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“If you survive exercise, which you almost certainly will,

you will undoubtedly live longer and healthier."

Anthony Magalski
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Cardiovascular disease (CVD) is the leading cause of death in Europe. In 2017, CVD was 

responsible for 3.9 million deaths in Europe, accounting for 45% of deaths overall.1 In 

accordance with its mission to reduce CVD mortality rates, the European Society of 

Cardiology (ESC) published clinical practice guidelines on CVD prevention in 2016.2 Several 

interventions were proposed in these guidelines, including the cessation of smoking, lipid 

control, and regular physical activity (PA). As early as 1953, Morris et al. documented the 

positive effects of PA on cardiovascular health. Their research revealed that inactive bus 

drivers suffered from higher CVD mortality rates than active bus conductors.3 These results 

instigated a series of related studies, all of which have consistently demonstrated a positive 

correlation between regular PA and lower CVD morbidity and mortality.4 Based on dose 

response, PA reduced both all-cause and CVD mortality by up to 30% in healthy individuals. 

Physical activity is effective primarily because it lowers the prevalence of traditional 

cardiovascular risk factors such as hypertension, dyslipidaemia, and diabetes mellitus.5 In 

particular, aerobic PA at a moderate intensity led to the greatest reduction in cardiovascular 

deaths and is therefore recommended as a primary and secondary prevention for CVD.6 

Because PA has been promoted by national health institutes, a growing number of 

individuals are engaging in sports.7 Nevertheless, PA can also act as a trigger for both 

exercise-related fatal and non-fatal cardiovascular events.8 In particular, vigorous exercise—

typically defined as an absolute exercise work rate of at least six metabolic equivalents 

(METs)—is associated with an increased overall risk of the occurrence of sudden cardiac 

death (SCD) during or within one hour of PA; this so-called sports paradox is widely 

recognised by physicians.9 

Exercise-related fatal and non-fatal cardiovascular events

The incidence of exercise-related fatal and non-fatal cardiovascular events varies among 

age groups. In young athletes (< 35 years of age), the risk of exercise-related SCD is 1 per 

769,000 female athletes per year and 1 per 133,000 male athletes per year.10 This great 

variety in incidence is largely due to comparison of heterogeneous athletic populations. In 

older athletes (> 35 years of age), the risk of exercise-related SCD varies from 1 per 15,260 

athletes per year to 1 per 26,000 athletes per year.11 The risk of non-fatal cardiovascular 

events such as acute myocardial infarction is approximately 6.75 times higher than the risk 

of fatal cardiovascular events.11 In addition, the risk of exercise-related SCD has been proven 

to be inversely related to individual PA levels, as individuals with the highest levels of PA 

have a 40% lower risk than less active individuals.12 Despite their low incidence, exercise-

related cardiovascular events, particularly fatal events, have a tremendous impact on 

society. 
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The causes of exercise-related cardiovascular events vary among age groups. In young 

athletes (< 35 years of age), exercise-related events are primarily due to inherited and 

congenital diseases, such as hypertrophic cardiomyopathy (HCM), or ion channelopathies.13 

In older athletes (> 35 years of age), exercise-related events are predominantly caused by 

atherosclerotic coronary heart disease (CHD). During exercise, there is an increase in 

circulating catecholamines due to the activation of the sympathetic nervous system. These 

catecholamines increase myocardial susceptibility to both the development of fatal cardiac 

arrhythmias and to an atherosclerotic plaque rupture, which can lead to acute myocardial 

infarction.14 Furthermore, because an increase in sympathetic activation results in a higher 

heart rate and systolic blood pressure, the myocardium requires an increase in oxygen 

supply. In the case of underlying CHD, oxygen supply to the myocardium is impaired, 

causing a discrepancy between oxygen supply and oxygen demand. This discrepancy 

results in the onset of myocardial ischemia, which could also trigger fatal cardiac arrhythmias 

or acute myocardial infarction (see Figure 1). 

Figure 1. Physiological alterations accompanying acute exercise and recovery and their possible sequelae. 
HR indicates heart rate; SBP, systolic blood pressure; and MVO2, myocardial oxygen uptake. Reprinted from Freeman 
et al. 15
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Prevention of exercise-related cardiovascular events 

Exercise-related cardiac events most frequently occur in individuals without known heart 

disease. Early detection of individuals at risk of suffering from exercise-related cardiovascular 

events is thus critical. In 1982, a mandatory pre-participation screening (PPS) protocol was 

introduced in Italy. This PPS effectively reduced cardiac events and SCD in young, active 

individuals.16 Since then, several protocols have been established, including the 

determination of medical histories and physical examinations.17 However, these existing 

protocols have failed to identify many individuals with potentially lethal cardiac conditions. 

In order to significantly improve the sensitivity of PPS, a 12-lead resting electrocardiogram 

(ECG) was added. The ECG has proven to be a more effective method for the detection 

of underlying cardiac disease than medical history and physical examination.18 The 

effectiveness of the ECG can be attributed to the fact that more than 80% of individuals 

with underlying cardiac disorders, which account for the majority of SCD cases, had an 

abnormal ECG during PPS.19 In 2017, compelling evidence was found that supported the 

incorporation of the 12-lead resting ECG into PPS.19 Other screening modalities, such as 

echocardiography and exercise testing (ET), have also been proposed. An evaluation 

revealed that the routine use of echocardiography failed to increase the sensitivity of PPS 

in terms of the detection of underlying cardiac diseases other than minor valvular 

abnormalities.20 Because most exercise-related cardiovascular events occur during exercise, 

however, ET was considered to be a viable screening modality. 

Exercise testing for the detection of cardiovascular disease

In 2011, the ESC published a paper on the cardiovascular evaluation of middle-aged and 

senior athletes who engage in leisure-time sporting activities.14 Because CHD is the primary 

cause of exercise-related cardiovascular events in older athletes (> 35 years of age), ET 

can be used for the detection of myocardial ischemia caused by CHD. According to this 

paper, the use of ET should be limited to those individuals who show abnormalities in their 

medical history, physical examination, or 12-lead resting ECG, as well as those who have 

a high a priori risk according to the Systematic Coronary Risk Evaluation Project (SCORE).21 

The American Heart Association recommends that ET be performed on individuals who 

are at moderate risk; this does not include men under 45 or women under 55 years of age 

unless one or more traditional risk factors (other than age or gender) is present.6 As a result, 

there is no consensus between European and American guidelines regarding when to 

perform ET. 

The reason for this discrepancy is that the diagnostic accuracy of any specific test is dictated 

by the prevalence of a disease in a given population. In an asymptomatic older athletic 



General introduction

15

1
population, the a priori risk of underlying CHD is low, as exercise leads to favourable 

changes in cardiovascular risk factors. Indeed, a low prevalence of 2.7% for established 

CHD in a cohort of older competitive endurance athletes (mean age 50 ± 9 years) was 

observed.22 According to the Bayes’ Theorem, the diagnostic accuracy of ET would 

significantly decrease due to a low pre-test probability, leading to a high probability of false-

positive test results. In fact, previous studies have found a high prevalence of false-positive 

test results (45-100%) in asymptomatic athletes.23–25 

Several mechanisms have been postulated to explain the high prevalence of false-positive 

ET results. However, it is important to first understand the electrophysiology behind ST-

segment depression observed on the ECG during ET. The ST segment reflects phase 2 of 

the action potential or the plateau phase of ventricular repolarisation (see Figure 2). The 

TQ segment, which is usually not considered important, reflects phase 4 of the resting 

membrane potential. These two phases play a prominent role in the development of ST-

segment depression. In normal circumstances, the surface ECG reflects the action 

potentials of subendocardial and subepicardial cells. Action potentials can be altered via 

several mechanisms, such as myocardial ischemia. The subendocardial regions are the 

most vulnerable regions of the myocardium. 

Figure 2. Relationship between myocardial action potential and surface electrocardiogram.
Each phase of the myocardial action potential (number, upper panel) corresponds to a deflection or interval on the 
surface ECG (lower panel). Phase 4, the resting membrane potential, is responsible for the TQ segment. Reprinted 
from www.uptodate.com Exercise ECG testing: Performing the test and interpreting the ECG results.
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Following an injury, the diastolic current flows from the subendocardium to the 

subepicardium, creating a current towards the electrode, which leads to TQ segment 

elevation. During electrical systole, all cells are discharged, thereby eliminating the potential 

difference between injured cells. The ECG lowers the TQ segment to baseline, resulting 

in apparent ST-segment depression.26 As a result, ST-segment depression reflects the 

difference in current between the subendocardial and subepicardial regions of the 

myocardium (see Figure 3). 

In intermediate-to-high-risk patients, ST-segment depression is a good marker of obstructive 

epicardial CHD. In athletes, however, the positive predictive value of ST-segment depression 

for the detection of obstructive CHD is limited. Three important causes of ST segment 

depression have been proposed to be responsible for the occurrence of false positive ET 

results. First, exercise-induced structural remodelling could play a role. For instance, Pigozzi 

et al.27 demonstrate that false-positive exercise tests are associated with left ventricular 

hypertrophy in master athletes. Second, it is also known that electrical remodelling, such 

Figure 3: Subendocardial ischemia during exercise testing as viewed form a V5 electrode.
Panel A: At rest, a normal ECG results from the firing of hypothetical action potentials from subendocardial (Endo) 
and subepicardial (Epi) muscle cells. Panel B: A diastolic injury current from injured subendocardial cells causes TQ 
segment elevation (or “pseudo” ST depression). Panel C: Systolic and diastolic injury currents from injured 
subendocardial cells causes TQ elevation and “true” ST depression. Reprinted from www.uptodate.com Exercise 
ECG testing: Performing the test and interpreting the ECG results.
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as exercise-induced intraventricular conduction delay, could induce ST-segment 

depression.28,29 Third, it has been postulated that an insufficient increase in capillary density 

in relation to the exercise-induced increase in myocardial mass could lead to ST-segment 

depression. Animal studies show that, especially in older animals, the training-induced 

increase in myocardial mass outweighs the increase in capillary density.30 Finally, 

microvascular disease, as seen in cardiac syndrome X, could induce ST-segment depression 

without the presence of obstructive CHD. The absence of a clear explanation for the 

prevalence of false-positive ET results creates diagnostic, therapeutic, and prognostic 

dilemmas.

False-positive ET results

Although the diagnostic accuracy for the detection of obstructive CHD on ET in 

asymptomatic athletes is limited, many athletes are tested to establish their eligibility to 

participate in sporting events such as marathons. Some athletes even request to perform 

ET for training purposes. According to the current guidelines, however, many of these 

low-risk athletes do not meet the requirements to perform ET during PPS, resulting in a 

higher rate of false-positive ET results. Such athletes are referred for further diagnostic 

evaluation via second-level testing by a cardiologist. Such evaluation could include 

myocardial perfusion scintigraphy (MPS), computed tomography coronary angiography 

(CCTA), or coronary angiography (CAG). However, there are arguments against second 

level diagnostic procedures as these investigations are costly. A previous study has found 

that approximately $40,000 USD was required to identify one case of obstructive CHD in 

asymptomatic subjects during ET.31 Beyond the costs of healthcare, athletes who are 

referred for additional evaluation could suffer from psychological distress. For instance, 

the income of an athlete may depend on whether he or she can participate in sports. In 

literature, however, there is conflicting evidence with regard to whether athletes suffer 

from psychological distress as a result of such procedures.32,33 A recent study by Schurink 

et al. shows that PPS causes no relevant psychological distress in older sportsmen, even 

when it includes CCTA,34 and states that psychological distress should not be a reason to 

forego PPS. In addition, there is a risk of radiation exposure to the athletes or they can 

suffer from adverse events during these invasive diagnostic procedures.35
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A I M S  O F  T H I S  T H E S I S

The first aim of this thesis is to gain better insight into the diagnostic performance of ET 

in asymptomatic recreational and competitive athletes. The second aim is to investigate 

the mechanisms responsible for the prevalence of false-positive ET results and to 

investigate the validity of these results. This thesis also provides guidance in the debate 

regarding the use of ET during PPS in asymptomatic recreational and competitive athletes. 

Outline of this thesis

As an introduction to this thesis, Chapter 2 presents a case report of an athlete who was 

referred to an outpatient clinic for further diagnostic evaluation following an abnormal ET 

result indicative of myocardial ischemia. This case exemplifies the importance of evaluating 

exercise-induced myocardial ischemia (without obstructive CHD) in athletes. It also 

illustrates the gaps in current knowledge regarding diagnostic evaluation, therapeutic 

interventions, and the prognostic consequences of abnormal ET results in athletes. 

Therefore, this case is the clinical framework of this thesis. 

The first part of this thesis focusses on the prevalence and diagnostic performance of ET 

results. Chapter 3 presents a systematic review that provides insight into the prevalence 

of abnormal ET results. It also addresses the positive predictive value of ET for the detection 

of obstructive CHD in asymptomatic athletes. Subsequently, the results of a 20-month 

retrospective study are provided in Chapter 4. This study investigates the diagnostic 

accuracy of abnormal ET testing for the detection of obstructive CHD in asymptomatic 

athletes. Furthermore, it addresses the potential determinants in those for whom an 

abnormal ET result would be expected. Chapter 5 evaluates the diagnostic accuracy of 

MPS for the detection of obstructive CHD following an abnormal ET result. This research 

covers the results of an eight-year retrospective analysis in which the data of asymptomatic 

athletes who underwent MPS following an abnormal ET result were reviewed; the 

prognostic implications are also evaluated. 

The second part of this thesis focusses on the potential underlying mechanisms for 

abnormal ET results (without the presence of obstructive CHD). In Chapter 6, left ventricular 

functional and dimensional parameters are examined to investigate whether there is a 

relationship between the occurrence of abnormal ET results and cardiac remodelling. 

