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ABSTRACT

KEYWORDS

The overwhelming majority of sports-related sudden cardiac deaths in mature athletes is
attributed to coronary artery disease (CAD). Coronary plaques of mature athletes appear to be
more calciﬁed compared to sedentary individuals and thus may be more stable and less likely
to be associated with an acute coronary event. Cardiac computed tomography (CT), including
unenhanced CT for coronary artery calcium scoring (CACS) and contrast-enhanced coronary CT
angiography, is characterized by very high negative predictive value to rule out CAD. Cardiac CT
has been shown to have additional diagnostic value for detection of CAD in athletes over and
above exercise electrocardiogram. Moreover, measurement of CACS possibly enables a more
precise cardiovascular risk stratiﬁcation of mature athletes. The main advantage of cardiac CT is
its noninvasive nature. Although cardiac CT appears to increase the overall cost of cardiac
examinations, this additional cost is much lower than the cost of unnecessary invasive coronary
angiographies that would be performed in case of false positive results of exercise
electrocardiograms. Radiation exposure may not be a major concern for the application of this
modality to pre-participation screening of athletes, since recent technical advancements have
resulted in low radiation dose of cardiac CT.

Pre-participation screening;
athletes; calcium score;
coronary CT angiography;
coronary artery disease

Highlights
. Coronary computed tomography angiography can be used in pre-participation screening of
mature athletes to increase the negative predictive value for excluding coronary artery disease.
. The identiﬁcation of coronary artery calcium score = 0 in an athlete can improve risk
stratiﬁcation, since this athlete can be reasonably managed as an individual with low
cardiovascular risk.

1. Introduction
The most devastating emergency medical condition
encountered in sports is undoubtfully sudden cardiac
death (SCD) (Chandra, Bastiaenen, Papadakis, &
Sharma, 2013). The aetiology of sports-related SCD
depends largely on the age of the athlete, since in
young athletes the main causes of SCD are inherited cardiomyopathies and electrical disorders, while in mature
athletes (i.e. >40 years old) the overwhelming majority
of SCDs is attributed to coronary artery disease (CAD)
(Borjesson et al., 2019; D’Silva & Sharma, 2018). Therefore, there is obvious necessity for the early detection
of asymptomatic mature athletes with signiﬁcant CAD,
since the aﬀected individuals can receive medications
and/or invasive treatments that can considerably
reduce the risk for exercise-related SCD. Taking into
account that the main concern in pre-participation
screening is to ensure that athletes with harmful
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cardiac conditions are not left undiagnosed, the most
important criterion for diagnostic performance appears
to be the high negative predictive value linked with
high sensitivity to detect CAD. Cardiac computed tomography (CT), including unenhanced CT for coronary
artery calcium scoring (CACS) and contrast-enhanced
coronary CT angiography, has the highest negative predictive value for ruling out CAD among noninvasive
investigations (Knuuti et al., 2020; Leipsic et al., 2014;
van der Bijl et al., 2010). In this respect, there is a
strong rationale for the inclusion of cardiac CT in a
pre-participation non-invasive screening programme of
asymptomatic athletes. Even more, measurement of
CACS can improve cardiovascular risk stratiﬁcation of
mature athletes beyond the simple consideration of traditional risk factors (Silverman et al., 2014).
Although there are speciﬁc recommendations for preparticipation screening of young athletes by European
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Society of Cardiology (ESC) and American Heart Association
(AHA)/American College of Cardiology (ACC), the pre-participation screening of mature athletes draws even more
controversy (D’Silva & Sharma, 2018). Thus, this article presents the role of cardiac CT in pre-participation screening of
asymptomatic mature athletes. Furthermore, this article
attempts to evaluate the health beneﬁts gained from this
practice, as well as the related challenges in the management of athletes, potential health risks, ethical issues and
costs. No previous article has addressed these issues.

2. Existing knowledge about the use of
cardiac CT in pre-participation screening of
mature athletes
2.1. Search strategy
A literature search based on PubMed listings up to 7
March 2020 using “cardiac CT AND athletes”, “cardiac
computed tomography AND athletes”, “CT coronary
angiography AND athletes”, “coronary CT angiography
AND athletes”, “computed tomography coronary angiography AND athletes”, “coronary computed tomography
angiography AND athletes” and “calcium score AND
athletes” as the search terms identiﬁed 221 articles
(Figure 1). Furthermore, after an examination of the
reference list of these articles the articles that were
judged relevant were selected for inclusion in the
review. Finally, only 17 studies were included in this
article. Table 1 shows the characteristics of these studies.

2.2. Inclusion criteria
.

Original research articles.

.
.

Studies using cardiac CT in pre-participation screening of athletes.
Full text written in English.

2.3. Prevalence and severity of coronary
atherosclerosis in mature athletes
Although there are some conﬂicting results, the
majority of studies have suggested that mature athletes may have higher prevalence of coronary calciﬁcation and diﬀerent composition of coronary plaques,
which appear to be more calciﬁed, compared to
sedentary individuals (Aengevaeren et al., 2017; Jafar
et al., 2019; Merghani et al., 2017; Mohlenkamp
et al., 2008; Schwartz et al., 2014). However, ﬁrm conclusions about the impact of athletic activity on coronary lumen diameter cannot be inferred. Therefore, the
coronary plaques of mature athletes are possibly more
stable and less susceptible to rupture and thus less
likely to be associated with an acute coronary event.
In this respect, the clinical signiﬁcance of coronary calciﬁcation in mature athletes could be overestimated
and may be diﬀerent from that of sedentary individuals. Consistently, at any given CACS level, higher
level of physical activity was shown to be associated
with decreased mortality, implying an overall health
beneﬁt of chronic exercise (DeFina et al., 2019). The
diﬀerences in plaque morphology between athletes
and sedentary individuals suggest that the pathophysiology of plaque formation and calciﬁcation in athletes may be diﬀerent from that of nonathletic
individuals. Potential mechanisms underlying the
higher burden of coronary calciﬁcation in mature athletes include the shear stress-induced endothelial
damage in the context of exercise-related hyperdynamic coronary circulation, coronary artery bending
resulting from exercise-induced robust cardiac contractions, exercise-provoked coronary spasm and upregulation of parathyroid hormone secretion by exercise
(Barry & Kohrt, 2007; Merghani et al., 2017). Based on
the aforementioned considerations, it can be reasonably assumed that coronary calciﬁcation in athletes
could protect against plaque rupture and may reﬂect
less accurately the burden of atherosclerosis compared
to sedentary individuals. Further studies are needed to
elucidate these issues.

