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Background: Cardiac magnetic resonance (CMR) combined with late gadolinium
enhancement (LGE) has revealed a non-negligible increased incidence of myocardial
fibrosis (MF) in athletes compared to healthy sedentary controls.

Objective: The aim of this systematic research and meta-analysis is to investigate
and present our perspective regarding CMR indices in athletes compared to sedentary
controls, including T1 values, myocardial extracellular volume (ECV) and positive LGE
indicative of non-specific fibrosis, also to discuss the differences between young and
veteran athletes.

Methods: The protocol included searching, up to October 2021, of MEDLINE, EMBASE,
SPORTDiscus, Web of Science and Cochrane databases for original studies assessing
fibrosis via CMR in athletes. A mean age of 40 years differentiated studies’ athletic
populations to veteran and young.

Results: The research yielded 14 studies including in total 1,312 individuals. There was
a statistically significant difference in LGE fibrosis between the 118/759 athletes and
16/553 controls (Z = 5.2, P < 0.001, 2 = 0%, P, = 0.45). Notably, LGE fibrosis differed
significantly between 546 (14.6%) veteran and 140 (25.7%) young athletes (P = 0.002). At
1.5T, T1 values differed between 117 athletes and 48 controls (P < 0.0001). A statistically
significant difference was also shown at 3T (110 athletes vs. 41 controls, P = 0.0004), as
well as when pooling both 1.5T and 3T populations (P < 0.00001). Mean ECV showed
no statistically significant difference between these groups.
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Androulakis et al.

Myocardial Fibrosis Assessment in Athletes

Conclusions: Based on currently available data, we reported that overall LGE based
non-specific fibrosis and T1 values differ between athletes and sedentary controls,
in contrast to ECV values. Age of athletes seems to have impact on the incidence
of MF. Future prospective studies should focus on the investigation of the underlying
pathophysiological mechanisms.

Keywords: athletes, myocardial fibrosis, LGE, CMR, meta-analysis, mapping

INTRODUCTION

Athletic training is known to induce morphological and
functional cardiovascular adaptations of cardiac chambers,
collectively known as athlete’s heart (1). Apart from the widely
established benefits of exercise, recent evidence suggests there
may be some overlap between physiology and pathophysiology,
and occasionally, with cardiac diseases. The duration of exposure
to demanding training and the type of sports may play a role
in these processes (2). Cardiac magnetic resonance (CMR) has
been increasingly used in establishing an accurate diagnosis given
that exercise may lead to cardiac remodeling that in certain
situations can be clinically challenging to differentiate from
various cardiomyopathies (3, 4).

CMR is a non-radiating imaging modality with high spatial
resolution, which not only is the reference standard for functional
and morphological assessment but also has the benefit of
tissue characterization by exploiting gadolinium-based contrast
late enhancement (LGE) as a marker of myocardial fibrosis
(MF) (5, 6). Gadolinium-based contrast compounds freely enter
the extracellular space but not intact myocardial cells. Under
pathologic conditions, cellular death and fibrotic processes lead
to expansion of extracellular space, while cell damage means
that myocardial cell membranes become permeable to contrast.
These phenomena significantly alter the kinetics of gadolinium,
leading to higher peak uptake from the myocardium and delayed
washout (7). Interestingly specific patterns of LGE have been
sporadically detected in athletic individuals, although data so
far are not consistent, coming from small-sample studies that
frequently lack comparisons with sedentary controls or “lifelong,”
veteran athletic individuals which could provide further insight
in the underlying pathophysiological mechanisms (8).

Other important techniques, such as native T1 and
extracellular volume (ECV) may prove clinically relevant
in athletic individuals providing additional information
regarding cellular and extracellular pathology, even though
they have not yet been widely studied in these populations
(9). Native T1 times quantify the time required for the net
magnetization vector of a myocardial area to return to pre-
excitation levels. Native T1 depends highly on the tissue
composition (10). Elevated T1 times have been reported
in several myocardial pathologic conditions. Pertinent to

Abbreviations: CMR, cardiac magnetic resonance; LGE, late gadolinium
enhancement; ECV, extracellular volume; min, minutes; RV, right ventricular;
CAD, coronary artery disease; LAD, left anterior descending artery; LCA, left
coronary artery, RCA, right coronary artery; IVS, interventricular septum.

the topic of this review, T1 values increase in situations of
increased free water within expanded interstitial space and
could be used to detect and quantify interstitial myocardial
fibrosis (11). The measurement of pre- and post-contrast T1
times enable the CMR-based calculation of ECV with good
correlation to the actual histology-derived collagen volume
fraction (12). The ratio of intra- to extracellular space shifts
significantly in myocardial fibrosis, and ECV is uniquely
capable of detecting such changes. It thus constitutes an ideal
modality for the clinical applications described in the present
review (13).