Chapter 7 provides the results of the analysis of cardiopulmonary exercise testing (CPET) 

parameters. In this chapter, data obtained from athletes with abnormal ET results (without 

obstructive CHD) are matched with those of athletes with standard ET results; specifically, 

the oxygen (O2) pulse curve pattern is analysed. This analysis is performed to investigate 
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whether there are signs of cardiac dysfunction in athletes with abnormal ET results (without 

obstructive CHD), as the O2 pulse curve is considered to serve as a proxy measure of 

stroke volume. Chapter 8 addresses the final hypothesis to be explored. In this study, we 

investigate the relationship between abnormal ET results and microvascular coronary 

function in asymptomatic athletes with documented ischemia in the absence of obstructive 

CHD. Finally, in Chapter 9, a summary of the findings is provided, and the results of the 

studies are put into perspective; in addition, this chapter identifies directions for future 

research. 
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In 2007, a 55-year-old male athlete was sent to our outpatient clinic for further diagnostic 

evaluation after an abnormal exercise test result indicative for ischemia. He suffered from 

complaints of reduced exercise tolerance since 6 months. No other cardiac complaints 

were present. Concerning sports activities, he was a cyclist for 11 years riding more than 

6000 kilometers a year with an average pace of appr. 29 kph. The medical history consisted 

of an episode of infectious mononucleosis at the age of 23; he did not use any medication 

and had never smoked. The family history revealed a 2nd degree relative who died after a 

myocardial infarction at the age of 50. Physical examination revealed a blood pressure of 

115/75 mmHg with a heart rate of 60 beats/min. The Body Mass Index (BMI) was 27.7 kg/

m2. Auscultation of the heart revealed no murmurs and further physical examination also 

revealed no abnormalities. Initial resting ECG showed no abnormalities. The exercise test 

that was performed at the Department of Sports Medicine revealed a good aerobic capacity 

and a frequency dependent left bundle branch block (LBBB). The initial diagnostic evaluation 

by the cardiologist consisted of laboratory evaluation, an echocardiogram and myocardial 

perfusion scintigraphy (MPS). The ECG recorded during MPS showed a frequency 

dependent LBBB with normalization of the ECG after completion of the test. The 

scintigraphy revealed ischemia in the anteroseptal and inferior regions in 4 of the 18 

segments. Coronary angiography showed no coronary anomalies and no signs of 

atherosclerosis. The patient was diagnosed with small vessel disease and treated with a 

calcium channel blocker and a statin. A new MPS was performed after 3 months of therapy 

and a reduction in ischemia to one segment in the anteroseptal region only. Also, the 

complaints of reduced exercise tolerance were resolved. The calcium channel blocker 

dosage was increased. After an initial period without adverse events, the patient was 

admitted to our hospital 7 years later after a witnessed cardiac arrest during heavy exercise. 

The patient was successfully resuscitated with a shock of an Automated External 

Defibrillator (AED). A coronary angiogram was performed and revealed no coronary artery 

disease. Cardiac MRI with delayed enhancement showed no enlargement of the left and 

right ventricles and dilated atria, normal left and right ventricular wall thickness, normal 

right and left ventricular function, no signs of cardiomyopathy and no signs of myocardial 

fibrosis. After cardiac rehabilitation, he received an Implantable Cardioverter Defibrillator 

(ICD). To date no significant ventricular arrhythmias occurred and he remained asymptomatic. 

The present case report describes an athlete with exercise-induced ischemia without 

coronary abnormalities. Although the relationship between exercise-induced ischemia 

without coronary abnormalities and sports is not been fully elucidated, several mechanisms 

may be involved. First, as shown by Zeiher et al.1, exercise-induced myocardial ischemia 

without epicardial artery lesions may be caused by an impaired endothelium dependent 
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dilation. It has been postulated that this impairment is caused by a reduction in the 

bioavailability of endogenous nitrous oxide (NO) and an increase in the plasma levels of 

endothelin-1 (ET-1).1 This imbalance between a potent vasodilator (NO) and vasoconstrictor 

(ET-1) could lead to endothelial vasodilator dysfunction. Although this phenomenon is well 

described in postmenopausal women, the effects of sports on endothelial function are not 

well established. Previous studies showed conflicting results, demonstrating both an 

increased endothelial function 2 and a reduced endothelial function in athletes.3 In our case 

the addition of a calcium channel blocker and statin reduced the size of the ischemic 

defects. This might be caused by the synergic effect of these two drugs who increase the 

NO levels and reduce the ET-1 levels as shown by Zhang et al..4 This supports the theory 

that endothelial vasodilator dysfunction did play a role in our patient. Another mechanism 

that may cause exercise-induced ischemia in athletes may be related to cardiac remodeling. 

In fact, animal studies showed that the ability to increase coronary capillary density with 

increasing O2 demands due to exercise-induced cardiac hypertrophy is highly dependent 

on age.5  The patient in our case was involved in a high dynamic (HD)/high static (HS) sport 

according to the Mitchell’s classification and these kinds of sports activities are particularly 

associated with an increase in ventricular wall mass.6 This increase in ventricular wall mass 

and the age of the patient may have caused an imbalance in myocardial perfusion and, 

subsequently exercise-induced ischemia. Finally, exercise-induced ischemia in athletes 

Figure 1.
On the left, the Myocardial Perfusion Scintigraphy (MPS) prior to the administration of the calcium channel blocker 
and statin with 4 segments of ischemia in the anteroseptal and inferior regions. On the right, the MPS after 3 months 
of therapy with a significant reduction of the ischemic regions.



CHAPTER 2

26

may be related to higher extravascular compressive forces in the athlete’s heart, resulting 

in a reduced cardiac vasodilatory capacity causing myocardial ischemia during vigorous 

exercise.3

In conclusion, this case report shows that exercise-induced myocardial ischemia without 

coronary abnormalities in athletes requires careful evaluation and follow up as it may the 

substrate for life-threatening cardiac adverse events Further study is needed to clarify the 

pathophysiological mechanisms involved. 
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PART ONE

The diagnostic value of exercise testing





To an athlete dying young

The time you won your town the race 

We chaired you through the market-place; 

Man and boy stood cheering by, 

And home we brought you shoulder high.

To-day, the road all runners come, 

Shoulder-high we bring you home, 

And set you at your threshold down, 

Townsman of a stiller town.

Alfred Edward Housman, 1895 
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A B S T R A C T

Background 

Although test characteristics of exercise electrocardiography are well established in 

symptomatic patients, data on healthy athletes are scarce. This systematic review focuses 

on the diagnostic utility of exercise electrocardiography for detection of coronary heart 

disease in athletes during pre-participation screening.

Objectives 

This systematic review evaluated the prevalence of an abnormal exercise test result and 

the positive predictive value of exercise electrocardiography in asymptomatic athletes. In 

addition, the long-term prognosis of a false positive test result was evaluated.

Methods 

An electronic search was performed using the Cochrane Library, PubMed and MEDLINE. 

Only studies using exercise electrocardiography in an unselected population of 

asymptomatic athletes were included. Data on population characteristics, cardiovascular 

risk factors, exercise test parameters, left ventricular hypertrophy and morbidity/mortality 

were extracted and analyzed.  

Results 

The mean prevalence of an abnormal exercise test result was 0.6% (range 0% – 29%), 

with a positive predictive value of 9% (range 0% - 55%). Left ventricular hypertrophy was 

observed in 57% of the athletes with an abnormal exercise test result, in 50% of the 

athletes with a false positive exercise test result and in 24% of the athletes with a normal 

exercise test. Among athletes with a false positive test, only one athlete (3%) suffered 

from a possible cardiac event. 

Conclusion 

This systematic review revealed a relatively low prevalence of positive exercise test results 

in asymptomatic athletes, but a very poor positive predictive value. There were insufficient 

data available to determine the prognostic implications of false positive test results in 

asymptomatic athletes.
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I N T R O D U C T I O N

Regular physical activity improves cardiovascular health and reduces mortality and morbidity. 

In particular, regular exercise at a moderate intensity was shown to reduce the risk for 

future cardiovascular events.1 On the other hand, during and after vigorous exercise, sudden 

cardiac death (SCD) occurs with an incidence of 4.6 events per million per year,2 indicating 

that exercise may also serve as a trigger for (lethal) cardiac arrhythmias, particularly in 

subjects with underlying cardiovascular disease. With increasing numbers of recreational 

and competitive athletes, the incidence of cardiac events and SCD is expected to increase. 

An important distinction between causes of SCD can be made according to age. Among 

younger athletes (< 35 years of age), SCD is mainly caused by congenital or inherited 

cardiovascular diseases, such as hypertrophic cardiomyopathy.3 These conditions are often 

not diagnosed prior to these events. Among older athletes (> 35 years of age), coronary 

heart disease is the main cause of SCD. In order to reduce the incidence of SCD related 

to exercise it has been advocated that competitive athletes and high-risk individuals 

engaged in leisure-time sports should undergo pre-participation screening.4 Worldwide, 

various pre-participation screening strategies are proposed and different strategies are 

used in Europe and the United States (US).5 In general, there is consensus on the fact that 

pre-participation screening should at least consist of assessment of the medical history 

and signs and symptoms, a physical evaluation and a 12-lead-electrocardiogram (ECG). The 

application of exercise electrocardiography is still under debate.5 In the US, exercise 

electrocardiography is recommended in competitive male athletes older than 40 years and 

women older than 55 years.6 In Europe, exercise electrocardiography is recommended for 

athletic individuals with an abnormal initial evaluation (personal and family history, a physical 

evaluation, risk SCORE and a 12-lead-resting ECG) by a qualified physician.7 

Exercise electrocardiography is widely used to screen for coronary heart disease because 

of its non-invasive nature and low costs. Moreover, it offers the possibility to detect silent 

or inducible myocardial ischemia, and rhythm and conduction disorders. Although the 

diagnostic accuracy of exercise electrocardiography is well established in symptomatic 

patients, data on healthy athletes are scarce. In particular, the positive predictive value of 

exercise electrocardiography in athletes is questionable due to a low pretest probability in 

this population. Therefore, the diagnostic value of exercise electrocardiography to detect 

coronary heart disease may be lower in asymptomatic athletes as compared to non-

athletes. This is supported by a previous study, reporting a positive predictive value (PPV) 

of only 5% in a cohort of asymptomatic athletes.8 Another study demonstrated a higher, 

but still relatively low PPV of 55%.9 Given the results of these studies and the potential 
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adverse effects of false positive test results, such as extra costs of unnecessary diagnostic 

procedures or anxiety and consequent inactivity, more detailed knowledge on the clinical 

utility of exercise electrocardiography in asymptomatic athletes is needed to develop 

appropriate pre-participation screening strategies.10 

This systematic literature review focuses on the diagnostic utility of exercise 

electrocardiography for detection of coronary heart disease in asymptomatic athletes. The 

following key questions were formulated: (1) what is the prevalence of an abnormal 

exercise test result in an unselected population of asymptomatic athletes? (2) what is the 

diagnostic accuracy of exercise electrocardiography and in particular, what is the positive 

predictive value? (3) what is the long-term prognosis of a false positive test result?

M E T H O D S

Search Strategy

To answer the key questions, a search was performed with no date restriction up to January 

2015 in the Cochrane Library, PubMed and MEDLINE to identify relevant articles. The 

following terms were used in the search: “athletes”, “athlete”, “sports”, “sportsmen”, 

“sportsman”, “exercise test”, “ergometry”, “stress electrocardiography”, “stress test”, 

“treadmill test”, “bicycle test”, “myocardial ischemia”, “ischemic heart disease”, 

“coronary heart disease”, “ischemic electrocardiographic abnormalities” and “ST 

depression”. Additional articles were identified from the bibliographies of included articles 

and articles that were recommended by experts in the field. 

Study Selection

Studies were excluded when:

• No athletes were included in the study population.

• Exercise electrocardiography was not used as pre-participation screening modality.

• Athletes were selected (e.g. based on documented cardiac disease or presence of ECG 

abnormalities).

• Athletes had any symptoms suggesting cardiovascular disease (e.g. chest pain during 

exercise).

• The original article was a case report.

• The article did not contain original data (e.g. position stand, review). 
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Studies with mixed populations of asymptomatic and symptomatic athletes or selected 

and unselected athletes were included, using only data from unselected asymptomatic 

athletes. Two independent reviewers (DS and MB), screened all abstracts and selected 

the abstracts for full-text evaluation. Discrepancies were resolved through a consensus 

process with a third independent reviewer (HK). After consensus on the primary selection, 

two researchers (DS and MB) evaluated the full-text articles to determine if these studies 

could be included in the review. When there was doubt, a third independent reviewer was 

involved to discuss discrepancies (HK). 

Data extraction and management

Two reviewers (DS and MB) extracted the following data of the included studies: study 

design, population characteristics (number, age, sex, type of sport, body-mass-index (BMI), 

systolic and diastolic blood pressure and cardiovascular risk factors (smoking habits, 

hypertension, hypercholesterolemia, diabetes mellitus, history of cardiac disease, positive 

family history, abnormalities at physical examination), exercise test parameters (maximal 

workload, peak oxygen uptake (VO2), maximal heart frequency, exercise test result), echo- 

and/or electrocardiographic evidence of left ventricular hypertrophy (LVH) and data on 

morbidity/mortality during the reported follow up. A positive exercise result was defined 

as the presence of ≥ 1 mV horizontal or downsloping ST-segment depression measured 

80 ms after the J-point during or after exercise.   

Assessment of methodological quality

To assess the quality of the selected study, the reviewers used the Quality Assessment 

of Diagnostic Accuracy Studies 2 (QUADAS-2).11 Selected studies were given a low, high 

or unclear risk of bias or concerns regarding applicability. If all criteria were scored as a low 

risk, the study was rated with A. Studies with all criteria judged as high risk were rated C. 

Studies with all criteria scored as unclear were rated D. All other studies with mixed results 

were rated B. The Cochrane Handbook was used for the assessment of risk of bias in 

prognostic studies and summarized in domain 5.12 Discrepancies were resolved by 

discussion with a third independent reviewer (HK).

