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ABSTRACT

BERGE, K., V.L. AENGEVAEREN, A. MOSTERD, B. K. VELTHUIS, M. N. LYNGBAKKEN, T. OMLAND, C. G. SCHALKWIJK, and
T. M. H. EDSVOGELS. Plasma Advanced Glycation End Products and Dicarbonyl Compounds Are Not Associated with Coronary Athero-
sclerosis in Athletes. Med. Sci. Sports Exerc., Vol. 55, No. 7, pp. 1143—1150, 2023. Purpose: Coronary atherosclerosis is the leading cause of
sudden death among athletes >35 yr old, but current cardiovascular risk prediction algorithms have not been validated for athletes. Advanced
glycation end products (AGE) and dicarbonyl compounds have been associated with atherosclerosis and rupture-prone plaques in patients and
ex vivo studies. The detection of AGE and dicarbonyl compounds might be a novel screening tool for high-risk coronary atherosclerosis in
older athletes. Methods: Concentrations of three different AGE and the dicarbonyl compounds methylglyoxal, glyoxal, and
3-deoxyglucosone were measured in plasma with ultraperformance liquid chromatography tandem mass spectrometry in athletes from the
Measuring Athletes’ Risk of Cardiovascular Events 2 study cohort. Coronary plaques, plaque characteristics (calcified, noncalcified or
mixed), and coronary artery calcium (CAC) scores were assessed with coronary computed tomography, and potential associations with
AGE and dicarbonyl compounds were analyzed using linear and logistic regression. Results: A total of 289 men were included (60 [quartiles
1-3 = 56-66] yr old, body mass index = 24.5 [22.9-26.6] kg'm ), with a weekly exercise volume of 41 (25-57) MET-hours. Coronary
plaques were detected in 241 participants (83%), with a dominant plaque type of calcified plaques in 42%, noncalcified plaques in 12%
and mixed plaques in 21%. No AGE or dicarbonyl compounds were associated with total number of plaques or any of the plaque character-
istics in adjusted analyses. Similarly, AGE and dicarbonyl compounds were not associated with CAC score. Conclusions: Concentrations of
plasma AGE and dicarbonyl compounds do not predict the presence of coronary plaques, plaque characteristics or CAC scores, in middle-age
and older athletes. Key Words: CARDIOVASCULAR DISEASE, PLAQUE COMPOSITION, EXERCISE, ENDURANCE TRAINING,
BIOMARKERS, CCTA
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ardiovascular disease (CVD) is the leading cause of

mortality worldwide and is dominated by coronary ar-

tery disease (CAD) (1). The underlying cause, coro-
nary atherosclerosis, becomes more frequent with advancing
age and affects more than 40% of the middle-age general pop-
ulation (2,3). Coronary atherosclerosis has a strong associa-
tion with lifestyle, and regular physical activity improves car-
diovascular health and reduces mortality. However, several
studies have demonstrated a U-shaped relationship, with in-
creased coronary atherosclerosis among the most active indi-
viduals partaking in high-volume, high-intensity endurance
training (4-8). The clinical implications of these findings are
still largely unknown (9).

The hallmark of CAD is the development of nonobstructive
or obstructive atherosclerotic plaques in coronary arteries. Typ-
ical symptoms of chronic plaques include chest pain, shortness
of breath, and new onset of heart failure symptoms (10), but a
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large proportion remains asymptomatic (11). Coronary plaque
rupture or erosion can cause plaque destabilization and acute
coronary syndromes (10,12), which is the most common cause
of sudden cardiac death in middle-age and older athletes (13).
To identify high-risk individuals, ESC guidelines recommend
the risk prediction models SCORE2 (14) and SCORE2-OP
(15), but these algorithms have not been validated in athletes.
Many active athletes have more coronary atherosclerosis than
the general population, but with a different plaque composition
consisting of fewer mixed plaques and more calcified plaques
(6). Calcified plaques are considered less rupture prone and
are associated with a better prognosis compared with mixed
plaques (16), and it could explain why having coronary athero-
sclerosis is not associated with the same risk in athletes com-
pared with the general population (17). When CAD is suspected
or documented in athletes, ESC sports cardiology guidelines
recommend the same diagnostic workup as used for the general
population (18). However, because of the different plaque com-
position, in addition to an increased coronary flow reserve (8),
these algorithms might not be appropriate and possibly causes
unnecessary worry and unwarranted diagnostic tests.

