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Abstract

Recent studies have found an association between high volumes of physical activity and
increased levels of coronary artery calcification (CAC) among older male endurance athletes,
yet the underlying mechanisms have remained largely elusive. Potential mechanisms include
greater exposure to inflammatory cytokines, reactive oxygen species, and oxidized low-density
lipoproteins, as acute strenuous physical activity has been found to enhance their systemic
release. Other possibilities include post-exercise elevations in circulating parathyroid hormone,
which can modify the amount and morphology of calcific plaque, and long-term exposure to
non-laminar blood flow within the coronary arteries during vigorous physical activity, particularly
in individuals with pre-existing atherosclerosis. Further, although the association has only been
identified in men, the role of testosterone in this process remains unclear. This brief review
discusses the association between high-volume endurance exercise and CAC in older men,
elaborates on the potential mechanisms underlying the increased calcification, and provides
clinical implications and recommendations for those at risk.

Introduction

Routine exercise has been demonstrated to significantly reduce cardiovascular disease
(CVD) risk and increase longevity.[1,2] While physical activity improves cardiovascular
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risk profiles, high volumes of endurance exercise are associated with increased coronary
artery calcification (CAC) in men.[2-6] Exercise volume captures the intensity and duration
of exercise over time, often measured in metabolic equivalents (MET)-minutes/week. Elite
endurance activity refers to such activities as competitive cycling, marathon running, or
rowing, where maximal oxygen consumption often reaches levels of 40-85 mL/kg/min.
Because CAC is considered a marker for coronary artery disease due to its relationship with
atherosclerosis and cardiovascular risk,[7,8] this paradoxical association between exercise
and CAC has catalyzed interest in the question of whether extreme degrees of physical
activity may be associated with accentuated cardiovascular risk. In this review, we focus on
the implications of CAC morphology, potential mechanisms linking exercise and CAC, and
clinical implications for athletic patients.

Coronary artery calcification

CAC assessed via computed tomographic (CT) imaging correlates with both coronary
plaque burden and cardiovascular events.[3,8] An elevated CAC score significantly increases
cardiovascular risk in the general population. For example, a 50-year-old normotensive
Caucasian male with normal total and HDL cholesterol without medications has an
estimated 10-year CVD risk of 1.4% if his CAC score is 0, whereas his risk increases

t0 5.0% at CAC=100 and to 6.6% at CAC=300.[9] CAC score is a rough estimate of calcium
content in the coronary arteries based on a formula involving the product of mineral density
and volume. While high CAC is strongly associated with cardiovascular risk, calcification
density may also influence risk, where higher density associates with a lower risk of events.
[10] Although nascent calcium deposition within the intimal layer of the coronary vessel
wall may be too small to reach the detectable threshold by CT, as these deposits grow and/or
coalesce with adjacent deposits over time, they would reach the threshold for detection. The
size, morphology, and location of these calcium deposits are integral determinants of plaque
stability.[8]

Plaques demonstrating a “speckled” or “spotty” pattern of calcification — with small calcium
deposits on the order of ~500 micrometers in diameter - are thought to confer an increased
risk of plaque rupture.[8] This pattern is frequently observed in patients with acute coronary
syndrome,[11-13] and it is associated with accelerated atheroma progression [14] and an
increased risk for cardiac death (Supplementary Table).[15]

Conversely, whether larger calcified deposits within atherosclerotic plaque imparts lower
risk of plaque rupture is not entirely clear. Based on biomechanical analyses, rupture
(de-bonding) stress concentrates at the interface area between a rigid calcium deposit and
the flexible surrounding tissue,[16] and the total surface area of this interface is positively
related to the magnitude of concentrated stress. Many small, calcified deposits (such as in
the speckled pattern) will result in higher total surface area, and, as these deposits grow
and coalesce into larger calcified tissue, the interface surface area can decrease.[17] Larger
calcium deposits may experience relatively less mechanical stress than the same amount
of mineral in fragments. Given that calcium hydroxyapatite mineral has a known, fixed
density, any calcium deposit that appears to have low density on imaging must consist of a
porous deposit or a cluster of smaller deposits interspersed within soft tissue. Therefore, the
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biomechanical analysis indicating that, for a given amount of mineral content, speckled
calcification with high surface area confers higher risk is consistent with the clinical
observation that for any degree of CAC content, a lower CAC density is associated with
greater risk.[10]

