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ABSTRACT 

 

 

 

CARDIOVASCULAR DISEASE RISK IN MIDDLE-AGED ULTRA-ENDURANCE  

 

ATHLETES 

 

 

 

Background: It is widely accepted that aerobic exercise has the ability to reduce 

cardiovascular disease (CVD) risk. However, recent studies suggest that volumes of exercise that 

greatly exceed physical activity guidelines may be damaging to the heart. Currently, it is unclear 

if individuals who train for ultra-endurance races are at an elevated risk of developing CVD 

compared to those that perform lower amounts of physical activity. Purpose: To use traditional 

and novel measures of CVD risk to determine if individuals that train for ultra-endurance races 

have a greater CVD risk compared to participants that engage in recreational physical activity. 

Methods: We studied two groups of healthy, middle-aged adults (40-65 y); Control (CON, n=18) 

subjects included individuals who were meeting current physical activity guidelines and the 

athletes (ATH, n=25) had been training for ultra-endurance events for 10 years. We used cardiac 

computed tomography (CT) to calculate coronary artery calcium scores (CACS) and magnetic 

resonance imaging (MRI) to assess for myocardial fibrosis (MF). Vascular function was 

evaluated using carotid-femoral pulse wave velocity (cfPWA) and flow-mediated dilation 

(FMD). 10-Year coronary heart disease (CHD) risk was also determined using a risk score 

calculator. Results: CACS > 0 was observed in 2 CON and 8 ATH; however, the presence of 

CAC was not significantly different between groups (P>0.05). Additionally, no participants in 

CON or ATH had MF. CON had higher cfPWV compared to ATH (6.9±0.2 vs 6.2±0.2 m/s, 

P<0.05), while no differences in FMD were observed (CON; 5.6±1.2 vs ATH; 3.6±0.8 %, 
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P>0.05). Furthermore, there were no group differences in CHD risk (CON; 1.6±0.3 vs ATH; 

2.4±0.6 %, P>0.05). Conclusion: ATH training for ultra-endurance races are not at a greater risk 

of experiencing a cardiac event than individuals that meeting current physical activity guidelines. 
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1.     LITERATURE REVIEW 

 

 

 

1.1     Introduction  

Cardiovascular disease (CVD) is the leading cause of death in the United States (70).  

CVD encompasses a variety of diseases that affect the heart and vasculature, including coronary 

artery disease (CAD), rhythmic disorders, and heart failure, all of which can develop over the 

lifespan.  While there are numerous modifiable risk factors for developing CVD, aging is the 

primary risk factor (50).  One explanation for aging influencing the development and progression 

of CVD is the structural and functional changes that take place within the cardiovascular system 

with age.  An approach that appears to be successful in attenuating some of the age-related 

changes associated with cardiovascular pathology is participation in regular aerobic exercise 

(89).  However, recent reports in humans (1, 30, 58) and rodent models (8, 91) suggest chronic 

participation in higher volumes (> 10 years of marathon or triathlon training) of aerobic exercise 

may contribute to cardiac pathogenesis despite the known cardio-protective effect of regular 

aerobic exercise to offset detrimental age-related cardiovascular risk. 

Regular physical activity (PA) is known to promote cardiovascular health by reducing 

risk factors that contribute to CVD (71).  PA guidelines recommend at least 150 minutes of 

moderate exercise or 75 minutes of vigorous exercise each week (98).  PA can also be quantified 

by using metabolic equivalents (METs), where a MET value is assigned to each activity based on 

the energy demands of the activity (2).  Individuals who engage in approximately 10 MET-h/wk. 

(MET values from each activity x duration = MET-h/wk.) of physical activity week meet the 

aforementioned physical activity guidelines (28).  By contrast, highly-active exercisers may 

complete more than 75 MET-h of aerobic training per week (5).  Surprisingly, recent large-scale 
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epidemiological studies have reported that individuals who performed the uppermost volumes of 

exercise or higher intensity exercise have an elevated mortality risk compared to participants 

with low or moderate activity levels (93, 121).  Moreover, studies examining cardiac function 

immediately following long endurance events (three to eleven hours in duration) (30) and those 

examining coronary artery health (coronary artery calcium) and cardiac scarring (fibrosis) in 

healthy long-term marathon runners and cyclists (1, 58, 63, 84, 85) indicate high volumes of 

aerobic exercise can impair function acutely and may lead to pathologic morphology overtime in 

older exercisers.  To date, numerous studies have investigated the role of aerobic exercise on 

vascular function (33), but little is known about the vascular health of the middle-aged and older 

athletes that demonstrate this potential cardiac maladaptation to training.  

The purpose of this review is to briefly examine and summarize the current literature on 

aging and chronic exercise training on vascular structure and function in middle-aged and older 

adults as well as the interaction between exercise and the vascular system in these individuals.  

Additionally, the paradoxical incidence of cardiovascular pathology in highly-trained, older 

endurance athletes will be described to demonstrate the equivocal relationship between 

uppermost volumes of aerobic training and CV risk. 

1.2     Arterial Structure and Function: the Influence of Aging 

 Modifications in vascular architecture are central to vascular aging.  One such 

change is the increase in wall thickness of in the common carotid artery (CCA), which is often 

quantified via ultrasound by measuring the carotid intima-media thickness (CIMT) (44).  This 

morphology appears to be due in part to expansion of the extracellular matrix resulting from 

excess collagen deposition and smooth muscle hypertrophy in the medial layer of the arterial 

wall (119).  Simultaneously, elastin tends to break down or fragment and collagen may become 
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cross-linked.  The combined changes in collagen and elastin distribution in the vessel wall alter 

the ratio of these proteins, ultimately contributing to diminished arterial compliance.  

Importantly, arterial compliance in the abdominal aorta can be estimated non-invasively using a 

technique known as carotid-femoral pulse-wave velocity (cfPWV).  By simultaneously 

measuring the pulse at the common carotid and femoral arteries, the speed at which the pulse 

wave travels down the aorta can be approximated, with a greater velocity being indicative of less 

compliant vessel.  Elevations in cfPWV are apparent in aged individuals independent of disease 

(114). 

The changes in vascular structure mentioned above are often thought of as predominant 

factors that contribute to a decline in arterial compliance.  Additionally, alterations in vascular 

tone may also contribute to the diminished in vascular compliance that accompanies aging.  

During the aging process, concentrations of circulating vasoconstrictors increase and 

vasodilators decrease such that a greater basal level of vascular smooth muscle (VSM) 

contraction is maintained, which may contribute to producing a less compliant phenotype (40, 

113).  Supporting this notion, elevations in the potent vasoconstrictor endothelin-1 (ET-1) have 

been observed in aged humans (24).  At the same time, bioavailability of the anti-proliferative, 

anti-atherogenic, vasodilator nitric oxide (NO) falls.  One method of evaluating NO in humans is 

flow-mediated dilation (FMD).  This test utilizes Doppler ultrasound to observe a change in 

vessel diameter in large conduit arteries due to a hyperemic response initiated by dilation of 

downstream resistance vessels following a brief period of local limb ischemia (5 minutes) (109).  

The resultant hyperemia following ischemia produces shear stress on the endothelium of the 

vessel of interest (typically the brachial artery), which stimulates the production of nitric oxide 

and other dilator molecules.  While this test does not directly measure NO production, 
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pharmacological studies inhibiting NO generation (via LNMMA/L-NAME) have revealed that 

the dilation of the conduit vessel is predominantly reliant on NO (34).  Additionally, studies 

utilizing antioxidants have demonstrated an acute reversal of endothelial dysfunction (impaired 

FMD) in older volunteers that is concomitant with lower levels of oxidative stress (123).  These 

data suggest that diminished FMD in these aged individuals is partially due to reactive oxygen 

species scavenging of NO.  Further, experiments that investigate differences in vascular function 

often incorporate the use of “endothelium-independent” dilators, substances that are 

administered intra-arterially and act directly on the VSM, demonstrate preserved smooth muscle 

function in the presence of impaired FMD (10, 53, 72).  These studies reveal that the FMD 

technique specifically targets endothelial mediated vascular function/dysfunction.  Cross-

sectional studies have demonstrated that FMD values, expressed as a percent change in vessel 

diameter from baseline, are often lower in older compared to young adults (10, 11, 110). Taken 

together, inability to generate NO and/or the lack of bioavailability of NO within the vascular 

endothelium play a role in the decline in FMD that accompanies age.   

1.3     Arterial Structure and Function: The Impact of Exercise and Disease 

 Habitual aerobic exercise appears to have a positive influence on some aspects of 

vascular structure and function.  Indeed, structural differences are often observed in the 

vasculature of athletic populations when compared to their sedentary peers.  Both cross-sectional 

and interventional studies indicate endurance training produces larger conduit artery diameters 

and lower wall thickness values in vessels such as the brachial and femoral, and these 

adaptations appear to be based on activity type (i.e., activities involving upper or lower limbs) 

(22, 118).  Importantly, these changes are not known to offset disease development or 
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progression.  Alterations in conduit artery architecture are likely an effort to enhance blood 

supply to active muscle and normalize shear stress on the vascular endothelium (36).    

Surprisingly, similar decreases in wall thickness are not present in the common carotid 

artery (i.e., CIMT) in endurance trained middle-aged and older men and women compared to 

their sedentary peers (67, 104, 112).  Nonetheless, it is still important to delineate between 

normal CIMT measures and excessive wall thickening that accompany disease.  CIMT values 

that are above normative values for age and sex are associated increased CVD event incidence 

and CCA plaque development  (13, 44, 76, 92).  Taken together, elevations in CIMT in aged 

individuals represents structural changes in factors such as the increased collagen and VSM 

proliferation within the arterial wall.  Conversely, abnormal values may be reflective of 

subclinical atherosclerosis or other advanced cardiovascular pathogenesis.   

Unlike CIMT, CCA compliance, the ability of the vessel to distend to a pulse of blood 

and subsequently recoil, is influenced by physical activity and is enhanced in middle-aged and 

older habitually trained men and women compared to sedentary controls (65, 66, 103).  The lack 

of difference in wall thickness despite disparate measures of compliance between aerobically-

trained and sedentary older adults indicate the changes in the CCA wall that influence vascular 

function may not be not homogenous across individuals with different activity levels (i.e., more 

smooth muscle in athletes vs more collagen in sedentary individuals).  However, this potential 

divergence in carotid wall composition cannot be detected non-invasively (ultrasonography).  

Alternately, differences in CCA between regular exercisers and sedentary adults may be due to 

differences in resting vascular tone (99, 100).   

 Other assessments of vascular function of aging athletes in cross-sectional studies appear 

to parallel preservation of CCA compliance.  Measurements of cfPWV in older endurance-
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trained adults approaching the seventh decade are similar to values observed in young, healthy 

individuals nearly 40 years younger (114).  Additionally, it appears that maintaining an active 

lifestyle can offset the age-related rise in cfPWV in both men and women (29, 97, 102).  This 

relationship between aerobic fitness and cfPWV demonstrates how regular exercise can preserve 

vascular elasticity, thus diminishing the aortic pulse wave.  However, there is currently sparse 

evidence that cfPWV can be lowered using exercise interventions in older adults (78).  This 

indicates that aerobic exercise may be able to prevent but not reverse age-related aortic 

stiffening.  Nonetheless, much higher than average cfPWV values are often found in adults with 

cardiovascular risk factors such as hypertension, dyslipidemia, and diabetes (51).  Furthermore, 

multiple population-based studies have demonstrated that elevated cfPWV values are associated 

with an increased risk of cardiovascular mortality, coronary heart disease, and stroke (7, 60, 

101).  Due in part to the heterogeneous nature of the elastic properties of the arterial tree, it is 

unclear whether increased vascular stiffness represented by faster cfPWV values precede or are 

the result of the progression of CVD.  Regardless, these measurements of aortic stiffness appear 

to be related to the pathogenesis of CVD and are related to CVD risk, which may be offset by 

long-term participation in regular aerobic exercise. 

FMD is another measure of vascular health that can be improved with aerobic training.  

Due to its capacity for improvement, this assessment is often used as an end-point measure of 

exercise intervention studies that seek to rescue diminished vascular function in older 

participants.  Cross-sectional data reveal that chronically endurance trained older participants 

often have superior FMD values compared to their sedentary peers, while exercise training of 

sedentary older participants results in enhanced FMD (10, 11, 80).  It is important to note that the 

improvements in endothelial function determined by FMD may be sex specific in older adults, 
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with little to no benefit observed amongst trained post-menopausal women (69, 80, 90).   