Advanced glycation end products (AGE) are a heteroge-
neous family of modified proteins and lipoproteins that are gen-
erated during normal metabolism and aging. AGE are produced
by a nonenzymatic attachment of reducing sugars to proteins,
and the production is significantly increased in the presence of
hyperglycemia, oxidative stress, and inflammation (19). The ac-
cumulation of AGE in blood vessels causes vascular stiffness,
generation of foam cells, vascular smooth muscle apoptosis,
and vascular inflammation, contributing to atherosclerosis and
calcification (19). Several studies have demonstrated that higher
concentrations of AGE in plasma predict both the presence and
the severity of CAD (20,21) and all-cause and CVD mortality
(22). The concentrations of AGE and its dicarbonyl precursors
in atherosclerotic plaques have also been demonstrated to pre-
dict rupture-prone phenotypes (23); however, it has so far not
been examined if this is also the case for plasma concentrations
of AGE and dicarbonyl compounds.

The aim of this study, therefore, was to assess the association
between plasma AGE and dicarbonyl compounds with the pres-
ence of coronary plaques and different plaque characteristics
in middle-age and older amateur athletes. We hypothesized
that concentrations of plasma AGE and dicarbonyls would be
higher among individuals with coronary plaques, and particu-
larly rupture-prone mixed plaques, indicating that these markers
could be used in the screening of atherosclerosis and high-risk
phenotypes in athletes.

METHODS

Study population. We used data from the Measuring Ath-
letes’ Risk of Cardiovascular Events 2 (MARC-2) Study (24)
cohort, a 6-yr follow-up study of subclinical coronary athero-
sclerosis in middle-age and older male athletes. Competitive
and recreational amateur athletes 45 yr or older were included
in the original MARC-1 study if they were asymptomatic, had

a normal sports medical examination, and did not have renal
impairment or known CVD (25). Participants who received
coronary stents during follow-up of MARC-1 (n = 2) or previ-
ously had experienced symptoms of contrast reaction (n = 5)
were excluded from the current substudy, as this would pre-
clude assessment of the coronary computed tomography angi-
ography (CCTA) or make CCTA contraindicated. Follow-up
data were collected between May 2019 and February 2020.
The Dutch minister of health, welfare, and sport approved
the study (1456153-184955-PG), and all participants provided
written informed consent before participation. The study was
conducted according to the Declaration of Helsinki.

Exercise characteristics. A detailed description of train-
ing volume and training load calculations has previously been
published (25). In short, exercise characteristics were collected
with a validated questionnaire (26), including information on
the duration, intensity, and frequency of sports performed. Dif-
ferent sports were assigned a metabolic equivalent of task
(MET) score using the Compendium of Physical Activity (27)
and multiplied with volume (reported time spent performing
each respective sport) to get the total training load per sport,
which was used to calculate the overall total and weekly aver-
age training load. In the current substudy, only the average
weekly training load during the 6 yr of follow-up is reported.

AGE and dicarbonyl compounds. Nonfasting ve-
nous blood was drawn from all participants, and EDTA
plasma was separated and stored at —80°C until analysis.
We measured both the protein-bound and the free forms of
the AGE Ne-(carboxymethyl)-lysine, Ne-(1-carboxyethyl)-
lysine, and N&-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine,
and their dicarbonyl precursors methylglyoxal, glyoxal, and
3-deoxyglucosone, using stable isotope dilution ultraperformance
liquid chromatography tandem mass spectrometry (UPLC
MS/MS), with a run-to-run time of 8 min. Before measurements,
protein-bound AGE were deproteinized with trifluoroacetic acid
and free AGE with a mixture of methanol and acetonitrile (1:3,
by volume), and then derivatized with 1-butanol:HCI (3:1, v/v).
Dicarbonyls were deproteinized using perchloric acid and
derivatized with o-phenylenediamine. This method of UPLC
MS/MS is considered state of the art and has previously been
described in detail (28,29). The protein-bound AGE were ad-
justed for the concentration of lysine in plasma.

Cardiac computed tomography and assessment
of coronary plaques. All participants underwent an electro-
cardiographic gated cardiac CT scan using a 256-slice CT
scanner (Philips Healthcare, Best, The Netherlands) (30). A
noncontrast CT was first performed to calculate the coronary
artery calcium (CAC) score, followed by a CCTA. CT scans
were processed, interpreted, and reported according to guide-
lines by experienced personnel (30,31). CAC score was calcu-
lated with the Agatston method, which aggregates all areas
(mm?) with density above 130 HU in all CT slices multiplied
by a factor reflecting the respective areas’ maximum plaque
attenuation: 130-199 HU = 1, 200-299 HU = 2, 300-399
HU = 3, and >400 HU = 4. CAC score was stratified into four
categories: 0/1-99/100-399/>400 (32). Coronary plaques were
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defined as any structure >1 mm? located within the vessel wall
and subclassified according to plaque characteristics as calci-
fied, noncalcified, or mixed (partially calcified, both calcified
and noncalcified characteristics within the same plaque) (33).
In each participant, a coronary plaque characteristic was defined
as predominating if it constituted more than 50% of the total
number of plaques. Obstructive CAD was defined as >50% ste-
nosis in any coronary artery.