Statistical analysis and data extraction

Data were presented as ranges and weighted means. Standard deviations were not pooled 

due to a wide heterogeneity of the included articles and insufficient data to correct for any 

of the variables. The positive predictive value, negative predictive value, sensitivity and 

specificity were calculated, if possible, from the study data.
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R E S U LT S 

The flowchart of the search is presented in Figure 1. In total, 127 abstracts were screened 

for eligibility. A total of 95 abstracts were excluded, mostly because the study population 

did not consist of athletes (47%) or the study did not use exercise electrocardiography as 

a screening modality (18%). A full-text review of the 32 remaining articles resulted in the 

exclusion of another 22 articles, predominantly because these articles were reviews and 

did not provide original data (45%). In total, 10 studies (references 8, 9, 13, 14, 15, 16, 17, 

18, 19 and 20) with a combined number of 32,664 athletes were included. 

Quality of the studies

The quality assessment is presented in table 1. As shown, the selection of patients (domain 

1a) was graded as a low risk of bias in all studies, as all studies used a random sample of 

asymptomatic athletes. In six studies (60%), the index test (exercise electrocardiography) 

was graded as a low risk of bias (domain 2a). Only very limited information about the 

conduction or interpretation of the index test was available in the remaining four articles. In 

five of the six studies that used a reference test (coronary tomography (CT) angiography, 

myocardial perfusion scintigraphy, radionuclide angiography), there was a high risk of bias of 

the reference test interpretation (domain 3a), mainly because it was not always clear whether 

the interpreter of the reference test was blinded to the exercise ECG result. There were no 

concerns regarding applicability of the reference test (domain 1b, 2b and 3b) in any of the 

six studies. The flow and timing of the study may have introduced bias in three of the six 

studies that used a reference standard, because not all patients received (the same) reference 

standard in these studies (domain 4). In four studies a follow up was described, in which 

there was no major concern of bias or applicability (domain 5a, 5b and 5c). Articles were 

graded as A (n = 2), B (n = 7) and D (n = 1). During data extraction, only 1 study (reference 

8) was able to provide all pre-specified parameters. Considering missing data, calculation of 

the mean arterial pressure (MAP) was possible in only 40% of the included articles. 

Documentation of the presence of other conventional cardiovascular risk factors (smoking, 

family history, diabetes mellitus and hypercholesterolemia) was available in 50% of the 

articles. Documentation was also incomplete with respect to BMI (70%), type of sport (80%), 

type of test used (90%), workload (50%) and test criteria (70%).

Subject characteristics

The studies comprised predominantly male athletes (mean 79.0%, range 78.4% - 100%). 

The included athletes had a mean age of 31.9 years (range 21 - 67 years). BMI ranged from 
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21.0 kg/m2 to 25.3 kg/m2 with a mean of 24.3 kg/m2. The mean arterial pressure was 96 

mmHg (range 95 mmHg – 106 mmHg). A mean of 12.2% were active smokers (range 0% 

- 12.6%), 1.4% had a positive family history for cardiovascular diseases (range 0% - 48%) 

and 41% had no cardiovascular risk factors. Most sports were categorized as low static/

high dynamic (mean 31.5%), low static/moderate dynamic (mean 16.8%) and high static/

high dynamic (mean 7.5%).

Figure 1. PRISMA flow chart for disposition of literature search results.

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
1 Identified from reference lists, suggested by experts 
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Exercise electrocardiography and diagnostic evaluation

Treadmill ergometry was used in 5 studies (N = 240) (references 9, 13, 15, 16 and 17) and 

cycle ergometry in 3 studies (N = 1489) (references 8, 14 and 18), one study used treadmill 

and cycle ergometry (N = 940) (reference 20) and in one study the modality was not 

specified (N = 30065) (reference 18). Maximal oxygen uptake was reported in 3 studies (N 

= 146), ranging from 48 – 51 ml/min/kg with a mean of 49 ml/min/kg (references 9, 13 and 

17). Maximal workload was reported in 2 studies (N = 1377) and ranged from 200 – 331 

Watts with a mean of 324 Watts (references 8 and 14). 

The prevalence of an abnormal exercise test result was reported in all of the included 

studies (N = 32664) with a mean prevalence of 0.6% (range 0% – 29%). The calculated 

mean prevalence in athletes between 35 and 60 years of age (N = 840) was 5.1% (range 

0% - 12.5%) whereas the calculated mean prevalence in athletes > 60 years (N = 282) of 

age was 8.5% (range 1.3% - 33%).

Eight studies (N = 2573) (references 8, 9, 13, 14, 15, 16, 18 and 20) reported a positive 

predictive value (PPV) of exercise electrocardiography with a mean of 9% (range 0% - 55%). 

The calculated PPV in athletes between 35 and 60 years of age (N = 840) was 4.7% (range 

0% - 4.9%) and the calculated mean prevalence in athletes > 60 years (N = 282) of age 

was 0% (all studies 0%).

Table 1. Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) results.
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Electro- or echocardiographic data on LVH were reported in five studies. LVH was observed 

in 57% of the athletes with an abnormal exercise test result (N = 51) (references 9, 15, 16 

and 18), and in 50% of the athletes with a false positive exercise test result (N = 76) 

(references 8, 9, 15, 16 and 18). In athletes with a normal exercise test result (N = 87) 

evidence of LVH was found in only 24% of the athletes (9, 15, 18). One of these studies 

documented that all athletes (N = 7) with an abnormal exercise test result had a left 

ventricular (LV) mass of more than 275 grams and up to 71% had a LV mass exceeding 

the 95th percentile of that of the control subjects (reference 16).

Only 3 studies presented the negative predictive value (NPV) (N = 162) with a mean of 

91% (range 80% - 100%) (references 9, 18 and 20). Sensitivity and specificity in these 

studies were 23% (range 0% - 52.4%) and 79% (range 50% - 100%), respectively 

(references 9, 13 and 18).

Follow-up

Four studies reported long term follow up data (2.2 – 12.0 years). In these studies, cardiac 

events were defined as death due to cardiovascular disease, myocardial infarction or the 

need of coronary intervention. In the first study (reference 18), 51% (N = 22) of the included 

athletes (mean age 56 years) had a positive exercise test result. During the 5-year-follow-

up only one possible cardiac event occurred, concerning a 63-year-old athlete with a false 

positive exercise test result who died suddenly during cross-country ski training. No cardiac 

events were reported among the other athletes with a false positive exercise test result 

(N = 21). Autopsy was not performed in this athlete. In the second study (reference 9) 29% 

(N = 20) of the included athletes (mean age 63 years) had a positive exercise test result. 

During a mean follow-up duration of 7 years, 4 athletes suffered from a cardiac event 

(myocardial infarction in 2 athletes and coronary artery bypass grafting in 2 athletes), all 

with documented ischemia. Coronary angiography was not performed as part of research 

protocol but individuals with abnormal test results were referred to their own physician for 

further evaluation. No cardiac events were reported among the athletes with a false positive 

exercise test result (N = 9). In the third study (reference 15) 16% (N = 3) of the included 

athletes (mean age 67 years) had a positive exercise test result. During a mean follow up 

of 12 years, one 58-year-old athlete with a normal exercise test suffered from an acute 

myocardial infarction in during sport activities. No cardiac events were reported among the 

athletes with a false positive exercise test result (N = 3). In the fourth study (reference 14) 

1% (N = 1) of the athletes (mean age 62 years) had a false positive exercise test result. 

During a mean follow up of 2.2 years, one athlete with a normal exercise test died due to 

coronary artery disease. 
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In summary, cardiovascular events were observed in 7 of the 211 athletes (3.3%). Four of 

these athletes had a positive exercise test result with documented ischemia. Only one out 

of 35 athletes with a false positive test result (3%) suffered from a possible cardiac event. 

In this athlete coronary angiography was not performed. 

D I S C U S S I O N

To our knowledge, this is the first systematic review evaluating the diagnostic utility and 

prognostic value of exercise electrocardiography as a pre-participation screening modality 

in asymptomatic athletes. This study showed that, although the prevalence of abnormal 

test results in athletes was relatively low (mean prevalence of 0.6%), the positive predictive 

value was very poor (mean 9%). There were insufficient data to determine other test 

characteristics such as negative predictive value, sensitivity and specificity. Also, data on 

the prognostic implications of a false positive exercise test were insufficient to draw definite 

conclusions. 

The present review showed that the prevalence of abnormal exercise test results among 

asymptomatic athletes was lower than previously reported in asymptomatic men (0.6% 

vs. 12%).21 As expected, with increasing age, the prevalence of abnormal exercise test 

results increased (5.1% in athletes aged between 35 and 60 years of age and 8.5% aged 

> 60 years of age respectively) which is in line with a previous study in athletes.8 However, 

in both age groups the mean prevalence remained lower when compared with asymptomatic 

non-athletes. Moreover, the PPV was lower than 5% in both age groups. The lower 

prevalence in athletes could well be related to a lower general cardiovascular risk in athletes. 

In fact, athletes have been shown to pursue a healthier lifestyle with respect to dietary 

habits, smoking behavior and alcohol use.22 In addition, older athletes showed significantly 

lower levels of plasma lipids, lower blood pressure and lower body-mass-index than non-

athletes.23 In the present review, only five studies (references 8, 13, 15, 19 and 20) reported 

data on cardiovascular risk factors, all showing a low risk in their study populations (i.e. 0 

or 1 cardiovascular risk factors). Yet, as shown by a previous study, at least 1 cardiovascular 

risk factor was present in up to 56% of sports-related SCD. For this reason, the presence 

of cardiovascular risk factors could be addressed as an important denominator.24 Therefore, 

physicians should closely monitor or alter these cardiovascular risk factors such as smoking 

or hypertension.

Another factor explaining the relatively low prevalence of positive test results may be 

related to higher physical fitness and activity levels in athletes. In fact, it was shown 
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previously that myocardial ischemia is rarely seen in adults with a maximal exercise capacity 

exceeding 10 metabolic equivalent of tasks (METs), regardless of the presence of 

cardiovascular risk factors.25 In general, beneficial effects on vascular health were 

documented when physical activities exceeded 60% of the maximal heart rate for at least 

30 minutes per day, 5 days per week.26 When this threshold was reached, a lower arterial 

stiffness, an improvement in vascular endothelial function and smaller arterial intima-media 

thickness is described.27 Five of the included studies (references 8, 9, 13, 14 and 17) 

documented the maximal workload and maximal oxygen uptake. In these studies, all 

athletes (N = 1523) reached the threshold of 10 METs (range 11.0 – 17.0 METs). 

The studies included in the present review reported a substantially lower positive predictive 

value among asymptomatic athletes, as compared to healthy asymptomatic non-athletes 

(9% versus 78%).9, 28 This finding may have several explanations. First, structural remodeling 

of the athletes’ heart may play a role. As such, Pigozzi et al. demonstrated that false positive 

exercise results in athletes are often associated with an increase in ventricular mass.14 In 

line with this observation, the included studies showed a higher rate of left ventricular 

hypertrophy in athletes with a false positive exercise test result as compared to athletes 

with a normal exercise test (50% versus 24%) (references 8, 9, 15, 16 and 18). Moreover, 

one study showed that all athletes with a left ventricular mass of more than 275 grams 

had a false positive exercise test result and in up to 71% of these athletes the LV mass 

exceeded the 95th percentile of that of the non-athletes.16 The relation between LVH and 

ST-segment changes during exercise in the absence of myocardial ischemia may have 

several explanations. First, it could reflect a purely electrical phenomenon in athletes with 

left ventricular hypertrophy due to electrical remodeling of the heart. With increasing LV 

mass, the amplitude of voltage that is generated by the myocardial fibers could be 

augmented. Also, an animal model showed that with increasing mass regional differences 

in action potential characteristics can be seen. This could eventually lead to a reversal of 

repolarization sequence and the observed repolarization abnormalities in LVH.29 Secondly, 

a possible mechanism explaining the relation between a higher ventricular mass and 

exercise-induced ST segment changes could be an insufficient increase in capillary density 

in relation to the sports-induced increase in myocardial mass. The mismatch between mass 

and capillary density has been reported in an animal study, with greater mismatches being 

observed in older animals.30 This is in line with a previous observation that false positive 

test results were observed more frequently in older athletes.8 Finally, the high rate of false 

positive test results in athletes may be related to vascular endothelial function.27 Although 

the relation between microvascular coronary function and positive exercise test results in 

athletes has not yet been established, studies in patients with hypertrophic cardiomyopathy 
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showed that the degree of myocardial hypertrophy, which is also observed frequently in 

athletes, is strongly related to microvascular vasodilatory dysfunction.31 Furthermore, in 

patients with cardiac syndrome X, it was shown that statin and calcium antagonist therapy 

improved microvascular function and induced a reduction in the occurrence of myocardial 

ischemia and ST-segment changes during exercise, suggesting a relation between 

microvascular function and ST-segment changes during exercise in these patients.32, 33 

Another important test characteristic that should be considered when using exercise 

electrocardiography as a screening tool in a population with a low cardiovascular risk is the 

negative predictive value (NPV). Unfortunately, only three studies documented the NPV. 

Although the NPV was generally high with a mean of 90.7% measured in 162 athletes 

(range 80% - 100%) (references 9, 13 and 18), no firm conclusions can be drawn in this 

limited amount of performed tests in athletes. In order to improve the NPV of screening 

strategies for detection of coronary artery disease, it has been proposed that coronary 

computed tomography angiography (CCTA) should be added to standard pre-participation 

screening. A study directly comparing NPV of exercise electrocardiography and CCTA in 

asymptomatic athletes is currently being performed.34

Given the low PPV of exercise electrocardiography as part of pre-participation screening 

strategies in asymptomatic athletes, several potential adverse effects need to be 

considered. First, unnecessary diagnostic procedures may have side effects or potential 

harms due to significant radiation doses (7 mSv for coronary angiography to 16 mSv for 

myocardial perfusion scintigraphy) and contrast reaction.35 A previous study showed that 

minor reactions occurred in 16% and major reactions occurred in 1.3% (e.g. anaphylactic 

reaction, ventricular fibrillation) of the performed procedures.36 Although rare, athletes 

undergoing coronary angiography are even exposed to serious adverse events such as 

death (0.1%) or myocardial infarction (0.05).37 Another potential adverse effect of pre-

participation screening is psychological harm. Several studies suggest that pre-participation 

screening, and in particular false positive test results, may lead to significant psychological 

distress.38, 39 Yet, another study showed that the diagnostic procedures following pre-

participation screening caused psychological distress in only a marginal portion of athletes 

(2.8%).40 Also, there was no difference in anxiety levels among athletes with normal 

screening results and false positive screening results.41 These data, however, are generated 

in young athletic individuals and cannot be extrapolated to older athletes with a higher 

cardiovascular risk. Finally, a high rate of false positive exercise test results is associated 

with high costs. In fact, a study of asymptomatic adults published in 1998 showed that 

almost $US40,000 is needed to identify one case of severe coronary artery disease with 

exercise electrocardiography.42 Based on these results, the authors stated that screening 
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with exercise electrocardiography in low-risk groups, such as athletes, is not cost-effective. 