In addition to the size and density of calcium deposits, their location, morphology, and
other features influence lesion stability. The proximity of deposits - to one another, to

the lumen, and to lipid pools - magnifies the stress.[16] The strength of the bonding
between hard and soft tissue is an additional key determinant. As deposits mature and
coalesce, the surrounding tissue may increase its strength, such as by collagen deposition or
alignment of collagen fibers. These tissue property changes may reduce the risk of rupture
at the surface of larger deposits. Importantly, non-contrast CT imaging does not capture
other morphological features of calcified plaque, such as its composition. Stable calcified
plaques have a smaller lipid pool, fewer inflammatory cytokines, and thicker fibrous caps.
They have decreased risk for plaque rupture, subsequent thrombosis, and acute myocardial
infarction.[10] For example, when coronary CT angiography was used to assess the coronary
vasculature, plaques bearing a predominantly calcified morphology were associated with a
lower risk of adverse events than non-calcified, soft tissue plaques.[18] Recently, use of
machine-learning radiomics modeling, which extracted predictive features of CAC lesions
(e.g., texture, shape) on cardiac CT scans, was found to augment risk stratification beyond
the routine CAC score.[19] Thus, while CAC scores may reasonably predict cardiovascular
events in the general population, use of additional imaging modalities or analyses may be
useful in refining risk stratification by providing a deeper assessment of plaque composition
and associated vulnerability.

Elite endurance exercise and CAC

Among the earliest studies evaluating the link between exercise and CAC, Moéhlenkamp

et al investigated the association between endurance exercise and atherosclerosis in middle-
aged marathon runners,[4] comparing an athletic cohort against both age-matched and
Framingham Risk Score (FRS)-matched control groups. Marathon runners were found to
have similar degrees of CAC when compared to age-matched controls, but significantly
greater CAC when compared to FRS-matched counterparts.[4] Similar associations were
observed among middle-aged endurance athletes with low atherosclerotic risk. In a study
that evaluated masters athletes with no appreciable cardiovascular risk factors, the male
athletes were found to have higher CAC scores than their sedentary FRS-matched controls
(Figure 1A).[5] A CAC score >70t" percentile was positively associated with the number of
years of training in these athletes.[5] Coronary plaques from the athletic cohort consisted
predominantly of calcium, rather than the mixed morphology more commonly observed in
sedentary males (Figure 1B). Notably, the female masters athletes did not have a higher
prevalence of CAC compared to their control group.

A similar study by the Eijsvogels group found that higher lifetime volume of exercise
is associated with an increased risk for CAC in men.[3] Middle-aged male recreational
athletes were stratified by self-reported lifetime exercise history. Those men classified
within the highest exercise-volume cohort (>2000 MET-min/week) were found to have
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significantly greater prevalence and severity of CAC when compared to men from the lowest
exercise-volume cohort (<1000 MET-min/week) (Figure 1C).[3] For reference, current
physical activity guidelines recommend between 500-1000 MET-min/week,[1] less than
half of the exercise dose performed by the highest exercise-volume cohort in this study.
Additionally, the highest exercise-volume cohort were also found to have the greatest
prevalence of atherosclerotic plaques (Figure 1D). Imaging analyses of these atherosclerotic
lesions also revealed that this group had the greatest prevalence of calcified plaques and the
lowest prevalence of mixed composition and non-calcified plaques.[3] This study suggests
that while athletes with the highest level of physical activity are more likely to have
atherosclerosis and CAC, when present, these plaques are more likely to have a lower

risk morphology compared to those seen in more sedentary groups. Aengevaeren and
colleagues recently published a follow-up study on this cohort demonstrating that very
vigorous exercise intensity, rather than exercise volume, was associated with a greater CAC
increase and plaque progression.[20] While the significance of changes in CAC is currently
unclear, these results suggest an intensity threshold for the effect of exercise on calcification
progression.

Potential mechanisms linking high intensity exercise to CAC

Mechanical stress—Among the potential mechanisms posed connecting higher levels of
exercise with CAC is the role of mechanical stress experienced by the coronary vasculature
during vigorous physical activity. During intense exercise, the increase in heart rate and
contractility may create adverse fluid dynamics.[21] The wall shear stresses along the
coronary endothelium are increased by exercise including at the sites of non-laminar
(“disturbed”) blood flow, such as arterial branch points. Disturbed and oscillatory flow
patterns are associated with endothelial cell dysfunction and the formation of fatty streaks,
precursors of atherosclerotic plaques.[22] (Figure 2A) Supraphysiologic wall shear stress,
such as that seen during high intensity exercise, similarly leads to excessive reactive oxygen
species (ROS) production in endothelial cells.[23,24] Thus, it is possible that, in certain
patients, long-term exposure to the hemodynamics that result from excessively strenuous
physical activity may contribute to atherosclerotic plaque formation.[22]

Importantly, however, if altered coronary hemodynamics alone were the causative factor
for CAC, most masters endurance athletes would have increased CAC. Yet Merghani et al
found that most athletes (~60%) have a normal CAC score.[5] One potential explanation

is that exercise-induced hemodynamic changes may accelerate atherosclerosis and CAC
development in athletes with pre-existing disease. In a study by the Baggish group, in which
8 runners were followed over the course of a 140-day “Race Across the USA,” the effects
of this extreme level of endurance exercise on coronary plaque anatomy were evaluated by
coronary CT angiography.[25] Four runners had no plaque seen on their baseline study and
remained free of atherosclerotic plaque after the race. However, for the other four runners
who had pre-existing coronary artery disease, plaque size increased in each runner by the
end of the race. This change was predominantly driven by an increase in non-calcified
plaque, but 3 of the 4 runners also had a slight increase in calcified plague volume.