Statistical analysis. The normality of all variables has
been visually assessed for skewness and kurtosis using histo-
grams and QQ-plots, and all biomarkers were transformed by
the natural logarithm before analyses because of a right-skewed
distribution. Continuous variables are presented as mean + SD
or median (interquartile range) and compared with the Student’s
t-test or Mann—Whitney U-test depending on the normality of
distribution. For the comparison of more than two groups, we
used ANOVA and the Kruskal-Wallis test. Dichotomous var-
iables are presented as absolute numbers (percentage) and
compared using the chi-square test. Associations between
the biomarkers and the presence of any plaque or plaque char-
acteristics were assessed with logistic regression. To reduce
the number of false positives due to multiple testing, we con-
trolled the false discovery rate using the Benjamini-Hochberg
procedure (34), where we accepted a false discovery rate of up
to 25%. Correlations between biomarker concentrations and
baseline characteristics, CAC score, and training load were
assessed with linear regression. We used two-tailed tests and
considered P values <0.05 significant. All analyses were per-
formed with Stata (version 16; StataCorp LLC, College Sta-
tion, TX), and figures were made using GraphPad Prism (ver-
sion 9.3.1; GraphPad Software, San Diego, CA).

TABLE 1. Baseline characteristics grouped by the presence of unstratified plaques.

RESULTS

Patient characteristics. A total of 284 men were in-
cluded in the current study, and their baseline characteristics
are presented in Table 1; 236 participants (83%) had coronary
artery plaques with a median CAC score of 55 (7-184) and
14% had obstructive coronary stenoses affecting >50% of the
lumen. Stratified by predominating plaque characteristics (see
Supplemental Table 1, Supplemental Digital Content, Baseline
characteristics grouped by predominating plaque characteris-
tics, http://links.lww.com/MSS/C821), we found that partici-
pants with calcified plaques were older, with median age 62.8
(quartiles 1-3 = 57.8-68.3) yr compared with 59.2 (55.9-61.1) yr
for noncalcified plaques and 61.5 (58.0-65.9) yr for mixed plaques
(P for trend 0.011), and that participants with predominantly
calcified plaques had a higher training load at 44.3 (29.2—
58.3) MET-h-wk ' compared with 35.9 (18.5-50.8) MET-h-wk
for noncalcified plaques and 41.8 (26.4-56.6) MET-h-wk '
for mixed plaques (P for trend 0.042).

AGE and dicarbonyl compounds and association
with coronary plaques. Median concentrations of AGE
and dicarbonyl compounds are presented Table 1, and their asso-
ciations with baseline characteristics can be found in Supplemen-
tal Table 2 (see Supplemental Digital Content, Variables associ-
ated with increasing concentrations of free AGEs, protein-bound
AGESs and dicarbonyl compounds, http://links.lww.com/
MSS/C821). Calcified plaques were the predominating plaque
characteristic in 100 participants (42% of participants with
plaques), followed by mixed plaques in 50 participants (21%)
and noncalcified plaques in 30 participants (13%). Concentra-
tions of plasma AGE and dicarbonyl compounds were not signif-
icantly different between participants with or without coronary

Total No Plaques Plaques
N=284 n=48 n=236 P

Age, yr 60.0 (56.3-66.0) 57.7 (55.1-61.3) 60.6 (56.7-66.1) 0.008
BMI, kg-m™ 24.5 (22.9-26.7) 24.0 (22.4-25.2) 24.7 (23.1-26.8) 0.024
Systolic BP, mm Hg 140 + 18 135+ 15 140 + 18 0.057
Current smoker, 11 (%) 9 (3%) 1(2%) 8 (3%) 0.64
Total cholesterol, mmol-L~" 52+09 52+08 52+09 0.86
Hypertension, n (%) 36 (13%) 5 (10%) 31 (13%) 0.61
Diabetes mellitus, 1 (%) 9 (3%) 2 (4%) 7 (3%) 0.67
CVD, n (%) 6 (2%) 1(2%) 5 (2%) 0.99
Family history of CVD, n (%) 100 (35%) 9 (19%) 91 (39%) 0.009
CAC score, Agatston units 31(0-132) 0(0-0) 55 (7-184) <0.001
Obstructive CAD, n (%) 32 (11%) 0 (0%) 32 (14%) 0.007
MET-h-wk ™" 40.5 (25.9-56.6) 38.5 (21.3-61.3) 40.7 (26.8-56.4) 0.69
AGE