Given the low PPV of exercise electrocardiography in asymptomatic athletes, more insight 

is needed into the mechanisms and prognostic significance of false positive test results. 

The present review provided follow up data of 35 athletes with a false positive test result 

with only 1 possible cardiac event. Due to this limited amount of data, it is not possible to 

draw firm conclusions. Yet, more knowledge data on the prognostic implications of ST 

segment changes in the absence of obstructive coronary artery disease may have 

consequences for setting diagnostic criteria for exercise electrocardiography and for follow-

up strategies. Also, future research should explore potential mechanisms of false positive 

test results, such as a mismatch between a sports-induced increase in myocardial mass 

and capillary density and microvascular dysfunction, using novel techniques combining 

functional and anatomical information such as cardiac positron emission tomography (cPET)/ 

CT, cardiac magnetic resonance imaging (cMRI) or invasive coronary microcirculation 

assessment techniques.43, 44 

Most of the investigated studies focused predominantly on male athletes (mean percentage 

male athlete 79%). These study results and subsequent recommendations are frequently 

applied to female athletes. However, it is known that the prevalence of CAD in women is 

lower when compared with their male counterparts.45 Indeed, previous studies reported 

that underlying CAD was found significantly less often in female athletes who suffered 

from SCD.46 Also, the incidence of SCD did not increase significantly with increasing age 

in women. Although the incidence of sports-related SCD in female athletes is low and up 

to 30-fold less frequent than in male athletes, efforts should be made to detect those 

women who are at risk of SCD.46 It is conceivable that different screening strategies should 

be used in male and female athletes. 

There are several limitations to this literature study. First, only six studies evaluated the 

utility of exercise electrocardiography as a screening modality in asymptomatic athletes. 

Moreover, due to several methodological differences, the comparability of these studies 

was hampered. First, the included articles used different types of exercise testing (treadmill 

or bicycle) and different criteria for test interpretation. Yet, it was demonstrated that 

exercise-induced myocardial ischemic responses vary between the two types of testing 

methods, with bicycle exercise testing resulting in a lower amount of exercise-induced 

myocardial ischemia when compared with treadmill exercise testing.47 This finding is in 

line with a previous study, which also showed that treadmill exercise testing had a greater 

ability to detect significant CAD in asymptomatic patients with proven CAD.48

Second, there was a wide variability in study population size and most studies failed to 

describe conventional cardiovascular risk factors. Therefore, the present study compared 
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studies in which cardiovascular risk factors were reported with those not reporting these 

data. The study populations of both clusters were comparable with respect to age, sex and 

VO2max results. In addition, the diagnostic performance of exercise testing was comparable 

between these study clusters. Therefore, it might be speculated that the presence/absence 

of cardiovascular risk factors does not differ substantially between these studies. However, 

we acknowledge that no firm conclusions can be drawn from these observations.

Third, the interpretation of the reference standard was often not blinded to the exercise 

test result. Fourth, as follow up data of only 35 athletes were available, the prognostic 

value of exercise testing could not be determined reliably.

Due to these methodological problems, the internal and external validity of the individual 

studies is questionable and it is very difficult to generalize these study results for all or 

subcategories of athletes.

C O N C L U S I O N

This systematic review revealed a relatively low prevalence of positive exercise test results 

in asymptomatic athletes, but a very poor positive predictive value. There were insufficient 

data available to determine the prognostic implications of false positive test results in 

asymptomatic athletes. Given the potential harmful side effect and costs of false positive 

test results, future studies should focus on physiological mechanisms and prognostic 

implications of positive test results in asymptomatic athletes.
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A B S T R A C T

Background

The diagnostic accuracy of exercise electrocardiography in athletes is not well established. 

The main purpose of this study was to determine the prevalence of false positive exercise 

tests in athletes. An additional goal was to identify determinants of a false positive test 

result.

Methods

Data from all consecutive recreational and competitive athletes who visited the Department 

of Sport Medicine for assessment of sports eligibility during a period of 1.5 years were 

reviewed retrospectively. Exercise tests were categorized as negative or positive for 

ischemia, using predefined ESC criteria. Potential determinants of a (false) positive test 

results that were evaluated included demographics, cardiovascular risk factors, sports 

characteristics, resting ECG abnormalities and exercise capacity. 

Results

Data from 1298 athletes were included. In 53 athletes (4.1%) the exercise electrocardiogram 

was classified as positive. Among the 38 athletes that were referred to a sports cardiologist 

for further diagnostic evaluation, 36 (95%) were classified as having a false positive test 

result and 2 athletes (5%) required coronary revascularization. Athletes with a false-positive 

test were older then athletes with a negative test (53 ± 8 vs. 45 ± 13 years, p = 0.03).

Conclusion

Exercise electrocardiography has a low positive predictive value in asymptomatic 

recreational and competitive athletes, with a false positive test result being associated 

with higher age. Given the relatively high prevalence of false positive test results in this 

population, efforts should be made to develop strategies aimed at identifying false positive 

test results in a simple non-invasive manner.
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I N T R O D U C T I O N

Many athletes and individuals engaged in leisure-time sports undergo mandatory or 

voluntary pre-participation screening in order to obtain sports eligibility. The main goal of 

such screening is to detect cardiovascular abnormalities and, eventually, to prevent sudden 

cardiac death. In young athletes (i.e. < 35 years), the vast majority of sudden cardiac death 

(SCD) is primarily due to congenital or inherited cardiovascular diseases.1-3In older athletes, 

the majority of SCD is primarily caused by coronary artery disease (CAD).1-3 The number 

of middle-aged or elderly individuals who are engaged in competitive or recreational sports 

is growing worldwide.4 Therefore the incidence of sports-related deaths or cardiovascular 

events due to CAD is expected to increase. 

Over the past years, there has been an ongoing debate regarding the most efficacious 

screening strategy for the detection of CAD among competitive and recreational athletes.5, 6  

One of the most widely used tests to detect CAD in pre-participation screening in athletes 

is exercise electrocardiography. The diagnostic accuracy of exercise electrocardiography 

has been shown to be highly dependent on the a priori risk of CAD. According to the Bayes’ 

Theorem and supported by previous studies, the test accuracy of exercise electrocardio-

graphy is substantially higher in subjects with a high pre-test risk as compared to the 

asymptomatic general population.7 The diagnostic accuracy of exercise electrocardiography 

in athletes, however, is not well established. From a theoretical point of view, it can be 

expected that the test accuracy of exercise electrocardiography in young asymptomatic 

athletes is limited, whereas it may be useful to detect CAD in elderly athletes with an 

increased cardiovascular risk. Results from preliminary studies using small sample sizes 

suggested relatively high rates of false positive exercise results in athletes.7-9 Yet, these 

results were based on relative small sample sizes (ranging from 20 to 155 subjects) with 

heterogeneous study populations (various age, type and intensity of sport). 

False positive exercise test results may lead to invasive diagnostic procedures and, 

consequently, to unnecessary complications. As such, the risk of a serious adverse event as 

a result of coronary angiography is 1.7 percent.10 Also, coronary angiography and myocardial 

perfusion imaging are associated with radiation exposure.10 Other potential harms include 

psychological side effects such as anxiety and unnecessary refraining from sports activities. 

Therefore, efforts should be made to develop strategies to identify patients with false positive 

exercise test results at an early stage in a simple non-invasive manner.

The objectives of this study were to determine the prevalence of abnormal exercise test 

results and the rate of false positive exercise test results in an unselected cohort of 

asymptomatic recreational and competitive athletes. In addition, we aimed to identify 

predictors of a false positive exercise test result. 
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M E T H O D S

Study population

We conducted a retrospective cohort study using data from all consecutive competitive 

and recreational athletes that visited the department of Sports Medicine at Máxima Medical 

Centre, Veldhoven, The Netherlands, between January 2012 and August 2013 and 

performed an exercise test to determine sports eligibility. Athletes were defined as those 

who practiced sports at the time of inclusion for at least 30 weeks per year and minimally 

2.5 hours a week and those who practiced two or more sports for minimally 20 weeks a 

year and minimally 1.5 hours a week within one type of sport.11 Athletes were excluded if 

they were referred for complaints suggestive of cardiovascular disease (palpitations, chest 

pain or exercise intolerance). 

Data collection

Information on the following cardiovascular risk factors was extracted from electronic and 

paper charts: family history (classified as positive when at least one first-degree relative 

had a myocardial infarction and/or coronary angioplasty/coronary artery bypass grafting 

before the age of 55 years in male relatives and before 65 years in female relatives),12 

hypertension (systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 

mmHg), diabetes (fasting plasma glucose ≥ 7.0 mmol/L or HbA1C ≥ 6.5%),13 dyslipidemia 

(total plasma cholesterol ≥ 5.0 mmol/L and LDL cholesterol ≥ 3 mmol/L),14 and tobacco 

use. Furthermore, the type, duration and frequency of sports activities were recorded. Type 

of sport was categorized in low/moderate/high dynamic and static levels according to 

Mitchell Classification of Sport.15 From the exercise testing reports, the following variables 

were obtained: length and weight, resting and maximal exercising blood pressure, heart 

rate, and maximal workload. The formula ((maximum heart rate / (210 - 0.65 x age)) x 100) 

was used to calculate the percentage of maximal predicted heart rate (% pred HF max).16 

ACSM standards were used to calculate the predicted maximal workload.17

Resting electrocardiography

Resting ECGs of the athletes with an abnormal exercise test result were reviewed and 

analyzed by two experienced independent sports cardiologists, using recent published 

refined criteria on the interpretation of ECGs in athletes.18 ECGs were classified as showing 

training related normal variants and training unrelated changes.18
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Exercise electrocardiography

All charts from athletes with reported abnormal or borderline exercise test result were 

evaluated. Two independent cardiologists reviewed the test results and categorized the 

exercise test results as either positive or negative for myocardial ischemia. A test result 

was classified as positive in the presence of ≥ 0.1 mV horizontal or downsloping ST-

segment depression measured at least 80 milliseconds after the J-point during exercise 

or recovery, in leads V5 and/or V6.19, 20 Furthermore, the cardiologists categorized the 

amount of ST-segment depression or elevation (≥ 0.1 mV or ≥ 0.2 mV).21

The electronic and paper charts of athletes with a positive exercise test were examined 

to establish whether the athlete was referred for further diagnostic evaluation. If the athlete 

was referred to the department of Cardiology of Máxima Medical Centre, the subsequent 

diagnostic evaluation procedure was evaluated. Abnormal exercise test results were 

classified as a true-positive exercise test if myocardial ischemia was detected; the exercise 

test was classified as false-positive if no ischemia was detected during further evaluation 

by the sports cardiologist.

Statistical analysis

Data were analysed using SPSS 22 statistical software (SPSS Inc, Chicago, IL, USA). 

Continuous data are presented as mean ± SD. Categorical data are presented as numbers 

and percentages. Between-group differences were assessed by the independent t-test 

for continuous variables and chi square analysis for categorical variables. A p-value of p < 

0.05 was considered to be statistically significant.

R E S U LT S

Figure 1. demonstrates the study flowchart. In total, 1298 athletes (mean age 45 ± 13 

years, 82% males) were included in this study. Athletes exercised 6.6 ± 3.7 hours per 

week. The two most common sports categories were high static/high dynamic sports 

(60%) and low static/high dynamic sports (30%). Data on family history were available in 

1095 athletes (84%) and a positive family history was found in 256 athletes (23%). Data 

on the cardiovascular risk factors hypertension, hypercholesterolemia and diabetes were 

available in 1098 athletes, with prevalences of 4%, 2%, and 0.5%, respectively. Data on 

tobacco use were available in 601 athletes (46%), with 35 of the 601 athletes being 

reported as tobacco users (6%). 
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In 53 athletes (4.1%) exercise electrocardiography revealed at least 1 mm of ST deviation. 

38 of these athletes (72%) were referred to our Department of Cardiology. The other 15 

athletes were contacted by telephone. From the latter group one athlete had an acute 

myocardial infarction without prior complaints within one year after screening; the other 

14 athletes were not evaluated by a cardiologist, and had not suffered from cardiac 

complaints or any cardiovascular events. The 38 referred athletes underwent further 

diagnostic evaluation by means of myocardial perfusion scintigraphy (35 athletes) or 

coronary CT angiography (3 athletes). In 2 athletes (5% of the athletes with positive test 

results) abnormalities indicative for ischemia were found during further diagnostic 

evaluation. These 2 athletes subsequently underwent coronary angiography; 1 athlete (41 

years, male, high static/moderate dynamic sport) required PCI and 1 athlete (54 years, 

male, high static/high dynamic sport) required CABG. In 36 athletes (95% of the athletes 

with a positive exercise test result indicative of ischemia) no abnormalities were found 

during diagnostic evaluation and they were classified as having a false positive exercise 

test result. 

When applying 2 mm of ST segment deviation as a criterion for myocardial ischemia, a 

lower prevalence of positive exercise test results was observed (n = 18, 2%), with an equal 

Figure 1. Flowchart of the study.