Nonetheless, lower FMD values that are thought to reflect dysfunctional or diseased vascular 

endothelium are also observed in patient populations including peripheral artery disease and 

coronary artery disease (CAD) (53, 72).  Moreover, low FMD values can be predictive of CVD 

events in patient and non-patient populations (15, 95, 124, 125).  The prevalence of low FMD in 

individuals with chronic disease and the elevated risk of experiencing a CVD event indicates that 

changes to brachial artery function may reflect pathogenesis within the coronary vasculature or 

other locations along the vascular tree.  To support this notion, impaired FMD values have been 

observed in CAD patients admitted to the hospital for catheterization (4).  In these patients, 

reduced vasodilatory responses to pharmacological stimulation of the coronary arteries have 

been associated with diminished FMD values.  The growing body of evidence supports that 

FMD is positively related to exercise training and is a useful tool in evaluating underlying CV 

event risk (37). 

1.4     “Extreme” Levels of Endurance Training: An Emerging CV Risk Factor? 

The ability of aerobic exercise to mitigate or reverse age and disease-related changes in 

vascular function reveals how exercise may enhance health beyond the benefit associated with 

modifying traditional CV risk factors (33).  Furthermore, the improvements in vascular function 

that result from or are concomitant with exercise training help explain why changes in some 

measures of vascular function are related to CV event risk reduction (37).  While experimental 

studies typically use moderate amounts of exercise (30-60 min/day, 3-6 days/wk) to examine the 

direct impact of exercise on vascular function (10, 103, 104, 112), some ultra-endurance athletes, 

individuals training for competitions greater than six hours in duration, perform seven to twelve 

hours of aerobic training each week (48).  In the context of PA recommendations for health, 
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these individuals may be performing five to ten times more exercise than what is deemed 

necessary to prevent disease (5).  Generally, a dose-dependent response for exercise and 

mortality risk is observed where higher levels of volume are associated with the greatest 

reduction in risk (105).  However, recent data suggests that there may be lack of risk reduction or 

increased risk associated with the highest volumes of aerobic training such as those that 

accompany ultra-endurance training (5, 30, 58).  Additionally, epidemiological studies that have 

stratified large groups of participants by activity level have observed an elevation in mortality 

risk associated with higher exercise volumes and intensities when compared to more moderate 

levels of activity.  For instance, Williams et al. (2014) found that self-identified heart attack 

survivors who engaged in > 50 MET-h/wk of running or walking had a more than two and a half 

times higher mortality risk compared to those survivors that completed a lower amount of 

aerobic exercise (38-50 MET-h/wk.).  In a different study, Schnohr et al. found that risk of 

mortality was comparable for individuals in the strenuous running group (running speed of 

~ seven mph) and sedentary non-running, while risk was lower for light and moderate intensity 

runners (running of speed of ~ five mph) compared to sedentary subjects or those who jogged 

strenuously (93). While existing pathology within the participants in Williams et al.’s (2014) 

study may have contributed to mortality risk, taken together, these studies suggest that the 

combination high-volume and high-intensity aerobic activity may diminish the cardio-protective 

effect that accompanies endurance exercise. 

 Numerous questions remain about the nature of the relationship between the highest 

volumes of aerobic training and cardiovascular risk.  Multiple studies have demonstrated that 

high-intensity aerobic exercise can lead to an acute and transient heightened risk of experiencing 

a cardiac event (3, 61).  These data reveal that vigorous effort activities temporarily raise risk 
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during and immediately following an exercise bout.  However, this short-term risk appears to 

also be associated with baseline fitness levels, and habitual exercisers still experience an overall 

reduction in risk from exercise participation compared to less fit individuals.  It has been 

suggested that this brief period of amplified risk may be related to plaque rupture leading to 

myocardial ischemia or results from the rise in sympathetic activity that accompanies exercise 

triggering fatal arrhythmias.  Alternatively, recent investigations have begun to examine whether 

long-term training leads to irreversible structural changes in the coronary vasculature and 

myocardium that may contribute to an elevated risk of a future CV events (1, 58, 63, 84, 85).  

One area of interest is the incidence of coronary artery calcium (CAC) in otherwise healthy, 

asymptomatic exercisers.  Typically, CAC accompanies atherosclerosis and intimal CAC results 

from the calcification of coronary artery plaque, with the total amount of CAC correlating with 

overall plaque volume (56).  These pathological changes contribute to arterial hardening and 

stenosis, which elevates the risk of experiencing a cardiac event.  Therefore, it is expected that 

CAC should be low in habitually-trained aerobic athletes due to the positive effect that 

endurance training has on risk factors for coronary plaque development.  Surprisingly, greater 

amounts of CAC have been observed in middle-aged aerobically-trained males and have been 

associated with increasing exercise volume and intensity (1), which would normally be expected 

to contribute to greater risk reduction (105).  However, some older athletes that have calcium 

deposition also have more risk factors for coronary disease (84) and appear to have a similar 

levels of calcification as controls when matched for risk factors (63).  Additionally, only few 

studies (58, 85) have included endurance-trained females, who appear to a similar amounts of 

CAC compared active or sedentary controls.   Currently, it is unclear if the exercise participation 
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is independently contributing to CAC development exclusively in men or if the presence of CAC 

in older athletes can be attributed to CAD risk factors.   

 Another marker indicative of cardiac pathology that has been observed in endurance 

athletes is myocardial fibrosis (MF).  MF occurs when the myocardium is damaged as the result 

of ischemia or infection (23).  In order to maintain cardiac structure, the damaged 

cardiomyocytes are replaced by collagen.  However, ischemia and infection are not the only 

stimuli that can result in MF.  When the heart is presented with a chronic pressure overload, such 

as the increase in afterload that the right ventricle faces during pulmonary hypertension, reactive 

interstitial fibrosis can lead to deposition of collagen within the atrial or ventricular extracellular 

matrix (87).  Along these lines, some investigators believe that long-duration, high-intensity 

aerobic training may produce similar pressure challenges to the hearts of highly-trained 

endurance athletes, leading to fibrosis.  Fibrosis can be detected by cardiac magnetic resonance 

imaging (MRI) and is clinically valuable because it is predictive of ventricular arrhythmias.  This 

prognostic value has generated interest in using cardiac MRI for studies investigating potential 

maladaptation to endurance training.  Mohlenkamp and colleagues (2008) examined the 

incidence of MF in middle-aged male marathon runners and found 12% of these athletes to have 

fibrosis.  Similarly, Merghani et al. (2017) found 14% of male participants (runners and cyclists) 

to have MF in a study of middle-aged male and female athletes.  Importantly, none of the control 

subjects in this study displayed evidence of MF.  Although these studies found similar 

percentages of MF, only Mohlenkamp et al. found fibrosis to be correlated with number of 

marathons run (63) while the study from Merghani et al. did not find a relationship between MF 

and exercise intensity, years of training, or number of competitions completed (58).  

Nonetheless, preclinical models of maladaptation to endurance training have demonstrated a 
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graded response of fibrosis between sedentary, moderate exercise (45 min. at ~60 % VO2 max , 5 

days/wk), and high-load exercise (1 hr. at ~85 % VO2 max 5 days/wk) (91) resulting from long-

term running.  Differences in fibrotic patterns among athletes in human studies suggests that at 

least some MF may be explained by previous cardiac injury (i.e., ischemia, infection) rather than 

the consequence of training and competition (58, 63).  However, the preclinical data combined 

with the inability of prior myocardial damage to explain all MF observed in older athletes are 

compelling evidence suggesting that some MF may be the consequence of endurance training.  

1.5     Statement of the Problem 

A large body of evidence demonstrates the positive benefits of regular aerobic exercise.  

However, recent evidence suggests that volumes of endurance training that greatly exceed 

physical activity recommendations for general health may lead to adverse cardiac morphology 

overtime.  Currently, it is unclear if these changes in cardiac structure affect the risk of having a 

future cardiac event in chronically-trained middle-aged adults, and if men and women are 

affected similarly.  Additionally, little is known how other divisions of the cardiovascular system 

such as the central elastic arteries (aorta, carotid) and peripheral conduit vessels (brachial) are 

impacted in individuals that demonstrate maladaptive responses to habitual endurance training. 

1.6     Hypothesis 

The purpose of this study was to test the hypothesis that middle-aged older adults training 

for ultra-endurance events have more CAC than controls and this difference would be exclusive 

to men.  Furthermore, we hypothesized that athletes would exhibit a greater amount of fibrosis 

which would also accompany impaired measures of vascular function compared to controls. 
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2.     INTRODUCTION 

 

 

 

Cardiovascular disease (CVD) is a leading cause of death and disability in the United 

States.  Importantly, regular physical activity (PA) is an effective means to modify CVD risk 

factors (e.g., circulating lipids, blood pressure, obesity, etc.), thus reducing CVD risk (32, 47).  

Furthermore, aerobic exercise appears to confer health benefits beyond those of reducing risk 

factors alone, leading to the notion of the “risk factor gap” (6, 46, 73).  For instance, alteration of 

risk factors by exercise only accounts for up to 60% of risk of CVD (46), indicating that other 

causes beyond these established variables contribute to CVD pathogenesis. 

Vascular adaptations to exercise training may help account for the benefit of PA not 

explained by risk factor reduction.  Specifically, measures of central and peripheral vascular 

function such as carotid-femoral pulse wave velocity (cfPWV) and flow-mediated dilation 

(FMD), respectively, are related to disease risk (7, 37, 60, 80, 101, 114, 124, 125) and respond to 

exercise interventions (9, 25, 80, 82), making them potential candidates to explain the risk factor 

gap.  Benefits from regular physical activity are gained in a dose-dependent fashion (6, 105), and 

higher volumes of exercise (e.g., endurance training vs recreational physical activity) may be 

required to observe a greater risk reduction associated with vascular adaptations to exercise. 

Paradoxically, some recent data suggests that a rise in CVD risk due to pathologic cardiac 

structure may be associated with increasing levels of physical activity (5, 93, 121, 126). 

Observational studies in humans have demonstrated the presence of coronary calcium in 

endurance-trained middle-aged adults (1, 58, 63, 84, 85).  Coronary artery calcium (CAC) 

correlates with total plaque burden (88) and is associated with elevated risk of development of 

CVD or experiencing a cardiac event (20, 57, 81).  While population-based studies report an 
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inverse relationship between cardiorespiratory fitness and CAC in younger adults (52),  

increasing CAC has been correlated with exercise volume and intensity (1) and more years of 

training (58, 84) in middle-aged adults.  However, some athletes have similar amounts of 

calcification as control participants when matched for cardiac risk factors (63), leaving questions 

about the nature of the relationship between CAC and exercise.  Additionally, conflicting reports 

of lower (85) or similar (58) amounts of CAC in female masters athletes compared to control 

participants demonstrates potential sex differences in the pathogenesis of coronary calcification 

in trained adults. 

CAC has also been associated with the presence of myocardial fibrosis in masters athletes 

(63).  MF often occurs in response to ischemic injury or infection, resulting in collagen 

deposition within the myocardium (23).  Clinically, assessment of MF is valuable due to its 

ability to be predictive of future cardiac events in some patient populations (49, 59, 75).  The 

current literature on MF indicates middle-aged male runners and cyclists (58, 94) may 

demonstrate greater amounts of fibrosis than controls, but this relationship is has been under 

studied and less clear in women.  Interestingly, rodent models of overtraining support a cause 

and effect relationship between exercise volume and intensity with alterations in cardiac 

function, arrhythmogenesis, and MF (8, 91).  Nonetheless, divergent patterns of MF in humans 

indicate that some of these cases may not be exercise related (58, 94). 

In summary, the possibility that endurance training in masters athletes exerts a detrimental 

impact on cardiac health is a dramatic departure from the well-documented positive influence of 

regular physical activity  on vascular function measured by cfPWV (102, 114) and FMD (11, 74, 

80, 86), although some of these adaptations may be limited to men when studying middle-aged 

adults (69, 80, 90).  Therefore, the purpose of this study was to assess cardiac structure by 
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measuring CAC and myocardial fibrosis in middle-aged long-term (≥10 years) ultra-endurance 

athletes and healthy, active controls to determine the role of exercise in elevated cardiac risk.  

Using traditional measures of cardiac risk along with imaging data, we were then able to 

calculate 10-year cardiac event risk.  We also evaluated vascular function using brachial artery 

FMD, cfPWV, and carotid compliance to establish whether maladaptive cardiac morphology 

coincided with impaired vascular function.  Additionally, we wanted to examine potential sex 

differences in cardiac structure and vascular function related to training status.  We hypothesized 

that athletes would have more CAC than controls and this difference would be exclusive to men.  