Free CML, nmol-L~" 112 (90-135) 117 (92-141) 110 (89-134) 0.56

Free CEL, nmol-L™" 58 (48-72) 57 (47-76) 58 (48-72) 0.75

Free MG-H1, nmol-L™* 329 (220-465) 278 (218-478) 332 (220-449) 0.50

CML, nmol-L™" 3378 (3023-3720) 3387 (3140-3644) 3373 (3012-3726) 0.88

CEL, nmol.L™ 1599 (1337-1910) 1595 (1356-1818) 1599 (1326-1918) 0.77

MG-H1, nmol-L™ 1237 (1106-1383) 1215 (1142-1371) 1242 (1100-1383) 0.71
Dicarbonyl compounds

MGO, nmol-L™" 439 (387-491) 433 (392-471) 440 (385-497) 0.62

GO, nmol-L”™* 516 (456-592) 492 (425-547) 520 (464-600) 0.046

3-DG, nmol-L™ 1201 (1123-1268) 1222 (1163-1280) 1197 (1120-1264) 0.23

Data are presented as mean + SD, median (interquartile range), or n (%).

BMI, body mass index; BP, blood pressure; MET, metabolic equivalent; CML, Ne-(carboxymethyl)-lysine; CEL, Ne-(1-carboxyethyl)-lysine; MG-H1, N&-(5-hydro-5-methyl-4-imidazolon-2-yl)-

omithine; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone (3-DG).
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FIGURE 1—Concentrations of AGE and dicarbonyl compounds stratified by predominating plaque characteristic. Distribution of concentrations demon-
strated by violin plots with median concentrations (quartiles 1-3) marked with black lines. We found no differences in biomarker concentrations after strat-
ifying participants by predominating plaque characteristics. CML, Ne-(carboxymethyl)-lysine; CEL, Ne-(1-carboxyethyl)-lysine; MG-H1, No-(5-hydro-5-
methyl-4-imidazolon-2-yl)-ornithine; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone (3-DG).
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plaques (Table 1) or between the different predominating plaque
characteristic groups (Fig. 1). Correspondingly, concentrations
of plasma AGE and dicarbonyl compounds did not predict the
presence of any of the different plaque characteristics in logistic
regression (Table 2). Glyoxal concentrations correlated with
calcified plaques in univariate regression (P = 0.047), but after
controlling the false discovery rate, this correlation was attenu-
ated and no longer significant.

AGE and dicarbonyl compounds and association
with CAC score. In the total study cohort, the median CAC
score was 31 (0—132), with 82 (29%) participants scoring 0,
115 (40%) scoring between 1 and 99, 50 (18%) scoring between
100 and 399, and 37 (13%) scoring >400. CAC score as a contin-
uous variable was not correlated with any of the free AGE,
protein-bound AGE, or dicarbonyl compounds in unadjusted
regression analysis (see Supplemental Table 2, Supplemental
Digital Content, Variables associated with increasing concen-
trations of free AGEs, protein-bound AGEs and dicarbonyl
compounds, http://links.lww.com/MSS/C821). Similarly, there
were no differences in concentrations of AGE or dicarbonyl
compounds when stratified according to CAC score groups
(Fig. 2 and Supplemental Table 3, Supplemental Digital Con-
tent, Median concentrations of free AGEs, protein-bound AGEs
and dicarbonyl compounds stratified by CAC score groups,
http://links.lww.com/MSS/C821).

DISCUSSION

We assessed the association of AGE and dicarbonyl com-
pounds with coronary atherosclerosis and plaque characteris-
tics to evaluate whether these biomarkers can be used to screen
for atherosclerosis or rupture-prone plaques in middle-age and
older athletes. We found that plasma concentrations of free
AGE, protein-bound AGE, and dicarbonyl compounds did
not correlate with the total number of coronary artery plaques
or with any of the groups of predominating plaque character-
istics. In line with this, there were no associations between
AGE and dicarbonyl compounds with CAC score or CAC
score categories. These findings indicate that plasma AGE
and dicarbonyl compounds cannot be used to identify coro-
nary atherosclerosis in athletes.

TABLE 2. Associations between biomarkers and presence of different plaque characteristics.