SYSTEMATIC REVIEW

Systematic Review Rationale-Objectives

In a previous systematic review involving only 65 athletes
(14), van de Schoor et al. predominantly identified MF in
the intraventricular septum and the right ventricular (RV)
insertion points. Although the underlying mechanisms are
widely undetermined, the summarized evidence supported
genetic  predisposition, silent myocarditis, pulmonary
artery pressure overload, and prolonged exercise-induced
repetitive micro-injury as possible contributors (15). More
recently, Zhang et al. (16) performed a meta-analysis of
athletic individuals and sedentary controls who underwent
CMR, focusing however only on general MF prevalence
without looking into different patterns, and without
discriminating different athletic age groups, or sex-specific
data. According to the results, 21.1% of athletes had evidence
of LGE, compared to just 3.2% in sedentary controls. The
heterogeneity of the 12 included studies was acceptable (P
= 0.34), while the difference in prevalence was statistically
significant, suggesting a correlation between MF and intense
athletic training.

In view of updated data on the topic of CMR based
assessment, using both contrast and non-contrast techniques,
we performed a revised systematic search and meta-analysis,
with a three-fold aim: To focus on updated, peer-reviewed
data, report a risk of bias assessment, which was unfortunately
missing from the recent meta-analysis (16), and extract
data on other CMR-derived techniques, such as native T1
mapping as a sensitive marker of interstitial fibrosis and ECV
quantification, as marker of myocardial tissue remodeling,
based on studies using both 1.5 and 3 Tesla (T) scanners.
Of note, structured assessment of risk of bias and exclusion
of low-quality data is crucial, since recruitment bias can
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TABLE 1 | Characteristics of the studies included in the meta-analysis.

CMR findings Athletes Characteristics
Studies Athletes Controls Age and sex Athletes group Control group
Tesla (T)
Abdullah et al. LGE: 0/21 LGE: 1/71 68 (66-70), Elite marathon and triathlon No statistical difference for age;
2016 (19) T1: No data T1: No data 76.2% males athletes with 6-7 30 min sessions sedentary to light athleticism
T.1.5 ECV: No data ECV: No data per week for >25 years Fibrosis: One IVS in the area of
Fibrosis: No data the inferior RV insertion point
Banks et al. LGE: 23/69 LGE: 4/20 53 + 5, 74% Middle-aged endurance running Mildly active according to
2020 (20) T1 (n = 50): 1169 + 35 T1(n=16): 1190 + 26 males (for 72 (24), cycling (20), and triathlon recommendations
T3 ECV (h =50): 22.6 + athletes) (28) athletes with <10 years of Fibrosis: see athletes’ fibrosis
3.5 active participation in competitive
sport competitions
Fibrosis (athletes and controls
combined): 21/89 RV insertion
points, 2/89 ischemic and 4/89
with no ischemic etiology
Bohm et al. LGE: 1/33 LGE: 0/33 47 + 8, 100% Veterans with 16 former elite Age, height and weight matched;
2016 (4) T1: No data T1: No data males athletes; triathlon, ironman, exercise history of <3 hours per
T 15 ECV: No data ECV: No data Olympics (triathlon and rowing), week;
marathon training >10h per week Fibrosis: No data
for >10 years (29 + 8 years)
Fibrosis: One posteroinferior
visible in the short axis following a
non-ischemic pattern
Breuckman LGE: 12/102 LGE: 4/102 57 + 6, 100% Athletes over 50 years old having Age matched controls; no
et al. 2009 T1: No data T1: No data males participated in at least five endurance sports activity
(25) ECV: No data ECV: No data full-distance marathons in the last Fibrosis: Four having no
T 1.5 3 years CAD-pattern affecting O
Fibrosis: Five with CAD pattern segments of the LAD, three of
affecting segments 10 in the LCA and six of RCA
region of LAD, one of LCA, three
RCA vs. five with no-CAD pattern
affecting three of LAD, five of LCA
and nine of RCA
Domenech- LGE: 35/93 LGE: 2/72 35.7 £ 5.8, Triathlon athletes with >12h per Age and sex matched; <3h of
Ximenos et al. T1: No data T1: No data 53% males week active in the last 5 yearsr training per week
2020 (21) ECV (n = 28, 1.5T): ECV: No data Fibrosis: 35 RV insertion points Fibrosis: Two RV insertion points
T15,3 LGE (+)27.1 £ 2.2 vs. (17/49 males and 18/44 females) (only in males)
LGE (-) 25.2 +£ 2.1
Malek et al. LGE: 8/30 LGE: 1/10 40.9 £ 6.6 Ultra-marathon runners with a Age and sex matched; no regular
2019 (26) T1: 1200 £ 59 T1:1214 £ 32 ECV: 25 + median of 9 years of regular event exercising
T3 ECV: 26.1 £ 2.9 2.5, 100% competing Fibrosis: One RV insertion points,
males Fibrosis: Five RV insertion point, none with ischemic pattern