Thus, it is possible that high volumes of intense exercise may not necessarily promote
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the development of atherosclerotic plaque but may instead accelerate the progression of
pre-existing coronary lesions.

Parathyroid hormone—~Parathyroid hormone (PTH) is a principal regulator of calcium
homeostasis and is thought to be associated with the pathogenesis of cardiovascular disease.
Patients with primary hyperparathyroidism have a higher prevalence of cardiovascular
disease, including aortic valve calcification, aortic stiffness, coronary microvascular
dysfunction, endothelial dysfunction, and hypertension.[26] Patients with secondary
hyperparathyroidism have an increased risk of cardiovascular mortality secondary to
vascular and valvular calcifications.[26] PTH has also been strongly associated with
atherosclerosis in population studies.[27]

In mice, brief treadmill exercise (30 minutes) raises serum PTH levels.[28] In
hyperlipidemic mice, endurance exercise, in the form of a progressive treadmill regimen,
doubles serum PTH levels compared to those in sedentary mice.[29] While mice in

the control and exercised cohorts had similar progression of aortic calcification by

CT, histopathology showed that exercised mice had coalescence of calcium into larger
macrocalcium deposits with decreased mineral surface area (Figure 3). Daily PTH injections
in mice similarly promoted coalescence of mineral deposits in the aorta.[30]

In humans, serum PTH is also raised immediately post-exercise.[31] The degree of

PTH elevation depends on both exercise duration and intensity, suggesting a threshold
effect. Either high-intensity and long-duration exercise, or low-intensity and extremely
long-duration (5 hours) exercise, are required to raise serum PTH. This threshold effect
may explain the dose-dependence of vascular calcification on exercise volume observed
(Figure 2B). However, the direct effect of exercise-induced PTH elevation on the coronary
vasculature remains unknown.

Oxidative stress—Oxidative stress occurs when there is an abundance of ROS and/or
diminished antioxidant capacity. Excessive free radical species are known to contribute to
vascular damage. ROS are intimately involved in the formation of atherosclerotic plaques
through their role in producing oxidized low-density lipoproteins (LDL), triggering the
pathogenesis of plaque formation.[32] The increased prevalence of atherosclerotic plaques at
sites of turbulent blood flow, which boast increased ROS and diminished vasodilatory nitric
oxide, supports the role of oxidative stress in atherosclerotic plaque formation. Furthermore,
key risk factors for atherosclerosis, including hyperlipidemia and tobacco smoking, are
associated with increased production of ROS.[32]

The effects of exercise on oxidative stress are not straightforward. Acute bouts of strenuous
exercise generate ROS, thereby increasing vascular oxidative stress (Figure 2C).[33] Oxygen
radicals induced by acute, intense exercise may account for the link to vascular calcification,
since they promote osteogenic differentiation and calcium mineralization in vascular cells.
[34] However, consistent exercise induces athero-protective effects such as downregulation
of the pro-oxidant enzyme NADPH oxidase and upregulation of antioxidant enzymes such
as superoxide dismutase in the endothelium.[33] Thus, while strenuous exercise generates
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the release of ROS that may contribute to atherogenesis and CAC, a regular exercise regimen
likely helps to counteract this effect by inducing antioxidant defenses.

Inflammatory mediators—Inflammatory mediators are closely associated with the
development and destabilization of atherosclerotic plaques.[35] During the initiating step of
plaque formation, LDL accumulates within the tunica intima and is subsequently converted
to oxidized LDL by ROS. Chemokines are then responsible for the recruitment of immune
cells, including macrophages, which consume oxidized LDL via scavenger receptors and
toll-like receptors. Downstream signaling events result in the release of pro-inflammatory
cytokines which are principal mediators in inflammation and plaque growth. Once plaque
has formed, inflammatory mediators are also involved in the processes of plaque rupture and
thrombosis.[35]

The greater extent of CAC among patients with more severe rheumatoid arthritis suggests

a role for inflammatory mediators in the pathogenesis of atherosclerotic calcification.[36]
Exhaustive exercise results in enhanced systemic release of proinflammatory cytokines and
markers (Figure 2D).[25,37] Marathon runners demonstrated elevations in plasma IL-6
from 1.27 pg/ml at baseline to 101.4 pg/ml post-race.[37] For reference, baseline IL-6

level >2.8 pg/ml is associated with an increased risk of myocardial infarction in healthy
men.[38] Similarly, elevations in C-reactive protein (CRP) were observed in the majority of
athletes who completed an ultra-endurance competition, [25] with three out of six athletes
transitioning from a baseline low-risk (<1.0mg/L) to an intermediate-risk CRP level (1-3
mg/L) post-race. While the role of inflammatory mediators in atherogenic processes is well-
documented, how these inflammatory mechanisms affect CAC in athletes requires further
elucidation.