The number of middle-age and older endurance athletes is
increasing (35,36), including disciplines such as marathon, triath-
lon, and long-distance cycling. As high-volume high-intensity
training is associated with increasing coronary atherosclerosis,
but with a different plaque composition suggesting a better
prognosis (37), novel ways to screen for CAD in athletes are
warranted (17). Using CVD risk prediction algorithms (14,15)
and diagnostic workup algorithms (10) intended for the gen-
eral population could lead to a diagnostic cascade with associ-
ated risks in athletes with low risk of developing serious dis-
ease. As demonstrated by the ISCHEMIA trial (38), current
practice of revascularization of stable coronary disease is at best
questionable and should be reserved for certain subpopulations.
For middle-age and older athletes, where coronary atheroscle-
rosis is not associated with the same risks as in the general
population (4), a more conservative approach seems appropri-
ate and alternative risk assessment tools are needed.

Excessive formation of AGE and dicarbonyl compounds is
linked to aging, the development of a range of different dis-
eases, and mortality (19). Recently, an increasing number of
studies have emphasized their role in the development of
CAD by contributing to arterial stiffness, vasodilation, and
atherogenesis (39). Angiographic studies have demonstrated
correlations between plasma AGE and number of significantly
stenosed vessels (20), implying that AGE could provide a new
target for screening and detecting patients with high-risk
CVD. However, most previous studies have consisted of pa-
tients with high or very high probability of CAD.

In our cohort of middle-age and older athletes, concentra-
tions of AGE or dicarbonyl compounds measured in plasma
did not predict the presence of coronary plaques or different
plaque characteristics. This contradicts previous findings which
showed that associations between AGE and CAD (20,21) and
concentrations of AGE measured in tissue are associated with
rupture-prone atherosclerotic plaques (23). The cause of this
discrepancy is likely linked to the difference in burden and
phenotype of CAD among participants. In contrast to previous
studies (20-22), our cohort was predominantly healthy, with
only 2% having established CVD, a low burden of comorbid-
ities and known risk factors of CVD, and only 14% of partic-
ipants with coronary plaques detectable on CCTA having ob-
structive disease. It is possible that one or more of CVD risk

Calcified Plaques (n = 184)

Noncalcified Plaques (n = 124) Mixed Plaques (n = 175)

OR (95% CI) P OR (95% CI) P OR (95% CI) P

AGE

nFree CML, nmol-L™! 1.06 (0.52-2.18) 0.87 0.86 (0.43-1.73) 0.68 1.23 (0.60-2.50) 0.57

nFree CEL, nmol-L™" 1.34 (0.62-2.87) 0.46 1.02 (0.49-2.11) 0.96 1.38 (0.65-2.93) 0.40

nFree MG-H1, nmol-L™ 0.99 (0.66-1.49) 0.97 0.79 (0.53-1.17) 0.24 1.16 (0.78-1.73) 0.46

1nCML, nmol-L™ 1.64 (0.34-7.93) 0.54 0.37 (0.08-1.70) 0.20 0.72 (0.15-3.35) 0.67

1nCEL, nmol-L”™" 0.98 (0.40-2.42) 0.96 1.30 (0.55-3.12) 0.55 1.01 (0.41-2.45) 0.99

1nMG-H1, nmol-L™* 2.18 (0.64-7.43) 0.21 0.76 (0.25-2.30) 0.62 0.65 (0.22-1.97) 0.45
Dicarbonyl compounds

wMGO, nmol-L™ 2.07 (0.58-7.36) 0.26 0.45 (0.14-1.52) 0.20 1.06 (0.37-3.06) 0.91

1nGO, nmol-L™* 3.50 (1.04-11.81) 0.043 0.83 (0.27-2.60) 0.76 2.13 (0.66-6.89) 0.21

1n3-DG, nmol-L™" 0.29 (0.02-3.35) 0.32 0.36 (0.03-3.96) 0.41 0.49 (0.04-5.52) 0.57

After controlling the false discovery rate using the Benjamini—-Hochberg procedure, none of the associations were significant.