Furthermore, we hypothesized that athletes would exhibit a greater amount of fibrosis which 

would also accompany impaired measures of vascular function compared to controls. 
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3.     METHODS 

 

 

 

3.1     Subjects 

 Healthy volunteers between the ages of 40-65 were recruited.  Participants were 

grouped into two categories: athletes (ATH) and control (CON).  Individuals in the ATH group 

had a minimum of 10 years of competitive or recreational cycling, running, swimming, or 

triathlon aerobic training.  Most participants competed annually in endurance events such as 

long-distance cycling races, ultramarathons, and Ironman triathlons.  ATH with a prolonged 

period of inactivity (>3 months per year) were excluded.  Subjects included in the CON group 

performed regular mixed exercise including weights, jogging, walking, and recreational sports.  

Participants were recruited using flyers sent to local cycling, running, and triathlon groups as 

well as community centers and local businesses. 

All subjects were free of overt cardiovascular, metabolic, and other chronic diseases.  

Exclusion criteria included current or previous treatment for hypertension (defined as systolic 

>140mmHg or diastolic >90mmHg), dyslipidemia, diabetes mellitus (type I or II), cancer, or 

renal disease.  Participants with a history of regular cigarette smoking were also excluded.   

Exercise Volume.  For the ATH, average weekly exercise volume by activity, years of 

training, and competitions completed were determined using questionnaires.  Exercise volume 

was quantified by assigning metabolic equivalent (MET) values to each reported training activity 

(1, 2).  Physical activity for CON participants was based on the International Physical Activity 

Questionnaire (IPAQ), a survey validated to use for the assessment of PA across a variety of 

populations (19).  MET values of each activity for each participant were then multiplied by the 

number of hours spent performing that respective activity (98).  Total weekly MET-h was 
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calculated for each participant (Table 1).  Inclusion criteria for PA in the ATH group was ≥ 100 

MET-h per week.  Control participants were required to complete a volume of weekly exercise 

equivalent to the minimum of 10 MET-h (150 minutes of moderate exercise), based on current 

PA guidelines (98).    

3.2     General Health Assessment, Exercise Testing, and Body Composition 

 Participants visited the Human Performance Clinical Research Laboratory at 

Colorado State University on two occasions.  One visit included a graded exercise test (GXT) 

and the other visit consisted of assessments to evaluate vascular structure and function. 

Health History Questionnaire.  Screening for chronic disease and cardiac risk factors 

were determined by use of a health history survey. 

Electrocardiogram. Cardiac rhythm and heart rate were monitored at rest and during each 

stage of exercise testing using a 12-lead electrocardiogram (ECG; Mortara Instrument, Inc.; 

Milwaukee, WI, USA).  The highest observed heart rate during exercise testing was reported as 

‘Peak Heart Rate.’  

Physician Assessment.  A physical examination and resting ECG, heart rate, blood 

pressure were assessed by a licensed cardiologist prior to exercise testing.  All exercise ECG 

tracings were evaluated for cardiac arrhythmias and signs of ischemia by the physician following 

the aerobic capacity test.   

Aerobic Capacity.  VO2 Peak was determined during a GXT using a cycle ergometer 

(Lode B.V.; Groningen, NL).  Participants completed a staged incremental exercise protocol that 

increased the work-rate by 25 watts every two minutes until volitional fatigue was reached.  

Power output achieved during the final stage of exercise was reported as ‘Peak Watts.’  Breath-

by-breath oxygen consumption and carbon dioxide production were determined by a metabolic 
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cart (Parvo Medics; Sandy, UT, USA).  The highest achieved VO2 value was reported as ‘VO2 

Peak.’  Blood pressure was manually measured using sphygmomanometer before, during each 

stage, and following the GXT to verify normal blood pressure responses to exercise and 

recovery. 

Body Composition. Bone mineral density, lean mass, and percent body fat were 

determined using dual-energy X-ray absorptiometry (DXA; Hologic, Inc; Bedford, MA, USA).  

Body mass index (BMI) was calculated as body mass (kg) divided by height (meters) squared. 

3.3     Cardiac Imaging 

 Cardiac imaging procedures were completed during one to two visits at UC Health Heart 

and Vascular Center at Medical Center of the Rockies, a multidisciplinary healthcare facility.  

 Echocardiography.  Resting cardiac morphology was measured via echocardiography 

(EPIQ 7, Koninklijke Philips N.V., Amsterdam, NL) by a certified cardiac ultrasonographer.  

Images were collected during a single-breath hold over two to three cardiac cycles.  Three-

dimensional imaging was used to obtain accurate chamber volumes for the left ventricle (LV) 

and left atria (LA).  2-D imaging was used for length and volume for determination of additional 

two and four chamber measurements and LV area.  Volumetric analysis was performed on 

DICOM images stored on IntelliSpace Cardiovascular workstation (EPIQ 7) using area and 

length measurements of the LV and LA and right atria.  The Teichholz formula was then used to 

calculate ejection fraction (106) based on the volumetric data acquired.  LV mass quantification 

and strain assessment were also determined using 2-D imaging.  Doppler measurements were 

performed to evaluate systolic and diastolic function, as well as for assessment for wall motion 

abnormities and valve disease.  All testing was completing in accordance with current 

professional guidelines (107).   
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Cardiac Computed Tomography (CT).  Cardiac CT was used to generate coronary artery 

calcium scores (CACS) in a similar manner as described by others (1, 58, 63).  Briefly, 

noncontrast-enhanced ECG-gated CT scans (Brilliance 64-Slice, Koninklijke Philips N.V., 

Amsterdam, NL) were completed using an average radiation dose of 0.9-1.4 mSv.  Scans were 

conducted from the cranial to caudal direction using the following parameters: slice acquisition 

40 x 0.26 mm, gantry rotation time of 500 ms, and a field of view of 22 cm.  Images were 

collected during a single-breath hold and then saved off-line for CACS analysis.  Calculation of 

CACS was performed by a licensed cardiologist blinded to the participant’s exercise levels.  

CAC was detected according to density using Hounsfield units (HU).  Individual calcified 

segments over the attenuation threshold of 130 Hounsfield units (HU) were identified.  The 

Agaston Method was then used to determine CACS by multiplying the total area of each 

calcified region by 1, 2, 3, or 4, depending on the signal intensity.  Multiplier values were 

assigned based on HU values, with 1 representing 130-199, 2 for 200-299, 3 for 300-399, and 4 

> 400 HU (12).  A composite score was then calculated using the individual scores of each 

calcified vessel.  Each participant’s CACS percentile was determined based on age and sex.  

Total CACS and individual lesion location were reported.   

Cardiac Magnetic Resonance Imaging (MRI). Cardiac MRI scans were conducted to 

assess presence of myocardial fibrosis (MF).  A standard assessment of chamber size, thickness, 

and contractility was performed (Achieva 1.5T, Koninklijke Philips N.V., Amsterdam, NL) with 

a multiplanar single-shot and cine imaging viability sequences.  An intravenous infusion of 0.1 

mmol/kg of MultiHance gadobenate dimeglumine (gadolinium) contrast was administered prior 

to imaging for fibrosis.  Images for evaluation of MF were collected 9 min after contrast 

injection and 260-320 ms inversion times were used to attenuate the signal from normal 
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myocardium.   Following gadolinium-enhanced imagining, a licensed radiologist blinded to the 

participant’s training history analyzed the RV, RV outflow track, and LV for MF (Intellispace 

Portal, Koninklijke Philips N.V., Amsterdam, NL).   

3.4     Vascular Function and Structure Assessments 

Participants arrived to the laboratory at 7:00 am following a 12-h fast.  Subjects were 

instructed to refrain from all exercise 24 hours before the study visit and strenuous exercise 48 

hours before the study visit, avoidance of vitamins for 72 hours, as well as abstaining from use of 

all vasoactive medications.  All premenopausal women were tested during the first phase of the 

uterine cycle.  Some measures were not collected in all participants due to technical difficulties. 

All vascular testing was performed in a dimly-lit, thermoneutral room (~20.0°C).  

Brachial blood pressures were measured in both the seated and supine position after ≥ 5 min of 

resting quietly.  The arm was supported at heart level for all seated pressure measurements.  

Brachial pressure, calculated central (aortic pressures) and augmentation index (AIx %) were 

recorded using an automated cuff system (AtCor Medical, Inc.; Itasca, IL,USA).   

Pulse Wave Velocity. After ≥ 20 minutes of rest in the supine position, carotid-femoral 

pulse-wave velocity (cfPWV), a measure of aortic stiffness, was assessed using a pencil-like 

tonometer probe and automated pressure cuff (AtCor Medical, Inc.; Itasca, IL,USA).  Briefly, the 

investigator palpated for the left carotid pulse and femoral pulse.  The location of the strongest 

carotid pulse was marked and a distance measurement was made from the mark to the 

suprasternal notch.  Large calipers were used to measure the direct distance from the suprasternal 

notch to the pressure cuff wrapped around the proximal left thigh. Then, the distance from the 

leg cuff to the location at which the femoral pulse was detected was measured.  Next, the carotid 

pulse wave form was detected at the marked location using the tonometer probe while the 
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femoral pulse was simultaneously monitored by the leg cuff.  The elapsed time from the initial 

upstroke of the carotid pulse to the appearance of the femoral pulse was recorded.  The distance 

measurements and the time between the pulse waves were used to calculate cfPWV using the 

subtraction approach to the foot-to-foot method.   

Carotid Intima-Media Thickness and Compliance.  Following cfPWV measurements, a 

longitudinal view of common carotid artery was continuously imaged proximal to the carotid 

bulb using an ultrasound linear array transducer 12 Hz probe (GE Healthcare; Wauwatosa, WI, 

USA).  Simultaneously, the participant’s cardiac cycle was monitored using a 3-lead ECG routed 

through the ultrasound machine.  B-mode images were saved for offline analysis.  Carotid 

intima-media thickness (CIMT) was defined as the distance between luminal edge of the 

vascular endothelium and the medial-adventitial border.  Measurements were made on the far 

wall of the left common carotid artery using automated software designed to detect changes 

pixel-intensity (17) .  Images chosen for analysis were taken during end-diastole between the P 

and Q waves in accordance with manufacturer recommendations. 

B-mode images of the common carotid artery for carotid compliance were recorded 

offline (Medical Imaging Applications, LLC; Coralville, Iowa, USA) at 20 Hz.  Cardiac cycle 

monitored by 3-lead ECG and central pressures determined by back calculation (AtCor Medical, 

Inc.; Itasca, IL, USA) were recorded during carotid imaging.   Vessel diameter was defined as 

the distance between the luminal edge of the near wall intima to the luminal edge far wall intima.  

Change in vessel diameter from maximal systolic to minimal diastolic diameter with a pulse 

blood was used to calculated carotid compliance (83).   

Vascular Compliance: ((∆D/DD)/∆P*2))*π*DD
2)) 

DD= Diastolic diameter ∆D= Systolic – Diastolic Diameter 
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Brachial Compliance.  Brachial compliance was measured in a similar fashion to carotid 

compliance.  A longitudinal view of the left brachial artery was visualized.  Cardiac cycle and 

brachial pressure on the contralateral arm were measured during imaging.  The measurements 

and calculations for carotid compliance described above were utilized during analysis. 

Flow-Mediated Dilation.  Vascular endothelial function was assessed using brachial 

artery flow-mediated dilation (FMD) based on established guidelines (109) .  Following ≥ 30 

min of rest in the supine position, a longitudinal view of the brachial artery was visualized.  Once 

a clear image was obtained, probe position was refined to simultaneously acquire mean blood 

velocity while imaging the vessel in duplex mode.  A rapidly-inflating cuff (D.E. Hokanson, Inc., 

WA, USA) was positioned immediately distal to the antecubital space to occlude forearm blood 

flow following baseline measurements.  Brachial artery diameter and mean blood velocity were 

measured at rest and following 5 min of forearm ischemia.  Brachial artery endothelial function 

was quantified as % ∆ in brachial artery diameter = Peak diameter – baseline diameter / baseline 

diameter * 100.  Brachial artery blood velocity was recorded and analyzed offline (DATAQ 

Instruments, OH, USA) and images were captured and then analyzed using automated edge-

detection software (Medical Imaging Applications, IA, USA).  Shear rate (SR) at rest and for 

each cardiac cycle after cuff deflation was calculated using the following formula SR= 

8*(velocity/diameter) (77).  Peak velocity following cuff deflation was reported as a measure of 

microvascular function.  SR area under the curve (AUC) was calculated from cuff release to peak 

diameter using the Riemann sum technique to qualify the stimulus for FMD.   

