but a comparable LVMi [1, 21].

Table 2 CMR characteristics in all cohorts of LVH as well as in controls. p values indicate the results from ANOVAs between groups of LVH

LVH Controls

HOCM HNCM AH p value HOCM controls HNCM controls AH controls

CMR N = 33 N = 9 N = 13 N = 33 N = 9 N = 13

HR (bpm) 71.4 ± 13.3 63.3 ± 8.6 76.5 ± 13.4 0.060 77.1 ± 13.2 74.3 ± 4.0* 78.6 ± 15.5

LVEF (%) 72.3 ± 7.9 76.9 ± 6.7 58.4 ± 6.5 < 0.001 69.4 ± 7.2 67.6 ± 4.8# 64.7 ± 7.6*

IVS (mm) 21.7 ± 5.6 17.7 ± 4.4 15.1 ± 2.0 < 0.001 9.7 ± 2.4# 9.3 ± 2.2# 10.2 ± 1.7#

LVMi (g/m2) 91.1 ± 30.6 85.1 ± 25.9 73.6 ± 8.6 0.117 51.4 ± 15.3# 61.3 ± 11.1* 61.6 ± 10.4#

LVEDV (ml) 130.4 ± 44.2 137.7 ± 36.4 173.5 ± 28.2 0.003 118.9 ± 30.0 153.3 ± 39.2 161.3 ± 32.8

SV (ml) 93.4 ± 28.9 104.4 ± 22.4 91.5 ± 27.6 0.339 81.1 ± 17.5* 97.4 ± 16.1 99.0 ± 17.9

RVEF (%) 68.8 ± 6.3 64.4 ± 5.9 54.1 ± 6.3 < 0.001 65.0 ± 6.7* 60.2 ± 4.6 57.6 ± 7.1

RVEDV ( ml) 99.8 ± 30.1 120.8 ± 31.2 160.1 ± 30.2 < 0.001 104.3 ± 26.0 120.4 ± 20 .2 140.9 ± 28.1

GLS (%) - 24.2 ± 4.8 - 28.0 ± 5.1 - 16.6 ± 3.2 < 0.001 - 27.1 ± 3.2* - 26.5 ± 3.6 - 23.7 ± 4.0#

SRcc (s
-1) 1.7 ± 0.5 1.6 ± 0.4 1.8 ± 0.5 0.513 1.9 ± 0.4* 1.8 ± 0.3 2.0 ± 0.5

T2 values (ms) 62.9 ± 5.6 63.3 ± 5.6 57.1 ± 5.0 0.010 58.5 ± 4.5# 56.3 ± 4.0* 55.5 ± 3.5

AH, athlete’s heart; bpm, beats per minute; CMR, cardiovascular magnetic resonance; GLS, global longitudinal strain; HNCM, hypertrophic non-
obstructive cardiomyopathy; HOCM, hypertrophic obstructive cardiomyopathy; IVS, interventricular septum; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LVMi, left ventricular mass per body surface area; RVEDV, right ventricular end-diastolic volume;
RVEF, right ventricular ejection fraction; SRcc, peak early circumferential strain rate; SV, stroke volume. */# p ≤ 0.05/0.01 in comparison with the
corresponding LVH group

Fig. 1 Global T2 values in all entities of LVH. Median T2 values
of global myocardial analysis for patients with HOCM, HCNM, and
AH. AH, athlete’s heart; HOCM, hypertrophic obstructive
cardiomyopathy; HNCM, hypertrophic non-obstructive cardiomyopathy
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For feature tracking using CMR, there is no existing liter-
ature about the comparison of different LVH entities. As has
been shown by TTE, diastolic parameters (E/A ratio, LV

dyssynchrony) are good discriminators of HNCM and AH
with the diastolic function being significantly more affected
in HNCM [8, 22]. This finding could not be reproduced in our

Fig. 2 Segmental analysis of T2
values. Upper panel, end-diastolic
4-chamber cine view for the cal-
culation of IVS (white double ar-
rows). Lower panel, mean T2
value segmental analysis for pa-
tients with HOCM, HNCM, and
AH. Red arrows indicate reduced
T2 values compared with both
entities of LVH, orange arrows to
only HOCM. AH, athlete’s heart;
HOCM, hypertrophic obstructive
cardiomyopathy; HNCM, hyper-
trophic non-obstructive
cardiomyopathy