Abbreviations as described in Table 1.
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FIGURE 2—Concentrations of AGE and dicarbonyl compounds stratified by CAC score groups. Distribution of concentrations demonstrated by violin
plots with median concentrations (quartiles 1-3) marked with black lines. We found no differences in biomarker concentrations after stratifying partici-
pants by CAC score groups. CML, Ne-(carboxymethyl)-lysine; CEL, Ne-(1-carboxyethyl)-lysine; MG-H1, No-(5-hydro-5-methyl-4-imidazolon-2-yl)-orni-
thine; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone (3-DG).
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factors contribute as mediators of AGE production. The com-
position of plaque characteristics in our cohort was similar to
other cohorts of athletes, with a high degree of calcified
plaques (6). The fact that calcified plaques have less active in-
flammation than other plaque phenotypes (40) could explain
the lack of associations found in our study, as inflammation
is a known promoter of the formation of AGE (19). In addition
to this, regular physical exercise training in general has an
anti-inflammatory effect, which further could reduce inflam-
mation in coronary plaques in athletes and consequently di-
minish AGE formation. Despite our findings, it could still be
that concentrations of AGE within plaques depend on plaque
phenotypes in athletes, as has been demonstrated in patients
with more CVD risk factors and comorbidities (23), but that
this association is not reflected by plasma measurements. It
is also possible that a study of AGE in athletes with higher
plaque burden and more rupture-prone plaques would have
yielded different results.

Strengths and limitations. Strengths of our study in-
clude the assessment of coronary plaques and CAC scores
using CCTA in combination with measurements of AGE and
dicarbonyl compounds using UPLC MS/MS in a large cohort
of athletes. Measurements of AGE and dicarbonyl compounds
were done as a batch to avoid variation in laboratory calibration
over time. A limitation of our study is the low degree of signif-
icant CAD. Although 83% of participants had coronary plaques
detectable on CCTA, only 14% had obstructive disease, and as
plaques were defined as any structure >1 mm? located within
the vessel wall, many of these patients could have had minimal
and not clinically relevant plaques. Plaque burden instead of the
number of plaques might have yielded different results and

REFERENCES

1. World Health Organization. Global Health Estimates: Life Expectancy
and Leading Causes of Death and Disability [Internet]. Geneva:
World Health Organization; 2019 [cited 2021 Oct 28]. Available from:
https://www.who.int/data/gho/data/themes/mortality-and-global-
health-estimates.

2. Bergstrom G, Persson M, Adiels M, et al. Prevalence of subclinical
coronary artery atherosclerosis in the general population. Circulation.
2021;144(12):916-29.

3. Garcia-Ortiz L, Barreiro-Perez M, Merchan-Gomez S, et al. Preva-
lence of coronary atherosclerosis and reclassification of cardiovascu-
lar risk in Spanish population by coronary computed tomography an-
giography: EVA study. Eur J Clin Invest. 2020;50(9):e13272.

4. DeFina LF, Radford NB, Barlow CE, et al. Association of all-cause
and cardiovascular mortality with high levels of physical activity
and concurrent coronary artery calcification. JAMA Cardiol. 2019;
4(2):174-81.

5. Mohlenkamp S, Lehmann N, Breuckmann F, et al. Running: the risk
of coronary events : prevalence and prognostic relevance of coronary
atherosclerosis in marathon runners. Eur Heart J. 2008;29(15):
1903-10.

6. Aengevaeren VL, Mosterd A, Braber TL, et al. Relationship between
lifelong exercise volume and coronary atherosclerosis in athletes.
Circulation. 2017;136(2):138-48.

7. Merghani A, Maestrini V, Rosmini S, et al. Prevalence of subclinical
coronary artery disease in masters endurance athletes with a low ath-
erosclerotic risk profile. Circulation. 2017;136(2):126-37.

should be tested in future studies. Lastly, our study cohort only
consisted of men, of which 99% identified as white, which
limits the generalizability of our findings.

CONCLUSIONS

In our cohort of middle-age and older amateur athletes,
plasma concentrations of AGE and dicarbonyl compounds
were not associated with the presence of coronary plaques,
plaque characteristics, or CAC scores and cannot be used to
screen for CAD in older athletes. It will have to be tested in fu-
ture studies if AGE and dicarbonyl compounds can predict
CAD in other low-risk cohorts.

Drs. Aengevaeren and Eijsvogels are financially supported by grants
from the Dutch Heart Foundation (no. 2017T088 and no. 2017T051, re-
spectively). K. B.,V.L.A, M.N. L., C. G. S.,and T. M. H. E. have no re-
lationships or conflicts to disclose. A. M. reports serving as a consul-
tant for Bayer, Merck, Novartis, and Pfizer; receiving speaker honoraria
from Novartis. B. K. V. reports serving as a regular speaker for Philips
Healthcare. T. O. has received consultancy and speaker honoraria from
Abbott Diagnostics, Roche Diagnostics, and Novartis and research
support via Akershus University Hospital from Thermo Fisher BRAHMS,
HyTest Ltd., Biomedica, Abbott Diagnostics, Novartis, Singulex,
Somalogic, and Roche Diagnostics. T. O. also has financial interests in
Cardinor AS, which holds the license to commercialize secretoneurin.
All relationships are modest. The results of this study are presented
clearly, honestly, and without fabrication, falsification, or inappropriate
data manipulation. The results of the present study do not constitute en-
dorsement by the American College of Sport Medicine.

