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BACKGROUND: Exercise-induced cardiac remodeling can be profound, resulting in clinical overlap with dilated cardiomyopathy,
yet the significance of reduced ejection fraction (EF) in athletes is unclear. The aim is to assess the prevalence, clinical
consequences, and genetic predisposition of reduced EF in athletes.

METHODS: Young endurance athletes were recruited from elite training programs and underwent comprehensive cardiac
phenotyping and genetic testing. Those with reduced EF using cardiac magnetic resonance imaging (defined as left ventricular
EF <50%, or right ventricular EF <45%, or both) were compared with athletes with normal EF. A validated polygenic risk
score for indexed left ventricular end-systolic volume (LVESVI-PRS), previously associated with dilated cardiomyopathy, was
assessed. Clinical events were recorded over a mean of 4.4 years.

RESULTS: Of the 281 elite endurance athletes (2248 years, 79.7% male) undergoing comprehensive assessment, 44 of 281
(15.7%) had reduced left ventricular EF (N=12; 4.3%), right ventricular EF (N=14; 5.0%), or both (N=18; 6.4%). Reduced
EF was associated with a higher burden of ventricular premature beats (13.6% versus 3.8% with >100 ventricular premature
beats/24 h; £=0.008) and lower left ventricular global longitudinal strain (=17%%2% versus —19%2%; A<0.001). Athletes
with reduced EF had a higher mean LVESVi-PRS (0.56710.13 versus 0.51£0.14; P=0.009) with athletes in the top decile of
LVESVi-PRS having an 1 1-fold increase in the likelihood of reduced EF compared with those in the bottom decile (F=0.034).
Male sex and higher LVESVi-PRS were the only significant predictors of reduced EF in a multivariate analysis that included
age and fitness. During follow-up, no athletes developed symptomatic heart failure or arrhythmias. Two athletes died, 1 from
trauma and 1 from sudden cardiac death, the latter having a reduced right ventricular EF and a LVESVi-PRS >950%.

CONCLUSIONS: Reduced EF occurs in approximately 1 in 6 elite endurance athletes and is related to genetic predisposition
in addition to exercise training. Genetic and imaging markers may help identify endurance athletes in whom scrutiny about
long-term clinical outcomes may be appropriate.
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Editorial, see p 1416

Clinical Perspective
What Is New?

* Abnormal measures of cardiac function are not
uncommon in elite endurance athletes, with 1 in 6
being found to have a reduction in left or right ven-
tricular ejection fraction.

* Reduced ejection fraction was associated with
increased ventricular ectopy and reduced global
longitudinal strain, but fitness was preserved, and
there was no excess in myocardial fibrosis.

» Both genetic susceptibility and environmental
effects may contribute to ventricular remodeling in
athletes.

What Are the Clinical Implications?

* The finding of reduced ejection fraction in the clini-
cal evaluation of an elite athlete may be considered
part of the athletic phenotypic spectrum rather than
a marker of cardiac disease.

* These data provide cautious reassurance to inform
current screening protocols (mandated by several
sporting governing bodies) that do not currently
provide guidance on the management of athletes
with reduced ejection fraction.

» Asymptomatic athletes with reduced ejection frac-
tion should be allowed to continue competitive
sport, but continued follow-up is recommended.

* The risk of future dilated cardiomyopathy devel-
opment in athletes with high polygenic risk score
for indexed left ventricular end-systolic volume is
currently unknown, and prospective follow-up is
warranted.

Cardiac adaptations resulting from habitual intense
endurance exercise, often termed “the athlete’s
heart! include dilation of all cardiac chambers
and a tendency to lower measures of systolic function.'?
Endurance athletes with an abnormal ejection fraction
(EF) present a clinically challenging overlap between
athlete’s heart and dilated cardiomyopathy (DCM), as
highlighted by Abergel et al, who documented reduced
EF in 7% of cyclists who competed in the 1995 and
1998 Tour de France.! Also, intense endurance exercise
has been linked to an increased prevalence of fibrosis
and both atrial and ventricular arrhythmias® some of
which might predispose to sudden cardiac death.*

It is commonly assumed that cardiac remodeling in
athletes is induced by the mechanical stress of sustained
exercise. However, it is possible that variability in cardiac
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Nonstandard Abbreviations and Acronyms

ASPREE Aspirin in Reducing Events in the Elderly

CMR cardiac magnetic resonance imaging

DCM dilated cardiomyopathy

EF ejection fraction

GLS global longitudinal strain

HCM hypertrophic cardiomyopathy

LGE late gadolinium enhancement

Lv left ventricle

LVESVi indexed left ventricular end-systolic
volume

PRS polygenic risk score

RV right ventricle

VPB ventricular premature beat

dilation and EF in athletes exposed to similar exercise bur-
dens may be explained in part by differences in genetic
predisposition. In virtually all nonathletic clinical settings,
reduced EF is associated with an increase in adverse car-
diovascular events. It has been assumed that ostensibly
healthy athletes are an exception, but this hypothesis has
not been interrogated. With increased uptake of prepar-
ticipation cardiovascular screening, asymptomatic ven-
tricular dysfunction is a prevalent finding, and yet there
is scant evidence to guide evaluation and management.