3.5     Venous Blood Samples 

Venous blood samples were collected following > 8-h fast.  Blood lipid panels were run 

to quantify total, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) cholesterol.  
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Lipoprotein a (Lpa), a subcomponent of LDL that is related to coronary heart disease (21), was 

also measured.  A high-sensitivity analysis was performed to quantify C-reactive protein.  

Additionally, sex hormones testosterone and estradiol were measured.  Thyroid function was 

evaluated based on circulating levels of thyroid-stimulating hormone (TSH).  Complete blood 

counts (CBC) were also conducted to assess for potential anemia, platelet disorders, and 

abnormal immune cell values.  All analyses were completed at UC Health Medical Laboratories 

(Medical Center of the Rockies Foundation, Loveland, CO and Poudre Valley Hospital, Fort 

Collins, CO) except for Lpa, which was determined by ARUP Laboratories (Salt Lake City, UT). 

3.6     10-Year Cardiac Disease Risk  

 Cardiac Risk Calculator. 10-year coronary heart disease (CHD) risk was determined 

using a publically-available calculator (https://www.mesanhlbi.org/MESACHDRisk/ 

MesaRiskScore/RiskScore.aspx, Supplemental Figure 2) developed from the Multi-Ethnic Study 

of Atherosclerosis (MESA) cohort (57).  This approach is valid for use in numerous racial/ethnic 

groups, and incorporates traditional risk factors as well as CACS obtained from cardiac CT 

imaging.  Risk was evaluated using a minimum age of 45 based on the algorithm developed from 

the MESA data set.  For participants age 40-44, 45 was used as the default age for risk 

calculations.   

3.7     Statistical Analysis  

All values are reported as means ± S.E.M.  Comparisons of group characteristics and 

cardiac and vascular function and structure measurements were performed using unpaired t-tests 

for normally distributed variables (GraphPad Prism 7, La Jolla, CA).  To assess for sex 

differences, a 2 x 2 analysis of variance (ANOVA) was used to determine sex by training status 

interactions.  When appropriate, a Bonferroni’s correction was applied for multiple comparisons.  
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When appropriate, CACS were compared between groups using categorical variables (CACS > 0 

= “Yes,” CACS < 0 = “No”).  A X2 Test was conducted to generate contingency tables with 

expected counts for the categorical analysis.  When expected counts were <5, a Fisher’s Exact 

Test was used.  Statistical significance was set a priori at p < 0.05.  
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4.     RESULTS 

 

 

 

Participant characteristics are listed in Table 1. There were no significant differences in 

age or blood pressure between groups.  As expected, ATH had lower % body fat, more weekly 

PA, greater aerobic fitness, and lower resting heart rate compared to CON.   

Table 1.  Participant characteristics. BMI, body mass index; MET-h, metabolic equivalent hours; HR, heart rate; 

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure.  Data are Avg ± 

SEM.  * P < 0.05 vs CON. 

 

 

 

 

 

 

 

 

 

 

4.1     Cardiac Morphology and Function 

 Comparisons of echocardiographic data revealed left ventricle (LV) mass tended to be 

higher in ATH than CON(171.1 ± 9.0 vs 137.4 ± 12.4 g, P = 0.06), while LV mass normalized to 

body surface area, and intraventricular septum (IVS) thickness were both significantly higher in 

ATH (Table 2).  LV end diastolic volume (EDV) was also increased in ATH versus CON.  

Conversely, there was no difference in systolic or diastolic function based on ejection fraction 

and E wave to A wave (E:A) ratio, respectively. 

Subject Characteristics CON ATH

n 18 (9M/9F) 25 (14M/11F)

Age, yrs. 49  ± 2 50 ± 1

BMI, kg/m
2

25.0  ± 0.9 21.6  ± 0.4*

Body Fat, % 31 ± 1.7 19  ± 1*

Physical Activity, h/wk 5.3 ± 0.5 11.5  ± 0.6*

Physical Activity, MET-h/wk 25 ± 3 123 ± 7*

Training history, yrs. --- 19  ± 2

VO2 Peak, L/min 2.63 ± 0.20 3.47 ± 0.17*

VO2 Peak, ml/kg/min 33.5 ± 1.6 53.0 ± 1.6*

Resting HR, bpm 53 ± 2 46 ± 1*

SBP, mmHg 120 ± 2 122 ± 2

DBP, mmHg 75 ± 2 75 ± 1

MAP, mmHg 90 ± 2 91 ± 1
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Table 2. Cardiac structure and function determined by echocardiography (CON 5M/6 F, ATH 14M/10F).  LV, left 

ventricle; IVS, intraventricular septum; EDV, end-diastolic volume; ESV, end-systolic volume; BP, biplane; RVDd, 

right ventricle diastolic diameter.  * P < 0.05 vs CON. 

 

 

 

 

 

 

 

 

 

 

 

 

CACS generated from cardiac CT scans were available for 24 ATH (14M/10F) and 13 

CON (6M/7F).  Although 8 ATH (7M/1F) and 2 CON (2M) had CACS > 0, the presence of 

CAC was not different between groups (P > 0.05).  CACS observed in ATH ranged from 6-510 

while CACS in CON were 0.46 and 1.38.  Percentiles assigned to the CACS based on age and 

sex for ATH ranged from 43rd to 96th and in CON percentiles were 26th and 41st.  ATH had CAC 

in the left anterior descending (n=5), left circumflex (n=5), and right coronary arteries (n=3). In 

both CON with CACS > 0, the calcification was isolated to the right coronary artery.   

Analysis of contrast-enhanced cardiac MRI to identify MF was completed for 24 ATH 

(13M/11F) and 8 CON (3M/5F).  Neither ATH nor CON had any observable MF.  
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4.2     Vascular Function and Structure  

Assessment of regional aortic vascular function demonstrated lower cfPWV values in 

ATH than CON (Figure 1) and in females than males (Figure 2), but there was no sex by training 

interaction.  Similarly, local vascular function determined by carotid compliance revealed higher 

compliance in ATH compared to CON (Figure 3) and in female ATH than female CON (Figure 

4).  Additionally, there was no group difference in local compliance of the brachial artery (ATH; 

9.4 x 10-3 vs CON; 8.1 x 10-3 mm2/mmHg, P > 0.05).  AIx was also similar between groups 

(Figure 5), although further analysis demonstrated a difference between male and female CON 

(P < 0.01, Figure 6).  No differences were observed in vascular structure evaluated by CIMT 

(ATH; 0.64 ± 0.02 vs CON; 0.62 ± 0.03 mm, P > 0.05).   

Vascular Endothelial Function. At rest, there was no difference in brachial artery 

diameter (Table 3) or velocity (data not shown).  Following 5 min of forearm ischemia, peak 

diameter was achieved in a similar amount of time in both groups (Table 3), and there was no 

difference in absolute or percent change in diameter (Table 3, Figure 6).  However, percent 

change in FMD was greater in female than male CON (Supplemental Figure 1).  Additionally, 

microvascular function measured by peak velocity was not different between groups (Table 3).  

The shear stimulus quantified as SRAUC was similar between groups (Table 3), and FMD 

normalized to SRAUC was not different between ATH and CON (Table 3).   

 

Table 3.  Brachial artery FMD (CON 9M/9F, ATH 12M/10F). 
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Figure 1. Vascular function assessed by cfPWV (CON 9M/9F, ATH 14M/11F). * P < 0.05 vs CON. 

 

Figure 2. Vascular function assessed by cfPWV (CON 9M/9F, ATH 14M/11F).  
* P < 0.05 vs CON within sex, † P < 0.05 vs M within training group.   
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Figure 3. Vascular function assessed by carotid compliance (CON 9M/9F, ATH 12M/9F).  

* P < 0.05 vs CON. 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 
Figure 4. Vascular function assessed by carotid compliance (CON 9M/9F, ATH 12M/9F).  

* P < 0.05 vs CON within sex.  
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Figure 5. Vascular function assessed by AIx (CON 9M/9F, ATH 14M/11F). 
 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 
Figure 6. Vascular function assessed by AIx (CON 9M/9F, ATH 14M/11F).  

† P < 0.05 vs M within training group.   
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Figure 7.  Vascular endothelial function assessed by brachial artery FMD (CON 9M/9F, ATH 12M/10F).   

 

4.3     Venous Blood Samples 

Venous blood sampling showed no differences between groups in circulating hormone 

levels (TSH, testosterone, estradiol; Table 4).  Additionally, C-reactive protein, lipoprotein a as 

well as other lipoprotein measures (total, HDL, and LDL cholesterol) were similar between ATH 

and CON.  However, triglycerides were lower in ATH compared to CON (P < 0.01) and ATH 

tended to have improved cholesterol ratio (total cholesterol:HDL), but this did not achieve 

statistical significance (P = 0.07).   

 Further analysis was performed to examine potential differences between male ATH with 

CACS > 0 (n=6) and CON (n=3).  Similar to the full-group analysis, the subset of male ATH 

with CAC demonstrated lower circulating triglycerides (Supplemental Table 1, P < 0.05) 

compared to male CON.  Male ATH with CAC also had higher amounts of HDL and reduced 

LDL (Supplemental Table 1) compared male CON.  Furthermore, LDL:HDL and total 

cholesterol:HDL ratios were lower this subgroup of ATH than CON, indicating ATH had 

improved blood lipid profiles.   
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CBC testing showed similar values for RBC, Hb, Hct, and platelets between groups 

(Table 5).  Conversely, WBC (Table 5), mean corpuscle [Hb], and absolute neutrophil, 

monocyte, and eosinophil levels were different between groups (Supplemental Table 2).  

Nonetheless, all values were within the normal ranges.  Additional CBC parameters are listed in 

Supplemental Table 2. 

 
Table 4. Venous blood samples (CON 5M/7F, ATH 13M/10F).  * P < 0.05 vs CON. 

 

  

 

 

 

 

Table 5. Complete blood count (CBC) data from venous blood samples (CON 5M/7F, ATH 13M/10 F).  RBC, red 

blood cell; WBC, white blood cell; Hb, hemoglobin; Hct, hematocrit.  * P < 0.05 vs CON. 

 

 

 

 

 

 

 

 

4.4     Cardiac Risk 

10-year CHD risk was calculated using MESA Risk calculator for 22 ATH (12M/10F) and 

12 CON (5M/7F).  No group differences were detected in 10-year cardiac event risk (ATH; 2.4 ± 

0.6 vs CON; 1.6 ± 0.3 %, P > 0.05). 

Venous Blood Samples CON ATH

Avg ± SEM

Thyroid stimulating hormone, mIU/L 2.3 ± 0.5 2.3 ± 0.4

Testosterone, ng/dL 166 ± 59 226 ± 46

Estradiol, pg/mL 43 ± 10 43 ± 17

C-reative protein, mg/L 1.64 ± 0.54 1.49 ± 0.65

Lipoprotein a, mg/dL 28 ± 8 31 ± 11

Triglycerides, mg/dL 115 ± 12 72 ± 6*

Total cholesterol, mg/dL 210 ± 10 197 ± 6

HDL cholesterol, mg/dL 63 ± 6 75 ± 3

LDL cholesterol, md/dL 123 ± 11 107 ± 6

LDL : HDL ratio, AU 2.22 ± 0.30 1.51 ± 0.12*

Total Chol : HDL ratio, AU 3.63 ± 0.35 2.72 ± 0.14*

Complete Blood Count CON ATH

Avg ± SEM

RBC, 10
12

/L 4.92 ± 0.16 4.81 ± 0.09

WBC, 10
9
/L 6.0 ± 0.4 4.8 ± 0.2*

Hb, g/dL 14.7 ± 0.6 14.8 ± 0.2

Hct, % 43.7 ± 1.4 43.4 ± 0.7

Platelete Count, 10
9
/L 231 ± 9 223 ± 10
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5.     DISCUSSION 

 

 

 

To our knowledge, this is the first time both cardiac and vascular measures have been 

made in a single group of subjects to examine the influence of long-term (> 10 years) ultra-

endurance training on cardiovascular risk.  The primary findings in this study were 7 male ATH 

has CACS > 0 compared to 2 male CON, although these differences did not reach statistical 

significance.   Conversely, only 1 female ATH had a CACS > 0 and no female CON had any 

detectable CAC.  Surprisingly, no MF was observed in any participants, and measures of 

vascular function that are associated with CVD risk (FMD and cfPWV) were not impaired in the 

ATH group.  Furthermore, cfPWV was lower and carotid compliance was higher in the ATH 

group, indicating ATH had improved regional and local vascular compliance compared to CON.  

These data indicate that although some ATH have CAC, overall, the ATH do not have an 

elevated risk of developing CVD compared to adults that meet current physical activity 

guidelines.   