two inferolateral, one IVS, none
with ischemic pattern

(Continued)
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TABLE 1 | Continued

CMR findings Athletes Characteristics
Studies Athletes Controls Age and sex Athletes group Control group
Tesla (T)
McDiarmid LGE: 1/30 LGE: 0/15 31.7+77, Endurance athletes (seven Age and sex matched; no
etal. 2016 T1: 1178 £ 32 T1:1202 £+ 33 100% males runners, 11 cyclists, 12 endurance sports activity with
(27) ECV. 225+ 2.6 ECV: 245 +£2.2 thriathletes) training for >6h per <3h training per week
T3 week Fibrosis: No data
Fibrosis: One following
myocarditis pattern
Merghani LGE: 16/152 LGE: 0/92 54.4 + 8.5, Masters running and cycling Age, sex, and 10 year
etal. 2017 T1: No data T1: No data 70% males athletes who have run >10 miles Framingham risk score close to
(22) ECV: No data ECV: No data and 92% or cycled >30 miles per weak and the athletes group; mildly trained
T 1.5 reported as competed frequently for >10 according to health
“white” years in at least 10 endurance recommendations
events Fibrosis: No data
Fibrosis: 10 basal lateral or
inferolateral (nine were men), four
septal, two apical, Athletes and
controls: subendocardial in seven
males, midmyocardial in five and
epicardial distribution in three;
Only 1 female athlete had LGE
Pujadas et al. LGE: 3/34 LGE: 0/12 48.17 + 7.48, Veteran marathon still training Age, sex and BSA matched;
2018 (28) T1 (septal): 943.59 + T1 (septal): 984.13 + 100% males having participated in marathons untrained
T.1.5 52.58 36.82 for >10 years (9.38 £ 3.52 h of Fibrosis: No data
ECV (septal): 25 + 2 ECV (septal): 22 + 2 training per week, 28.06 + 10.84
years of training)
Fibrosis: One mid inferior, one mid
inferolateral, one apical
(antero)septum, none with
ischemic pattern
Sanchis- LGE: 2/10 LGE: 0/5 Elite: 54 £ 4, 11 elite (10.6 &+ 3.1 h per week, Age and sex matched; <3
Gomar et al. T1: No data T1: No data Sub-elite: 55 29 + 9 years high-intensity structured training sessions per
2016 (29) ECV: No data ECV: No data + 9, 100% trained) and 42 sub-elite (10.6 + week. Only five underwent CMR.
T3 males, not 4.2 h per week, 24 + 9 years Fibrosis: No data
applicable for high-intensity trained) endurance
those who athletes (cyclists and runners).
underwent Only 10 (3 were elite and the
CMR remaining were sub-elite)

underwent CMR

Fibrosis: 1 intra-myocardial
fibrotic lession in the LV lateral
wall, 1 small intra-myocardial in
the basal segment of the
inferolateral LV wall. None had
ischemic pattern