GP, General Practitioner; CT, Computed Tomography.
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rate of false positive exercise test results among patients that were referred for further 

diagnostic evaluation (18 out 19 athletes, 95%).  

Table 1 shows a comparison of characteristics and exercise testing variables between 

athletes with a negative and a false positive exercise test result. Athletes with a false 

positive exercise test result were significantly older (53 ± 8 vs. 45 ± 13 years, p = 0.002). 

There were no significant differences in the prevalence of sport categories between these 

groups, with most athletes in both groups being categorized in the high dynamic / high 

static group (60% and 62%, respectively). Also, no significant differences were found in 

the prevalence of the cardiovascular risk factors hypertension (p = 0.70), hypercholes-

Table 1. Comparison of characteristics between athletes with false positive and negative test results 

False positive test 
results
(N=36)

Negative test results
(N=1245)

P-value

Male gender 30 (84) 1012 (81) 0.76

Age (years) 53 ± 8 45 ± 13 0.002*

BMI (kg/m2) 24.1 ± 2.1 24.4 ± 3.0 0.05

Cardiovascular Risk Factors, n (%)

   Hypertension

   Hypercholesterolemia

   Diabetes Mellitus

   Positive Family History

   Use of tobacco

1 (3)

2 (6)

0 (0)

8 (25)

3 (14)

47 (4)

21 (2)

5 (0.4)

248 (23)

32 (6)

0.70

0.10

0.69

0.83

0.11

Use of medication 5 (17) 119 (12) 0.80

Hours sport/week 7.0 ± 3.4 6.6 ± 3.8 0.98

Sports classification

   HS/HD

   LS/HD

   Other

22 (62)

9 (24)

5 (14)

751 (60)

381 (31)

113 (9)

0.92

0.47

0.32

Rest MAP (mmHg) 94 ± 11 95 ± 10 0.94

Max MAP (mmHg) 116 ± 14 115 ± 12 0.43

Max HF (bpm) 172 ± 12 176 ± 15 0.34

% pred max HF 98 ± 6 97 ± 7 0.89

Wmax 332 ± 80 331 ± 83 0.83

% pred Wmax 131 ± 20 124 ± 20 0.88

BMI, Body Mass Index; HS, High Static; HD, High Dynamic; LS, Low Static; Rest, Variables measured in rest; Max, 
Variables measured at maximum exercise; MAP, Mean Arterial Pressure; HF, heart frequency; % Pred HF max, 
Percentage Predicted Maximum Heart Frequency; Wmax, Maximum Workload; % Pred Wmax, Percentage Predicted 
Maximum Workload. *P < 0.05
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terolemia (p = 0.10), diabetes (p = 0.69), family history (p = 0.83) and tobacco use (p = 

0.11). Concerning exercise variables, no significant differences were observed in exercise 

blood pressure, maximal heart rate or maximal workload. Left ventricular hypertrophy was 

observed in 9 athletes with a false positive test result (17%). Training unrelated abnor-

malities were observed in 4 athletes (8%) with a false positive exercise test result, com-

prising pathologic Q waves in lead III in 2 athletes, pre-existent ST-segment depression < 

1mm in one athlete and T-wave inversion beyond lead V1 in one athlete. Isolated borderline 

variants (left atrial enlargement and left axis deviation) were found in 2 athletes (4%) with 

a false positive exercise test result and were considered training related normal variants. 

Both athletes performed high dynamic/high static sports. 

Table 2. Comparison of characteristics between athletes with false positive test results defined as > 2 mm 
ST segment deviation and negative test results

False positive test > 2 mm

(N=18)

Negative test results

(N=1245)

P-value

Male gender 14 (78) 1012 (81) 0.71

Age (years) 53 ± 8 45 ± 13 0.03*

BMI (kg/m2) 23.8 ± 2.0 24.4 ± 3.0 0.10

Cardiovascular Risk Factors, n (%)

   Hypertension

   Hypercholesterolemia

   Diabetes Mellitus

   Positive Family History

   Use of tobacco

0 (0)

1 (6)

0 (0)

3 (18)

2 (20)

47 (4)

21 (2)

5 (0.4)

248 (23)

32 (6)

0.38

0.26

0.78

0.58

0.05

Use of medication 1 (6) 119 (12) 0.90

Hours sport/week 7.8 ± 3.8 6.6 ± 3.8 0.69

Sports classification

   HS/HD

   LS/HD

   Other

9 (50)

6 (33)

3 (17)

751 (60)

381 (31)

113 (9)

0.37

0.80

0.27

Rest MAP (mmHg) 94 ± 7 95 ± 10 0.13

Max MAP (mmHg) 117 ± 12 115 ± 12 0.95

Max HF (bpm) 172 ± 13 176 ± 15 0.55

% pred max HF 98 ± 6 97 ± 7 0.87

Wmax 321 ± 85 331 ± 83 0.78

% pred Wmax 126 ± 21 124 ± 20 0.970

BMI, Body Mass Index; HS, High Static; HD, High Dynamic; LS, Low Static; Rest, Variables measured in rest; Max, 
Variables measured at maximum exercise; MAP, Mean Arterial Pressure; HF, heart frequency; % Pred HF max, 
Percentage Predicted Maximum Heart Frequency; Wmax, Maximum Workload; % Pred Wmax, Percentage Predicted 
Maximum Workload. *P < 0.05
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Descriptive data of athletes with > 2 mm of ST segment deviation on exercise electrocardio-

graphy and athletes with a negative exercise test result are presented in table 2. Athletes 

with at least 2mm ST segment deviation were significantly older (53 ± 8 vs. 45 ± 13 years, 

p = 0.03). Yet, no significant differences in the prevalence of cardiovascular risk factors, 

sports classifications and exercising blood pressure and performance were observed be-

tween both groups.

D I S C U S S I O N

This study showed that the prevalence of an abnormal exercise test result indicative of 

ischemia in asymptomatic recreational and competitive athletes was 4.1%. Furthermore, 

we observed a very low positive predictive value of exercise electrocardiography of 5% in 

athletes, both when using commonly used and more strict ECG criteria. Athletes having a 

false positive exercise test result were shown to be older than athletes with a negative 

exercise test. 

The prevalence of an abnormal exercise test in our study was lower than in two smaller 

cohort studies (4.1% versus 16% and 29% respectively).8, 9 The main explanation for this 

difference may be that the mean age of the included athletes in these studies was 

substantially higher than in our study (67 and 63 years versus 45 year, respectively). Other 

explanations may be a high rate of left ventricular hypertrophy 9 and a difference in testing 

modalities (treadmill instead of cycle ergometer) resulting in a greater metabolic cost 8 

during the exercise test. Yet, in line with our study, the majority of the athletes in both 

studies were involved in high dynamic sports (90% versus 100% and 81% respectively) 

and similar ECG criteria were used. In contrast with these studies, Pigozzi et al.  observed 

a lower prevalence of an abnormal exercise test in elderly athletes (mean age 62 years) 

than in our study (2.6% versus 4.1%).7 A possible explanation for this difference may be 

that more strict ECG criteria were applied than in our study (1.5 mm ST segment depression 

in 2 or more leads versus 1 mm of ST depression in one lead, respectively). Furthermore, 

given the fact that left ventricular hypertrophy was observed in none of the included 

athletes, they may have been involved in low-to-moderate dynamic and static sports more 

frequently than in our study, resulting in a lower prevalence of false positive exercise test 

results. 

The vast majority (95%) of the exercise test results in our study were classified as false 

positive, which is in line with results from other cohort studies in athletes. Previous studies 

in asymptomatic non-athletes, however, showed substantially lower rates of false positive 



CHAPTER 4

62

exercise test results.8, 30 This discrepancy may partly be explained by the fact that 

asymptomatic athletes have a low general cardiovascular risk resulting in a very low 

prevalence of CAD. This is supported by the fact that the majority of the athletes from our 

cohort did not have any cardiovascular risk factor (90%). Although this low cardiovascular 

risk may explain explains the very low prevalence of true positive exercise test results, it 

cannot account for the relatively high number of false positive exercise test results. From 

a physiological point of view, false positive exercise test results in athletes may be explained 

by several factors. First, as postulated by Pigozzi et al. sports-induced cardiac hypertrophy 

may be a determinant of ST-segment depression during exercise.7 In line with this 

hypothesis, Spirito et al. showed that an increased left ventricular mass (> 275 grams) was 

associated with a higher rate of abnormal exercise test results in athletes.23 Also, Hood et 

al. demonstrated left ventricular hypertrophy in all athletes with a false positive exercise 

test.9 As shown by Luijkx et al.  the sport category is the main determinant in variation of 

ventricular volume and ventricular wall mass.22 Athletes who performed high dynamic/high 

static sports showed the largest increase in ventricular volume and wall mass when 

compared with non-athletes. Given the fact that the majority of the athletes from our cohort 

were involved in high dynamic/high static sports, cardiac hypertrophy may have been an 

important determinant of the relatively high rate of false positive exercise test results. 

Another mechanism causing false positive exercise results in athletes may be endothelial 

dysfunction. In addition to advancing aging, hypertension, diabetes, and dyslipidemia, it 

has been postulated that cardiac hypertrophy can also cause endothelial dysfunction of 

the intramural arterioles, resulting in microvascular angina and/or positive exercise test 

results.25 As such, Laaksonen et al. showed that cardiac hypertrophy causes a reduction 

in myocardial blood flow capacity in endurance-trained athletes.26  Finally, a positive exercise 

test result in athletes may be caused by exercise induced arterial hypoxemia (EIAH), which 

was defined by Mucci as a decrease of 4% in arterial hemoglobin saturation (SaO2) from 

baseline value.27 As shown by Prefaut et al. EIAH is a very common finding in trained 

athletes, with a higher prevalence in older and highly trained endurance athletes.28 The 

exact mechanisms and effects of EIAH are not fully understood and different hypotheses 

have been proposed in order to explain the pathophysiology. A possible explanation could 

be ventilation/perfusion mismatching, relative hypoventilation and diffusion limitations. 

EIAH is thought to induce a limitation in VO2max and to cause a shortening in time to 

exhaustion. Also, the long-term consequences of slight but repetitive hypoxemia are not 

known yet, but speculations can be made on formation of myocardial fibrosis. It is accepted 

that arterial hypoxemia causes myocardial ischemia because of a supply/demand 

discrepancy. 
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In this present study we observed a higher age in athletes with a false positive exercise 

test, which is in agreement with other studies.7-9 A possible explanation may be a higher 

degree of cardiac hypertrophy in elderly athletes due to a higher amount of lifelong sports 

activities. Also, cardiac hypertrophy may be more likely to induce cardiac ischemia in elderly 

athletes due to a relative reduction in coronary angiogenesis and endothelial function. In 

fact, as shown in animal studies, coronary angiogenesis did not outweigh the cardiac 

hypertrophy in older rats, leaving capillary numerical density unchanged.24 From the data 

available for this study, no other determinants of false positive exercise tests could be 

identified. Therefore, more studies are needed to clarify mechanisms and to identify 

determinants of positive exercise test results in athletes. Moreover, studies investigating 

long-term prognosis of athletes with positive exercise tests are lacking. In non-athletes, 

an abnormal exercise test result in asymptomatic men was shown to be associated with 

an increased risk of future coronary heart disease.29 Yet, it remains to be determined 

whether this also applies to athletes.

Several study limitations should be considered. First, the follow up period of the athletes 

is rather short. The long-term significance of an abnormal exercise test result in 

asymptomatic athletes remains unknown and a cardiovascular event may present itself 

later in life. Moreover, it is possible that during diagnostic evaluation via myocardial perfusion 

scintigraphy false negative test results were found. Second, echocardiographic data were 

lacking for most of the athletes with a false positive exercise test result. As a consequence, 

it was not possible to study the influence of cardiac morphologic remodeling on the exercise 

electrocardiography results in athletes. Third, in this study most athletes performed high 

dynamic/ high static sports and almost no athletes performed low dynamic / low static 

sports. Therefore, it was not feasible to investigate the influence of sports categories on 

the prevalence of false positive exercise test results. Finally, only limited information of 

the athletes with a negative exercise test result was available. The amount of false negative 

exercise test results could therefore not be calculated in this study. 

In conclusion, this study in a large unselected cohort of recreational and competitive 

athletes showed that the positive predictive value of exercise electrocardiography as a 

screening modality for myocardial ischemia in asymptomatic athletes is very low. Even 

when using more strict criteria for a positive exercise test result (i.e. ≥ 2 mm ST depression), 

a high amount of false positive exercise tests was observed. Athletes having a false positive 

exercise test result were older than athletes with a negative exercise test, suggesting a 

limited utility of exercise electrocardiography in older athletes. In the future, efforts should 

be made to develop strategies to identify athletes with false positive exercise test results 

in a simple non-invasive manner.
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A B S T R A C T

Background

Previous studies revealed a relatively high prevalence of electrocardiographic findings 

indicative for myocardial ischemia in asymptomatic athletes undergoing pre-participation 

screening. MPS is generally considered a valuable diagnostic and prognostic modality and 

often used for further diagnostic evaluation in these subjects. However, data on the 

diagnostic accuracy of myocardial perfusion scintigraphy (MPS) in athletes are scarce.

Objectives

To investigate the positive predictive value (PPV) of MPS for detection of coronary artery 

disease (CAD) in asymptomatic athletes with abnormal exercise testing (ET) results during 

pre-participation screening (PPS).  The secondary aim was to evaluate the prognostic value 

of MPS.

Methods 

Electronic charts of asymptomatic athletes who underwent MPS following an abnormal 

ET were retrospectively reviewed. MPS and ET studies were revised. Athlete characteristics 

and cardiovascular risk factors were evaluated.

Results

143 athletes were included. 29 athletes (20%) showed concordant abnormal ET and MPS 

results. Coronary imaging was performed in 20 of these 29 athletes. 4 athletes showed 

significant CAD (PPV = 20 %). The PPV increased to 33% when athletes were selected 

who should have undergone ET according to the guideline recommendations. During a 

mean follow-up interval of 4.7 ± 2.2 years 8 cardiac events occurred. Athletes with an 

abnormal MPS result had a fourfold increased risk at a future cardiac event (2.9%/year 

versus 0.75%/year, p = 0.031). 