Testosterone—The increased prevalence of CAC among male endurance athletes, but not
in female athletes, raises the question of the role of sex hormones in the pathophysiology of
atherosclerotic calcification. While endogenous estrogen is thought to be protective against
atherosclerosis, with post-menopausal women showing a greater risk of CAC, the effect

of testosterone remains unclear. Testosterone administration in experimental models has
been observed to be both pro-calcific and anti-calcific. Testosterone induced calcification

of vascular smooth muscle cells (VSMC) via the androgen receptor in one study,[39]

while it inhibited VSMC calcification in another.[40] In hyperlipidemic mice, supplemental
testosterone increased atherosclerotic calcification.[41] Epidemiological studies have
demonstrated low testosterone is strongly associated with coronary artery disease and
cardiovascular events.[42] However, clinical studies evaluating the cardiovascular effects

of testosterone supplementation in men have had conflicting results; some have identified
increased cardiovascular events with testosterone, whereas others have found a decrease or
no change in these outcomes.[42] Interestingly, testosterone treatment for 1 year led to a
greater increase in non-calcified coronary plaque volume, but no significant change in CAC
score.[43] These findings suggest a threshold level of testosterone to maintain cardiovascular
health, but more research is needed to decipher its role in atherosclerotic calcification
(Figure 2E).
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Clinical implications

While CAC is associated with an increased risk of adverse cardiac events within the

general population, this association may not necessarily apply to masters athletes in the
same manner, and identification of CAC alone should not discourage individuals from
engaging in higher levels of physical activity. Even in individuals with prevalent CAC (=100
AU), higher levels of physical activity are not associated with increased cardiovascular or
all-cause mortality.[2,44] Nevertheless, it remains critically important to identify underlying
cardiovascular risks and symptoms which may go underrecognized in athletic populations.
For older asymptomatic athletes, cardiovascular risk should be objectively assessed and
integrated into treatment recommendations according to primary prevention guidelines.[45]
Notably, conventional preparticipation risk stratification in this population (cardiovascular
risk assessment, ECG, echocardiogram, exercise testing), was found to have limited
sensitivity in identifying subclinical coronary artery disease,[46] and further evaluation with
cardiac CT can be considered. If CAC is identified, the athlete should be treated according
to guidelines,[45] with consideration of statin therapy when appropriate, and counseled on
the potential risks of strenuous exercise as well as symptoms that should prompt urgent
clinical re-assessment. Objective evaluation of cardiorespiratory fitness on exercise testing
can further aid in risk stratification, as higher baseline fitness is associated with lower
cardiovascular risk even in the presence of CAC.[47]

Nonetheless, these risks should be weighed against the wide-ranging benefits of exercise,
which are speculated to extend beyond the attenuation of traditional cardiovascular risk
factors. The hearts of endurance athletes undergo beneficial physiological remodeling—with
improved myocardial and vascular compliance.[48,49] Endurance athletes also demonstrate
marked dilation of the coronary arteries and greatly improved microvascular collateral
circulation.[4,50] These features may be important factors in mitigating the increase in
plaque burden in some athletes. There may also be substantial health benefits to the
increased postural stability and coordination associated with physical activity.

Summary—Multiple studies have revealed the increased prevalence and severity of
subclinical coronary artery plaques among a significant minority of male endurance athletes.
The plaques from athlete cohorts are comprised predominantly of calcium, which are
thought to confer greater protection against rupture than mixed plaques. While CAC is
strongly associated with adverse outcomes in the general population, whether the same
degree of increased risk is present among athletes is unclear, though an elevated risk is
likely still present and warrants attention.[47] Highly active individuals have been found

to have improved survival relative to sedentary controls, even in the presence of higher
CAC.[2] Physical activity may indirectly contribute to increased survival due to attenuation
of atherosclerotic risk factors or improved coronary collateral perfusion.