(Continued)

‘e 18 Sh{einoJpuyY

S818|UIY Ul JUBLLISSSSSY SISOIqI [BIJBOOAN


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

10" UISISIUOL MMM | BUIDIPBA JeiNdSeAOIpIe)) Ul SIORUOIH

¥/18/ 8oy | g 8WN|oA | 120z Jequiedeq

TABLE 1 | Continued

CMR findings Athletes Characteristics
Studies Athletes Controls Age and sex Athletes group Control group
Tesla (T)
Swoboda LGE: 2/40 LGE: 0/35 <45 years, no Endurance athletes (11 runners, <3h of training per week
et al. 2016 T1:1182.7 £ 42.4 T1: No data sex 13 triathletes, 16 cyclists) with Fibrosis: No data
(30) ECV: 22.7 £ 3.3 ECV:24.3+26 information >6h per week
T3 Fibrosis: Two subepicardial lateral
with a pattern of myocarditis
Tahir et al. LGE: 9/83 LGE: 0/36 43 + 10, 65% Triathlon athletes with >10h per <8h of exercise per week
2018 (31) T1:990 + 28 T1:1014 £ 28 males week active in the last 3 years Fibrosis: No data
T. 1.5 ECV:25.8 £ 2.5 ECV: 25.9 + 3.9 Fibrosis (only males): Six mid-wall
basal inferolateral, two posterior
RV insertion, one basal
anterolateral subendocardial all
without ischemic pattern
Treibel et al. LGE: No data LGE: No data 42 + 14, 80% Endurance athletes with >10 No statistical difference for age
2017 (23) T1: No data T1: No data males events in lifetime Fibrosis: No data
T1.5 ECV (h =50): 26.2 + ECV (n = 30): 28 + 2.9 Fibrosis: No data
2.7
Wilson et al. LGE: 6/12 in Veteran, LGE: 0/20 (Veterans)57 Marathon, ultramarathon, Age matched with veteran
2011 (24) 0/17 in Young T1: No data + 6 (50— ironman, and triathlon veteran (43 athletes; sedentary lifestyle
T 1.5 T1: No data ECV: No data 67)/(Young)31 =+ 6 years of competitive training) Fibrosis: No data
ECV: No data + 5 (26-40), and young (18 + 7 years

100% males

competitively trained) athletes
Fibrosis (only veterans): Three RV
insertion points, one
subendocardial septal and lateral
wall with CAD pattern, one
subepicardial lateral, one mid-wall
mid-apical inferior

CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; ECV, extracellular volume; min, minutes; RV, right ventricular; CAD, coronary artery disease; LAD, left anterior descending artery; LCA, left coronary artery; RCA,

right coronary artery; IVS, interventricular septum.
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have an enormous effect on the prevalence of LGE in an
athlete population.

Systematic Review Strategy

The systematic research protocol was registered in the
PROSPERO database (ID: CRD42021273996). MEDLINE,
EMBASE, SPORTDiscus, Web of Science and Cochrane
databases were systematically searched with the use of PubMed,
Google Scholar and Cochrane Reviews search Engines between
January 2000 up to October 2021. Studies were eligible for
inclusion in the systematic review if they evaluated one or more
of the following parameters in endurance sports athletes: (a)
The presence of late gadolinium enhancement, (b) Native T1
values and (c) ECV. The Oxford Dictionary definition was used
to identify endurance sports (“a sport that involves continuous
high intensity exercise”) (17). Only studies reported in English
were assessed for inclusion. As for the exclusion criteria, studies
lacking a control arm of age- and sex-matched individuals were
excluded from the systematic review, as were studies in which
either controls or athletes had been included on the basis of
having symptoms or signs of cardiac pathology (e.g., premature
ventricular contractions) were excluded. When multiple studies
reported on data from the same research group, only one was
kept, unless it is explicitly stated that there was no overlap. A
detailed presentation of the systematic protocol is described
in Supplementary Material. Bias assessment was performed
via the Newcastle-Ottawa quality assessment scale (NOS) for
cohort studies (18). The Review Manager (RevMan) Version
5.3 and SPSS (IBM Corp. Released 2015. IBM SPSS Statistics
for Windows, Version 23.0. Armonk, NY: IBM Corp.) were
used for statistical analysis. Random effect was the model of
choice for all pooled analyses with Z-value for overall effect and
I? for heterogeneity. Heterogeneity was considered significant
at the level of p < 0.10. T1 and ECV, were separately assessed
for 1.5 and 3 Tesla and afterwards in total. The incidence
of LGE in younger vs. veteran athletes (cut-off set at 40y)
was compared in a sub-analysis through the chi-square test.
Reported means and standard deviations (SD) are pooled from
study data. Data was mathematically transformed if needed.
P-values of <0.05 were considered statistically significant unless
otherwise stated.