2.4. Factors inﬂuencing coronary atherosclerosis
in athletes
Figure 1. Schematic ﬂowchart for the selection of studies to be
included in the review.

Considering that the prevalence and severity of coronary
atherosclerosis increases with increasing age, the

Design

108 male marathon runners
Age ≥ 50 years
Participation in ≥ 5 marathons the preceding 3 years
Exclusion criteria: heart disease, diabetes mellitus.
Follow up: 21 (IQR:19–24) months
Primary end point: fatal/nonfatal coronary events or coronary
revascularizations
864 age-matched controls
216 age- and Framingham risk score-matched controls

n = 21 Ultramarathon runners (U). Age: 61 ± 8 years
n = 9 Marathon runners (M). Age: 53 ± 8 years
n = 26 Nonmarathon runners (N). Age: 59 ± 7 years

Cross-sectional 152 runners or cyclists (106 males, 46 females).
92 controls (54 males, 38 females).
Age > 40 years (54 ± 9 years).
Exclusion criteria: CAD, family history of premature CAD, diabetes mellitus,
hypertension, hypercholesterolaemia, active or former smoking.

.

.

.

.

.

.

Aengevaeren et al. Cross-sectional MARC study
(2017)
284 male athletes.
Age: > 45 years (55 ± 7 years).
No symptoms. Negative exercise ECG for ischaemia
Exclusion criteria: cardiovascular disease

Merghani et al.
(2017)

Study population

Cross-sectional 56 runners (37 males, 19 females).
Age > 45 years. No cardiovascular risk factors.

Mohlenkamp et al. Prospective
(2008)

Jafar et al. (2019)

Studies

Table 1. The characteristics of the studies using cardiac computed tomography in athletes.
Findings

Model 1. Dependent variable: CACS > 0. Independent variables: U + M vs N (OR=8.80)
Model 2. Dependent variable: CACS > 100. Independent variables: gender (OR=0.07), age (OR=1.17)

(Continued )

Stenosis > 50% in CCTA: 8% of male athletes, 0% of male controls.
CACS = 0: 52% of male and 78% of female athletes. 59% of male and 68% of female controls.
CACS≥300: 11% of male athletes, 0% of male controls.
Plaques: 44% of male athletes (22% multivessel plaques, 32%calciﬁed plaques), 22% of male controls (4%
multivessel plaques, 7% calciﬁed plaques)
Male athletes vs male controls: ↔ CACS>0, ↔ CACS>100, ↑ CACS>300, ↑ plaques, ↑ calciﬁed plaques, ↓
mixed plaques, ↔ >50% stenosis (p = 0.05)
Female athletes vs female controls: ↔ CASC>0, ↔ CACS>100, ↔ CACS>300, ↔ plaques, ↔ calciﬁed
plaques, ↔ mixed plaques, ↔ >50% stenosis
Male runners vs male cyclists: ↔ CACS>0, ↔ CACS>100, ↔ >50% stenosis
Males: No association between CACS>70th percentile and training volume
Univariate predictors of coronary stenosis > 50%: age, training age
Multivariate predictors of coronary stenosis > 50%: training age
CACS: 36 (9–146).
CACS>0: 53%.
CACS>0 vs CACS = 0: ↑ age, ↑ systolic blood pressure, ↑ diastolic blood pressure, ↑ total cholesterol, ↑ use of
statins, ↑ former smoking, ↑ family history of CAD, ↑ exercise-related energy expenditure, ↑ years of
exercise, ↑ training frequency, ↑ training volume, ↑ energy expenditure/week
CACS>0
↑ MET-min/week: ↔ CACS, ↓ mixed plaques, ↑ dominant calciﬁed plaques
Multiple logistic regression analysis (CACS>0 vs CACS = 0)
Independent associations: energy expenditure/week, hours of very vigorous exercise/week
Multiple logistic regression analysis (presence of plaques)
Independent associations: energy expenditure/week, hours of very vigorous exercise/week

Athletes: CACS=0 (41%), CACS=0–100 (23%), CACS=100–400 (23%), CACS>400 (13%).
Athletes vs age-matched controls: ↔ CACS, ↑ CACS=0, ↔ CACS>75th percentile, ↔ CACS=100–400.
Athletes vs age and Framingham risk score-matched controls: ↑ CACS, ↔ CACS=0, ↑ CACS>75th percentile,
↑ CACS=100–400
Athletes: no association of CACS with weekly METs, years of running, number of marathons, training volume
Age-matched controls: no association of CACS with weekly METs
Cardiac magnetic resonance imaging: 12 with late gadolinium enhancement (5 ischaemic, 7 nonischaemic)
Univariate predictors of late gadolinium enhancement: CACS, CACS percentile value, number of marathons
Multivariate predictors of late gadolinium enhancement: CACS percentile value, number of marathons
Follow up
4 events: All CACS>100
3 former smokers, 1 never smoker

.

.