Fig. 3 Receiver operating
characteristics to differentiate AH
from HOCM/HNCM. Besides
IVS, LVEDV, and LVEF, AUC
identified median T2 values
(AUC = 0.78) and GLS (AUC =
0.91) as good parameters to
differentiate between AH and
pathologic LVH. AH, athlete’s
heart; AUC, area under the curve;
GLS, global longitudinal strain;
IVS, interventricular septum;
LVEDV, left ventricular end-
diastolic volume; LVEF, left
ventricular ejection fraction;
LVH, left ventricular hypertro-
phy; LVMi, left ventricular mass
per body surface area; SRcc, peak
early circumferential strain rate
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study, since diastolic function in AH and HOCM/HNCM (as
measured by SRcc) was not significantly different. An expla-
nation for this might be a heterogeneous course of HCM with
a varying degree of diastolic dysfunction [23, 24]. In addition,
a preclinical diastolic dysfunction could have been missed as
CMR was only performed at rest, and TTE is assumed to be
more sensitive to detect exercise-induced changes. Numbers
in the HCM and AH groups could therefore be too low to
detect subtle SRcc changes. This is underlined by other mea-
sures of diastolic function in the HOCM/HNCM group that
indicate diastolic function, e.g., the different NYHA class.
Normal SRcc values in athletes are in line with a previous
CMR tagging study [25]. The reason for choosing peak early
SRcc to report diastolic function is given by its good reproduc-
ibility, especially in other entities of LVH, and its good corre-
lation to measures of diastolic function from TTE [26–28].

Surprisingly, GLS was significantly decreased in AH com-
pared to controls and the HCM cohort. Concerning GLS in
AH, controversial literature exists. On the one hand, GLS
values were decreased or equal in patients with HOCM/
HCNM and AH, but within the same range as in the current
study [29, 30], on the other hand, literature exists on reduced
GLS in AH [31]. In general, this points towards heteroge-
neous findings in AH warranting further research. In the path-
ologic LVH group, GLS was decreased in patients with
HOCM, but not different for HNCM. During the course of
LVH in HOCM and HNCM, GLS and LVEF can still be
preserved, which might underline a not decompensated course
of the disease or a heterogeneous study cohort again [23].

Myocardial magnetic relaxation analysis

Previous studies have highlighted the value of parametric
mapping to distinguish different forms of cardiovascular dis-
eases without the use of contrast agents. While T1 mapping is
more likely to display diffuse myocardial fibrosis and local
scarring, T2 mapping is subjected to display myocardial or
interstitial water content [32, 33]. Data on T1 mapping in
different forms of LVH exist and show a positive correlation
of extracellular volume (ECV) to HCM and a negative

correlation to AH [34]. In the present study, the focus was
on T2 mapping and its implementation for diverse forms of
LVH. As a primary result, T2 values showed feasibility to
distinguish AH from the other entities of LVH. The elevated
T2 values in HNCM/HOCM are in line with previous studies
focusing on T2 mapping in LVH due to HCM and Fabry’s
disease [12, 35]. In addition, T2 values were elevated in a
group of patients with early dilated cardiomyopathy in com-
parison to a group with AH [36]. In the present study, the
elevated T2 values were most prominent in the basal IVS,
the preferred region of asymmetric LVH in HNCM/HOCM
[11]. Although the present hypothesis was confirmed that
there is a difference in T2 values between the HOCM/
HNCM and AH group, one should keep in mind that there is
still the potential of a statistical type II error, especially given
the relatively low numbers in the HNCM and AH groups.

A possible explanation for the differences in T2 values
might be found on a structural level. “Pathologic” LVH of
HOCM/HNCM has been characterized by parallel addition
of new sarcomeres, myofiber disarray, myocyte degeneration,
and diffuse myocardial replacement fibrosis, e.g., due to
small-vessel disease with relative ischemia [37–39].
Furthermore, elevated T2 values alongside an increased
LVMi have already been used to monitor the effectiveness
of enzyme treatment in LVH of Fabry’s disease [40]. In our
cohorts of LVH, T2 values were only weakly correlated to
LVMi prompting for additional influencing factors than cel-
lular hypertrophy. That is why myocardial fluid imbalances
(e.g. edema due to known relative ischemic reactions in
HOCM and HNCM) can be suggested as further influencing
parameters [41]. Myocardial fluid imbalances are known to
elevate myocardial T2 values after myocardial infarction as
well as in myocarditis [33, 42].