5.1     Coronary Artery Calcium  

CACS is related to 10-year CVD event risk and is considered a clinical marker of 

atherosclerosis (56, 57).  However, CAC can develop in both the arterial intima and media, and 

the location of the calcification cannot be determined by cardiac CT.  The inability to ascertain 

exactly where the calcium deposits reside makes it difficult to distinguish between 

atherosclerotic calcification and CAC not resulting from coronary plaque deposition.  In the 

current study, 7 male ATH and only 1 female ATH had CAC, while 2 males and no female CON 

had any detectable calcification.  Previous investigations (1, 14, 58, 63, 84, 85) have also 

reported elevated levels of CAC in masters athletes, and much of these studies have focused on 
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males (1, 14, 63, 84).  However, a recent larger study reported CACS in both middle-aged (~50 

y) trained  males and females (58).  Dissimilar to the current study, the authors did find CAC in 

multiple female athletes (n=10), but there was no difference in median or percentile calcium 

scores between women runners and cyclists compared to sedentary controls- suggesting that the 

trained females do not have a great likelihood of developing CAC compared to sedentary 

controls.  Additionally, Roberts et al. (2017) studied exclusively female marathon runners and 

found the runners had less CAC than controls.  Nonetheless, both groups in this study had some 

amounts of CAC and the control participants were obese and had a greater history of 

hypertension, dyslipidemia, smoking, and family history of coronary artery disease, calling in to 

question the appropriateness of using those individuals for comparison.  Surprisingly, blood lipid 

profiles (TG, HDL, LDL:HDL, Total Chol:HDL, Supplemental Table 1) in male ATH with 

CACS > 0 in our study were more favorable compared to male CON (p < 0.05).  Additionally, 

no participants in either group had a history of diabetes, hypertension, smoking, or other chronic 

disease.  We expected that increased CACS in ATH is related in part to these risk factors since 

other studies (1, 14, 63, 84, 85) have not excluded participants based on those characteristics.  

The one female participant with CAC did have family history of premature cardiac disease, but 

the potential interaction between endurance training and inheritance of coronary artery disease 

cannot be determined from this information. 

When examining CACS distribution amongst the general population, it does not appear 

that our small sample exhibits greater average CACS than those in the general population (37 vs 

121) who do not engage in heavy endurance training (43).  However, it is unclear when CAC 

first appears in ATH and little work has been done to see if CAC in ATH is related to increased 

incidence of cardiac events (63, 64).  Others have speculated that CAC in ATH may actually be 
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protective due to a stabilizing effect of calcification of soft plaque (12, 26).  However, calcified 

plaque that contains a lipid core may still have the potential for rupture compared to a more 

homogenous calcified lesion (20).  Improvements in calcium scoring approaches including 

measures of calcium density may be more valuable in this unique athletic population compared 

to using traditional scores for the general population (12).  Importantly, two ATH (1 male, 1 

female) had high total and percentile CACS (510, 96th percentile and 268, 86th percentile, 

respectively).  These scores appeared to be much greater than the other calcium scores observed 

(6-30) amongst male ATH and CON in this study.  Considering calcium scores do correlate with 

total plaque volume (88) and higher CACS are more indicative of plaque than lower scores (56), 

it is possible that the higher scores are more related to an atherosclerotic process while the lower 

amounts of calcium develop in a different manner that is primarily related to exercise.  It is 

important to note, there is not sufficient evidence at this point in time to support this claim and 

more work is needed to distinguish the potential different etiologies of CAC formation within 

endurance trained middle-aged adults.   

5.2     Myocardial Fibrosis  

The fact that no ATH participants exhibited MF creates doubt that fibrosis is in fact 

directly related to long-term ultra-endurance training.  It has been suggested that MF in ATH is 

related chronic pressure overloading, and elevated pulmonary artery pressures due to much 

greater sustained cardiac outputs (CO) achieved in endurance-trained individuals may lead to 

more fibrotic development within the right ventricle (RV) versus the left (41).  Furthermore, 

extrapolated pulmonary pressures resulting from high CO may reach pressures observed in 

pulmonary artery hypertension (PAH) patients (41, 87).  Not surprisingly, these PAH patients 

exhibit MF that tends to be specific to the RV.  To support this notion, La Gerche and colleagues 
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(2012) observed impairment of RV ejection fraction and fractional area change immediately 

following a 3-11 hour endurance events and RV ejection fraction was lower in athletes that 

exhibited interventricular septum fibrosis.  Additionally, multiple studies (8, 91) using rodent 

models of endurance training indicate fibrotic development is more pronounced amongst rats 

trained at high intensity (~85% of VO2 max for 1hr., 5 days/wk) versus a moderate intensity 

(~60% of VO2 max for 45 min., 5 days/wk).  These data suggest that the combination of high 

intensity and longer duration aerobic exercise leads to maladaptive fibrotic deposits in the 

myocardium. 

We hypothesized that ATH would have greater amounts of fibrosis than CON based on 

the data described above.  As already mentioned, we found no fibrosis in any ATH, indicating 

the current study appears to contradict other investigations that have examined MF in ATH.  

However, we believe that the presence of MF in ATH may not be related to training, and fibrosis 

may develop in some chronically-trained individuals due to non-exercise related causes.  For 

instance, a number of investigations that have measured MF (58, 94) have shown a variety of 

patterns of fibrosis.  Some of these patterns are consistent with previous myocardial injury due to 

ischemic events and infection or other cardiomyopathy.  The studies that describe in MF in ATH 

also tend to be case studies (94) or have larger sample sizes (58).  Surprisingly, one study that 

examined 12 life-long (43 years of training) middle-age male athletes found 50% of participants 

to have some fibrosis (122), while a larger study only detected fibrosis using gadolinium contrast 

in 15 out of 106 male athletes.  When examining thirteen other studies with small to moderate 

numbers of trained participants (n= ~20-100), presence of MF tends to range from 0-13%, with 

more than half of those studies reporting no detection of fibrosis (94).  This would suggest that 

our study may not have been powered to detect MF, which may indicate that this measure is not 
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strongly associated with exercise training.  Additionally, the proposed relationship between 

pulmonary artery pressure and RV pressure overload has not been directly observed, leaving this 

claim unsubstantiated.   

5.3    Carotid-femoral Pulse Wave Velocity 

We chose to use cfPWV as a method of evaluating vascular function  because of the  

predictive ability of this measure to determine CVD event risk (7, 60, 101).  Historically, 

exercise training has been shown to be related to increased vascular compliance (18, 65, 104), 

thereby decreasing vascular stiffness.  Accordingly, cfPWV tends to be lower in older athletes 

compared to sedentary subjects (114).  Although resistance training can negatively impact 

vascular compliance (62), little evidence exists (115) to indicate that endurance training is related 

to vascular stiffening, thus potentially elevating CVD event risk.  Nonetheless, one investigation 

did find marathon runners to have higher cfPWV compared to controls (115), and, due to the 

context of our research question, we thought that high-volumes of training may negatively affect 

aortic compliance compared to the more moderate volumes of exercise required to achieve 

beneficial responses in other vascular beds.  In contrast to our hypothesis, cfPWV was lower in 

ATH, indicating greater compliance.  Similarly, carotid compliance was also enhanced in ATH 

compared to CON and augmentation index (AIx), a measure of microvascular stiffness, tended to 

be lower in ATH (p= .096).  Collectively, these data indicate positive central and peripheral 

vascular adaptations related to training status.   

A seemingly disparate finding was the lack of difference in brachial artery compliance 

between groups.  However, vascular media composition transitions from greater elastin 

dominance centrally to more muscular phenotype peripherally (39).  Moreover, central elastic 

vessels like the aorta are more effected by age-related stiffening than peripheral muscular vessels 
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(42, 97).  Based on these data, we can only speculate that there may be a differential training 

effect between large elastic and muscular arteries, where exercise can improve or offset age-

related increases in arterial stiffness only in the affected elastic beds. 

 5.4    Flow-Mediated Dilation  

Another measure of vascular function we collected was FMD.  Specifically, FMD is a 

non-invasive means of assessing vascular endothelial function, thus adding to our integrative 

approach of assessing vascular function in the current study.  Importantly, large population-based 

studies reveal that diminished FMD is related to CVD event risk (95, 124, 125) and lower FMD 

values reported as a percent change in brachial artery diameter have been observed in various 

clinical populations (31, 53, 72, 117).  For this reason, we decided to measure FMD in the 

current study in addition to other cardiac and vascular measures to evaluate CV risk.  

Furthermore, brachial artery FMD has been correlated with coronary artery endothelial function 

(4, 53, 72), so we expected that ATH with CAC would also have reduced FMD compared to 

CON participants.  Surprisingly, there was no difference in FMD between groups, suggesting 

ATH did not have impaired vascular endothelial function.  Nonetheless, it has been proposed that 

a change in FMD over time is more meaningful than an individual measurement at a single point 

in time (37), which is an important consideration for future longitudinal studies.     

A number of publications demonstrate in both cross-sectional and interventional studies 

that physical activity improves FMD  (9–11, 25, 27, 74, 80, 82, 86), although some data show 

FMD is not enhanced in trained individuals or following an exercise intervention (38, 69, 80, 

90).  This apparent discrepancy raises questions about the usefulness of FMD to appraise CVD 

risk in active or athletic populations.  FMD appears to be a valuable tool in part due to the 

reliance of this response on nitric oxide (NO, ~70% of dilation response) (34).  For this reason, 
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some believe that evaluation of FMD is a non-invasive means to determine NO availability, 

which is important due to its antithrombotic and anti-inflammatory properties that can retard the 

progression of atherosclerosis (116).  Nonetheless, methodological differences, variability of NO 

contribution to FMD between different vascular beds (109), and the impact of baseline artery 

diameter on percent change (108, 111) reveal that single FMD values without situational context 

limit the conclusions about vascular health that can be drawn about the presence or lack of group 

differences in FMD based on a single measurement.  Currently, it is unclear if lower FMD values 

in ATH do actually represent vascular dysfunction and if exercise has the paradoxical influence 

of improving FMD at lower volumes, but not enhancing the FMD response when individuals 

engage in higher training volumes.   

Some data indicate sex differences in the FMD response to training (69, 80, 90), and this 

divergence is likely influenced by endogenous sex hormones (35, 69).  Many studies have tried 

to circumvent this issue by dividing women into distinct pre and post-menopausal groups (10, 

69, 80, 89) or by excluding studying women altogether (9, 79, 117, 118).  In the current study, 

we acknowledge the obvious gap in knowledge created by deciding not to study women 

throughout the menopause transition in their 40s and early 50s.  In an attempt to account for 

hormonal changes, we matched ATH and CON for menopausal status based on participant 

interviews and verified reported menopausal status using plasma measures of estradiol.  

Furthermore, we tested all premenopausal women during the first phase of the uterine cycle in 

accordance with current guidelines (109) to try to control for monthly hormone fluctuations.  

Typically, women have improved FMD compared to men until menopause (16) when estrogen 

bioavailability begins to fall, then values tend to be comparable between sexes (45).  

Surprisingly, our female CON group had greater FMD compared to CON men, while this 
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difference was not observed with ATH (Supplemental Figure 1).  Therefore, we cannot rule out 

the effect of endogenous sex hormones on this measure.  Nonetheless, recent data in young 

healthy women that conflicts with the belief that estrogen has a major influence on FMD (68, 

120) shows that monthly hormonal variations do not impact brachial artery FMD (96).  This 

inconsistency reveals much is still unknown in regard to the relationship between vascular 

endothelial function and age, hormonal status, and exercise training in women. 

5.5    Perspectives 

The overall goal of this study was to evaluate cardiac and vascular structure and function 

in middle-aged men and women training for ultra-endurance events and active controls to 

determine the influence of exercise volume on cardiac risk.  We chose a weekly exercise volume 

of ≥ 100 MET in an attempt to substantially surpass the training volumes of individuals 

examined in other studies of similar design (1, 63).  Using clinically relevant markers of CVD 

risk (BP, total cholesterol, HDL cholesterol) along with our CACS and other participant 

characteristics, we used a risk calculator (57) to determine 10-year CHD risk.  Despite the 

presence of CAC in some ATH, we did not observe group differences in 10-year risk.  

Additionally, no ATH with a CACS > 0 were at high 10-year event risk (> 20%) based on risk 

stratification categories (54).  Furthermore, carotid intima-media thickness (CIMT), a vascular 

structure measure related to CV event risk (55, 76) was not different between ATH and CON.   