CACS > 0: 76% U, 67% M, 23% N
CACS > 100: 38% U, 22% M, 11% N
U vs M: ↔ CACS > 0, ↔ CACS > 100
U + M vs N: ↑ CACS > 0, ↔ CACS > 100
Males vs Females: ↑ CACS > 0
Multivariate regression analysis. (Independent variables: U + M vs N, gender, age, training age)
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n = 153 equivocal/positive exercise ECG
✓ n = 105 no symptoms
✓ n = 48 symptoms
n = 13 negative exercise ECG + symptoms
n = 1 family history for CAD

Braber et al. (2016) Cross-sectional MARC study
318 male athletes.
Age: > 45 years.
No symptoms. Negative exercise ECG for ischaemia
Exclusion criteria: cardiovascular disease

.

.

.

.

Cross-sectional 167 athletes (143 males, 24 females)
Age > 35 years (54 ± 9 years).
Sports: long distance running, cycling
Referral for CCTA

50 male marathon runners.
Age: 59 ± 7 years.
≥1 marathon yearly for 25 consecutive years
23 male controls.
Age: 55 ± 10 years.

Study population

Gervasi et al.
(2019)

.

Cross-sectional

Design

Schwartz et al.
(2014)

Studies

Table 1. Continued.

n = 56 low. No stenosis: 82%, Stenosis > 70%: 0%
n = 102 moderate. No stenosis: 44%, Stenosis > 70%: 4%
n = 7 high. No stenosis: 0%, Stenosis > 70%: 4%
n = 2 very high. No stenosis: 0%, Stenosis > 70%: 0%

n = 14 negative. No stenosis: 64%, Stenosis > 70%: 0%
n = 75 equivocal. No stenosis: 44%, Stenosis > 70%: 3%
n = 78 positive. No stenosis: 63%, Stenosis > 70%: 8%

Low risk: n = 300 (94%)
Moderate risk: n = 14 (5%)
High risk: n = 4 (1%)

(Continued)

CACS = 0 (48%), CACS=1–99 (36%), CACS=100–399 (9%), CACS≥400 (7%)
CACS≥100: n = 52 (16%)
≥50% coronary stenosis: n = 17 (5%)
CACS≥ 100 or ≥ 50% coronary stenosis: n = 60 (19%)
Associations with the presence of CAD (CACS≥ 100 or ≥ 50% coronary stenosis)
Univariate: age, hypercholesterolaemia, body mass index, hypertension, family history of CAD, former
smoking, SCORE
Multivariate: age, body mass index, hypercholesterolaemia, family history of CAD

.

.

.

Associations with CACS > 0.
Univariate: gender, age, hypertension, hypercholesterolaemia, body mass index
Multivariate: gender, age, body mass index
Associations with the presence of multiple plaques
Univariate: age, hypercholesterolaemia, family history of CAD, diabetes mellitus
Multivariate: age, hypercholesterolaemia, family history of CAD
Smoking: n = 117 (37%) former smokers, n = 10 (3%) current smokers. SCORE

.

.

.

Exercise ECG

.

.

.

.

Grading of CAD. No stenosis: 55%, < 30% stenosis: 24%, 30–70% stenosis: 16%, > 70% stenosis: 5%.
SCORE

Athletes vs controls: ↔ number of coronary lesions, ↔ lesion area, ↔ lesion diameter, ↔ lesion length, ↑
plaque volume, ↑ calciﬁed plaque volume (84 ± 68 vs 44 ± 37 m3), ↑ noncalciﬁed plaque volume (116 ± 96
vs 82 ± 58 mm3).

Findings
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Design

Study population

Cross-sectional 50 male marathon runners.
Age: > 45 years (53 ± 6 years)
Recruited by advertisement.
All athletes were subjected to cardiac CT

Prospective

Möhlenkamp et al. Prospective
(2014)

Schurink et al.
(2017)

108 male marathon runners
Age ≥ 50 years
Participation in ≥5 marathons the preceding 3 years
Exclusion criteria: heart disease, diabetes mellitus.
Follow up: median = 6.5 years (6.2 ± 1.0 years)
Primary end point: fatal/nonfatal coronary events or coronary
revascularizations

MARC study
275 male athletes.
Age: > 45 years.
No symptoms. Negative exercise ECG for ischaemia
Exclusion criteria: cardiovascular disease

Dores et al. (2020) Cross-sectional 105 male athletes
Age ≥ 40 years (48 ± 6 years). No symptoms
Low-moderate SCORE risk

Tsiﬂikas et al.
(2015)

Studies

Table 1. Continued.
Findings

CACS: mean = 44, range = 0–746
CACS > 0: n = 18 CACS=0–100, n = 4 CACS=100–400, n = 1 CACS > 400
CACS > 0 vs no CACS = 0: ↑ age, ↑ systolic blood pressure, ↑ diastolic blood pressure, ↑ personal minimum
time, ↑ PROCAM score
Association of CACS with age
Associations with grading of CAD: age, systolic blood pressure, PROCAM score, family history of CAD (no
association with former smoking, hypertension, hypercholesterolaemia)

n = 26. CACS=0
n = 20. CACS > 0, plaques with stenosis <50%
n = 3. CACS > 0, plaques with stenosis 50–75%
n = 1. CACS > 0, plaques with stenosis >75%

86% nonobstructive, 14% obstructive
74% calciﬁed, 23% mixed, 3% non-calciﬁed

(Continued)

Deﬁnition of CAD: CACS≥ 100 or ≥ 50% coronary stenosis.
CAD: n = 48 (18%)
No CAD: n = 227 (82%)
Only one athlete (with CAD) had clinically relevant psychological distress 16 months after screening.
Feeling of safety exercising after screening: 59% felt safer, 31% no diﬀerence, 10% less safe.
94% satisﬁed with screening, 95% would participate again, 93% would recommend participation to others
23% improved their lifestyle.
CACS<100: n = 69 (64%)
CACS=100–399: n = 25 (23%)
CACS≥400: n = 14 (13%)
Follow up
8 events (n = 7 with CACS>100)
↑ CACS category (≥400 vs 100–399 vs <100): ↑ events, ↓ time to event

.

n = 6 abnormal exercise ECG → CCTA. n = 1 stenosis > 50%.
n = 3 positive for ischaemia
. n = 2 equivocal for ischaemia
. n = 1 nonsustained ventricular tachycardia

.