Therefore, we aimed to study the prevalence, causes,
and consequences of reduced left or right ventricular
(RV) EF in a prospective cohort of healthy young elite
endurance athletes.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Population

The study cohort consisted of elite competitive endurance athletes
from the Pro@Heart (Prospective Athletic Heart) and ProAFHeart
(Prospective Atrial Fibrillation Athletic Heart) studies. These inter-
national multicenter prospective trials aimed to investigate the
effect of training load and genotype on the variability of structural,
functional, and electrical exercise-induced cardiac remodeling in
elite competitive endurance athletes, and the full study protocol
has been detailed.® Athletes were recruited through their sports
federation or team, who were made aware of the study through
advertisements, media, and scientific presentations. The ath-
letes were enrolled to undergo the study investigations at 1 of 5
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medical research facilities: (1) Baker Heart and Diabetes Institute,
Melbourne, Australia; (2) Royal Adelaide Hospital, Adelaide,
Australia; (3) Gasthuisberg University Hospital, Leuven, Belgium;
(4) Jessa Ziekenhuis, Hasselt, Belgium; and (5) Universitair
Ziekenhuis Antwerpen, Antwerp, Belgium. Athletes were eligible
if they (1) competed in an endurance sport in which aerobic con-
ditioning is a principal component of performance (eg, triathlon,
cycling, rowing/canoeing, cross-country skiing, distance running
>1500 meters and swimming >400 meters), and (2) competed
at a national or international level. Athletes with a known preex-
isting cardiac or respiratory condition or with contraindications
to cardiac magnetic resonance imaging (CMR) were excluded.
Athletes all self-reported having European ancestry.

The study is listed in the Australia New Zealand Clinical Trials
Registry (URL: https://www.anzctr.org.au/Trial/Registration/
TrialReview.aspx?id=374976&isReview=true. Unique identifier:
ACTRN12618000716268).

Two comparison groups were used for the genetics anal-
yses: (1) a cohort of probands with familial DCM recruited
for genetics research at the Victor Chang Cardiac Research
Institute and (2) a control group of healthy older individuals with
no history of diagnosed cardiovascular disease events enrolled
in the ASPREE trial (Aspirin in Reducing Events in the Elderly;
NCT01038583)5 We included in this study DCM probands
and ASPREE participants with non-Finnish European ancestry.

Protocols were approved by the Human Research Ethics
Committees at each of the recruiting sites in Australia and
Belgium, and all participants provided written consent.

CMR Imaging

CMR was performed using a 1.56T or 3.0T magnetic reso-
nance imaging scanner (Magnetom Aera 1.5T, Prisma 3.0T, or
Skyra 3.0T, Siemens Healthineers, Erlangen, Germany; Ingenia,
Achieva or Ambition 1.5T, Philips Medical Systems, Best, The
Netherlands). A steady-state free precession dynamic echo-
gradient sequence was used to obtain cine-loops during
breath-hold in short axis and 4-chamber views. Left ventric-
ular (LV) mass (not including papillary muscles and trabecu-
lae) and biventricular volumes and function were quantified
by experienced investigators using customized analysis soft-
ware (RightVol, Leuven, Belgium) and then were normalized to
body surface area to derive indexed LV and RV end-diastolic
and end-systolic volumes and LV mass. A reduced EF was
defined as LVEF <560% or RVEF <45% on CMR. Myocardial
fibrosis was assessed by late gadolinium enhancement (LGE)
imaging on breath hold phase-sensitive inversion recovery
sequences 10 minutes after administration of gadolinium-
diethylenetriamine penta-acetic acid. Athletes evaluated at the
University Hospitals Leuven and Baker Heart and Diabetes
Institute Melbourne underwent CMR during exercise on a
supine ergometer at 25%, 50%, and 66% of maximal power
determined by previous upright exercise testing. Increases of
EF by <11% from rest to peak exercise were defined as abnor-
mal LV and RV contractile reserve, respectively.”®

Echocardiography

Two-dimensional transthoracic echocardiography was per-
formed (Vivid E9 or E95 ultrasound system (GE Healthcare,
Horton, Norway) to assess LV global longitudinal strain (GLS)
and diastolic function using established Doppler parameters
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(peak E and A wave velocities, E/A ratio, tricuspid regurgitation
flow velocity) and tissue Doppler parameters (septal, lateral,
and averaged E, E/E)).