RESULTS

LGE in Athletes and Sedentary Controls

Fourteen (14) studies (4, 19-31) matching the pre-
specified inclusion criteria were found and included in the
updated review and meta-analysis (Table1). A risk of bias
assessment was performed using the Newcastle Ottawa Scale
(Supplementary Table 1). In total, 759 athletes and 553
sedentary controls were included in the updated meta-analysis.
Out of these, 118 (16.6%) athletes and 12 (2.3%) controls
had LGE, a difference in proportions that proved statistically
significant (Z = 5.2, P < 0.001). Study heterogeneity regarding
LGE was low (I = 0%, P; = 0.45) (Figure 1). Most of the studies

either included only male athletes and controls or reported
sex-specific data. Forest plots could be constructed for male
(4, 21, 22, 24-29, 31) and female (21, 22, 31) athletes. In total,
LGE data regarding 460 male athletes were compared to those
of 315 sedentary controls. The Z-overall effect was estimated at
4.76 with P < 0.001. Heterogeneity was low (I> = 0%, textitP;
= 0.80). Regarding females, 119 athletes were compared with
82 sedentary controls. No statistically significant difference
was observed (P = 0.10) for a Z-overall effect of 1.67, while
heterogeneity was not negligible (1> = 44%, P; = 0.18).

Regarding the comparison of young vs. veteran athletes, LGE
data were available for 10 studies. A mean age over 40 years
(546 athletes total, 14.6% exhibited LGE) and three studies with
a mean age below 40 years (140 athletes total, 25.7% exhibited
LGE). The chi-square test revealed a statistically significant
difference of LGE incidence between the two groups of veteran
and young athletes (chi-square = 9.7, P = 0.002).

LGE in RV insertion points is increasingly considered a non-
specific finding of unknown significance (21, 22). A focused sub-
analysis investigating the incidence of non-RV insertion point
LGE revealed that the prevalence is also substantially higher in
athletes (38 out of 538 included, 7%) compared to controls (one
out of 401 included, 0.3%, Z = 2.99, P = 0.003).

T1 and ECV in Athletes vs. Sedentary

Controls

Data regarding alternative non-contrast markers such as T1 and
ECV derived from 3T and 1.5T MRI were extracted separately
from included studies. Two studies (28, 31) had 1.5T T1 data
available for a total of 117 athletes (mean T1 976.5 & 42.2 msec)
and 48 controls (1006.5 £+ 32.5 msec) showed a statistically
significant difference (Z = 4.12, P < 0.0001, I> = 18%, P; = 0.27).
T1 data with 3T scanners were similar—three studies (20, 26, 27)
including 110 athletes (mean T1 1179.9 & 42.1 msec) and 41
controls (mean T1 1200.2 £ 31 msec) also yielded a statistically
significant difference in T1 values between athletes and sedentary
controls (Z = 3.55, P = 0.0004, I*> = 0%, P; = 0.86) (Figure 1).
When pooled into one forest plot, data from 1.5T and 3T CMR
scans revealed a significant difference in T1 values between the
two groups, while having no heterogeneity (Z = 6.15, P <
0.00001, I? = 0%, P; = 0.66). Controls’ mean T1 was estimated
at 1095.7 &+ 101.7 ms, whereas athletes’ mean T1 was 1075.1 +
110.4 msec.