.

Cardiac CT
n = 62 (59%) CACS=0
n = 10 (10%) CACS>100
n = 27 (26%) high atherosclerotic burden
n = 42 (42%) coronary plaques

.

.

.

.

Exercise ECG: negative for ischaemia in all athletes
Grading of CAD
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Design

Study population

n = 896. Negative for ischaemia
n = 23. Equivocal for ischaemia → referral for CCTA

No stenosis: n = 8
0–50% stenosis: n = 6
>50% stenosis: n = 4
Other ﬁndings: n = 3

Positive exercise ECG (n = 21)

No stenosis: n = 15
0–50% stenosis: n = 2
>50% stenosis: n = 2
Other ﬁndings: n = 4

n = 46. Stable condition (change in CACS<10). 0 (0–0) → 0 (0–0.1)
n = 15. Progressive CACS (change in CACS≥10). 22 (3–58) → 40 (21–142). Change in CACS=28(12–105).

Cross-sectional 25 (21 males, 4 females) marathon runners.
Cardiac magnetic resonance imaging
Age > 50 years (55 ± 4 years).
23 with late gadolinium enhancement: all athletes no obstructive CAD
All were subjected to cardiac magnetic resonance imaging and cardiac CT 2 without late gadolinium enhancement: Both >70% stenosis of LAD

Notes: ↑: increase, ↓: decrease, ↔: no diﬀerence. CACS: Coronary artery calcium score, CAD: coronary artery disease, CCTA: Coronary computed tomography angiography, Cardiac CT: Cardiac computed tomography, ECG:
Electrocardiogram, LDL-C: low density lipoprotein-cholesterol, MARC study: Measuring Athlete’s Risk of Cardiovascular Events study, OR: Odds ratio, PROCAM: Prospective Cardiovascular Münster, SCORE: Systematic Coronary Risk Evaluation.

13 (7 males, 6 females) endurance trained athletes
12 (6 males, 6 females) controls
Age: 60–78 years.

Karlstedt et al.
(2012)

.

.

Athletes vs controls: ↔ CACS.
No association of CACS with peak oxygen uptake
Associations with peak oxygen uptake in males: number of calciﬁed coronary lesions (r<0), logCAC (r<0)

Cross-sectional

Wilund et al.
(2008)

Progressive CACS vs Stable condition: ↑ age, ↑ baseline CACS, ↑ LDL-C, ↑ Framingham risk score, ↔ former
smoking, ↔ MET-h/week, ↔ hours of high intensity endurance exercise/week, ↔ peak oxygen uptake, ↔
prior endurance competitions, ↔ race performance. Multivariate predictor of CACS progression: baseline
CACS (other independent variables of the model: age, gender, training volume, baseline LDL-C, baseline
body mass index, baseline systolic blood pressure)
n = 18 ↓ ST<1 mm. n = 10 myocardial bridge, n = 0 myocardial bridge + atherosclerosis, n = 2
atherosclerosis, n = 6 no atherosclerosis
n = 36 ↓ ST1–2 mm. n = 20 myocardial bridge, n = 4 myocardial bridge + atherosclerosis, n = 4
atherosclerosis, n = 8 no atherosclerosis
n = 11 ↓ ST≥2 mm. n = 3 myocardial bridge, n = 0 myocardial bridge + atherosclerosis, n = 1
atherosclerosis, n = 7 no atherosclerosis
n = 22 (46%) coronary atherosclerosis (CACS>0 or coronary plaques in CCTA)

.

.

Other ﬁndings: abnormal coronary artery origin or course.
Baseline CACS = 0 (0–6) CACS=0: n = 40 (66%) Change in CACS during follow up: Median = 0 (25th-75th
percentile:0–10) Mean = 15 ± 40

.

.

.

.

.

.

.

.

Cross-sectional 48 male marathon runners
Age > 45 years (53 ± 7 years).

n = 47 positive (↓ ST≥1 mm) exercise ECG
n = 18 equivocal (↓ ST<1 mm) exercise ECG

Findings
n = 44 (39 males, 5 females) equivocal/positive exercise ECG. Equivocal exercise ECG (n = 23)

Burgstahler et al.
(2018)

.

.

Cross-sectional 65 athletes (54 males, 11 females) Age: 40 ± 14 years Referral for CCTA

Sperandii et al.
(2018)

61 endurance athletes (46 males, 15 females).
Age > 16 years (50 ± 10 years).
Exclusion criteria: cardiovascular disease, prior statin therapy.
All were subjected to cardiac CT twice (baseline and after 4–5 years)

Prospective

n = 21. Positive for ischaemia → referral for CCTA

.

.