Analysis of all CMR and echocardiographic images were
performed at 1 of 2 core laboratory facilities, both of which used
the same software and methods—Baker Heart and Diabetes
Institute for the Australian Centers and Gasthuisberg University
Hospital for the Belgian Centers. A central image repository
was created for the assessment of variability between core
center analyses.

ECG and Holter Monitoring

A resting 12-lead ECG and 24-hour Holter monitoring were
performed to determine heart rate boundaries and to detect
arrhythmias. Rhythm monitoring was performed using a
Spiderview Holter device (Microport, Clamart, France) and ana-
lyzed offline using SyneScope software (ELA Medical, Paris,
France) at the Belgian centers and using a PocketECG Holter
(MEDICalgorithmics, Warsaw Poland) at the Australian centers.
Bradycardia was defined as a heart rate <60/min. A cardiac
pause was defined as an interruption in the ventricular rate >2
s and nonsustained ventricular tachycardia as >3 consecutive
ventricular beats at >100/min and lasting <30 s. An increased
burden of atrial premature beats and ventricular premature
beats (VPBs) was defined as >100/24 h and >500/24 h.

Exercise Stress Testing

Maximal oxygen consumption was determined using a sports-
specific ergometer when possible. Respiratory gas exchange
was analyzed using a breath-by-breath open circuit spirometry
system. Maximal oxygen consumption was determined as the
highest 30-s average oxygen consumption.

Genetic Analyses

Peripheral blood samples were collected, and DNA was extracted
following standard protocols.® Genotyping was performed using
the Axiom Precision Medicine Diversity Array (v2.0; Thermo
Fisher Scientific, CA) following standard protocols as described
previously.'® Array quality control was performed following the
best practices workflow according to the manufacturer's instruc-
tions with in-house pipelines. Thresholds of >82% for dish quality
control and >97% call rate were applied to each sample. Variant
imputation was performed on the Michigan imputation server
running minmac4 with the Haplotype Reference Consortium."
Genomic risk analysis was performed with plink (v1.9) using both
the genotyped and imputed variant calls with hg19 (GRCh37)
coordinates. A polygenic risk score for indexed LV end-systolic
volume that had been previously associated with incident DCM
in the general population (LVESVi-PRS; PRS000666), and a
polygenic risk score for hypertrophic cardiomyopathy (HCM)
(HCM-PRS; PGS000778) were derived.'2'® A total of 20 of 28
variants were used for LVESVI-PRS with all 20 variants used for
the HCM-PRS. Sequencing analysis to identify pathogenic rare
variants in cardiomyopathy-associated genes was considered
outside the scope of this study.

Statistical Analysis
Data were analyzed using SPSS Statistics version 27 (IBM
Corporation, Armonk, NY). Normality was tested using the
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Shapiro-Wilk test. Continuous variables are presented as means
(£SDs) or as medians (with 25% and 75% percentiles) accord-
ingly and categorical variables as proportions. Athletes with an
isolated reduced LVEF, isolated reduced RVEF, and reduced
LVEF and RVEF were combined in a single group (“reduced
EF") to increase statistical power. Between-group differences
in continuous variables were assessed using ANOVA, unpaired
t test, or Mann-Whitney test as appropriate. A chi-square test
was used for dichotomous variables. The cardiac response to
exercise was assessed using a mixed linear model with sub-
ject group, exercise stage, and their interaction as fixed effects.
Univariate and multivariate logistic regression was performed
to assess the determinants of a reduced EF. A 2-tailed Pvalue
<0.05 was considered statistically significant.

RESULTS
Clinical Characteristics

A total of 281 elite endurance athletes were investi-
gated. A total of 44 (15.7%) had reduced EF on CMR:
isolated reduced LVEF <50% (n=19), isolated reduced
RVEF <45% (n=14), or reduced LVEF + RVEF (n=18).
The population distribution of LVEF and RVEF is shown
in Figure 1TA. The majority of athletes with reduced LVEF
also had a tendency to have reduced RVEF (Figure 1B),
thereby indicating biventricular involvement in most cas-
es. Age, sex, body mass index, blood pressure, sports

B3 Preserved EF (n=237)
O Reduced LVEF (n=12)
3 Reduced LVEF & RVEF (n=18)
B Reduced RVEF (n=14)

° © Reduced EF
o o © Preserved EF

LVEF (%)

Figure 1. Population distribution on the basis of ejection
fraction and the relationship between LVEF and RVEF.