The list of potential mechanisms reviewed above is not comprehensive, and other possible
contributors, such as diet and supplement use, have been excellently reviewed elsewhere [6]
and should be considered. Studies characterizing the molecular changes induced by exercise
in athletes via multi-omic approaches, such as the ongoing Molecular Transducers of
Physical Activity Consortium (MoTrPAC), and particularly those examining the differential
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effects of moderate- and high-intensity exercise, [51] will deepen our understanding of these
mechanisms. Importantly, longitudinal assessments evaluating the prognostic significance of
CAC specifically in athlete cohorts are needed to help inform clinical management. Further,
as a majority of studies strictly followed middle-aged white males, more inclusive studies
are required to understand how this association manifests among female athletes and athletes
of different races and ethnicities. Ultimately, while the added benefit of extremely high
lifetime levels of physical activity remains uncertain, physical activity at the recommended
dose has been unequivocally shown to improve cardiovascular risk factors, longevity, and
wellbeing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to acknowledge Dr. Prashant Rao for his constructive feedback on this review article
during its preparation. This work was supported by the following grants from the National Institutes of Health /
National Heart Lung and Blood Institute (NIH/NHLBI): RO1HL137647 and RO1HL151391 (Y.T., L.L.D.) and
1K08-HL151961 (J.J.H.).

REFERENCES

1.

Piercy KL, Troiano RP, Ballard RM, et al. The Physical Activity Guidelines for Americans. JAMA
2018;320:2020-8. doi:10.1001/jama.2018.14854 [PubMed: 30418471]

. 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;4:174-81. doi:10.1001/jamacardio.2018.4628 [PubMed: 30698608]

. Aengevaeren VL, Mosterd A, Braber TL, et al. Relationship Between Lifelong Exercise

Volume and Coronary Atherosclerosis in Athletes. Circulation 2017;136:138-48. doi:10.1161/
CIRCULATIONAHA.117.027834 [PubMed: 28450347]

. Méhlenkamp 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;29:1903-10. doi:10.1093/eurheartj/ehn163 [PubMed: 18426850]

. Merghani A, Maestrini V, Rosmini S, et al. Prevalence of Subclinical Coronary Artery Disease

in Masters Endurance Athletes With a Low Atherosclerotic Risk Profile. Circulation 2017;136:126—
37.d0i:10.1161/CIRCULATIONAHA.116.026964 [PubMed: 28465287]

. Aengevaeren VL, Mosterd A, Sharma S, et al. Exercise and Coronary Atherosclerosis. Circulation

2020;141:1338-50. doi:10.1161/CIRCULATIONAHA.119.044467 [PubMed: 32310695]

. 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;10:1461-8. doi:10.1016/
j.jemg.2016.12.030 [PubMed: 28528154]

. Mori H, Torii S, Kutyna M, et al. Coronary Artery Calcification and its Progression: What

Does it Really Mean? JACC Cardiovasc Imaging 2018;11:127-42. doi:10.1016/j.jcmg.2017.10.012
[PubMed: 29301708]

. McClelland RL, Jorgensen NW, Budoff M, et al. 10-Year Coronary Heart Disease Risk Prediction

Using Coronary Artery Calcium and Traditional Risk Factors: Derivation in the MESA (Multi-
Ethnic Study of Atherosclerosis) With Validation in the HNR (Heinz Nixdorf Recall) Study and

the DHS (Dallas Heart Study). J Am Coll Cardiol 2015;66:1643-53. doi:10.1016/j.jacc.2015.08.035
[PubMed: 26449133]

Heart. Author manuscript; available in PMC 2024 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zambrano et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Page 9

Criqui MH, Denenberg JO, Ix JH, et al. Calcium density of coronary artery plaque and risk of
incident cardiovascular events. JAMA 2014;311:271-8. doi:10.1001/jama.2013.282535 [PubMed:
24247483]

Ehara S, Kobayashi Y, Yoshiyama M, et al. Spotty Calcification Typifies the Culprit Plaque

in Patients With Acute Myocardial Infarction: An Intravascular Ultrasound Study. Circulation
2004;110:3424-9. d0i:10.1161/01.CIR.0000148131.41425.E9 [PubMed: 15557374]

Mizukoshi M, Kubo T, Takarada S, et al. Coronary Superficial and Spotty Calcium Deposits in
Culprit Coronary Lesions of Acute Coronary Syndrome as Determined by Optical Coherence
Tomography. Am J Cardiol 2013;112:34-40. d0i:10.1016/j.amjcard.2013.02.048 [PubMed:
23540654]

Motoyama S, Kondo T, Sarai M, et al. Multislice computed tomographic characteristics of
coronary lesions in acute coronary syndromes. J Am Coll Cardiol 2007;50:319-26. doi:10.1016/
j.jacc.2007.03.044 [PubMed: 17659199]

Kataoka Y, Wolski K, Uno K, et al. Spotty calcification as a marker of accelerated progression
of coronary atherosclerosis: insights from serial intravascular ultrasound. J Am Coll Cardiol
2012;59:1592-7. d0i:10.1016/j.jacc.2012.03.012 [PubMed: 22538329]

Finck T, Stojanovic A, Will A, et al. Long-term prognostic value of morphological plaque features
on coronary computed tomography angiography. Eur Heart J - Cardiovasc Imaging 2019;:jez238.
doi:10.1093/ehjci/jez238