Cross-sectional 940 athletes.
Age: 30–60 years (45 ± 7 years)
Maximal exercise ECG

Kleiven et al.
(2020)

Ermolao et al.
(2016)

Studies

Table 1. Continued.
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evaluation of the results of studies using cardiac CT in
athletes should take into account the minimum age of
participants. Young athletes are not expected to
beneﬁt much by cardiac CT. Indeed, the vast majority
of studies that evaluated athletes with cardiac CT
included athletes over the age of 40 years. Male
mature athletes have been demonstrated to be characterized by higher prevalence and greater severity of coronary atherosclerosis compared to female mature
athletes (Gervasi et al., 2019; Jafar et al., 2019; Merghani
et al., 2017). Notably, the studies using cardiac CT in
mature athletes included either only male athletes or
athletes of both genders with overwhelming predominance of males.
With regard to male mature athletes, age appears
to be the most common independent variable for
the prediction of the presence or severity of coronary
atherosclerosis in models of multivariate regression
analysis (Aengevaeren et al., 2017; Braber et al., 2016;
Gervasi et al., 2019; Jafar et al., 2019; Merghani et al.,
2017; Tsiﬂikas et al., 2015). The next common variables
have been shown to be hypercholesterolaemia and
family history of CAD (Aengevaeren et al., 2017;
Braber et al., 2016; Gervasi et al., 2019). Despite the
reported correlation of the history of former smoking
with coronary atherosclerosis in athletes, its relative
signiﬁcance may be lower compared to the abovementioned variables (Aengevaeren et al., 2017;
Tsiﬂikas et al., 2015). Apart from the traditional cardiovascular risk factors, lifetime exercise volume was
shown to be independently associated with the presence of coronary atherosclerosis in mature athletes
(Aengevaeren et al., 2017).
The main drawback of the studies investigating
the association of chronic exercise training with
cardiac CT-based prevalence of CAD is the fact that
all these studies were observational and their
results were inﬂuenced by various confounders. A
characteristic example is the diet of athletes, which
commonly has many antiatherogenic characteristics,
such as high consumption of fruits and vegetables,
but on the other hand is classically enriched with
atherogenic foods of high protein content from
animal sources, due to their ergogenic eﬀects. It
should be acknowledged that any statistical adjustment for the most important confounders can
attenuate their impact, but the presence of residual
confounding cannot be totally excluded. Although
this issue should be ideally addressed through the
randomization of the study participants to arms
including chronic intensive exercise training, the
application of this methodology may be unrealistic
in the long-term.

7

2.5. Diagnostic performance of cardiac CT in
asymptomatic mature athletes
Coronary atherosclerosis, deﬁned as CACS > 0, is
detected in approximately 50% of male athletes over
the age of 40 years (Aengevaeren et al., 2017; Braber
et al., 2016; Dores et al., 2020; Merghani et al., 2017;
Tsiﬂikas et al., 2015). These male athletes display
CACS>100 at 10–16% and greater than 50% coronary
artery stenosis at 5–8%, resulting in up to 19% prevalence of CACS>100 or coronary stenosis >50% (Braber
et al., 2016; Dores et al., 2020; Merghani et al., 2017;
Schurink et al., 2017; Tsiﬂikas et al., 2015). The assessment of diagnostic performance of cardiac CT in the
context of pre-participation screening should be
ideally based on the results of studies with asymptomatic athletes, since athletes presenting with cardiac
symptoms have greater pre-test probability for CAD
resulting in higher positive predictive value of cardiac
CT for CAD (Knuuti et al., 2020).
Cardiac CT has been demonstrated to have additional
diagnostic value over and above exercise electrocardiogram (ECG) for detection of CAD in athletes (Braber et al.,
2016; Schurink et al., 2017; Tsiﬂikas et al., 2015).
However, no previous study has investigated whether
the use of cardiac CT in asymptomatic mature athletes
can aid to their management reducing the incidence
of cardiovascular events. It should be acknowledged
that this issue may be more realistic to be explored
through a registry rather than a randomized clinical
trial due to the high costs and long follow up associated
with the expected low cardiovascular event rates of
these apparently healthy low risk individuals.

2.6. Prognostic signiﬁcance of cardiac CT in
asymptomatic mature athletes
Higher levels of CACS have been found to be associated
with an increased incidence of coronary events and
shorter time to the event during follow up, with all the
events occurring in male athletes with CACS>100
during a follow up of approximately 2 years and 88% of
events occurring in male athletes with CACS>100
during a median follow up of 7 years (Mohlenkamp
et al., 2008; Möhlenkamp et al., 2014). Consistently,
similar prognostic signiﬁcance of CACS > 100 has been
reported in the general population (Budoﬀ et al., 2017).
Additionally, the presence of coronary stenosis >50% on
coronary CT angiography has been shown to be associated with future cardiovascular events (Nielsen et al.,
2017). Therefore, the detection of CACS>100 or coronary
stenosis >50% on cardiac CT appears to be clinically
useful to guide decisions in mature athletes.

8
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3. Use of cardiac CT in pre-participation
screening of mature athletes
3.1. Recommendations for clinical practice
CT scanning for detection of CAD is not recommended
in asymptomatic males under the age of 40 years and
females under the age of 50 years due to the radiation
exposure and low prevalence of coronary calciﬁcation
and CAD in this young age group (Greenland et al.,
2010).
Measurement of CACS, as stated in both ESC and
ACC/AHA guidelines, can be applied to individuals
with moderate cardiovascular risk, while ACC/AHA
guidelines additionally recommend CACS measurement
in those with low cardiovascular risk and a family history
of premature CAD (Greenland et al., 2010; Grundy et al.,
2019; Mach et al., 2020; Taylor et al., 2010). Family history
of premature CAD is usually deﬁned as occurrence of
myocardial infarction or coronary intervention in ﬁrst
degree relatives at an age of <55 years for males or
<65 years for females (Nasir et al., 2007). Both ESC and
ACC/AHA recommendations highlight the high value
of CACS>100 to reclassify individuals with moderate cardiovascular risk to a higher risk category indicating the
necessity of initiation of statin treatment (Greenland
et al., 2010; Grundy et al., 2019; Mach et al., 2020).
On the other hand, coronary CT angiography is generally not recommended for assessment of cardiovascular risk in asymptomatic adults without prior cardiac
testing (Greenland et al., 2010; Taylor et al., 2010).
According to the clinical guidelines of the National