A, Doughnut chart of the population distribution on the basis of
ejection fraction. A reduced EF is defined as an LVEF <60% or

an RVEF <45%. B, The relationship between LVEF and RVEF in
endurance athletes. The dashed vertical and horizontal lines represent
the cutoffs for a reduced LVEF (50%) and RVEF (45%), respectively.
The dotted vertical and horizontal lines represent the cutoffs for

a borderline LVEF (55%) and RVEF (50%). EF indicates ejection
fraction; LV, left ventricular; and RV, right ventricular.
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type, and training load were similar between athletes
with and without reduced EF (Table 1). Both groups had
similarly high levels of exercise capacity (maximal oxygen
consumption, 63.5 [68.1-68.6] versus 62.3 [65.7-66.8]
mL/min/kg; P=0.113).

Resting Assessment of Cardiac Structure and
Function

Table 2 shows the cardiac structure and function at rest.
LV end-diastolic volume was comparable between groups
(123423 versus 118+17 mL/m2; A=0.150). However,
athletes with reduced EF had higher RV end-diastolic
volumes (143 [124-162] versus 133 [116—-144] mL/
m2; P=0.005). Athletes with reduced EF had higher end-
systolic LV and RV volumes (LVESVi, 65 [64-72] versus
50 [43-56] mL/m2; RV end-systolic volume indexed,
82 [67-93] versus 63 [64-70] mL/m2; A<0.001). Con-
sistent with these categorical differences, there were
modest negative correlations between biventricular end-
diastolic volumes and EF and strong negative correla-
tions between biventricular end-systolic volumes and EF
(Figure 2).

When compared with those with preserved EF, ath-
letes with reduced EF had lower LV GLS (=17% [-16%
to =18.7%] versus —19% [-17.2% to —20%)]; A<0.001)
and more frequently met criteria for reduced LV GLS
(defined as >—17.0%; 31.8% versus 15.6%; P=0.010).
Consistent with this, there was a moderate negative cor-
relation such that lower EF was associated with reduced
GLS (=-0.386; /<0.001; Figure 3). LV diastolic func-
tion was similar between groups except for lower E/A
ratio in athletes with reduced EF (1.9 [1.5—2.4] versus
2.2 [1.7-2.6]; P=0.001).

LGE, a marker of macroscopic myocardial fibrosis,
was present in 44 (15.7%) athletes with no difference
between groups: reduced EF (n=10 of 44, 22.7%),
preserved EF (n=34 of 237, 14.4%; £=0.160). All 10
athletes with reduced EF had LGE located in the inter-
ventricular septum at the “hinge point” of RV attachment.
Of the 34 LGE-positive athletes with a preserved EF, 30
had RV hinge point fibrosis, whereas 4 had LV mid/epi-
cardial lateral wall fibrosis.

Cardiac Function During Exercise

Acute responses to exercise were evaluated using an
exercise CMR protocol. Heart rate and power output at
peak exercise were similar between those with reduced
and preserved EF. Although EF at peak exercise remained
lower in athletes with reduced EF (LVEF, 68%+3% versus
73%+4%; RVEF, 62%+6% versus 69%+5%; A<0.001),
there was a relatively greater overall increment in EF during
exercise in athletes with reduced EF (LVEF, +18%%5%
versus +14%4%; A<0.001; RVEF, +19%+5% versus
+15%5%; P=0.002; Figure 4; Table S1).
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Table 1. Baseline Characteristics of Elite Endurance

Athletes With Reduced Ejection Fraction and Preserved

Ejection Fraction

Reduced EF Preserved EF

Characteristic (n=44) (n=237) P value
Male, n (%) 41 (95) 183 (77) 0.016
Age, y 19 (17-23) 19 (17-22) 0.33
Weight, kg 69.8 (64.2-77.0) | 68 (61.4-73.9) 0.22
Height, cm 18117 17818 0.077
Body mass index, kg/m?2 | 21.5%£2.4 21.4%+23 0.86
Body surface area, m2 1.89+0.16 1.85+0.16 0.15
Systolic blood pressure, | 124+10 122411 0.22
mmHg
Diastolic blood 65 (59-71) 62 (58-68) 0.095
pressure, mmHg
Sport, n (%) 0.38

Cycling 30 (68.1) 122 (51.5)

Running 5(11.4) 47 (19.8)

Triathlon 5(11.4) 29 (12.2)

Rowing 4(9.1) 31 (13.1)

Cross-country skiing | 0 (0) 7 (3.0)

Swimming 0(0) 1(0.4)
Exercise hours per week | 16 (13.25-19.75) | 15 (11.5-18) 0.085
VO, max (mL/min/kg) 63.5 (568.1-68.6) | 62.3 (55.7-66.8) | 0.11
Percentage predicted 149 (142-160) 151 (140-163) 0.92
VO, max (%)
Power (W) 424 (389-478) 406 (340-464) 0.032

VO,max indicates maximal consumption at peak exercise.