In an effort to gain a comprehensive understanding of cardiovascular structure and 

function in the ATH, we utilized numerous techniques for imaging the heart as well taking a 

variety of measurements along the vascular tree.  Echocardiographic data revealed structural 

differences between CON and ATH (e.g., LV mass index, EDV; Table 2) consistent with 

training adaptations while ejection fraction and E:A ratio were similar, indicating cardiac 
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morphology in the ATH group did not accompany impaired function.  As described above, we 

did not observe any MF, which is often accompanied by tachycardic arrhythmias and diastolic 

dysfunction (23).  The lack of MF in any ATH further indicates that these individuals may not  

be at an elevated risk of sudden cardiac death due to an arrhythmic event compared to CON.  

Although both groups demonstrated low values of cfPWV, ATH still had greater aortic 

compliance than CON.  Considering cfPWV related to risk, perhaps ATH have some risk 

reduction related to this aspect of vascular function.  Moreover, our risk calculations do not 

incorporate vascular factors such as cfPWV.  The risk factor gap suggests that vascular 

adaptations to exercise training may be responsible for the risk reduction beyond changes in 

traditional risk factors.  Therefore, the ATH studied in the current study may actually have lower 

CV event risk despite some having CAC, but this could not be determined by the risk calculation 

method we used.  Collectively, these data suggest that the training performed by ATH group is 

not contributing to a higher risk of experiencing a cardiac event since exercise volume was the 

primary demographic difference between the ATH and CON groups. 
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6.     SUPPLEMENTAL DATA 

 

 

 

 

 
 

 

 

 

 

 

Supplemental Figure 1. Vascular endothelia function assessed by brachial artery FMD.   

† P < 0.05 vs M within training group.   
 

 

Supplemental Table 1. Male venous blood samples (CON 5, ATH 6).  * P < 0.05 vs CON.  

Venous Blood Samples CON ATH

Avg ± SEM

Triglycerides, mg/dL 135 ± 13 85 ± 12*

Total cholesterol, mg/dL 222 ± 15 212 ± 10

HDL cholesterol, mg/dL 46 ± 3 67 ± 4*

LDL cholesterol, md/dL 148 ± 11 127 ± 8

LDL : HDL ratio, AU 3.23 ± 0.21 1.94 ± 0.16*

Total Chol : HDL ratio, AU 4.83 ± 0.25 3.21 ± 0.20*
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Supplemental Table 2.  Additional complete blood count (CBC) parameters from venous blood samples 

(CON 5 M/ 7 F, ATH 13 M/ 10 F).  * P < 0.05 vs CON.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2. MESA 10-Year Risk Calculator. 

 

Complete Blood Count CON ATH

Avg ± SEM

Mean Corpuscular Vol., 10
-15 

L 89.0 ± 1.9 90.9 ± 0.8

Mean Corpuscular Hb, pg 30.0 ± 0.9 31.0 ± 0.3

Mean Corpuscular [Hb], g/dL 33.6 ± 0.5 34.1 ± 0.1*

Mean Platelete Vol., 10
-15

 L 9.8 ± 0.2 9.8 ± 0.2

Red Cell Distribution Width, % 13.2 ± 0.4 12.6 ± 0.1

Neutrophils Absolute, 10
9
/L 3.5 ± 0.4 2.7 ± 02*

Lymphocyte Absolute, 10
9
/L 1.8 ± 0.1 1.6 ± 0.1

Monocytes Absolute, 10
9
/L 0.5 ± 0.03 0.4 ± 0.02*

Eosinophils Absolute, 10
9
/L 0.2 ± 0.03 0.1 ± 0.01*

Basophils Absolute, 10
9
/L 0.04 ± 0.01 0.03 ±  0.01



43 

 

7.     REFERENCES  

 

 

 

1.  Aengevaeren VL, Mosterd A, Braber TL, Prakken NHJ, Doevendans PA, Grobbee 

DE, Thompson PD, Eijsvogels TMH, Velthuis BK. Relationship between Lifelong 

Exercise Volume and Coronary Atherosclerosis in Athletes. Circulation 136: 138–148, 

2017. 

2.  Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR, Tudor-Locke C, 

Greer JL, Vezina J, Whitt-Glover MC, Leon AS. 2011 compendium of physical 

activities: A second update of codes and MET values. Med Sci Sports Exerc 43: 1575–

1581, 2011. 

3.  Albert CM, Mittleman MA, Chae CU, Lee I-M, Hennekens CH, Manson JE. 

Triggering of Sudden Death from Cardiac Causes by Vigorous Exertion. N Engl J Med 

343: 1355–1361, 2000. 

4.  Anderson TJ, Uehata A, Gerhard MD, Meredith IT, Knab S, Delagrange D, 

Lieberman EH, Ganz P, Creager MA, Yeung AC, Selwyn AP. Close relation of 

endothelial function in the human coronary and peripheral circulations. J Am Coll Cardiol 

26: 1235–1241, 1995. 

5.  Arem H, Moore SC, Patel A, Hartge P, Berrington De Gonzalez A, Visvanathan K, 

Campbell PT, Freedman M, Weiderpass E, Adami HO, Linet MS, Lee IM, Matthews 

CE. Leisure time physical activity and mortality: A detailed pooled analysis of the dose-

response relationship. JAMA Intern Med 175: 959–967, 2015. 

6.  Barengo NC, Antikainen R, Borodulin K, Harald K, Jousilahti P. Leisure-Time 

Physical Activity Reduces Total and Cardiovascular Mortality and Cardiovascular Disease 

Incidence in Older Adults. J Am Geriatr Soc 65: 504–510, 2017. 

7.  Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin EJ, 

Boutouyrie P, Cameron J, Chen CH, Cruickshank JK, Hwang SJ, Lakatta EG, 

Laurent S, Maldonado J, Mitchell GF, Najjar SS, Newman AB, Ohishi M, Pannier 

B, Pereira T, Vasan RS, Shokawa T, Sutton-Tyrell K, Verbeke F, Wang KL, Webb 

DJ, Willum Hansen T, Zoungas S, McEniery CM, Cockcroft JR, Wilkinson IB. 

Aortic pulse wave velocity improves cardiovascular event prediction: An individual 

participant meta-analysis of prospective observational data from 17,635 subjects. J Am 

Coll Cardiol 63: 636–646, 2014. 

8.  Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif JC, Brugada J, 

Nattel S, Mont L. Cardiac arrhythmogenic remodeling in a rat model of long-term 

intensive exercise training. Circulation 123: 13–22, 2011. 

9.  Birk GK, Dawson EA, Atkinson C, Haynes A, Cable NT, Thijssen DHJ, Green DJ. 

Brachial artery adaptation to lower limb exercise training: role of shear stress. J Appl 

Physiol 112: 1653–1658, 2012. 

10.  Black MA, Cable NT, Thijssen DH, Green D. Impact of age, sex, and exercise on 



44 

 

brachial artery flow-mediated dilation. Am J Physiol Hear Circ Physiol 297: H1109–

H1116, 2009. 

11.  Black MA, Cable NT, Thijssen DHJ, Green DJ. Importance of measuring the time 

course of flow-mediated dilatation in humans. Hypertension 51: 203–210, 2008. 

12.  Blaha MJ, Mortensen MB, Kianoush S, Tota-Maharaj R, Cainzos-Achirica M. 

Coronary Artery Calcium Scoring: Is It Time for a Change in Methodology? JACC 

Cardiovasc Imaging 10: 923–937, 2017. 

13.  Bots ML, Hofman A, De Jong PTVM, Grobbee DE. Common carotid intima-media 

thickness as an indicator of atherosclerosis at other sites of the carotid artery: The 

Rotterdam Study. Ann Epidemiol 6: 147–153, 1996. 

14.  Braber TL, Mosterd A, Prakken NH, Rienks R, Nathoe HM, Mali WP, Doevendans 

PA, Backx FJ, Bots ML, Grobbee DE, Velthuis BK. Occult coronary artery disease in 

middle-aged sportsmen with a low cardiovascular risk score: The Measuring Athlete’s 

Risk of Cardiovascular Events (MARC) study. Eur J Prev Cardiol 23: 1677–1684, 2016. 

15.  Brevetti G, Silvestro A, Schiano V, Chiariello M. Endothelial Dysfunction and 

Cardiovascular Risk Prediction in Peripheral Arterial Disease: Additive Value of Flow-

Mediated Dilation to Ankle-Brachial Pressure Index. Circulation 108: 2093–2098, 2003. 

16.  Celermajer DS, Sorensen KE, Spiegelhalter DJ, Georgakopoulos D, Robinson J, 

Deanfield JE. Aging is associated with endothelial dysfunction in healthy men years 

before the age-related decline in women. J Am Coll Cardiol 24: 471–476, 1994. 

17.  Chodakauskas TFS. Non-invasive measurement of surrogate markers of atherosclerosis: 

carotid intima thickness (c-IMT). GE Healthc. . 

18.  Cook JN, DeVan AE, Schleifer JL, Anton MM, Cortez-Cooper MY, Tanaka H. 

Arterial compliance of rowers: implications for combined aerobic and strength training on 

arterial elasticity. Am J Physiol Circ Physiol 290: H1596–H1600, 2006. 

19.  Craig CL, Marshall AL, Sjöström M, Bauman AE, Booth ML, Ainsworth BE, Pratt 

M, Ekelund U, Yngve A, Sallis JF, Oja P. International physical activity questionnaire: 

12-Country reliability and validity. Med Sci Sports Exerc 35: 1381–1395, 2003. 

20.  Criqui MH, Denenberg JO, Ix JH, McClelland RL, Wassel CL, Rifkin DE, Carr JJ, 

Budoff MJ, Allison MA. Calcium density of coronary artery plaque and risk of incident 

cardiovascular events. JAMA - J Am Med Assoc 311: 271–278, 2014. 

21.  Danesh J, Collins R, Peto R. Clinical Investigation and Reports Meta-Analysis of 

Prospective Studies. Circulation 102: 1082–1085, 2000. 

22.  Dinenno FA, Tanaka H, Monahan KD, Clevenger CM, Eskurza I, Desouza CA, Seals 

DR. Regular endurance exercise induces expansive arterial remodelling in the trained 

limbs of healthy men. J Physiol 534: 287–295, 2001. 

23.  Disertori M, Masè M, Ravelli F. Myocardial fibrosis predicts ventricular 

tachyarrhythmias. Trends Cardiovasc Med 27: 363–372, 2017. 



45 

 

24.  Donato AJ, Gano LB, Eskurza I, Silver AE, Gates PE, Jablonski K, Seals DR. 

Vascular endothelial dysfunction with aging : endothelin-1 and endothelial nitric oxide 

synthase. Am J Physiol - Hear Circ Physiol 297: H425–H432, 2009. 

25.  Early KS, Stewart A, Johannsen N, Lavie CJ, Thomas JR, Welsch M. The effects of 

exercise training on brachial artery flow-mediated dilation. J Cardiopulm Rehabil Prev 

37: 77–89, 2017. 

26.  Eijsvogels TMH, Fernandez AB, Thompson PD. Are There Deleterious Cardiac Effects 

of Acute and Chronic Endurance Exercise? Physiol Rev 96: 99–125, 2016. 

27.  Eskurza I, Monahan KD, Robinson JA, Seals DR. Effect of acute and chronic ascorbic 

acid on flow-mediated dilatation with sedentary and physically active human ageing. J 

Physiol 556: 315–324, 2004. 

28.  Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, Nieman 

DC, Swain DP. Quantity and quality of exercise for developing and maintaining 

cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: 

Guidance for prescribing exercise. Med Sci Sports Exerc 43: 1334–1359, 2011. 

29.  Gates PE, Tanaka H, Graves J, Seals DR. Left ventricular structure and diastolic 

function with human ageing. Relation to habitual exercise and arterial stiffness. Eur Heart 

J 24: 2213–2220, 2003. 

30.  La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bogaert J, MacIsaac AI, 

Heidbüchel H, Prior DL. Exercise-induced right ventricular dysfunction and structural 

remodelling in endurance athletes. Eur Heart J 33: 998–1006, 2012. 

31.  Gokce N, Holbrook M, Duffy SJ, Demissie S, Cupples LA, Biegelsen E, Keaney JF, 

Loscalzo J, Vita JA. Effects of race and hypertension on flow-mediated and 

nitroglycerin-mediated dilation of the brachial artery. Hypertension 38: 1349–1354, 2001. 

32.  Goldberg AP. Aerobic and resistive exercise modify risk factors for coronary heart 

disease. Med Sci Sports Exerc 21: 669, 1989. 

33.  Green DJ. Exercise training as vascular medicine: Direct impacts on the vasculature in 

humans. Exerc Sport Sci Rev 37: 196–202, 2009. 

34.  Green DJ, Dawson EA, Groenewoud HMM, Jones H, Thijssen DHJ. Is flow-mediated 

dilation nitric oxide mediated?: A meta-analysis. Hypertension 63: 376–382, 2014. 