Institute for Health and Care Excellence, coronary CT
angiography is recommended as ﬁrst line investigation
of individuals presenting with either angina or nonanginal chest pain and abnormal ECG (Moss, Williams,
Newby, & Nicol, 2017; Timmis & Roobottom, 2017). ESC
guidelines recommend coronary CT angiography to be
performed for the evaluation of individuals with equivocal or non-diagnostic results of other noninvasive
tests (Leipsic et al., 2014). Consistently, ACC/AHA guidelines recommend coronary CT angiography as a next
step in the diagnostic management of individuals with
prior exercise ECG and intermediate Duke treadmill
score or discordant results of exercise ECG and stress
imaging tests or equivocal result of a stress imaging
test (Taylor et al., 2010). The usefulness of statin treatment to reduce the incidence of cardiovascular events
has been demonstrated in individuals with nonobstructive CAD identiﬁed by cardiac CT (Cho et al., 2018).
Protocols of coronary CT angiography usually involve
an initial non-contrast phase with low radiation for
measurement of CACS. Coronary CT angiography is not
recommended to be performed in the presence of
extensive coronary calciﬁcation, which may decrease
image quality due to blooming artefacts (Leipsic et al.,
2014). Speciﬁcally, coronary CT angiography is considered an appropriate investigation only for individuals
with CACS ≤ 400 (Taylor et al., 2010). In case of
CACS>400, invasive coronary angiography is recommended. Repeat coronary CT angiography in asymptomatic individuals with prior test results is considered
inappropriate (Taylor et al., 2010).

Figure 2. The algorithm for the use of coronary CT angiography in asymptomatic mature athletes. ECG: electrocardiogram, CACS:
coronary artery calcium score, CAD: coronary artery disease, CT: computed tomography.
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Figure 2 presents an algorithm for the use of coronary
CT angiography in asymptomatic mature (i.e. males >40
years old and females >50 years old) athletes. When the
traditional cardiac investigations, including resting ECG,
echocardiogram and maximal exercise testing (until
exhaustion), are indicative or equivocal for the presence
of CAD, these athletes can be further evaluated with coronary CT angiography provided that CACS is no higher
than 400 (Taylor et al., 2010). In case of athletes with
CACS > 400, invasive coronary angiography should be performed instead of coronary CT angiography. According to
the ﬁndings of coronary CT angiography, the athletes can
be managed as follows: athletes with coronary stenosis
>50% will be referred for invasive coronary angiography,
for athletes with coronary stenosis ≤50% preventive
measures will be applied, including statin treatment, and
athletes without coronary stenoses or plaques will not
be subjected to any further investigation (Figure 3).
The afore-mentioned algorithm is consistent with the
recently published ESC guidelines on sports cardiology
and exercise in patients with cardiovascular disease,
since these guidelines consider coronary CT angiography an appropriate next step in the diagnostic evaluation of individuals > 35 years old who aim to engage
in high intensity exercise and the basic cardiologic
assessment is abnormal (Pelliccia et al., 2021). Moreover,
in line with these ESC guidelines, Ermolao et al showed
that coronary CT angiography can considerably aid the
diagnostic investigation of asymptomatic athletes with
equivocal exercise testing, resulting in diagnosis of signiﬁcant CAD in 2 out of 23 equivocal exercise tests
(Ermolao et al., 2016). However, the recommended
ﬁrst-line evaluation in these ESC guidelines is restricted
to medical history, physical examination, SCORE and

9

ECG, a strategy with inherent potential limitations (Pelliccia et al., 2021). Speciﬁcally, low to moderate SCORE
in athletes does not confer immunity to CAD, since
obstructive coronary artery stenosis has been reported
in approximately up to 6% of mature athletes, in the
majority of whom resting ECG was normal and only exercise ECG was abnormal (Dores et al., 2020; Gervasi et al.,
2019). Furthermore, individuals with signiﬁcant CAD
aﬀecting left circumﬂex artery can occasionally display
normal resting ECG and exercise ECG, with only the
echocardiogram revealing regional wall motion abnormalities (Blanke, Cohen, Schlueter, Karsch, & Rentrop,
1984; Port, Oshima, Ray, McNamee, & Schmidt, 1985).
Although measurement of CACS in mature athletes
would be deemed appropriate in case of moderate
SCORE risk based on existing recommendations for the
general population, special issues appear to raise in
the evaluation of CACS results in athletes. Speciﬁcally,
considering the reported association between chronic
exercise training and coronary calciﬁcation, the identiﬁcation of CACS = 0 in an athlete is possibly the most
useful result of CACS in clinical decision making, since
this athlete can be reasonably managed as an individual
with low cardiovascular risk. On the other hand, the
detection of CACS > 0 in an athlete may have attenuated
prognostic signiﬁcance to the extent that chronic exercise can be involved in the process of coronary calciﬁcation leading to stabilization of coronary plaques.
However, it should be taken into account that vascular
microcalciﬁcation may decrease plaque mechanical
strength in the early phases of coronary calciﬁcation
(Stefanadis, Antoniou, Tsiachris, & Pietri, 2017). Further
studies are needed to investigate the role of CACS in
the management of mature athletes.