Arrhythmia Propensity

Resting 12-lead ECG properties are presented in Table
S2. Athletes with reduced EF had marginally longer
QRS duration compared with athletes with preserved EF
(10448 versus 9919; P=0.001), but all other parame-
ters were similar. On 24-hour Holter monitoring, athletes
with reduced EF had a higher burden of VPBs (13.6%
versus 3.8% >100 VPB/24 h; P=0.008; Table 3). Epi-
sodes of nonsustained ventricular tachycardia were seen
in only 3 athletes, all of whom had preserved EF (O ver-
sus 1.3%; P=0.45). Average, maximum, and minimum
heart rates, pauses >2 s, and atrial premature beat were
similar between groups.

Genetic Predisposition to Reduced EF

Genetic analysis was performed in 271 athletes (re-
duced EF, n=43; preserved EF, n=228; DNA unavail-
able, n=10). To determine whether there was a genetic
contribution to reduced EF in endurance athletes, we
evaluated the distribution of LVESVi-PRS within the
athletic cohort using a PRS that has been associated
with increased LVESVi and incident DCM. The mean
LVESVI-PRS was significantly higher in athletes with
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reduced EF compared with athletes with preserved
EF (0.57£0.13 versus 0.5110.14; P=0.009). Athletes
in the top quartile, quintile, and decile of LVESVI-PRS
scores had a progressive increase in risk of reduced EF,
being 11-fold higher for the top versus bottom deciles
(Table 4).

To determine how the range of LVESVI-PRS values
in athletes with and without reduced EF correlated with
diseased and healthy cohorts, we next compared mean
LVESVi-PRS values in athletes with healthy control sub-
jects from the ASPREE study (n=12815) and affected
probands with familial DCM (n=76). There were sig-
nificant differences between these 4 groups (ANOVA,
P=15x107). Of note, there were no significant

Table 2. Cardiac Imaging Characteristics

Reduced EF Preserved EF
Imaging measure (n=44) (n=237) P value
Cardiac magnetic resonance imaging
HR, bpm 58 (50 to 65) 55 (48 to 62) 0.088
LVEDVi, mL/m2 123+23 118%17 0.15
LVESVi, mL/m? 65 (54 to 72) 49 (43 to 56) <0.001
LVSVi, mL/m2 59+12 68+10 <0.001
LVEF, % 48 (47 to 50) 58 (55 to 61) <0.001
LVMi, mL/m2 80£17 78%13 0.34
RVEDVi, mL/m2 143 (124 to 133 (116 to 0.005
162) 144)
RVESVi, mL/m? 82 (67 to 93) 63 (54 to 70) <0.001
RVSVi, mL/m2 61 (54 to 69) 68 (60 to 76) <0.001
RVEF, % 4413 53+4 <0.001
Myocardial fibrosis, 10 (22.7) 34 (14.4) 0.16
n (%)
Hinge points 10 (22.7) 30 (12.7)
Lateral wall 0 (0) 4(1.7)
Echocardiography
E/A 1.9 (1.5 t0 2.4) 2.2 (1.7 to 2.6) 0.001
Average E', cm/s 15 (13 to 16) 15 (1410 17) 0.073
E/E’ 5.1 (4.5t05.4) 5.3 (4.6 10 5.9) 0.053
PAPs, mmHg 18 (15 to 24) 18 (16 to 22) 0.93
LAVi, mL/m2 45 (36 to 52) 43 (387 to 51) 0.53
LV GLS, % -17 (-16 to -19 (<17 to <0.001
-19) -20)
LV GLS >-17%, n (%) | 14 (31.8) 37 (15.6) 0.010

Biventricular volumes, ejection fraction, left ventricular mass, and pattern of
fibrosis by cardiac magnetic resonance imaging and the diastolic function param-
eters and left ventricular global longitudinal strain in elite endurance athletes with
reduced ejection fraction and preserved ejection fraction. EF indicates ejection
fraction; HR, heart rate; LAV, left atrial volume indexed; LVEDVi, left ventricular
end-diastolic volume indexed; LVEF, left ventricular ejection fraction; LVESVi, left
ventricular end-systolic volume indexed; LV GLS, left ventricular global longitudi-
nal strain; LVMi, left ventricular mass indexed; LVSVi, left ventricular stroke vol-
ume indexed; PAPs, pulmonary artery systolic pressure; RVEDVi, right ventricular
end-diastolic volume indexed; RVEF, eight ventricular ejection fraction RVESVi,
right ventricular end-systolic volume indexed; and RVSVi, right ventricular stroke
volume indexed.
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Figure 2. The correlation between ejection fraction, end-diastolic volumes, and end-systolic volumes.