Conclusions

The PPV of MPS for the detection of significant CAD in asymptomatic athletes with a 

positive ET result is low, even in a selection of athletes with a relatively high cardiovascular 

risk. Although an abnormal MPS result was associated with a fourfold higher annual event 

rate, the absolute annual event rate in this group was still low. Efforts should be made to 

develop better diagnostic strategies to evaluate asymptomatic athletes with abnormal ET 

results during pre-participation screening. 
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I N T R O D U C T I O N

Pre-participation screening is generally recommended for athletes, given the potentially 

increased risk of sudden cardiac death (SCD) and/or (non-) fatal cardiac events during 

vigorous exercise. However, currently no uniformity exists regarding the contents of pre-

participation strategies. In particular, the use of exercise testing (ET) is heavily debated.1 

In the United States, ET is recommended in competitive male athletes aged over 40 years 

and in female athletes aged over 55 years who have one traditional risk factor or symptoms 

suggestive of cardiac disease2. In Europe, the use of exercise electrocardiography is only 

recommended in athletes who have a higher risk of cardiovascular events due to an 

abnormal evaluation (history, physical examination, risk as assessed using the Systematic 

Coronary Risk Evaluation (SCORE) charts and resting electrocardiography (ECG)) by a 

qualified physician.3 The main concern about the use of ET in (asymptomatic) athletes is 

its poor diagnostic accuracy. Exercise testing has been shown to be an effective non-

invasive diagnostic modality for the detection of obstructive coronary artery disease in 

symptomatic subjects. However, according to the Bayes’ Theorem, ET’s diagnostic accuracy 

is lower in asymptomatic populations with a low a priori risk of coronary artery disease. 

Previous studies of asymptomatic athletes show a relatively high prevalence of 

electrocardiographic findings indicative of myocardial ischemia (19% - 29%).4,5 The presence 

of ischemia is a strong predictor of future adverse cardiac events and should therefore be 

investigated thoroughly. Typically, non-invasive imaging approaches are chosen for further 

evaluation in subjects with abnormal ET results. As such, myocardial perfusion scintigraphy 

(MPS) is widely considered a valuable diagnostic and prognostic modality in patients with 

known or suspected coronary artery disease (CAD).6 In fact, previous studies demonstrate 

a high positive predictive value (PPV) of MPS (85% - 98%) for detection of obstructive CAD 

in a population with a high a priori risk.7–9 Moreover, in low-risk patients with abnormal ET 

results, it has been shown that a normal MPS test result is associated with a favorable 

prognosis over a 6-year follow-up, and an abnormal MPS test is associated with a three-

times higher risk of events.10,11 Although the diagnostic and prognostic value of MPS has 

been established in asymptomatic non-athletes and patients with suspected CAD,12,13 

studies in athletes are scarce. A study among asymptomatic athletes reveals abnormal ET 

results in 20 out of 70 athletes, with an abnormal MPS result in 11 of these athletes (55%). 

However, as coronary angiography was not performed as part of the study protocol, it is 

not possible to establish the diagnostic accuracy of MPS for the detection of obstructive 

CAD.5 Therefore, more knowledge on the diagnostic and prognostic value of MPS is needed 

in order to develop clear recommendations for diagnostic strategies and sports 

recommendations for athletes with positive ET results.  
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The aim of this study is to investigate the positive predictive value (PPV) of MPS for 

detection of CAD in asymptomatic athletes with abnormal ET results.  A secondary aim is 

to evaluate the prognostic implication of MPS in athletes with abnormal ET results. 

M E T H O D S

study population

This study was designed as a retrospective cohort analysis. All electronic charts of athletes 

who visited the Department of Cardiology at Máxima Medical Center in Veldhoven, the 

Netherlands between January 2006 and January 2014 and underwent MPS following an 

abnormal ET were reviewed. The athletes had undergone ET as part of a mandatory or 

voluntary pre-participation screening protocol. Athletes were defined as subjects engaged 

in one sports for at least 2.5 hours a week for at least 30 weeks per year or in two or more 

sports for at least 1.5 hours in one type of sports for at least 20 weeks per year.14 Exclusion 

criteria were ages below 35 or above 65 years, a prior history of cardiovascular events (TIA, 

CVA, myocardial infarction, PCI or CABG), symptoms suggestive of cardiovascular disease 

(chest pain, palpitations, shortness of breath, dizziness or fainting during exercise) and 

insufficient quality of the ET or MPS imaging. A separate analysis was performed for 

athletes who should have undergone ET following the European guideline recommendations. 

Exercise testing

All medical charts of the included athletes were screened, and all ET results were re-

evaluated by the primary investigator (DS), who was blinded for the MPS results and the 

outcome of the diagnostic evaluation. A test result was classified as positive when at least 

a 0.1-mV horizontal or downslope slope ST-segment depression (80 ms after the J-point) 

was observed in leads V5 and/or V6 during exercise or recovery. In addition, the following 

variables were collected from the ET reports: resting heart rate, maximum heart rate, 

resting blood pressure, maximum blood pressure and maximum workload.

Myocardial perfusion scintigraphy

All MPS studies were reviewed by a nuclear medicine physician (IHL) who was blinded for 

the medical history and other test results. Myocardial perfusion imaging was performed 

at rest and either during peak exercise on a cycle ergometer or at peak hyperemia with 

dipyridamole infusion when a left bundle branch block (LBBB) was present. Technetium-

99m (Tc-99m) tetrofosmin was used as a perfusion radiopharmaceutical. Perfusion 

abnormalities were classified as reversible (ischemic) or irreversible defects and scored 

using a 20-segment model of the left ventricle.15 Data about the left ventricular ejection 

fraction and the presence or absence of regional wall motion abnormalities were collected. 
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Data collection

The following data were retrieved from the electronic patient records:

• Athlete characteristics: age, sex, height, weight, body mass index

• Cardiovascular risk factors: hypertension, hypercholesterolemia, diabetes mellitus, 

cerebrovascular accident (CVA), transient ischemic attack (TIA), prior myocardial 

infarction, prior PCI/CABG, peripheral artery disease, use of tobacco, positive family 

history (at least one first-degree relative with a myocardial infarction and/or PCI/CABG 

before the age of 55 in male relatives and 65 in female relatives) and use of medication

• Type of sport, classified according to the Mitchell Classification of Sports (low/moderate/

high static or dynamic components), and sport intensity (hours/week)

• Resting electrocardiography parameters according to refined ECG criteria16 and voltage 

of the QRS complexes in millimeters

• Echocardiography parameters: atrial and ventricular dimensions, wall thickness, ejection 

fraction and valve characteristics 

• The occurrences of cardiac events (cardiac death, myocardial infarction, worsening 

angina pectoris) during follow up

The pre-test probability of CAD was calculated according to an algorithm as proposed by 

Pryor et al.17 and using the Systematic Coronary Risk Evaluation (SCORE) Charts.18 Data 

that were not available in the subject’ electronic charts were determined via a telephone 

interview. 

Statistical analysis

Continuous data were expressed as mean value ± SD and categorical data as numbers 

and percentages. A Student’s independent t-test was used for a between-group comparison 

of continuous data and a chi-square analysis for categorical variables. Multiple between-

group comparisons were performed with a one-way ANOVA. A p-value of p < 0.05 was 

considered statistically significant. 

R E S U LT S

Clinical characteristics

Figure 1 shows the flowchart of the study. A total of 143 athletes (mean age 54.7 ± 7.0 

years, 90.2% male) were included after screening for in- and exclusion criteria. 

Characteristics of the included athletes are presented in Table 1. In all both but one of the 

athletes (99.3%), ET had been performed during MPS. This athlete showed a complete 

LBBB on resting ECG, and pharmacological testing (dipyridamole) had been used during 

MPS. Electronic chart data on the presence of hypertension, hypercholesterolemia, diabetes 

and peripheral artery disease could be retrieved from the medical records in all athletes. 
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Data on the family history, tobacco use and consumption of alcohol could be retrieved for 

95.3%, 93.9% and 90.5% of athletes, respectively. The two most common training-related 

ECG abnormalities were isolated left ventricular hypertrophy (LVH) (38.4%) and incomplete 

right bundle branch block (RBBB) (21.3%). T-wave inversion was the most common training-

unrelated ECG abnormality (5.0%).  

The mean pre-test probability of significant CAD was 25.4% ± 13.5%. In 22 athletes (15%) 

the pre-test probability was lower than 10%, in 89 athletes (62%) it was lower than 30%, 

and 137 athletes (96%) had a pre-test likelihood of CAD below 50%. Among the athletes 

with a positive MPS (N = 29), 11 had a pre-likelihood of CAD of more than 30%, and five 

of them lower than 10%. Athletes with a positive MPS did not have a higher pre-likelihood 

of CAD (mean 26.9% ± 12.8% vs. 25.4% ± 13.5%, p = 0.54). The mean pre-test probability 

of the athletes who had suffered from a cardiac event was not different from that of 

athletes without a cardiac event (34.8% ± 12.1% vs. 25.1% ± 13.3% respectively, p = 

0.15). The level of risk assessed by the SCORE chart could be calculated in 64% of the 

athletes (N = 92) with a mean SCORE of 2.0 ± 1.5. Athletes with a positive MPS result did 

not have a significantly higher SCORE than athletes with a normal MPS result (2.6 ± 2.1 

vs. 1.9 ± 1.3, p = 0.096).

MPS results

The MPS result was considered abnormal in 29 athletes (20%). The mean number of 

ischemic segments in these athletes was 1.5 ± 0.6. Eighteen athletes (62.1) showed one 

ischemic segment, whereas nine athletes (31%) showed two ischemic segments, and 

two athletes (6.9%) showed three ischemic segments. Fixed defects were observed in 

twelve athletes (41.4%); ten of these athletes showed fixed defects in one segment, and 

two athletes showed fixed defects in two segments. Eleven athletes showed both ischemic 

and fixed defects. Regional wall abnormalities were observed in one athlete (3.7%). The 

summed stress score (SSS) was lower than 4 in 21 athletes (72%), leaving eight athletes 

(28%) with an SSS of at least 4. The summed difference score (SDS) was > 2 in 13 athletes 

(45%); in the other 16 athletes (55%) the SDS was < 2. 

PPV of MPS for the detection of significant CAD

Coronary computed tomography (CCT) was performed on athletes (13.8%) with an 

abnormal MPS result (N = 29). Significant CAD was defined as ≥50% stenosis, and non-

significant CAD was defined as <50% stenosis.19 None of the four athletes that underwent 

CCT showed significant CAD. Coronary angiography (CAG) was performed in 16 athletes 

(55.2%), revealing significant multivessel CAD in three athletes, significant single-vessel 
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disease in one athlete, non-significant multivessel CAD in one athlete, non-significant 

single-vessel CAD in another athlete and no CAD in the remaining 10 athletes. The athletes 

with significant CAD also showed a significantly higher SSS and SDS than athletes without 

the presence of significant CAD (4.8 ± 1.0 vs. 1.7 ± 0.3, p = 0.001 and 4.3 ± 1.3 vs. 1.6 ± 

1.6, p = 0.003, respectively). The PPV of MPS for the detection of significant CAD was 

20.0% in these 20 athletes. In the remaining nine athletes with positive MPS, no further 

analysis was performed. The mean number of ischemic segments was 1.1 ± 0.3 segments 

in these nine athletes, which was significantly lower than the 1.6 ± 0.7 ischemic segments 

in the remaining 20 athletes (p = 0.02). In addition, the SDS was significantly lower in these 

nine athletes (1.1 ± 0.4 vs. 2.4 ± 0.4, p = 0.01). A separate analysis was performed for 

athletes with an indication for an ET as part of a pre-participation screening, according to 

criteria of the American College of Sports Medicine (ACSM) and European guidelines. In 

total, 58% (N = 83) of the included athletes met these criteria. Seventeen (20%) of these 

athletes had a positive MPS result, and 12 (71%) of them subsequently underwent coronary 

imaging. Significant CAD was found in four of these athletes, resulting in a PPV of 33%.

Figure 1. Flowchart of the study.

N Number, ECG Electrocardiography, ET Exercise Testing
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Table 1. Characteristics of the included athletes.