Author contributions: K. B., T. M. H. E., and V. L. A. had full access to
all the data in the study and take responsibility for the integrity of the
data and the accuracy of the data analysis. Study conception and de-
sign: V.L.A,, T.M.H.E.,A.M,,B. K. V.,and C. G. S. Acquisition of data:
V.L. A, B.K. V., and C. G. S. Statistical analysis: K. B. and T. M. H. E.
Interpretation of data and drafting of manuscript: K. B., T. M. H. E,,
V.L. A, and C. G. S. Critical revision of the manuscript for intellectual
content: A. M., B.K.V,, M. N. L.,and T. O.

8. Aengevaeren VL, Mosterd A, Sharma S, et al. Exercise and coronary
atherosclerosis: observations, explanations, relevance, and clinical
management. Circulation. 2020;141(16):1338-50.

9. Franklin BA, Thompson PD, Al-Zaiti SS, et al. Exercise-related acute
cardiovascular events and potential deleterious adaptations following
long-term exercise training: placing the risks into perspective-an up-
date: a scientific statement from the American Heart Association.
Circulation. 2020;141(13):€705-36.

10. Knuuti J, Wijns W, Saraste A, et al. 2019 ESC Guidelines for the di-
agnosis and management of chronic coronary syndromes. Eur Heart
J.2020:41(3):407-77.

11. Libby P. Mechanisms of acute coronary syndromes and their implica-
tions for therapy. N Engl J Med. 2013;368(21):2004—13.

12. Luo X, LvY, Bai X, et al. Plaque erosion: a distinctive pathological
mechanism of acute coronary syndrome. Front Cardiovasc Med.
2021;8:711453.

13. Emery MS, Kovacs RJ. Sudden cardiac death in athletes. JACC
Heart Fail. 2018;6(1):30-40.

14. SCORE2 working group and ESC Cardiovascular risk collaboration.
SCORE?2 risk prediction algorithms: new models to estimate 10-year
risk of cardiovascular disease in Europe. Eur Heart J. 2021;42(25):
2439-54.

15. SCORE2-OP working group and ESC Cardiovascular risk collabora-
tion. SCORE2-OP risk prediction algorithms: estimating incident
cardiovascular event risk in older persons in four geographical risk re-
gions. Eur Heart J. 2021;42(25):2455-67.

AGE AND CORONARY ATHEROSCLEROSIS IN ATHLETES

Medicine & Science in Sports & Exercises 1149

N
—
=
Q)
>
=
v
)
=
Z
N
A
n



https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates

2!
L
)
p
LLl
O
)
—
<
=
p
3
O

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Hou ZH, Lu B, Gao Y, et al. Prognostic value of coronary CT angi-
ography and calcium score for major adverse cardiac events in outpa-
tients. JACC Cardiovasc Imaging. 2012;5(10):990-9.
Aengevaeren VL, Eijsvogels TMH. Coronary atherosclerosis in
middle-aged athletes: current insights, burning questions, and future
perspectives. Clin Cardiol. 2020;43(8):863-71.

. Pelliccia A, Sharma S, Gati S, et al. 2020 ESC Guidelines on sports

cardiology and exercise in patients with cardiovascular disease. Eur
Heart J. 2021;42(1):17-96.

Fishman SL, Sonmez H, Basman C, Singh V, Poretsky L. The role of
advanced glycation end-products in the development of coronary ar-
tery disease in patients with and without diabetes mellitus: a review.
Mol Med. 2018;24(1):59.

Kanauchi M, Tsujimoto N, Hashimoto T. Advanced glycation end
products in nondiabetic patients with coronary artery disease. Diabe-
tes Care. 2001;24(9):1620-3.

Kerkeni M, Weiss IS, Jaisson S, et al. Increased serum concentrations
of pentosidine are related to presence and severity of coronary artery
disease. Thromb Res. 2014;134(3):633-8.

Semba RD, Bandinelli S, Sun K, Guralnik JM, Ferrucci L. Plasma
carboxymethyl-lysine, an advanced glycation end product, and all-cause
and cardiovascular disease mortality in older community-dwelling
adults. J Am Geriatr Soc. 2009;57(10):1874-80.