Scatter plot and correlation analysis between (A) LVEF and LVEDVi, (B) LVEF and LVESVi, (C) RVEF and RVEDVi, and (D) RVEF and RVESVi. The
vertical dotted lines represent the cutoff values of reduced LVEF at 50% and RVEF at 45%. The horizontal dotted lines represent the upper limit
of the 99% ClI of LVEDVi (122 mL/m?2), LVESVi (65 mL/m2), RVEDVi (130 mL/m?2), and RVESVi (63 mL/m?2) as reported by D'Ascenzi et al.'"* EF
indicates ejection fraction; LV, left ventricular; LVEDVi, indexed left ventricular end-diastolic volume; LVESVi, indexed left ventricular end-systolic
volume; RV, right ventricular; RVEDVi, indexed right ventricular end-diastolic volume; and RVESVi, indexed right ventricular end-systolic volume.

differences in mean LVESVi-PRS between healthy con-
trols and athletes with preserved EF. However, values in
both groups were significantly lower than in athletes with
reduced EF and patients with DCM (Figure B).

In a multivariate analysis that included age and fitness,
male sex and greater LVESVI-PRS were the only sig-
nificant predictors of reduced EF (Table S3). An inverse
relationship has previously been reported between PRS
for DCM and HCM. Consistent with this, we found that
mean HCM-PRS was significantly lower in athletes with
reduced EF compared with those without reduced EF
(1.07£0.26 versus 1.21+0.26; P=0.002).

Follow-Up

Athletes were followed for a median of 4.4 (range, 0.2
6.9) years. No athletes developed symptomatic heart
failure or documented sustained atrial or ventricular ar-
rhythmias. Two athletes, both men with reduced EF died
suddenly during competition; 1 death was due to trau-
matic injury after an unprovoked accident while cycling
and 1 was due to sudden cardiac death. The athlete with
sudden cardiac death had reduced RVEF (RVEF=44%)
and LVEF in the lower range of normal (LVEF=51%) at
rest, a VPB count of 139/24 h, no evidence of LGE, and
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Figure 3. Correlation between LVEF
and LV GLS.

For athletes with reduced EF (orange) and
preserved EF (blue). EF indicates ejection
fraction; GLS, global longitudinal strain; and
LV, left ventricular.
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Figure 4. Changes in ejection fraction during exercise.

Changes in LVEF (A) and RVEF (B) from rest to peak exercise in athletes with a reduced (orange dots) and preserved EF (blue triangles). Box-
and-whiskers plots of delta LVEF (C) and delta RVEF (D) between rest and peak exercise in athletes with a reduced (orange) and preserved EF
(blue). EF indicates ejection fraction; LV, left ventricular; and RV, right ventricular.

high genetic risk (LVESVi-PRS in the top 5%). A postmor-
tem examination revealed microscopic evidence of patchy
myocardial fibrosis of both ventricles, raising the possibil-
ity of a cardiomyopathic process. Testing of known cardio-
myopathy-associated genes did not identify a potentially
causative variant, and clinical evaluation of first-degree
relatives has not identified any suspicion of cardiac dis-
ease. He had undergone regular testing for performance-
enhancing drugs, had not experienced any recent illness,
and had not previously been diagnosed with myocarditis.

DISCUSSION

Athletes generally enjoy excellent health, but a minority
present with extreme changes in cardiac structure and
function that invoke consideration of underlying cardiac
pathology. Combining comprehensive assessment of
athletic conditioning, cardiac remodeling, and genomic
analysis, we found that 1 in 6 elite endurance athletes
has reduced EF, thereby raising the suspicion of sub-
clinical DCM. Supporting this premise was an associa-