Hoshino T, Chow LA, Hsu JJ, et al. Mechanical stress analysis of a rigid inclusion in distensible
material: a model of atherosclerotic calcification and plague vulnerability. Am J Physiol Heart Circ
Physiol 2009;297:H802-810. doi:10.1152/ajpheart.00318.2009 [PubMed: 19542489]

Hsu JJ, Lim J, Tintut Y, et al. Cell-matrix mechanics and pattern formation in inflammatory
cardiovascular calcification. Heart 2016;102:1710-5. doi:10.1136/heartjnl-2016-309667 [PubMed:
27406839]

Ahmadi N, Nabavi V, Hajsadeghi F, et al. Mortality Incidence of Patients With Non-Obstructive
Coronary Artery Disease Diagnosed by Computed Tomography Angiography. Am J Cardiol
2011;107:10-6. doi:10.1016/j.amjcard.2010.08.034 [PubMed: 21146679]

Eslami P, Parmar C, Foldyna B, et al. Radiomics of Coronary Artery Calcium in the Framingham
Heart Study. Radiol Cardiothorac Imaging 2020;2:¢190119. d0i:10.1148/ryct.2020190119
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 2023;:CIRCULATIONAHA.122.061173. doi:10.1161/
CIRCULATIONAHA.122.061173

Ding Z, Friedman MH. Dynamics of human coronary arterial motion and its potential role

in coronary atherogenesis. J Biomech Eng 2000;122:488-92. d0i:10.1115/1.1289989 [PubMed:
11091949]

Chiu J-J, Chien S. Effects of disturbed flow on vascular endothelium: pathophysiological basis and
clinical perspectives. Physiol Rev 2011;91:327-87. doi:10.1152/physrev.00047.2009 [PubMed:
21248169]

Wang Y-X, Liu H-B, Li P-S, et al. ROS and NO Dynamics in Endothelial Cells

Exposed to Exercise-Induced Wall Shear Stress. Cell Mol Bioeng 2019;12:107-20. doi:10.1007/
§12195-018-00557-w [PubMed: 31719902]

Hsieh HJ, Cheng CC, Wu ST, et al. Increase of reactive oxygen species (ROS) in

endothelial cells by shear flow and involvement of ROS in shear-induced c-fos expression.

J Cell Physiol 1998;175:156-62. doi:10.1002/(SICI)1097-4652(199805)175:2<156::AID-
JCP5>3.0.CO;2-N [PubMed: 9525474]

Lin J, DeLuca JR, Lu MT, et al. Extreme Endurance Exercise and Progressive Coronary Artery
Disease. J Am Coll Cardiol 2017;70:293-5. doi:10.1016/j.jacc.2017.05.016 [PubMed: 28683972]

Goettsch C, lwata H, Aikawa E. Parathyroid hormone: critical bridge between bone metabolism
and cardiovascular disease. Arterioscler Thromb Vasc Biol 2014;34:1333-5. doi:10.1161/
ATVBAHA.114.303637 [PubMed: 24951650]

Heart. Author manuscript; available in PMC 2024 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zambrano et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Page 10

Hagstrom E, Michaélsson K, Melhus H, et al. Plasma-parathyroid hormone is associated with
subclinical and clinical atherosclerotic disease in 2 community-based cohorts. Arterioscler Thromb
Vasc Biol 2014;34:1567-73. doi:10.1161/ATVBAHA.113.303062 [PubMed: 24626438]

Gardinier JD, Mohamed F, Kohn DH. PTH Signaling During Exercise Contributes to Bone
Adaptation. J Bone Miner Res Off J Am Soc Bone Miner Res 2015;30:1053-63. doi:10.1002/
jbmr.2432

Hsu JJ, Fong F, Patel R, et al. Changes in microarchitecture of atherosclerotic calcification assessed
by 18F-NaF PET and CT after a progressive exercise regimen in hyperlipidemic mice. J Nucl
Cardiol Off Publ Am Soc Nucl Cardiol 2021;28:2207-14. doi:10.1007/s12350-019-02004-3

Hsu JJ, Lu J, Umar S, et al. Effects of teriparatide on morphology of aortic calcification in
aged hyperlipidemic mice. Am J Physiol Heart Circ Physiol 2018;314:H1203-13. doi:10.1152/
ajpheart.00718.2017 [PubMed: 29451816]

Bouassida A, Latiri I, Bouassida S, et al. Parathyroid hormone and physical exercise: a brief
review. J Sports Sci Med 2006;5:367-74. [PubMed: 24353453]

Forstermann U, Xia N, Li H. Roles of Vascular Oxidative Stress and Nitric

Oxide in the Pathogenesis of Atherosclerosis. Circ Res 2017;120:713-35. d0i:10.1161/
CIRCRESAHA.116.309326 [PubMed: 28209797]