35.  Green DJ, Hopkins ND, Jones H, Thijssen DHJ, Eijsvogels TMH, Yeap BB. Sex 

differences in vascular endothelial function and health in humans: impacts of exercise. 

Exp Physiol 101: 230–242, 2016. 

36.  Green DJ, Hopman MTE, Padilla J, Laughlin MH, Thijssen DHJ. Vascular 

Adaptation to Exercise in Humans: Role of Hemodynamic Stimuli. Physiol Rev 97: 495–

528, 2017. 

37.  Green DJ, Jones H, Thijssen D, Cable NT, Atkinson G. Flow-mediated dilation and 

cardiovascular event prediction: Does nitric oxide matter? Hypertension 57: 363–369, 

2011. 



46 

 

38.  Green DJ, Rowley N, Spence A, Carter H, Whyte G, George K, Naylor LH, Timothy 

Cable N, Dawson EA, Thijssen DHJ. Why isn’t flow-mediated dilation enhanced in 

athletes? Med Sci Sports Exerc 45: 75–82, 2013. 

39.  Greenwald SE. Ageing of conduit arteries. J Pathol 211: 157–172, 2007. 

40.  Van Guilder GP, Westby CM, Greiner JJ, Stauffer BL, DeSouza CA. Endothelin-1 

vasoconstrictor tone increases with age in healthy men but can be reduced by regular 

aerobic exercise. Hypertension 50: 403–409, 2007. 

41.  Heidbuchel H, Prior DL, La Gerche A. Ventricular arrhythmias associated with long-

term endurance sports: What is the evidence? Br J Sports Med 46, 2012. 

42.  Van Der Heijden-Spek JJ, Staessen JA, Fagard RH, Hoeks AP, Struijker Boudier 

HA, Van Bortel LM. Effect of age on brachial artery wall properties differs from the 

aorta and is gender dependent: A population study. Hypertension 35: 637–642, 2000. 

43.  Hoff JA, Chomka E V., Krainik AJ, Daviglus M, Rich S, Kondos GT. Age and gender 

distributions of coronary artery calcium detected by electron beam tomography in 35,246 

adults. Am J Cardiol 87: 1335–1339, 2001. 

44.  Homma S, Hirose N, Ishida H, Ishii T, Araki G. Carotid plaque and intima-media 

thickness assessed by b-mode ultrasonography in subjects ranging from young adults to 

centenarians. Stroke 32: 830–835, 2001. 

45.  Jensen-Urstad K, Johansson J. Gender difference in age-related changes in vascular 

function. J Intern Med 250: 29–36, 2001. 

46.  Joyner MJ, Green DJ. Exercise protects the cardiovascular system: Effects beyond 

traditional risk factors. J Physiol 587: 5551–5558, 2009. 

47.  Kelley GA, Kelley KS. Efficacy of aerobic exercise on coronary heart disease risk 

factors. Prev Cardiol 11: 71–75, 2008. 

48.  Knechtle B. Ultramarathon runners: Nature or nurture? Int J Sports Physiol Perform 7: 

310–312, 2012. 

49.  Kwong RY, Chan AK, Brown KA, Chan CW, Reynolds HG, Tsang S, Davis RB. 

Impact of unrecognized myocardial scar detected by cardiac magnetic resonance imaging 

on event-free survival in patients presenting with signs or symptoms of coronary artery 

disease. Circulation 113: 2733–2743, 2006. 

50.  Lakatta EG, Levy D. Arterial and cardiac aging: Major shareholders in cardiovascular 

disease enterprises: Part I: Aging arteries: A “set up” for vascular disease. Circulation 

107: 139–146, 2003. 

51.  Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, 

Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H. Expert consensus 

document on arterial stiffness: Methodological issues and clinical applications. Eur Heart 

J 27: 2588–2605, 2006. 

52.  Lee C Do, Jacobs DR, Hankinson A, Iribarren C, Sidney S. Cardiorespiratory fitness 



47 

 

and coronary artery calcification in young adults: The CARDIA Study. Atherosclerosis 

203: 263–268, 2009. 

53.  Lieberman EH, Gerhard MD, Uehata A, Selwyn AP, Ganz P, Yeung AC, Creager 

MA. of the Human Brachial Artery Is Impaired in Patients ~ 40 Years of Age With 

Coronary Artery Disease. Am J Cardiol 78: 1210–1214, 1996. 

54.  Lloyd-Jones DM. Cardiovascular risk prediction: Basic concepts, current status, and 

future directions. Circulation 121: 1768–1777, 2010. 

55.  Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical 

cardiovascular events with carotid intima-media thickness: A systematic review and meta-

analysis. Circulation 115: 459–467, 2007. 

56.  Madhavan M V., Tarigopula M, Mintz GS, Maehara A, Stone GW, Généreux P. 

Coronary artery calcification: Pathogenesis and prognostic implications. J Am Coll 

Cardiol 63: 1703–1714, 2014. 

57.  McClelland RL, Jorgensen NW, Budoff M, Blaha MJ, Post WS, Kronmal RA, Bild 

DE, Shea S, Liu K, Watson KE, Folsom AR, Khera A, Ayers C, Mahabadi A-A, 

Lehmann N, Jöckel K-H, Moebus S, Carr JJ, Erbel R, Burke GL. 10-Year Coronary 

Heart Disease Risk Prediction Using Coronary Artery Calcium and Traditional Risk 

Factors. J Am Coll Cardiol 66: 1643–1653, 2015. 

58.  Merghani A, Maestrini V, Rosmini S, Cox AT, Dhutia H, Bastiaenan R, David S, Yeo 

TJ, Narain R, Malhotra A, Papadakis M, Wilson MG, Tome M, Alfakih K, Moon 

JC, Sharma S. Prevalence of Subclinical Coronary Artery Disease in Masters Endurance 

Athletes with a Low Atherosclerotic Risk Profile. Circulation 136: 126–137, 2017. 

59.  Milano AD, Faggian G, Dodonov M, Golia G, Tomezzoli A, Bortolotti U, Mazzucco 

A. Prognostic value of myocardial fibrosis in patients with severe aortic valve stenosis. J 

Thorac Cardiovasc Surg 144: 830–837, 2012. 

60.  Mitchell GF, Hwang S-J, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, Vita 

JA, Levy D, Benjamin EJ. Arterial Stiffness and Cardiovascular Events: The 

Framingham Heart Study. Circulation 121: 505–511, 2010. 

61.  Mittleman MA, Maclure M, Tofler GH, Sherwood JB, Goldberg RJ, Muller JE. 

Triggering of Acute Myocardial Infarction by Healthy Physical Exertion: Protection 

against Trigger by Regular Exertion. N Engl J Med 329, 1993. 

62.  Miyachi M, Kawano H, Sugawara J, Takahashi K, Hayashi K, Yamazaki K, Tabata 

I, Tanaka H. Unfavorable effects of resistance training on central arterial compliance: A 

randomized intervention study. Circulation 110: 2858–2863, 2004. 

63.  Möhlenkamp S, Lehmann N, Breuckmann F, Bröcker-Preuss M, Nassenstein K, 

Halle M, Budde T, Mann K, Barkhausen J, Heusch G, Jöckel KH, Erbel R. Running: 

The risk of coronary events - Prevalence and prognostic relevance of coronary 

atherosclerosis in marathon runners. Eur Heart J 29: 1903–1910, 2008. 

64.  Möhlenkamp S, Leineweber K, Lehmann N, Braun S, Roggenbuck U, Perrey M, 

Broecker-Preuss M, Budde T, Halle M, Mann K, Jöckel KH, Erbel R, Heusch G. 



48 

 

Coronary atherosclerosis burden, but not transient troponin elevation, predicts long-term 

outcome in recreational marathon runners. Basic Res Cardiol 109, 2014. 

65.  Monahan KD, Tanaka H, Dinenno FA, Seals DR. Central Arterial Compliance Is 

Associated With Age- and Baroreflex Sensitivity. (2001). doi: 10.1161/hc3901.096670. 

66.  Moreau KL, Donato AJ, Seals DR, DeSouza CA, Tanaka H. Regular exercise, 

hormone replacement therapy and the age-related decline in carotid arterial compliance in 

healthy women. Cardiovasc Res 57: 861–868, 2003. 

67.  Moreau KL, Donato AJ, Seals DR, Dinenno F a, Blackett SD, Hoetzer GL, Desouza 

C a, Tanaka H. Arterial intima-media thickness: site-specific associations with HRT and 

habitual exercise. Am J Physiol Heart Circ Physiol 283: H1409-17, 2002. 

68.  Moreau KL, Hildreth KL, Meditz AL, Deane KD, Kohrt WM. Endothelial function is 

impaired across the stages of the menopause transition in healthy women. J Clin 

Endocrinol Metab 97: 4692–4700, 2012. 

69.  Moreau KL, Stauffer BL, Kohrt WM, Seals DR. Essential role of estrogen for 

improvements in vascular endothelial function with endurance exercise in postmenopausal 

women. J Clin Endocrinol Metab 98: 4507–4515, 2013. 

70.  Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, Das SR, 

Ferranti S De, Després JP, Fullerton HJ, Howard VJ, Huffman MD, Isasi CR, 

Jiménez MC, Judd SE, Kissela BM, Lichtman JH, Lisabeth LD, Liu S, MacKey RH, 

Magid DJ, McGuire DK, Mohler ER, Moy CS, Muntner P, Mussolino ME, Nasir K, 

Neumar RW, Nichol G, Palaniappan L, Pandey DK, Reeves MJ, Rodriguez CJ, 

Rosamond W, Sorlie PD, Stein J, Towfighi A, Turan TN, Virani SS, Woo D, Yeh 

RW, Turner MB. Heart disease and stroke statistics-2016 update a report from the 

American Heart Association. 2016. 

71.  Myers J. Exercise and Cardiovascular Health. Circulation 107: 2e–5, 2003. 

72.  Neunteufl T, Katzenschlager R, Hassan A, Klaar U, Schwarzacher S, Glogar D, 

Bauer P, Weidinger F. Systemic endothelial dysfunction is related to the extent and 

severity of coronary artery disease. Atherosclerosis 129: 111–118, 1997. 

73.  Nocon M, Hiemann T, Müller-Riemenschneider F, Thalau F, Roll S, Willich S. 

Association of physical activity with all-cause and cardiovascular mortality: a systematic 

review and meta-analysis. Eur J Cardiovasc Prev Rehabil 15: 239–246, 2008. 

74.  Nualnim N, Barnes JN, Tarumi T, Renzi CP, Tanaka H. Comparison of central artery 

elasticity in swimmers, runners, and the sedentary. Am J Cardiol 107: 783–787, 2011. 

75.  O’Hanlon R, Grasso A, Roughton M, Moon JC, Clark S, Wage R, Webb J, Kulkarni 

M, Dawson D, Sulaibeekh L, Chandrasekaran B, Bucciarelli-Ducci C, Pasquale F, 

Cowie MR, McKenna WJ, Sheppard MN, Elliott PM, Pennell DJ, Prasad SK. 

Prognostic significance of myocardial fibrosis in hypertrophic cardiomyopathy. J Am Coll 

Cardiol 56: 867–874, 2010. 

76.  O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson SK. Carotid-

artery intima and media thickness as a risk factor for myocardial infarction and stroke in 



49 

 

older adults. N Engl J Med 340: 14–22, 1999. 

77.  Parker BA, Trehearn TL, Meendering JR. Pick your Poiseuille: normalizing the shear 

stimulus in studies of flow-mediated dilation. J Appl Physiol 107: 1364–1365; author 

reply 1366, 2009. 

78.  Pierce GL. Aortic Stiffness in Aging and Hypertension: Prevention and Treatment with 

Habitual Aerobic Exercise. Curr Hypertens Rep 19, 2017. 

79.  Pierce GL, Donato AJ, Larocca TJ, Eskurza I, Silver AE, Seals DR. Habitually 

exercising older men do not demonstrate age-associated vascular endothelial oxidative 

stress. Aging Cell 10: 1032–1037, 2011. 

80.  Pierce GL, Eskurza I, Walker AE, Fay TN, Seals DR. Sex-specific effects of habitual 

aerobic exercise on brachial artery flow-mediated dilation in middle-aged and older adults. 

Clin Sci 120: 13–23, 2011. 

81.  Polonsky TS, Mcclelland RL, Jorgensen NW, Bild DE, Burke GL, Guerci AD. and 

Risk Classification for Coronary Heart Disease Prediction. Jama 303, 2015. 