Circulation. 2024;149:1405-1415. DOI: 10.1161/CIRCULATIONAHA.122.063777

tion with reduced myocardial strain, increased VPB, and
an enrichment of background genetic variation similar
to that seen in patients with DCM." On the other hand,
athletes with reduced EF had similar cardiorespiratory
fitness to those with preserved EF, enhanced augmen-
tation of EF with exercise, similar low levels of myo-
cardial fibrosis, and a good short-term clinical outcome.
Thus, it could be argued that the extreme cardiac re-
modeling found in this group of highly trained young
athletes should be regarded as healthy remodeling.
However, the overlap in some clinical and genetic traits
between more extreme athletic remodeling and DCM
highlights the need for longer-term prospective follow-
up, as is planned to continue in our Pro@Heart study.®
Using the gold standard of CMR, we found that
reduced EF is relatively common, being present in nearly
16% of elite and highly trained endurance athletes. EF
is a simple and imperfect measure of cardiac systolic
function but has established prognostic significance. In a
study of 4257 unselected individuals from the Framing-
ham Study, asymptomatic LV dysfunction (LVEF <50%)
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Table 3. Results of 24-Hour Holter Monitoring

Reduced Preserved
ejection fraction | ejection fraction
Holter measure (n=44) (n=237) P value
Heart rate, bpm
Average 6618 6619 0.85
Minimum 36 (32-43) 38 (34-43) 0.30
Maximum 156 (125-180) 153 (129-172) 0.70
Pauses >2 s, n (%) 11 (25) 53 (22.4) 0.37
APB/24 h 6 (1-9) 7 (2-21) 0.11
>500 APB/24 h, n (%) 2 (4.6) 11 (4.6) 0.39
>100 APB/24 h, n (%) 1(3.2) 8 (4.3) 0.98
VPB/24 h 3 (0-27) 1(0-3) 0.005
>500 VPB/24 h, n (%) 3(6.8) 4(1.7) 0.045
>100 VPB/24 h, n (%) 6 (13.6) 9 (3.8) 0.008
Nonsustained ventricular | 0 (0) 3(1.3) 0.45
tachycardia, n (%)

Heart rate boundaries and atrial and ventricular arrhythmia burden elite endur-
ance athletes with reduced ejection fraction and preserved ejection fraction. APB
indicates atrial premature beat; and VPB, ventricular premature beat.

was identified in 6.0% of men and 0.8% of women and
was associated with a 3-fold increase in incident heart
failure and a 1.6-fold increase in mortality risk.'® Similarly,
in an analysis of 7749 people from 2 community-based
studies, EF and increased LV mass were independently
associated with sudden cardiac death risk.'"® To our
knowledge, there have not been any reports of popula-
tions in which a low EF has been associated with benign
outcomes. By virtue of the superb physical capacity of
endurance athletes, it has often been assumed that
extreme measures of remodeling and function in this
group are part of the broad physiological (ie, benign)
remodeling. Our current data support this premise in
some respects, but also raise the possibility of pathology
in some instances.

To investigate the possibility of an underlying DCM
(ie, nonbenign remodeling), we performed more in-
depth evaluation of cardiac function using both myocar-
dial deformation imaging and assessment of contractile
reserve during exercise. GLS has been argued to be
more sensitive than EF for identifying subclinical myo-
cardial dysfunction.'™'® In keeping with the hypothesis
of an underlying cardiomyopathy substrate, we found
significant reduction of myocardial strain in athletes
with reduced EF. We have previously promoted exer-
cise imaging as a means of differentiating physiologi-
cal from maladaptive remodeling in athletes.”'92° Thus,
our finding that athletes with reduced EF had excel-
lent exercise capacity and enhanced cardiac reserve
(greater increase in EF during exercise) might provide
reassurance.

Myocardial fibrosis is an established feature of mal-
adaptive cardiac remodeling. Using CMR as the refer-
ence method to assess focal myocardial replacement
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fibrosis, 13% of all athletes in our study had evidence
of myocardial fibrosis, but with no differences in preva-
lence between those with preserved EF or reduced EF.
Myocardial fibrosis was mostly located at the RV inser-
tion points to the interventricular septum, which has
generally been considered a benign observation.?'"23
Contrary to hinge-point fibrosis, subepicardial and mid-
myocardial fibrosis may be associated with potentially
life-threatening arrhythmias.?*~¢ It is interesting that mid-
myocardial fibrosis of the LV lateral wall was seen in only
3 athletes, all of whom had preserved EF.

In contrast with these reassuring CMR findings per-
taining to fibrosis and contractile reserve, athletes with
reduced EF had a higher burden of VPBs (both when
using cutoffs >100/24 h and >500/24 h). This excess
VPB in reduced EF was substantially higher than that
previously reported in young competitive athletes and
healthy nonathletes?”*° Frequent VPBs are a known
risk marker for heart failure and mortality in the general
population,® but its significance in athletic populations
remains unclear. We did not observe a higher prevalence
of nonsustained ventricular tachycardia in athletes with
reduced EF, although the cohort size precludes meaning-
ful assessment of rare arrhythmias.