Kojda G, Hambrecht R. Molecular mechanisms of vascular adaptations to exercise. Physical
activity as an effective antioxidant therapy? Cardiovasc Res 2005;67:187-97. doi:10.1016/
j.cardiores.2005.04.032 [PubMed: 15935334]

Mody N, Parhami F, Sarafian TA, et al. Oxidative stress modulates osteoblastic
differentiation of vascular and bone cells. Free Radic Biol Med 2001;31:509-19. doi:10.1016/
s0891-5849(01)00610-4 [PubMed: 11498284]

Raggi P, Genest J, Giles JT, et al. Role of inflammation in the pathogenesis of
atherosclerosis and therapeutic interventions. Atherosclerosis 2018;276:98-108. doi:10.1016/
j.atherosclerosis.2018.07.014 [PubMed: 30055326]

Giles JT, Szklo M, Post W, et al. Coronary arterial calcification in rheumatoid arthritis: comparison
with the Multi-Ethnic Study of Atherosclerosis. Arthritis Res Ther 2009;11:R36. doi:10.1186/
ar2641 [PubMed: 19284547]

Suzuki K, Nakaji S, Yamada M, et al. Impact of a competitive marathon race

on systemic cytokine and neutrophil responses. Med Sci Sports Exerc 2003;35:348-55.
d0i:10.1249/01.MSS.0000048861.57899.04 [PubMed: 12569227]

Ridker PM, Rifai N, Stampfer MJ, et al. Plasma Concentration of Interleukin-6 and the Risk of
Future Myocardial Infarction Among Apparently Healthy Men. Circulation 2000;101:1767-72.
doi:10.1161/01.CIR.101.15.1767 [PubMed: 10769275]

Zhu D, Hadoke PWF, Wu J, et al. Ablation of the androgen receptor from vascular smooth
muscle cells demonstrates a role for testosterone in vascular calcification. Sci Rep 2016;6:24807.
doi:10.1038/srep24807 [PubMed: 27095121]

Son B-K, Akishita M, lijima K, et al. Androgen Receptor-dependent Transactivation of Growth
Aurrest-specific Gene 6 Mediates Inhibitory Effects of Testosterone on Vascular Calcification. J
Biol Chem 2010;285:7537-44. doi:10.1074/jbc.M109.055087 [PubMed: 20048160]

McRobb L, Handelsman DJ, Heather AK. Androgen-Induced Progression of Arterial Calcification
in Apolipoprotein E-Null Mice Is Uncoupled from Plague Growth and Lipid Levels.
Endocrinology 2009;150:841-8. doi:10.1210/en.2008-0760 [PubMed: 19176322]

Kloner RA, Carson C, Dobs A, et al. Testosterone and Cardiovascular Disease. J Am Coll Cardiol
2016;67:545-57. d0i:10.1016/j.jacc.2015.12.005 [PubMed: 26846952]

Budoff MJ, Ellenberg SS, Lewis CE, et al. Testosterone Treatment and Coronary Artery

Plague Volume in Older Men With Low Testosterone. JAMA 2017;317:708. doi:10.1001/
jama.2016.21043 [PubMed: 28241355]

German CA, Fanning J, Singleton MJ, et al. Physical Activity, Coronary Artery Calcium, and
Cardiovascular Outcomes in the Multi-Ethnic Study of Atherosclerosis (MESA). Med Sci Sports
Exerc 2022;54:800-6. doi:10.1249/MSS.0000000000002856 [PubMed: 34967800]

Grundy SM, Stone NJ, Bailey AL, et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/
ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA Guideline on the Management of Blood Cholesterol:

Heart. Author manuscript; available in PMC 2024 July 12.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zambrano et al.

46.

47.

48.

49.

50.

51.

Page 11

A Report of the American College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. Circulation 2019;139. doi:10.1161/CIR.0000000000000625

Dores H, de Aratjo Gongalves P, Monge J, et al. Subclinical coronary artery disease in veteran
athletes: is a new preparticipation methodology required? Br J Sports Med 2020;54:349-53.
doi:10.1136/bjsports-2018-099840 [PubMed: 30413429]

Radford NB, DeFina LF, Leonard D, et al. Cardiorespiratory Fitness, Coronary Artery Calcium,
and Cardiovascular Disease Events in a Cohort of Generally Healthy Middle-Age Men:

Results From the Cooper Center Longitudinal Study. Circulation 2018;137:1888-95. doi:10.1161/
CIRCULATIONAHA.117.032708 [PubMed: 29343464]

Arbab-Zadeh A, Dijk E, Prasad A, et al. Effect of aging and physical activity on left ventricular
compliance. Circulation 2004;110:1799-805. doi:10.1161/01.CIR.0000142863.71285.74
[PubMed: 15364801]

Shibata S, Fujimoto N, Hastings JL, et al. The effect of lifelong exercise frequency on arterial
stiffness. J Physiol 2018;596:2783-95. d0i:10.1113/JP275301 [PubMed: 29781119]