Age- and gender-related differences have already been
reported as influencing factors on T2 values in healthy
volunteers [13]. In our LVH cohort, a fair correlation be-
tween T2 values and age could be detected. Therefore, we
included the older subjects of HOCM in our analyses, but
still left a younger HNCM cohort. Although male gender
was assigned lower T2 values in healthy volunteers, we

Fig. 4 Receiver operating
characteristics to differentiate AH
from only HNCM. Area under the
curve identified median T2 values
(AUC = 0.81) and GLS (AUC =
0.94) as good parameters for
the differentiation between
HNCM and AH. AH, athlete’s
heart; GLS, global longitudinal
strain; HNCM, hypertrophic non-
obstructive cardiomyopathy
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could not detect an impact of gender on T2 values in our
LVH cohort [13]. HR correlated negatively to T2 values
as well. However, as the HOCM group had similar HR
but higher T2 values and HR was not different between
groups, no clear influence on the interpretation of the
current results can be detected. Comorbidities such as hy-
pertension and diabetes may influence T2 values as well,
thereby hampering interpretation of the current results
[13].

However, one should point out the overlap of T2 values
between the different cohorts that may be triggered due to
dynamic histopathological states of HOCM/HNCM with a
varying degree of edema, cell death, fiber disarray, and
myocardial scarring [43] as well as different ages or co-
morbidities. In addition, focal fibrosis has been described
in athletes, e.g. at the insertion points of the right ventricle
[44, 45]. Especially in the acute phases of myocardial al-
terations, this could influence and increase T2, thereby
masking the differences of T2 values in the particular seg-
ments (segments 2, 3, 8, and 9). Although we additionally
divided the AH group in athletes receiving contrast agents
and excluding myocardial scarring and in a group with
only T2 mapping with unknown scarring, there was still
no difference in the particular segments in comparison with
the HOCM/HNCM group. However, the focal fibrosis
could still be too small for a substantial influence on a
whole segment and further division of the single segments
using mapping with a higher resolution should be pursued.

In addition, no difference could be seen in the LGE expres-
sion between the HOCM/HNCM and AH groups. This is
likely due to the low number of athletes receiving contrast
agent. LGE is still assumed as an essential component to dif-
ferentiate the LVH groups, although focal fibrosis has been
described at the insertion points of the right ventricle in ath-
letes [45].

Limitations

This is a single-center study and due to the small sample size,
statistical analysis could have been hampered, especially for
the small groups of HNCM and AH, which can be seen on the
discrete data points of Fig. 4. Therefore, the results should be
interpreted carefully. However, good reproducibility has been
shown for global T2 and strain measurements as well as for
segmental T2 mapping, thereby reducing a potential measure-
ment bias introduced due to small numbers [13, 16, 46–48].
Before recruiting for the present study, we performed a power
analysis based on our previous data [13, 15]. We thought to
identify an effect in the difference of T2 values of HOCM/
HNCM in comparison with T2 values of normal controls that
we assumed in AHwith a statistical power of 80% and a type I
error of less than 5%. Under those conditions, the estimated
sample size was 12. However, there is still the potential of a

type II error, especially given the low numbers in the sub-
groups of HNCM and AH. In addition, we summarized
HNCM and HOCM in the diagnostic algorithm, as age only
showed a fair linear relationship to T2 values. However, a
multi-center study should strengthen the above results.

Our CMR protocol did not include systematic T1 mapping
for completion of parametric mapping, since there is already
convincing data of T1 values and AH [34, 49].

Athletes were recruited if they participated in physical
strength training with a minimum weight lift of 120 kg in
bench pressing. Despite explicitly neglecting the use of
performance-enhancing substances such as steroids, we still
could not control for substance abuse by blood sampling. It
has been reported that those substances may have an impact
on cardiovascular function and fibrosis [50, 51]. Due to the
recruiting algorithm from fitness gyms, only male athletes
could be included in this study meeting the inclusion criteria.
As differences in gender exist for T2 mapping, inclusion
criteria should be fitted on female athletes and a difference
in T2 values compared with female HCM patients should
further be observed [13]. In this context and by increasing
numbers, a prospective validation of the present findings with
respect to the cardiovascular outcome should be performed.

As we did not perform further testing such as catheteriza-
tion, HNCM and other cardiovascular diseases could not be
ruled out with absolute certainty for the athlete’s group. Based
on the clinical history and cardiovascular symptoms, relevant
cardiac diseases were excluded.

Conclusions

Multiparametric CMR with parametric mapping identified
preserved T2 values and reduced GLS of AH in comparison
with elevated T2 values and preserved GLS in HCM. As the
ability to differentiate between pathologic and non-pathologic
LVH has implications for risk assessment and exclusion of
competitive sports in athletes, this could be of importance as
T2 mapping and GLS, besides other functional and dimen-
sional LV parameters, can help to distinguish AH from HCM.
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