The causes of reduced EF in endurance athletes have
not previously been investigated. Our data suggest, for
the first time, that this is not entirely explained by exer-
cise effects alone. Within the athletic cohort, we found
significant differences in mean LVESVi-PRS between
those with/without reduced EF, pointing to a genetic
contribution to exercise-induced remodeling. The extent
to which gene-environment interactions influence sus-
ceptibility to exercise effects or modify remodeling
responses is currently unclear. Further prospective eval-
uation is needed to determine the natural history of high
LVESVi-PRS in athletes and the risk of incident DCM.
Values for athletes with reduced EF were not signifi-
cantly different from those in a group of patients with
familial DCM, suggesting a similar background genetic
risk. However, whether exercise and lifestyle factors
might mitigate against overt DCM development in ath-
letes remains to be determined. Further studies are also
needed to determine whether reduced EF in a subset
of cases may in fact represent preclinical DCM caused

Table 4. Univariate Logistic Regression for a Reduced
Ejection Fraction by LVESVi-PRS

Comparison Odds ratio | 95% CI P value
Top vs bottom DCM PRS deciles | 11.08

1.21-101.69 | 0.034

Top vs bottom DCM PRS quintiles | 5.70 1.49-21.78 0.011

Top vs bottom DCM PRS quartiles | 2.24 0.96-6.38 0.061

Univariate logistic regression analysis to assess the odds ratio for a reduced
ejection between the top and bottom deciles, quintiles, and quartiles of LVESVi in
elite endurance athletes. DCM indicates dilated cardiomyopathy; LVESVi, indexed
left ventricular end-systolic volume; and PRS, polygenic risk score.
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Figure 5. Polygenic risk score for LVESVi: violin plots showing the distribution of LVESVi-PRS in athletes with a reduced or
normal EF, in comparison with a healthy elderly population from the ASPREE study® and patients with established DCM.
Mean LVESVi-PRS in athletes with reduced EF is higher than in control subjects and athletes with normal EF, but similar to patients with DCM.
Data for mean = interquartile range in each group are shown. ASPREE indicates Aspirin in Reducing Events in the Elderly; DCM, dilated
cardiomyopathy; EF, ejection fraction; LVESVi, indexed left ventricular end-systolic volume; and PRS, polygenic risk score.

by inherited rare genetic variants. Although our sample
is small, we contend that the association between high
LVESVI-PRS, reduced EF, increased VPB frequency, and
the case of sudden cardiac death in an athlete with all of
these features is sufficient to warrant further scientific
scrutiny.

Last, there exists a further group of athletes with
preserved EF but reduced LV GLS, reduced contractile
reserve, nonsustained ventricular tachycardia, or high
VPB burden. We contend that this represents a group
that also warrants longer-term follow-up.

Limitations

The current analysis was mainly performed on cross-
sectional data, which limits conclusions on the prognosis
of a reduced EF. The limited 4.4 years of follow-up in
this cohort will be extended given that the Pro@Heart
and ProAFHeart trials are long-term prospective trials.®
The unexpectedly high mortality rate in our cohort to date
(0.7%) likely represents a Type | error, but it does em-
phasize the importance of adequately powered prospec-
tive studies to assess clinical end points in endurance
athletes.

To achieve a sufficient sample size, the 3 subgroups
of athletes with LV, RV, or biventricular reductions in EF

Circulation. 2024;149:1405-1415. DOI: 10.1161/CIRCULATIONAHA.122.063777

were combined. This precludes investigations into cardio-
myopathic subtypes such as DCM and arrhythmogenic
cardiomyopathy. However, we identified a strong asso-
ciation between LVEF and RVEF that argued against a
dominant subtype.

All athletes were White; thus, results may not be
applicable to athletes from different ethnicities. We
also had a greater proportion of male than female ath-
letes.

There is potential for a selection bias in which athletes
may have been motivated to enroll to assess mild symp-
toms or to appease concern of a family history of car-
diovascular disease. This potential bias was limited given
the young age of athletes and the fact that the question-
naire performed at inclusion confirmed the absence of
symptoms and the negative family history of first-degree
relatives.

Conclusions

Reduced EF is a frequent finding in highly trained elite
endurance athletes. Despite excellent cardiorespiratory
fitness, enrichment of cardiomyopathy genetic traits and
an increase in ventricular ectopy were observed among
athletes with reduced EF. The long-term health impact in
these athletes requires further scrutiny.
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