N 143

Male (%) 129 (90.2)

Age (years, SD) 54.7 ± 7.0

BMI (kg/m2, SD) 24.2 ± 2.3

Follow up (years, SD) 4.7 ± 2.2

Pre-test probability of CAD (%, SD) 25.4 ± 13.5

SCORE risk chart (mean, SD) 2.0 ± 1.5

Cardiovascular risk factors, N (%)

• Hypertension

• Hypercholesterolemia

• Diabetes

• Peripheral Artery Disease

• Positive Family history

26 (18.2)

16 (11.2)

2 (1.4)

3 (2.1)

56 (40.9)

Use of tobacco 8 (5.9) 

Alcohol consumption 83 (63.8) 

Type of Sport

• HS/HD

• LS/HD

• Other

100 (69.9)

39 (27.3)

4 (2.8)

Hours sport/week (hours, SD) 6.9 ± 3.5

Results of ET

• Maximum workload (W, SD)

• Maximum heart frequency (bpm, SD)

• Maximum MAP (mmHg, SD)

314.6 ± 78.1

174.1 ± 14.3

119.4 ± 13.2

12-lead-resting ECG

• Sinusbradycardia (N, %)

• First degree AV-block (N, %)

• Incomplete RBBB

• Early Repolarisation

• Isolated LVH

• LA enlargement

• RA enlargement

• T-wave inversion in white athletes

• ST-segment depression

• Pathological Q-wave

• Complete LBBB

• Complete RBBB

• Atrial arrhythmia

22 (15.6)

4 (2.8)

30 (21.3)

8 (5.7)

54 (38.4)

19 (13.5)

5 (3.5)

7 (5.0)

1 (0.7)

4 (2.8)

1 (0.7)

2 (1.4)

2 (1.4)
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Event rate

A total of eight events occurred over a mean follow-up duration of 4.7 ± 2.2 years. Four 

athletes with a positive MPS result were referred for revascularization (2x PCI and 2x CABG) 

within 60 days of the MPS result. Another four events (one death due to a cardiovascular 

event and three PCIs) occurred in athletes with normal MPS results during follow-up, 

leading to an overall annual death/myocardial infarction rate of 0.1%/year. The total annual 

event rate for all events (cardiac death, myocardial infarction, worsening angina pectoris), 

including those within 60 days of the MPS result, was 1.2%/year. The annual event rate 

for all events in athletes with an abnormal MPS was significantly higher than in athletes 

N 143

Results of MPS

• Normal (N, %)

• Abnormal

-  1 segment ischemia

-  2 segments ischemia

-  3 segments ischemia

• Average abnormal segments (SD)

• Ejection fraction (%, SD)

114 (79.7)

18 (12.6)

9 (6.3)

2 (1.4)

1.5 ± 0.6

58.3 ± 6.0

Results of echocardiography

• LVEDD (mm, SD)

• LVESD (mm, SD)

• IVS (mm, SD)

• LVPW (mm, SD)

• RVEDD (mm, SD)

• LV Mass (grams, SD)

50.8 ± 5.1

31.9 ± 4.7

10.0 ± 1.9

9.7 ± 1.8

38.1 ± 7.5

183.5 ± 48.2

Events during follow up (n, %)

• No events

• PCI

• Death due to cardiovascular event

• < 60 days after MPS

• Lost to follow up

128 (89.5)

3 (2.1)

1 (0.7)

4 (2.8)

7 (4.9)

Legend: N number, SD Standard Deviation, BMI Body-Mass-Index, kg kilogram, m2 square meter, mmHg Millimeters 
of Mercury, BPM Beats Per Minute, TIA Transient Ischemic Attack, CVA Cerebrovascular Accident, PCI Percutaneous 
Coronary Intervention, CABG Coronary Artery Bypass Grafting, HS High-Static, HD High-Dynamic, LS Low-Static, 
ET Exercise Test, W Watts, MPS Myocardial Perfusion Scintigraphy, LVEDD Left Ventricular End Diastolic Dimension, 
LVESD Left Ventricular End Systolic Dimension, IVS Interventricular Septal Thickness, LVPW Left Ventricular Posterior 
Wall Thickness, RVEDD Right Ventricular End Diastolic Dimension, LV Left Ventricular.

Table 1. Continued
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with a normal MPS results (2.9%/year vs. 0.75%/year, respectively, p = 0.031), leading to 

a fourfold increase in risk in athletes with abnormal MPS results.

D I S C U S S I O N

To our knowledge, this is the largest study evaluating the diagnostic and prognostic value 

of MPS in asymptomatic athletes with abnormal ET results. The main conclusion of the 

present study is that MPS has a poor PPV for the detection of significant CAD in athletes 

with abnormal ET results, even when selecting athletes with a relatively high cardiovascular 

risk. Another finding of this study is that the annual cardiac event rate was four times higher 

in athletes with a positive MPS results during the first 5 years of follow-up. Although this 

is a statistically significant difference, it should be acknowledged that the annual event 

rates were low in both groups studied. 

The present study reveals a low PPV of MPS for the detection of significant CAD in athletes 

with positive ET results (20%). Although other studies of athletes are lacking, this result 

is in line with a previous study of asymptomatic non-athletes suspected of CAD after non-

invasive testing.13 There may be several explanations for the relatively low PPV of MPS in 

asymptomatic athletes. First, according to Bayes’ Theorem, a relatively high percentage 

of false positive ET results can be expected in athletes with a low a priori risk of CAD. In 

our study, the majority of the athletes (70%) indeed had a low (<30%) a priori risk, as 

calculated using the algorithm as proposed by Pryor et al.,17 and 93% of the athletes had 

a low SCORE risk (<5%). Yet when selecting athletes with a higher cardiovascular risk and 

an indication for performing ET according to the ACSM and European guidelines, we 

observed only a slightly higher PPV (33% vs. 20%, respectively). A second, more 

physiological explanation for the low PPV of MPS may be related to atherosclerosis in the 

microvasculature. As shown previously, these abnormalities may cause myocardial ischemia 

despite apparently normal epicardial arteries.20 However, as quantification of myocardial 

blood flow was not performed in our study, it is unclear whether this pathophysiological 

mechanism played a role. Another physiological mechanism possibly explaining positive 

MPS results without significant epicardial coronary lesions is endothelial dysfunction. 

Previous studies show that endothelial dysfunction is often associated with myocardial 

perfusion defects without the presence a of significant epicardial coronary artery lesion.21,22 

Studies evaluating endothelial dysfunction in athletes are scarce. Laaksonen et al.23 compare 

myocardial blood flow (MBF) between untrained and endurance-trained subjects and 

observed a lower MBF at medically induced hyperemia in athletes than in their untrained 
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counterparts.  Finally, the high number of abnormal MPS results without signs of obstructive 

CAD in athletes may be related to morphological remodeling of the heart. It is widely 

recognized that sports, and in particular high-static/high-dynamic sports induce increases 

in ventricular mass and volume.24 Although sports activities also induce long-term 

adaptations in the coronary microvasculature, it has been previously shown in an animal 

study that an imbalance between myocardial oxygen supply and demand may occur due 

to an insufficient increase in coronary capillary density.25 Although speculative, this 

mechanism may have played a role in the present study, as the majority of the athletes 

(69.9%) with concordant abnormal test results participated in high-static/high-dynamic 

sports, with electrocardiographic signs of LVH present in 38.4% of them.

Clearly, the low PPV for the detection of significant CAD in athletes with concordant 

abnormal test results leads to unnecessary invasive diagnostic procedures such as coronary 

angiography. These procedures lead to an increased radiation exposure,26–28 elevated risk 

in terms of adverse events such as anaphylactic reactions or ventricular arrhythmias29 and 

psychological distress.  In our study, 80% of the athletes undergoing coronary angiography 

did not have significant CAD. Therefore, other non-invasive diagnostic strategies in 

asymptomatic athletes with positive ET results should be explored. These strategies could 

consist of a purely anatomically diagnostic evaluation or a combined anatomical and 

functional evaluation. Coronary computed tomography angiography (CCTA), a purely 

anatomical modality, has an excellent negative predictive value in patients with no history 

of CAD.30 Therefore, CCTA is very reliable for ruling out the presence of significant CAD, 

given its high negative predictive value (NPV). However, CCTA does not provide information 

about the microvasculature and its function. Therefore, other potentially useful non-invasive 

imaging modalities that combine anatomical and functional evaluations include PET-CT 

perfusion imaging, e.g. with Rubidium-82 (82Rb), and perfusion MRI. Both techniques can 

be used to assess absolute MBF and myocardial flow reserve (MFR) in each of the coronary 

vasculature territories.31,32 Yet, the diagnostic accuracy of these techniques in athletes 

remains to be established. In addition to the application of more accurate imaging modalities, 

the diagnostic evaluation of athletes with abnormal ET results could be improved with 

better strategies for selecting athletes requiring an additional diagnostic workup. As such, 

a previous study shows that,13 the PPV of MPS for the detection of significant CAD 

increases from 8% to 41% with increasing cholesterol ratios (total cholesterol/HDL 

cholesterol) from < 4.5 to > 6.0, respectively. In our study, dyslipidemia was present in 

11.2% of the athletes, suggesting that dyslipidemia may be useful as a criterion to 

determine whether athletes should undergo screening for CAD. 

This study reveals a low cardiac events rate of 1.2%/year in asymptomatic athletes with 



CHAPTER 5

78

a positive ET result over a mean follow-up period of 4.7 years. This annual event rate is 

comparable to that in asymptomatic men and women with a positive exercise test (1.2%/

year vs. 1%/year).33 The annual event rate in athletes with concordant abnormal test results 

was four times higher than in athletes with a normal MPS result, which is grossly 

comparable with the incremental prognostic value of MPS in non-athletes (2.5 – 9.6 times 

higher event rate).10,34–36 However, given the low number of events in our study, larger 

studies with longer follow-up durations are needed to extend our results. 

Several limitations should be addressed. First, in 24% of the athletes with a positive MPS, 

no coronary imaging was performed. Therefore, the PPV could have been over- or 

underestimated to some extent. Secondly, none of the asymptomatic athletes with normal 

MPS underwent coronary imaging. Therefore, the diagnostic NPV of MPS could not be 

calculated. Finally, as stated, due to the limited number of events observed during the 

follow-up period, the prognostic value of MPS in athletes needs to be evaluated in larger 

cohorts. 

In conclusion, this study shows that the PPV of MPS for the detection of significant CAD 

in asymptomatic athletes with a positive ET result is low, even in a selection of athletes 

with a relatively high cardiovascular risk. Therefore, in order to avoid unnecessary invasive 

diagnostic procedures, other non-invasive diagnostic strategies to detect significant CAD 

in athletes should be explored. Furthermore, an abnormal MPS result is associated with a 

fourfold increase in annual event rates. Yet, given the low annual event rates in athletes, 

larger studies with a longer follow-up duration are warranted to expand on the prognostic 

implication of abnormal MPS and ET results in asymptomatic athletes.
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A B S T R A C T

Background

Previous studies revealed a high rate of positive exercise test (ET) results in the absence 

of obstructive coronary artery disease (CAD) in asymptomatic athletes. The physiological 

background of this phenomenon is not well established. In particular, it is unclear whether 

sports-induced morphological cardiac adaptations are determinants of abnormal ET results. 

Objectives

The main objective of this study was to investigate whether there is a relationship between 

left ventricular (LV) mass and the occurrence of false-positive ET results in healthy 

asymptomatic recreational and competitive athletes.

Methods

73 athletes with positive ET results without presence of obstructive CAD underwent 

echocardiographic assessment of LV mass, systolic and diastolic measurements. These 

data were compared with data from 73 athletes with negative test results, matched for 

gender, age, body composition, sports characteristics and exercise capacity.

Results

No significant increase in LV mass (161.9±39 gram vs. 166.9±42.1 gram, p = 0.461) was 

found between groups. Athletes with positive ET results had a significant thicker IVSd 

(9.7±1.8 mm vs. 9.0±1.7 mm, p = 0.014), higher IVSd/PWTd ratio (1.08±0.20 vs. 1.00±0.12, 

p = 0.011) and deceleration time (DT) was prolonged ((225.14±55.08 vs. 199.96±34.65, p 

= 0.003).

Conclusion

Athletes with positive ET result did not show an increase in LV mass as compared to 

athletes with a normal ET result. However, a pattern of asymmetric cardiac remodeling, 

together with altered diastolic function is present. Due to small differences, cardiac 

remodeling only plays a limited role in the occurrence of positive ET results in athletes.
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I N T R O D U C T I O N

In order to obtain sports eligibility, athletes often undergo pre-participation screening (PPS) 

to identify genetic, congenital and/or acquired heart diseases.1, 2 In addition to a general 

evaluation of the athlete’s overall health and a 12-lead resting electrocardiogram (ECG),3 

PPS also often includes exercise testing (ET), which is considered a low-cost non-invasive 

component for detection of cardiac ischemia in recreational and competitive athletes. 

However, several studies demonstrated a high prevalence of positive ET results in athletes 

in the absence of coronary artery disease (CAD).4-6 Whereas this observation may be 

explained partly by a low a priori risk of CAD as compared to non-athletes, other sport-

related explanations have also been proposed. First, exercise-induced ST-segment 

depression in athletes may be caused by microvascular dysfunction, inadequate density 

of myocardial capillaries relative to myocardial mass and compression of the microvascular 

arteries.7 This theory is supported by a previous study which showed that microvascular 

function and increase of capillary density is critically dependent on age.8 In older subjects, 

the increase in left ventricular mass outweighs the increase in capillary density and the 

microvascular function is altered in these subject when compared with younger subjects 

leading to a mismatch in oxygen demand and oxygen supply. Second, cardiac remodeling 

may play a role. In fact, different types of exercise training (endurance and strength) affect 

the cardiovascular system in different manners. This leads to various cardiac adaptations, 

including structural, functional and electrical changes, often referred to as ‘’the athlete’s 

heart’’.9 Whereas electrical remodeling, including rest repolarization abnormalities, is known 

to induce false-positive ET results,10 the influence of morphological remodeling on ET results 

in athletes is not well established. In the general population, LV hypertrophy and hypertrophic 

cardiomyopathy were shown to be related to ST-segment depression independent from 

macrovascular CAD.7 However, it remains unclear whether a sports-induced increase in LV 

mass, which is the most common morphological cardiac adaptation, is a determinant of 

positive ET results.9, 11

Therefore, the main objective of this study is to investigate whether there is a relationship 

between LV mass and the occurrence of false-positive ET results in healthy asymptomatic 

recreational and competitive athletes. 
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M E T H O D S

Study design and population

This study was conducted as part of a single-center prospective study in asymptomatic 

recreational and competitive athletes who underwent PPS at Máxima Medical Center, 

Veldhoven, The Netherlands, between October 2014 and March 2017 and was approved 

by the local medical ethical committee. Athletes were defined as those who have practiced 

sports for at least 2.5 hr a week for at least 30 weeks per year.12 Athletes were excluded 

if they suffered from complaints suggestive of cardiac disease (such as chest pain or 

impaired exercise intolerance). An abnormal exercise test was defined as a minimum of 

0.1 mV horizontal or downsloping ST-segment depression or elevation measured at least 

80 or 60 ms after the J-point during exercise or recovery in three consecutive beats.10 

Athletes with abnormal ET results were referred to a cardiologist for further diagnostic 

evaluation including echocardiography, myocardial perfusion imaging and coronary 

angiography to rule out epicardial coronary artery disease. After written informed consent, 

subjects with a false-positive ET result were included in the present analysis. To evaluate 

the relationship between LV remodeling and false-positive ET results, athletes with false-

positive ET results were matched 1:1 with athletes with negative ET results. A database 

of athletes who underwent PPS at Máxima Medical Center was used to search for matching 

athletes. The athletes with false-positive ET results were matched with athletes with 

negative ET results according to gender (1:1), age (+/- 3 years), body mass index (BMI) 

(+/- 0.5 kg/m2), body surface area (BSA) (+/- 0.2 m2), hours of sports per week (+/- 1 hours), 

sport category (1:1) and maximal workload per kilogram (+/- 0.3 W/kg). 