ECV quantified via 1.5T MRI scanners (23, 28, 31) in three
studies did not differ significantly (Z = 0.73, P = 047, I* =
93%, P; = P; < 0.00001) between the total 167 athletes (mean
ECV 24.9 & 2.2%) and 78 sedentary controls (mean ECV 23.5 £
2.8%). MRI scans at 3T (20, 26, 27) comparing ECV between 110
athletes (mean ECV 23.5 £ 3.5%) to 41 sedentary controls (mean
ECV 23.4 £ 2.9%) were also characterized by a not statistically
significant mean difference (Z = 0.02, P = 0.99, I> = 81%, P; <
0.006) (Figure 1). The same tendency was observed when pooling
mean ECV of athletes (24.5 £ 3%) and control groups (24.6 +
3.5%) scanned with 1.5T and 3T and comparing them, as the
mean difference had a Z = 0.42 and P = 0.66 (I> = 87%, P;
< 0.00001).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 784474


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Androulakis et al.

Myocardial Fibrosis Assessment in Athletes

A LGE in athletes vs. sedentary controls

Athletes Control 0Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H,Random,95%Cl M-H,Random, 95%CI
Abdullah 2016 0 21 171 3% 1.09(0.04, 27.82)
Banks 2020 2 69 4 20 226% 2,00 (0.60, 6.67) T
Bohm 2016 1B 0 33 31% 3.09(0.12, 78.70) b
Breuckmann 2009 12102 4102 24.1% 3.27(1.02, 10.50) —
Domenech-Ximenos 2020 B 93 2 72 153%  21.12(487,91.57) —
Malek 2019 8 30 110 67% 3.27(0.36, 30.10) -
McDiarmid 2016 130 0 15 31% 158 (0.06, 41.03] —
Merghani 2017 16 152 0 92 41%  2236(1.33,37737)
Pujadas 2018 3 0 12 36% 2.78(0.13, 57.77) S
Sanchis-Gomar 2016 2 10 0 5 32% 3.24(0.13, 80.99) ——
Swoboda 2016 2 40 0 35 35% 4.61(0.21,99.36) —_—
Tahir 2018 9 8 0 36 40%  931(053 164.3) T
Wilson 2011 6 12 0 20 36%  41.00(202830.71] —_—
Total (95% CI) 709 523 100.0% 4.56 (257, 8.09] *
Total events 118 2
Heterogeneity: Tau? = 0.00; Chi = 12.00, df = 12 (P = 0.45); I = 0% oo o

1 10 5
Test for overall effect: Z = 5.19 (P < 0.00001) Favours (athletes) Favours [control)

B LGE in non-RV insertion points in athletes vs. sedentary controls

Athletes Control Odds Ratio 0Odds Ratio
Study or Subgroup. Events Total Events Total Weight M-H,Random,95%Cl M-H, Random, 95%C
Abdullah 2016 ] 171 90% 1.09(0.04, 27.82)
Bohm 2016 103 0 33 90% 3.09(0.12, 78.70) —
Domenech-Ximenos 2020 0 93 0o 7 Not estimable
Malek 2019 3 3 0 10 102% 267(0.13,56.28) I
McDiarmid 2016 130 0 15 89% 1.58 (0.06, 41.03) —
Merghani 2017 16 152 0 92 119%  2236(1.33,37737) —
Pujadas 2018 3 0 12 103% 278(0.13,57.77) e
Sanchis-Gomar 2016 2 10 0 5 91% 3.24(0.13,80.99) S
Swoboda 2016 2 4 0 35 100% 4.61(0.21,99.36) —
Tahir 2018 7 8 0 36 113%  7.16(0.40, 128.74) T/
Wilson 2011 3 12 0 20 104%  15.11(0.71,32261) .
Total (95%C1) 538 401 100.0%  4.41([1.67,1167) >
Total events 38
Heterogeneity: Tau? = 0.00; Chi* = 3,64, df = 9 (P = 0.93); I*= 0%

X 01 10 1
Test for overall effect: Z = 2.99 (P = 0.003) Favours [athletes] Favours [control]

CMR, cardiac magnetic resonance; ECV, extracellular volume.

c T1 values athletes vs. sedentary controls (1.5T)