Figure 3. Images of coronary computed tomography (CT) angiography demonstrating normal coronary arteries in a 53-year-old male
ultramarathon runner who experienced an episode of palpitations (heart rate of 215 bpm according to the chest strap heart rate
monitor) during a 10 km mountain running race. The electrocardiogram and echocardiography were both normal, whereas serum
levels of high sensitivity cardiac troponin-I were 21.6 ng/L (upper limit of normal: 19.8 ng/L) 8 h after the episode and decreased
to 18.8 ng/L 3 h later. However, the result of coronary CT angiography was reassuring about the presence of coronary artery
disease, conﬁrming the benign nature of this small increase in circulating troponin-I.
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The presence of markedly irregular heart rhythm,
such as sinus arrhythmia, in athletes can hamper the
application of cardiac CT scans, rendering these individuals not eligible for this examination (Knuuti et al., 2020).
Cardiac CT scans can be interpreted by a radiologist
with the appropriate expertise, while all other cardiac
investigations can be performed by an experienced cardiologist. The optimal management of an athlete in this
setting requires a tight collaboration between the radiologist and cardiologist.

3.2. Beneﬁts of the use of cardiac CT in mature
athletes
Zero CACS is associated with very low risk of cardiovascular events in asymptomatic individuals and even
CACS≤100 translates to a relatively low cardiovascular
risk (Budoﬀ et al., 2017; Grundy et al., 2019; Sarwar
et al., 2009; Silverman et al., 2014). Notably, measurement of CACS can improve cardiovascular risk stratiﬁcation of mature athletes beyond the simple consideration
of traditional risk factors (Silverman et al., 2014). This
restratiﬁcation appears to be clinically meaningful, as
indicated by the fact that individuals subjected to
CACS scanning were reported to experience superior
control of cardiovascular risk factors compared to individuals not undergoing CACS scanning (Rozanski et al.,
2011). Even more, measurement of CACS has been
found to improve risk stratiﬁcation beyond functional
testing, including exercise ECG and SPECT, and even in
individuals with low-risk results on functional testing
(Chang et al., 2015). Although an inherent limitation of
CACS is the inability to detect noncalciﬁed plaques in
individuals with CACS of zero, the prevalence of noncalciﬁed plaques has been demonstrated to be low and
with negligible impact in asymptomatic individuals, as
indicated by the very low incidence of coronary events
during a mean follow up of 7 years (Cho et al., 2013; Silverman et al., 2014).
The high value of coronary CT angiography is the
visualization of coronary lumen enabling the grading
of coronary artery stenosis, since the presence of stenosis >50% has been shown to be associated with
increased risk of future cardiovascular events (Harris
et al., 1980). The grading of stenosis may be especially
relevant for the prediction of exercise-related acute coronary events through the mechanism of demand ischaemia in the context of mismatch between oxygen supply
and demand (Thygesen et al., 2019). Speciﬁcally, even
the presence of non-signiﬁcant coronary stenosis that
is not amenable to coronary intervention may translate
to a higher risk of exercise-related events and can
reasonably indicate the need for intensiﬁcation of

preventive measures, including statin treatment, and
more frequent reevaluations during follow up (Borjesson
et al., 2019). Additionally, taking into account that exercise-related cardiac events have been found to be
induced by the rupture of vulnerable plaques, coronary
CT angiography can aid to the detection of vulnerable
plaques and better stratify the risk for exercise-related
events over and above the simple assessment of the
severity of coronary stenosis (Burke et al., 1999;
Motoyama et al., 2009; van Velzen et al., 2011).
However, this information about the presence of extraluminal plaque, as well as plaque composition is not routinely available on invasive coronary angiography
without using intravascular ultrasound. The characteristics of vulnerable plaques on coronary CT angiography
that have been associated with the development of
acute coronary syndromes include positive remodelling
of coronary vessel, low attenuation and small spotty calciﬁcations (Motoyama et al., 2009; van Velzen et al.,
2011).
Despite the fact that more frequent false positive
results for diagnosis of signiﬁcant CAD (i.e. coronary stenosis >50%) have been reported for coronary CT angiography in the presence of severely calciﬁed coronary
plaques, especially with CACS>400, due to blooming
artefacts, the sensitivity of coronary CT angiography to
detect signiﬁcant CAD appears to be unaﬀected by the
high CACS, resulting in very high negative predictive
value, which is the most crucial issue in pre-participation
screening of mature athletes (Budoﬀ et al., 2008; Meijs
et al., 2009).

3.3. Challenges in the management of athletes
subjected to cardiac CT
Athletes diagnosed with coronary atherosclerosis should
be counselled to adopt a healthier diet, emphasizing the
decrease in intake of saturated and trans fatty acids, quit
smoking and initiate statin treatment (Mach et al., 2020).
Considering that the tolerability of statin treatment in
athletes has been found to be decreased due to
muscle complaints, statins with the lowest potential
for myopathy should be preferentially used, such as
ﬂuvastatin, pravastatin and pitavastatin, with the possible addition of ezetimibe in order to achieve the
target levels of low density lipoprotein-cholesterol in a
tolerable manner (Christou et al., 2020; Christou,
Kouidi, Deligiannis, & Kiortsis, 2017; Mach et al., 2020).
However, follow up evaluations of statin-treated athletes
should not rely on measurement of CACS, since CACS is
expected to increase by statin treatment and possibly
does not reﬂect the changes in coronary atheroma
volume (Grundy et al., 2019; Puri et al., 2015).
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Cardiac CT has a long validity period of several years,
since the process of coronary atherosclerosis takes some
years to progress considerably, allowing wide time intervals of several years between consecutive CT scans,
whereas shorter intervals may be indicated for marginal
cases of non-signiﬁcant coronary stenosis (i.e. 40–50%)
(Sandfort, Lima, & Bluemke, 2015; Shin et al., 2017).
Kleiven et al. showed that baseline CACS was the only
independent predictor of progression of CACS in athletes
during a follow up of 4–5 years, with an increase of
CACS>10 occurring only in those with baseline CACS>0
(Kleiven et al., 2020). In this respect, serial CT scans in
mature athletes with CACS = 0 may be reasonably performed with time intervals no shorter than 5 years.
Additionally, cardiac CT provides only anatomical information about the heart without evaluating the cardiac
function of athletes, including training-related adaptations.
Thus, complementary functional cardiac investigations
may be needed to be applied in order to optimize the
management of athletes with suspected CAD.
Finally, a decision should be taken about the eligibility for competitive sports in athletes with non-signiﬁcant CAD. According to the relevant ESC guidelines, if
these athletes have left ventricular ejection fraction
≥50% and normal functional capacity without inducible
ischaemia on functional testing or signiﬁcant arrhythmias, they can participate in all competitive sports (Borjesson et al., 2019).
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several years, since the process of coronary atherosclerosis takes some years to progress, suggesting that cardiac
CT is not necessary to be repeated the following few
years (Sandfort et al., 2015; Shin et al., 2017).