Laddu DR, Rana JS, Murillo R, et al. 25-Year Physical Activity Trajectories and Development

of Subclinical Coronary Artery Disease as Measured by Coronary Artery Calcium: The Coronary
Artery Risk Development in Young Adults (CARDIA) Study. Mayo Clin Proc 2017;92:1660-70.
doi:10.1016/j.mayocp.2017.07.016 [PubMed: 29050797]

Guseh JS, Churchill TW, Yeri A, et al. An expanded repertoire of intensity-dependent
exercise-responsive plasma proteins tied to loci of human disease risk. Sci Rep 2020;10:10831.
doi:10.1038/s41598-020-67669-0 [PubMed: 32616758]

Heart. Author manuscript; available in PMC 2024 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zambrano et al. Page 12

A B c Coronary artery calcification
600 *x 0 Calcific @ Mixed morphology B Non-calcific 100
. 100% Py 0
o 6o A
- g
- 90% T 4w
H
80% a 20
» 400 3
I3
g 5 0% <1000 1000-2000  >2000
4 ®
S Z 60% b
w "
E 508 Atherosclerotic plaques
]
.§ ao 100
=3
200 £ s 80
o <=
E g 30% 8 oo
c * 8 c
[} Y @
o o
5 20% 3 40
] o
10% o 20
T -
0% <1000 1000 - 2000 >2000
Male Controls Male Athletes Male Athletes Male Controls Lifelong exercise volume (MET-min/week)

Figure 1. Higher prevalence of coronary artery calcium (CAC) in male endurance athletes.
A, Comparison of CAC score among male athletes and sedentary males with CAC = 1

Agatston units. Tukey Box-and-whisker plot of CAC scores among male endurance athletes
and sedentary male controls. Male athletes demonstrate a greater likelihood of having a
CAC score > 300 Agatston units compared to sedentary males with a similar atherosclerotic
risk profile. B, Morphology of atherosclerotic plaques among male athletes and sedentary
male controls. 99 coronary plagues were isolated from male athletes and 26 coronary
plaques were isolated from male controls. Male athletes demonstrate a predominance of
calcified plaque morphology. C, Comparison of CAC score across three exercise-volume
groups. Data was obtained from CT coronary angiography scans. Significantly higher CAC
scores were observed among the highest exercise-volume group (>2000 MET-min/week).
D, Comparison of the prevalence of atherosclerotic plaques among three exercise-volume
groups. Increased prevalence of atherosclerotic plaques were observed among the highest
exercise-volume group (>2000 MET-min/week). Reprinted with permission from References
[3] and [5].
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Non-laminar
blood flow

Prolonged alteration of hemodynamic
stresses of coronary blood flow
during vigorous physical activity

may lead to endothelial cell dysfunction
and promote atherosclerosis in
some individuals.

PTH

Transient increases in PTH levels
with exercise may alter the amount
and morphology of vascular calcium
deposits.

Cytokines

Immune cells

Oxidized LDL

Strenuous exercise increases mitochondrial
energy production, generating increased
reactive oxygen species (ROS), which
oxidatively modify lipoproteins, making
them procalcific in vascular tissue.

Strenuous exercise can induce the
release of inflammatory cytokines,
which are known to promote vascular

calcification.

E Testosterone

The role of testosterone in vascular

calcification is unclear, having both

pro- and anti-calcific effects in vitro
through the androgen receptor.

Figure 2. Potential mechanisms linking endurance exerciseto coronary artery calcification.
While there are no definitive mechanisms identified for the association of high-volumes

of endurance exercise with coronary artery calcification in older male athletes, potential
mechanisms include: (A) alterations in coronary hemodynamics, (B) transient increases in
circulating parathyroid hormone (PTH) levels, (C) increased generation of reactive oxygen
species (ROS) leading to oxidative modification of low-density lipoprotein (LDL), (D)
inflammatory cytokine release, and (E) testosterone effects.
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Figure 3. Imaging of aortic calcium deposition in treadmill and control mice.
A-B.Histochemical analysis with Alizarin red staining through aortic root sections of

hyperlipidemic mice subjected to a progressive exercise regimen demonstrates the effect

of exercise on plaque morphology. A, Arrows indicate the small “spotty” calcium deposition
observed in the control group. B, The singular arrow indicates a much larger, coalesced
calcified plague in the exercise mice. C, Measurement of the mineral surface area index
revealed a lower total mineral surface area index in the exercised mice. D, In vivo microCT
and 18F-NaF microPET images of the control (sedentary) and treadmill (exercised) mice
revealed a decrease in tracer uptake in the treadmill group post-intervention, suggesting that
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exercise resulted in a reduced surface area of aortic calcification lesions. Reprinted with
permission from Reference [29].
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