Hanssen NM, Wouters K, Huijberts MS, et al. Higher levels of ad-
vanced glycation endproducts in human carotid atherosclerotic plaques
are associated with a rupture-prone phenotype. Eur Heart J. 2014;
35(17):1137-46.

Aengevaeren VL, Mosterd A, Bakker EA, et al. Exercise volume versus
intensity and the progression of coronary atherosclerosis in middle-aged
and older athletes: findings from the MARC-2 study. Circulation.
2013;147(13):993-1003.

Braber TL, Mosterd A, Prakken NH, et al. Occult coronary artery dis-
ease in middle-aged sportsmen with a low cardiovascular risk score:
the Measuring Athlete’s Risk of Cardiovascular Events (MARC)
study. Eur J Prev Cardiol. 2016;23(15):1677-84.

Friedenreich CM, Courneya KS, Bryant HE. The lifetime total phys-
ical activity questionnaire: development and reliability. Med Sci
Sports Exerc. 1998;30(2):266-74.

Ainsworth BE, Haskell WL, Whitt MC, et al. Compendium of phys-
ical activities: an update of activity codes and MET intensities. Med
Sci Sports Exerc. 2000;32(9 Suppl):S498-504.

Hanssen NM, Engelen L, Ferreira I, et al. Plasma levels of advanced
glycation endproducts Ne-(carboxymethyl)lysine, Ne-(carboxyethyl)
lysine, and pentosidine are not independently associated with cardiovas-
cular disease in individuals with or without type 2 diabetes: the Hoorn
and CODAM studies. J Clin Endocrinol Metab. 2013;98(8):E1369-73.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

Scheijen JL, Schalkwijk CG. Quantification of glyoxal, methylglyoxal
and 3-deoxyglucosone in blood and plasma by ultra performance lig-
uid chromatography tandem mass spectrometry: evaluation of blood
specimen. Clin Chem Lab Med. 2014;52(1):85-91.

Abbara S, Arbab-Zadeh A, Callister TQ, et al. SCCT guidelines for
performance of coronary computed tomographic angiography: a re-
port of the Society of Cardiovascular Computed Tomography Guide-
lines Commiittee. J Cardiovasc Comput Tomogr. 2009;3(3):190-204.
Leipsic J, Abbara S, Achenbach S, et al. SCCT guidelines for the in-
terpretation and reporting of coronary CT angiography: a report of the
Society of Cardiovascular Computed Tomography Guidelines Com-
mittee. J Cardiovasc Comput Tomogr. 2014;8(5):342-58.
Greenland P, Bonow RO, Brundage BH, et al. ACCF/AHA 2007
clinical expert consensus document on coronary artery calcium scor-
ing by computed tomography in global cardiovascular risk assess-
ment and in evaluation of patients with chest pain: a report of the
American College of Cardiology Foundation Clinical Expert Con-
sensus Task Force (ACCF/AHA Writing Committee to Update the
2000 Expert Consensus Document on Electron Beam Computed To-
mography) developed in collaboration with the Society of Athero-
sclerosis Imaging and Prevention and the Society of Cardiovascular
Computed Tomography. J Am Coll Cardiol. 2007;49(3):378-402.
Hoffmann U, Moselewski F, Nieman K, et al. Noninvasive assess-
ment of plaque morphology and composition in culprit and stable le-
sions in acute coronary syndrome and stable lesions in stable angina
by multidetector computed tomography. J Am Coll Cardiol. 2006;
47(8):1655-62.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Coc Se-
ries B Stat Methodol. 1995;57(1):289-300.

Scheer V. Participation trends of ultra endurance events. Sports Med
Arthrosc Rev. 2019;27(1):3-7.

Lepers R, Stapley PJ. Master athletes are extending the limits of hu-
man endurance. Front Physiol. 2016;7:613.

Arnson Y, Rozanski A, Gransar H, et al. Impact of exercise on the
relationship between CAC scores and all-cause mortality. JACC
Cardiovasc Imaging. 2017;10(12):1461-8.

Maron DJ, Hochman JS, Reynolds HR, et al. Initial invasive or con-
servative strategy for stable coronary disease. N Engl J Med. 2020;
382(15):1395-407.

Kosmopoulos M, Drekolias D, Zavras PD, Piperi C, Papavassiliou
AG. Impact of advanced glycation end products (AGEs) signaling
in coronary artery disease. Biochim Biophys Acta Mol Basis Dis.
2019;1865(3):611-9.

Shi X, Gao J, Lv Q, et al. Calcification in atherosclerotic plaque vul-
nerability: friend or foe? Front Physiol. 2020;11:56.

1150  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org


http://www.acsm-msse.org