3.5. Medico-legal and ethical considerations
Mature athletes may be reluctant to undergo cardiac CT
due to the fear to be advised to quit sports in case of
abnormal ﬁndings. Furthermore, the potential of identifying non-signiﬁcant CAD with cardiac CT not amenable
to revascularization has been postulated to cause
anxiety to an athletic individual so far considered apparently healthy and may make them feel insecure to
engage in competitive sports, especially the ones involving all out eﬀorts. However, Schurink et al demonstrated that male mature athletes subjected to cardiac
CT in the context of pre-participation screening were
found not to experience clinically relevant anxiety, as
estimated by a validated questionnaire, approximately
16 months after screening (Schurink et al., 2017). The
vast majority of athletes were satisﬁed with the whole
screening practice and felt safer to exercise after the
screening (Schurink et al., 2017). Participation in this
screening practice led to adoption of healthier lifestyle
(Schurink et al., 2017). Therefore, the results of this
study suggest that application of cardiac CT to mature
athletes may have a beneﬁcial overall impact on their
psychology and lifestyle.

3.4. Financial challenges
Although inclusion of cardiac CT in a pre-participation
screening programme appears to increase the overall
cost of cardiac examinations, this additional cost is
much lower than the cost of unnecessary invasive coronary angiographies that would be performed in case of
false positive results of exercise ECGs. Furthermore,
downstream medical tests and costs were found to be
comparable between individuals subjected to CACS
scanning and those not undergoing CACS scanning
(Rozanski et al., 2011). Speciﬁcally, CACS-guided
resource utilization was demonstrated to increase with
increasing values of CACS, implying a more justiﬁed
use of downstream medical testing in individuals with
available CACS values (Rozanski et al., 2011). Consistently, Douglas et al demonstrated that estimation of
fractional ﬂow reserve using cardiac CT in individuals
with stable chest pain was associated with comparable
clinical outcomes and quality of life, but with lower
cost, compared with usual care (Douglas et al., 2016).
Therefore, cardiac CT can be used in pre-participation
screening of mature athletes in a cost-eﬀective
manner. Even more, cardiac CT has a validity period of

3.6. Potential adverse outcomes
Radiation exposure with cardiac CT remains the main
concern for widespread application of this modality,
especially in young individuals. However, in the past
years, technical advancements allowed a considerable
decrease in radiation dose for cardiac CT resulting in
very low radiation dose (Stocker et al., 2018). Additionally, taking into account that overweight or obesity
can considerably increase the radiation dose of cardiac
CT, the usually lean physique of athletes is expected to
be associated with even lower radiation dose(de
Araújo Gonçalves et al., 2013; Stocker et al., 2018).
Speciﬁcally, radiation dose has been reported to be
approximately 1 mSv for CACS testing, which is comparable with the radiation dose of bilateral mammogram,
and 3 mSv for coronary CT angiography, when performed in athletes (Braber et al., 2016; Messenger
et al., 2016). Apart from the lower radiation dose of
cardiac CT compared to invasive coronary angiography,
the main advantage of cardiac CT is its noninvasive
nature without the potential serious complications of
invasive coronary angiography, that are inherent to
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any catheterization procedure, such as internal bleeding
and stroke (de Araújo Gonçalves et al., 2013).
Contrast-induced allergic reactions may occur in athletes subjected to coronary CT angiography (Schopp
et al., 2013). Nevertheless, the possibility of occurrence,
as well as the severity of allergic reactions can be substantially reduced if an adequate screening is performed to
detect individuals at risk for allergic reactions (i.e. history
of previous allergic reactions, multiple allergies, asthma)
and premedication with corticosteroids is used for these
individuals prior to contrast administration (Schopp
et al., 2013). Moreover, contrast-induced renal dysfunction
following coronary CT angiography occurs rarely,
especially in individuals with impaired baseline renal function, which is not usually the case in athletes (Maaniitty
et al., 2016). Adequate hydration before coronary CT
angiography can considerably reduce this possibility.

4. Knowledge gaps and future avenues for
research
.

.

Further studies are needed to investigate whether the
use of cardiac CT, including the potential estimation
of fractional ﬂow reserve and imaging of perivascular
fat to detect coronary inﬂammation, in asymptomatic
mature athletes can aid to their management reducing the incidence of cardiovascular events (Antonopoulos et al., 2017; Douglas et al., 2016).
The minimum time interval between serial cardiac CT
scans performed in asymptomatic mature athletes
should be elucidated.

5. Conclusions
In conclusion, coronary CT angiography can be used in
pre-participation screening of mature athletes to
increase the negative predictive value for excluding
CAD. Furthermore, the identiﬁcation of CACS=0 in an
athlete can improve risk stratiﬁcation, since this athlete
can be reasonably managed as an individual with low
cardiovascular risk. Further well-designed studies are
needed to assess the value of the cardiac CT-guided
management of mature athletes in terms of long-term
reduction of CAD-related SCD.
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