82.  Rakobowchuk M, Tanguay S, Burgomaster KA, Howarth KR, Gibala MJ, 

MacDonald MJ. Sprint interval and traditional endurance training induce similar 

improvements in peripheral arterial stiffness and flow-mediated dilation in healthy 

humans. AJP Regul Integr Comp Physiol 295: R236–R242, 2008. 

83.  Reneman RS, van Merode T, Hick P, Muytjens AM, Hoeks AP. Age-related changes 

in carotid artery wall properties in men. Ultrasound Med Biol 12: 465–71, 1986. 

84.  Roberts WO, Schwartz RS, Garberich RF, Carlson S, Knickelbine T, Schwartz JG, 

Peichel G, Lesser JR, Wickstrom K, Harris KM. Fifty Men, 3510 Marathons, Cardiac 

Risk Factors, and Coronary Artery Calcium Scores. Med Sci Sports Exerc 49: 2369–2373, 

2017. 

85.  Roberts WO, Schwartz RS, Kraus SM, Schwartz JG, Peichel G, Garberich RF, 

Lesser JR, Oesterle SN, Wickstrom KK, Knickelbine T, Harris KM. Long-term 

marathon running is associated with low coronary plaque formation in women. Med Sci 

Sports Exerc 49: 641–645, 2017. 

86.  Rossman MJ, Kaplon RE, Hill SD, McNamara MN, Santos-Parker JR, Pierce GL, 

Seals DR, Donato AJ. Endothelial Cell Senescence with Aging in Healthy Humans: 

Prevention by Habitual Exercise and Relation to Vascular Endothelial Function. Am J 

Physiol - Hear Circ Physiol : ajpheart.00416.2017, 2017. 

87.  Ryan JJ, Archer SL. The right ventricle in pulmonary arterial hypertension: Disorders of 

metabolism, angiogenesis and adrenergic signaling in right ventricular failure. Circ Res 

115: 176–188, 2014. 

88.  Sangiorgi G, Rumberger JA, Severson A, Edwards WD, Gregoire J, Fitzpatrick LA, 

Schwartz RS. Arterial calcification and not lumen stenosis is highly correlated with 

atherosclerotic plaque burden in humans: A histologic study of 723 coronary artery 

segments using nondecalcifying methodology. J Am Coll Cardiol 31: 126–133, 1998. 



50 

 

89.  Santos-Parker JR, LaRocca TJ, Seals DR. Aerobic exercise and other healthy lifestyle 

factors that influence vascular aging. Adv Physiol Educ 38: 296–307, 2014. 

90.  Santos-Parker JR, Strahler TR, Vorwald VM, Pierce GL, Seals DR. Habitual aerobic 

exercise does not protect against micro- or macrovascular endothelial dysfunction in 

healthy estrogen-deficient postmenopausal women. J Appl Physiol 122: 11–19, 2017. 

91.  Sanz-de la Garza M, Rubies C, Batlle M, Bijnens BH, Mont L, Sitges M, Guasch E. 

Severity of structural and functional right ventricular remodeling depends on training load 

in an experimental model of endurance exercise. Am J Physiol - Hear Circ Physiol 313: 

H459–H468, 2017. 

92.  von Sarnowski B, Ludemann J, Volzke H, Dorr M, Kessler C, Schminke U. Common 

Carotid Intima-Media Thickness and Framingham Risk Score Predict Incident Carotid 

Atherosclerotic Plaque Formation: Longitudinal Results From the Study of Health in 

Pomerania. Stroke 41: 2375–2377, 2010. 

93.  Schnohr P, O’Keefe JH, Marott JL, Lange P, Jensen GB. Dose of jogging and long-

term mortality: The Copenhagen City heart study. J Am Coll Cardiol 65: 411–419, 2015. 

94.  van de Schoor FR, Aengevaeren VL, Hopman MTE, Oxborough DL, George KP, 

Thompson PD, Eijsvogels TMH. Myocardial Fibrosis in Athletes. Mayo Clin Proc 91: 

1617–1631, 2016. 

95.  Shechter M, Shechter A, Koren-Morag N, Feinberg MS, Hiersch L. Usefulness of 

brachial artery flow-mediated dilation to predict long-term cardiovascular events in 

subjects without heart disease. Am J Cardiol 113: 162–167, 2014. 

96.  Shenouda N, Priest SE, Rizzuto VI, MacDonald MJ. Brachial artery endothelial 

function is stable across a menstrual and oral contraceptive pill cycle, but lower in 

premenopausal women than age-matched men. Am J Physiol Circ Physiol : 

ajpheart.00102.2018, 2018. 

97.  Shibata S, Fujimoto N, Hastings JL, Carrick-Ranson G, Bhella PS, Hearon CM, 

Levine BD. The effect of lifelong exercise frequency on arterial stiffness. J Physiol 596: 

2783–2795, 2018. 

98.  Strath SJ, Kaminsky LA, Ainsworth BE, Ekelund U, Freedson PS, Gary RA, 

Richardson CR, Smith DT, Swartz AM. Guide to the assessment of physical activity: 

Clinical and research applications: A scientific statement from the American Heart 

association. Circulation 128: 2259–2279, 2013. 

99.  Sugawara J, Komine H, Hayashi K, Yoshizawa M, Otsuki T, Shimojo N, Miyauchi 

T, Yokoi T, Maeda S, Tanaka H. Reduction in α-adrenergic receptor-mediated vascular 

tone contributes to.pdf. Int J Cardiol 135: 346–352, 2009. 

100.  Sugawara J, Komine H, Hayashi K, Yoshizawa M, Yokoi T, Shimojo N, Miyauchi T, 

Maeda S, Tanaka H. Effect of Systemic Nitric Oxide Synthase Inhibition on Arterial 

Stiffness in Humans. Hypertens Res 30: 411–415, 2007. 

101.  Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, 

Simonsick EM, Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S, Pahor M, Bauer 



51 

 

D, Newman A. Elevated aortic pulse wave velocity, a marker of arterial stiffness, predicts 

cardiovascular events in well-functioning older adults. Circulation 111: 3384–3390, 2005. 

102.  Tanaka H, DeSouza CA, Seals DR. Absence of age-related increase in central arterial 

stiffness in physically active women. Arterioscler Thromb Vasc Biol 18: 127–132, 1998. 

103.  Tanaka H, Dinenno F a, Monahan KD, Clevenger CM, DeSouza C a, Seals DR. 

Aging, habitual exercise, and dynamic arterial compliance. Circulation 102: 1270–1275, 

2000. 

104.  Tanaka H, Seals DR, Monahan KD, Clevenger CM, Desouza CA, Dinenno FA, 

Mona-han KD, De-Souza CA. Regular aerobic exercise and the age-related increase in 

carotid artery intima-media thickness in healthy men. Jorunal Appl Physiol 92: 1458–64, 

2002. 

105.  Tanasescu M, Leitzmann MF, Rimm EB, Willett WC, Stampfer MJ, Hu FB. Exercise 

Type and Intensity in Relation to Coronary Heart Disease in Men. J Am Med Assoc 288, 

2002. 

106.  Teichholz LE, Herman V, Kreulen T, Gorlin R. Problems in Echocardiographic 

Presence or Absence Volume Determinations : Correlations in the of Asynergy. Am J 

Cardiol 37: 7–11, 1976. 

107.  The Intersocietal Accreditation Commission. IAC Standards and Guidelines for Adult 

Echocardiography Accreditation [Online]. … (IAC)/Echocardiography Accredit ( … 2015, 

2014. 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:IAC+Standards+and+G

uidelines+for+Adult+Echocardiography+Accreditation#0%5Cnhttp://www.intersocietal.o

rg/echo/main/echo_standards.htm. 

108.  Thijssen DHJ, van Bemmel MM, Bullens LM, Dawson EA, Hopkins ND, Tinken 

TM, Black MA, Hopman MTE, Cable NT, Green DJ. The impact of baseline diameter 

on flow-mediated dilation differs in young and older humans. AJP Hear Circ Physiol 295: 

H1594–H1598, 2008. 

109.  Thijssen DHJ, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, Parker B, 

Widlansky ME, Tschakovsky ME, Green DJ. Assessment of flow-mediated dilation in 

humans: a methodological and physiological guideline. AJP Hear Circ Physiol 300: H2–

H12, 2011. 

110.  Thijssen DHJ, Bullens LM, van Bemmel MM, Dawson E a, Hopkins N, Tinken TM, 

Black M a, Hopman MTE, Cable NT, Green DJ. Does arterial shear explain the 

magnitude of flow-mediated dilation?: a comparison between young and older humans. 

Am J Physiol Heart Circ Physiol 296: H57–H64, 2009. 

111.  Thijssen DHJ, Dawson E a, Black M a, Hopman MTE, Cable NT, Green DJ. 

Heterogeneity in conduit artery function in humans: impact of arterial size. Am J Physiol 

Hear Circ Physiol 295: H1927–H1934, 2008. 

112.  Thijssen DHJ, De Groot PCE, Smits P, Hopman MTE. Vascular adaptations to 8-week 

cycling training in older men. Acta Physiol 190: 221–228, 2007. 



52 

 

113.  Thijssen DHJ, Rongen GA, van Dijk A, Smits P, Hopman MTE. Enhanced endothelin-

1-mediated leg vascular tone in healthy older subjects. J Appl Physiol 103: 852–7, 2007. 

114.  Vaitkevicius P V, Fleg JL, Engel JH, Oconnor FC, Wright JG, Lakatta LE, Yin FCP, 

Lakatta EG. Effects of Age and Aerobic Capacity on Arterial Stiffness in Healthy-

Adults. Circulation 88: 1456–1462, 1993. 

115.  Vlachopoulos C, Kardara D, Anastasakis A, Baou K, Terentes-Printzios D, Tousoulis 

D, Stefanadis C. Arterial stiffness and wave reflections in marathon runners. Am J 

Hypertens 23: 974–979, 2010. 

116.  Walford G, Loscalzo J. Nitric oxide in vascular biology [Online]. J Thromb Haemost 1: 

2112–2118, 2003. http://www.ncbi.nlm.nih.gov/pubmed/14521592. 

117.  Walsh JH, Bilsborough W, Maiorana A, Best M, O’Driscoll GJ, Taylor RR, Green 

DJ. Exercise training improves conduit vessel function in patients with coronary artery 

disease. J Appl Physiol 95: 20–25, 2003. 

118.  Walther G, Nottin S, Karpoff L, Pérez-Martin A, Dauzat M, Obert P. Flow-mediated 

dilation and exercise-induced hyperaemia in highly trained athletes: Comparison of the 

upper and lower limb vasculature. Acta Physiol 193: 139–150, 2008. 

119.  Wang M, Monticone RE, Lakatta EG. Curremt opinion in nephrology and 

hypertension. 19: 201–207, 2010. 

120.  Williams MRI, Westerman RA, Kingwell BA, Paige J, Blombery PA, Sudhir K, 

Komesaroff PA. Variations in Endothelial Function and Arterial Compliance during the 

Menstrual Cycle. J Clin Endocrinol Metab 86: 5389–5395, 2001. 

121.  Williams PT, Thompson PD. Increased cardiovascular disease mortality associated with 

excessive exercise in heart attack survivors. Mayo Clin Proc 89: 1187–1194, 2014. 

122.  Wilson M, O’Hanlon R, Prasad S, Deighan A, MacMillan P, Oxborough D, Godfrey 

R, Smith G, Maceira A, Sharma S, George K, Whyte G. Diverse patterns of 

myocardial fibrosis in lifelong, veteran endurance athletes. J Appl Physiol 110: 1622–

1626, 2011. 

123.  Wray DW, Nishiyama SK, Harris RA, Zhao J, McDaniel J, Fjeldstad AS, Witman 

MAH, Ives SJ, Barrett-O’Keefe Z, Richardson RS. Acute reversal of endothelial 

dysfunction in the elderly after antioxidant consumption. Hypertension 59: 818–824, 

2012. 

124.  Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial flow-mediated 

dilation predicts incident cardiovascular events in older adults: The cardiovascular health 

study. Circulation 115: 2390–2397, 2007. 

125.  Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, Post W, Lima JA, Crouse 

JR, Herrington DM. Predictive value of brachial flow-mediated dilation for incident 

cardiovascular events in a population-based study: The multi-ethnic study of 

atherosclerosis. Circulation 120: 502–509, 2009. 

126.  Zhou Y, Zhang R, Liu Y, Guo Y, Wang D, He M, Yuan J, Liang Y, Zhang X, Wang 



53 

 

Y, Guo H, Wei S, Miao X, Yao P, Wu T, Chen W. Association of regular physical 

activity with total and cause-specific mortality among middle-aged and older Chinese: A 

prospective cohort study. Sci Rep 7: 1–8, 2017. 

 