Athletes. Control Mean Difference Mean Difference
StudyorSubgroup __Mean _ SD Total Mean _ SD Total Weight IV.Random,95%Cl IV, Random, 95% C!
Pujadas 2018 94359 5258 34 984.13 3682 12 202% -40.54(-67.86,-13.22] —_—
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FIGURE 1 | Forest plots of (A) LGE prevalence in athletes and sedentary controls, (B) LGE prevalence excluding RV insertion point LGE in athletes and sedentary
controls, (C) Native T1 values from 1.5T CMR scans in athletes and sedentary controls, (D) ECV from 1.5T CMR scans in athletes and sedentary controls, (E) ECV
from 3T CMR scans in athletes and sedentary controls, (F) Pooled ECV in athletes and sedentary controls. LGE, late gadolinium enhancement; RV, right ventricle;

DISCUSSION

All available evidence indicates that the prevalence of ME as
documented by LGE in CMR scans, is significantly higher in
athletes compared to sedentary controls. The pooled frequency
of 16.6% is lower than the 21.1% reported by Zhang et al. (16),
with the difference owed to the updated set of studies, which
include new data, updated numbers from some research teams
and exclude some previous, non-peer-reviewed datasets.

In a close examination of the included studies, LGE was
indeed considerably more frequent in athletes compared to
controls, even when excluding RV insertion point fibrosis.
Studies that included younger athletes also had a significantly
higher prevalence of LGE compared to studies including
veteran athletes. This is an interesting finding that is open
to interpretation. It is not inconceivable that the differences
in recruitment strategy between studies that led to an age
disparity also caused differences in the prevalence of LGE.
Importantly, Domenech-Ximenos et al., one of the included
studies with the lowest mean athlete age, only administered
gadolinium-based contrast to a sub-set of participating patients,
potentially introducing bias in LGE results (21). Overall, the
long-term effects of endurance exercise on the heart are widely
unknown. Endurance exercise is associated with a transient
increase of biomarkers of cardiac damage and there is growing
evidence that lifelong male athletes aged above 40 years show

a higher prevalence of a higher coronary plaque burden, and
a different MF pattern compatible with subclinical infarction
compared with relatively sedentary healthy controls (32). As
no adequate data were available for females, no sex-specific
conclusions could be safely drawn from our analysis. Further,
ideally prospective studies with sizeable athlete populations
are required to determine the effect of duration exercise
on the incidence, pattern, and extent of MF as well as its
prognostic relevance.

Quite interestingly, native T1 values were consistently shown
to be significantly decreased in athletes, both in 1.5T and
3T magnetic fields. It has been suggested that in athletic left
ventricular hypertrophy (LVH), native T1 seems to be decreased
suggesting that physiological athletic LVH represents enhanced
cellular hypertrophy, unlike any other sort of LVH mechanism
(6). The ECV as a marker of myocardial tissue remodeling and
excessive collagen deposition is also a robust measure of diffuse
MF and fairly interesting from a pathophysiological perspective.
It would not be unreasonable to assume that, in the setting
of exercise-induced cardiomyocyte hypertrophy (6), the ECV
is expected to be reduced. That said, the ECV was not found
significantly increased in athletes compared to controls, and
indeed some studies yielded the opposite result (23, 27). Whether
this is the result of study selection bias, relatively small numbers
of included so far studies, or whole-heart sub-clinical expansion
of ECV through increased collagen deposition in maladapted
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athletes’ hearts (33) is an interesting research question that
deserves further investigation.

In conclusion, we report interesting data based on the latest
evidence in MF assessment from both contrast based and non-
contrast CMR techniques. The present systematic review and
meta-analysis contains updated data about LGE prevalence along
with a comprehensive risk of bias assessment, in combination
with a novel meta-synthesis of data regarding T1 and ECV
values in the endurance athletes. Non-specific MF in athletic
individuals is a somewhat frequent finding in highly trained
athletes and there seem to be variation attributable to age
(and therefore potentially the duration of exposure to exercise)
and sex. Contrast based non-specific LGE and native T1 are
found to be particularly useful in discrimination of athletic vs.
sedentary individuals. Further data are certainly required to
elucidate the underlying physiological and pathophysiological
mechanisms. More importantly, whether these non-specific
LGE patterns in athletes are actually associated with adverse
events-particularly for underrepresented athlete groups such
as women and veteran athletes, as well as the effect of
deconditioning on the fibrotic process, are all certainly topics for
further research.
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