Data collection

The following cardiovascular risk factors were collected through a questionnaire: 

hypertension, hypercholesterolemia, diabetes, use of tobacco and family history. This 

questionnaire also addressed the type of sports each athlete plays according to the Mitchell 

Classification of Sports13 and the intensity of the sport (training hours per week). In addition, 

the following variables were obtained from the exercise test: resting mean arterial pressure 

(MAP), MAP at peak exercise, resting heart rate, maximal achieved heart rate, percentage 

of maximal predicted heart rate, maximal achieved workload and percentage of the 

predicted maximal workload. 

Resting electrocardiography

In all athletes, a 12-lead resting ECG was recorded in the supine position prior to the 

exercise test. The ECGs were analyzed following the international recommendations for 
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the interpretation of ECGs in athletes.3 The ECGs were classified as normal ECG findings 

or abnormal ECG findings that require further evaluation. 

Echocardiography

The athletes with a positive test result and who were referred to the department of 

cardiology received an echocardiography including standard two-dimensional color and 

spectral Doppler measurements and additional measurements for cardiac remodeling to 

current standards.14 For the calculation of the LV mass, the left ventricular end diastolic 

diameter (LVEDD), the end diastolic interventricular septal wall thickness (IVSd) and the 

end diastolic left ventricle posterior wall thickness (PWTd) were measured in millimeters 

from the parasternal long axis view. The following formula was used to calculate the LV 

mass in grams: 0.8 x (1.04 x (LVEDD + IVSd + PWTd)3 – (LVEDD)3) + 0.6. For the calculation 

of the relative wall thickness (RWT), the following formula was used: (IVSd + PWTd)/

LVEDD.15 To establish the cardiac diastolic function, the following echocardiographic 

parameters were measured: the maximal early ventricular filling velocity (E); the deceleration 

time (DT) of the early filling velocity; the maximal late ventricular filling velocity due to the 

atrial kick (A); the E/A ratio; the diastolic peak velocities of the mitral annulus measured at 

the interventricular septum and laterally, designated as E’ interventricular septum and E’ 

lateral, respectively; and the E/E’ ratio for both annulus measurements.

Statistical analysis

Data were analyzed using SPSS 22 statistical software (SPSS Inc., Chicago, Illinois, USA). 

Continuous data are presented as mean ± SD. Categorical data are presented as numbers 

and percentages. Between-group differences were assessed by an independent t-test or 

Mann-Whitney test, depending on the normal distribution for continuous variables and 

chi-square analysis for categorical variables. A p-value of 0.05 was considered to be 

statistically significant. 

R E S U LT S

From a cohort of 753 athletes (mean age 45.7±14.7, 81% male), 73 athletes (9,7%) with 

a positive ET result and who underwent echocardiography were selected (Figure 1). All 

these athletes were referred to the department of cardiology for further diagnostic 

evaluation. Myocardial perfusion scintigraphy (MPS) was used in 57 athletes (78%), 

computed tomography coronary angiography (CCTA) was used in 15 athletes (21%) and 
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direct coronary angiography was used in 1 athlete (1%). Diagnostic evaluation showed no 

abnormalities, suggestive for myocardial ischemia or significant coronary artery disease in 

66 athletes (90%). Seven athletes (10%) showed a mean of 1.9 ± 1.1 ischemic segments 

of ischemia on MPS and subsequent CAG showed no obstructive CAD in all of these 

athletes. So, in all 73 athletes, no obstructive CAD was found. These 73 athletes were 

matched with athletes with negative ET results according to gender, age, BMI, BSA, hours 

of sports per week, sports category and maximal workload per kilogram as described above. 

Table 1 summarizes the characteristics of athletes with a false-positive ET result who 

underwent echocardiography and of the matched control group with a negative exercise 

test. The study population consisted primarily of male athletes (86.3%), most frequently 

practicing high-static and high-dynamic sports (68.5%). 

Figure 1. Flowchart of the study.

ET, exercise testing



LV remodeling in abnormal ET results

93

6

The comparison of the exercise parameters between athletes with false-positive ET results 

and the control group are demonstrated in Table 2. No significant differences were observed 

in MAP at peak exercise, heart frequency at rest, maximal achieved workload and 

percentage of the predicted maximal workload. The maximal heart rate (174.8±16.5 bpm 

vs. 167.8±14.5 bpm, p = 0.007) and the percentage of the predicted maximal heart rate 

(99.7± 8.0 versus 95.4±7.7, p = 0.001) were significantly higher in the group with the 

false-positive ET results. The MAP at rest was also lower in the group with the false-positive 

ET results (97.2±10.4 vs. 102.1±11.9 mmHg). 

Table 1. Comparison of the matched characteristics between athletes with false-positive test results and the 
matched control group with negative test results.

False-positive test 
results (n=73)

Control group (negative 
test results) n=73

P-value

Male gender, n (%) 63 (86.3) 63 (86.3) 1.000

Age (years) 53.4 ± 9.6 52.4 ± 9.5 0.507

BSA (m²) 1.97 ± 0.18 1.98 ± 0.16 0.705

BMI (kg/m²) 23.85 ± 2.6 24.63 ± 2.34 0.061

Hours sport/week 6.4 ± 3.5 6.7 ± 3.3 0.705

Sports classification, n (%)

• HS/HD 50 (68.5) 50 (68.5) 1.000

• LS/HD 21 (28.8) 21 (28.8) 1.000

• MS/MD 2 (2.7) 2 (2.7) 1.000

Workload per kilogram (W/kg) 4.32 ± 0.94 4.22 ± 0.92 0.530

ECG findings

• Normal

• Abnormal

63 (86.3)

10 (13.7)

68 (93.2)

5 (6.8)

0.343

Diagnostic evaluation, n (%)

• MPS

• CCTA

• CAG

57 (78.1)

15 (20.5)

1 (1.4)

Outcome diagnostic evaluation, n (%)

• Normal

• Abnormal

-  MPS

-  Ischemic segments, mean

-  Obstructive CAD, n

66 (90.4)

7 (9.6)

1.9 ± 1.1

0

BSA, body surface area; BMI, body mass index; HS, high static; HD, high dynamic; LS, low static; HD, high dynamic; 
MS, mid static; MD, mid dynamic; W, workload; MPS, myocardial perfusion scintigraphy; CT, computed tomography 
coronary angiography; CAG, coronary angiography; CAD, coronary artery disease.
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Table 3 shows the echocardiographic findings from the group with false-positive ET results 

and the control group. No significant differences were observed in the absolute and BSA-

corrected LV masses between the two groups. The LVEDD was significantly lower in 

athletes with a false-positive ET result (48.4±4.4 mm vs. 51.0±5.3 mm, p = 0.002). The 

end diastolic IVS was significantly thicker in the group of athletes with a false-positive ET 

result (9.7±1.8 mm vs. 9.0±1.7 mm, p = 0.014). No significant difference was observed 

in the end diastolic PWT between the two groups (p = 0.718). There was a significantly 

higher IVSd/PWTd ratio (1.08±0.20 vs. 1.00±0.12, p = 0.011) and RWT (0.38±0.06 vs. 

0.36±0.06, p = 0.044) in athletes with a false-positive ET result. Regarding indicators of LV 

diastolic function, there was no significant difference in early ventricular filling velocity (E), 

late ventricular filling velocity (A) and the E/A ratio between the two groups (p = 0.281, p 

= 0.762, p = 0.363, respectively). Yet, the deceleration time of the early filling velocity was 

significantly prolonged in athletes with false-positive test results (225.14±55.08 vs. 

199.96±34.65, p = 0.003). No significant difference was found in the E/E’ septal and lateral 

ratio between the two groups (p = 0.904, p = 0.936, respectively).

D I S C U S S I O N

This study showed that athletes with a positive ET result in the absence of obstructive 

CAD do not have a higher LV mass than athletes with normal ET results. These athletes, 

however, did show a smaller LVEDD, a higher RWT and asymmetric remodeling due to an 

increased IVS thickness, as well as a prolongation of the DT of the early filling velocity of 

Table 2. Comparison of exercise parameters between athletes with false-positive and negative test results.

False-positive test 
results (n=73)

Control group (negative 
test results) n=73

P-value

Rest MAP (mmHg) 97.2 ± 10.4 102.1 ± 11.9 0.009*

Max MAP (mmHg) 119.5 ± 12.3 121.6 ± 11.9 0.301

Rest HF (bpm) 66.3 ± 13.9 67.8 ± 13.6 0.516

Max HF (bpm) 174.8 ± 16.5 167.8 ± 14.5 0.007*

% pred HF max 99.7 ± 8.0 95.4 ± 7.7 0.001*

Wmax (watt) 331.8 ± 73.2 331.9 ± 72.2 0.994

% pred Wmax 152.6 ± 22.6 153.8 ± 26.2 0.776

* P< 0.05
Rest, variables measured in rest; Max, variables measured at maximal exercise, MAP, mean arterial pressure; HF, 
heart frequency; % pred HF max, percentage predicted maximal heart frequency; Wmax, maximal workload; % pred 
Wmax, percentage predicted maximal workload.
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the LV suggestive of an altered diastolic function. It should be acknowledged that these 

differences were small and values were still within the normal range. Therefore, these 

results suggest that sport-induced morphological adaptations only play a limited role in the 

development of STT changes during exercise

To the authors’ knowledge, this is the first prospective study evaluating the relationship 

between LV remodeling and ET results in healthy asymptomatic athletes. In the present 

study, there was no significant difference in absolute LV mass and LV mass indexed to 

BSA between the athletes with false-positive ET results and the athletes with negative 

test results. These findings are in line with previous studies  that include smaller study 

populations.16, 17 Despite the fact that the present study did not show a relationship between 

LV mass and false-positive ET tests, the RWT was significantly higher in the false-positive 

group than in athletes with a negative test result (0.38 ± 0.06 versus 0.36 ± 0.06, p = 

0.044). The present study also showed a significantly decreased LVEDD and increased IVS 

thickness at the end diastole in athletes with a false-positive ET results, leading to a 

Table 3. Echocardiographic findings in athletes with false-positive and negative test results.

False-positive test 
results (n=73)

Control group
(n=73)

P-value

LVEDD (mm) 48.4 ± 4.4 51.0 ± 5.3 0.002*

IVSd (mm) 9.7 ± 1.8 9.0 ± 1.7 0.014*

PWTd (mm) 9.1 ± 1.4 9.0 ± 1.4 0.718

LVESD (mm) 32.3 ± 2.7 34.1 ± 4.4 0.005*

ESWS (g/cm2) 66.7 ± 16.3 81.8 ± 26.3 <0.001*

LV mass (gr) 161.9 ± 39.0 166.9 ± 42.1 0.461

LV mass/BSA (gr/m²) 82.1 ± 18.0 84.2 ± 19.9 0.501

IVSd/PWTd ratio 1.08 ± 0.20 1.00 ± 0.12 0.011*

RWT 0.38 ± 0.06 0.36 ± 0.06 0.044*

MV max flow E (m/s) 0.694 ± 0.160 0.724 ± 0.160 0.281

MV DT E (ms) 225.14 ± 55.08 199.96 ± 34.65 0.003*

MV max flow A (m/s) 0.591 ± 0.143 0.584 ± 0.111 0.762

E/A ratio 1.22 ± 0.33 1.28 ± 0.36 0.363

E/E’ septal ratio 7.73 ± 1.91 7.69 ± 1.62 0.904

E/E’ lateral ratio 5.68 ± 1.58 5.77 ± 1.64 0.936

* P< 0.05
LV, left ventricular; LVEDD, left ventricular end diastolic diameter; IVSd, interventricular septal wall thickness at 
diastole; PWTd, posterior wall thickness at diastole; RWT, relative wall thickness; MV max flow E, maximal early 
ventricular filling velocity; MV DT E, deceleration time of the early filling velocity; MV max flow A, maximal late 
ventricular filling velocity; E’ septal, diastolic peak velocity of the mitral annulus measured at the interventricular 
septum; E’ lateral, diastolic peak velocity of the mitral annulus measured lateral.
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significantly higher IVS/PWT ratio. These findings suggest that athletes with a false-positive 

ET result show a pattern of asymmetric cardiac remodeling.

The two groups of athletes in the present study showed no significant difference in the 

delivered maximal workload. However, a significantly higher maximum heart rate was 

observed in athletes with false-positive ET results. According to the Fick principle (VO2 max 

= cardiac output x [arterial - venous O2]), one can assume that there is a reduced stroke 

volume (SV) in athletes with a false-positive ET result, as there is a linear relationship 

between the workload and VO2.
18 A possible explanation of the reduced SV could be the 

presence of a smaller left ventricular cavity expressed as a reduction in the LVEDD due to 

the asymmetric remodeling seen in the present study. The findings of a significant higher 

achieved maximum heart rate reflect necessary physiological adaptations to the observed 

cardiac remodeling in order to obtain the necessary increase in cardiac output.

The asymmetric remodeling pattern may be explained by Poiseuille’s law (pressure = flow 

x resistance). During exercise, and especially in dynamic sports activities, cardiac output 

(flow) increases more than total peripheral resistance (TPR), resulting in an increase in LV 

afterload, which initiates cardiac remodeling. According to the law of Laplace, an increase 

in afterload causes an increase in wall stress. In order to reduce wall stress, concentric 

remodeling occurs with an increase in overall wall thickness. However, in some patients, 

asymmetric remodeling develops rather than concentric remodeling. In particular, 

asymmetric remodeling is commonly observed in patients with an increase in LV afterload 

due to aortic stenosis and systemic hypertension (10%–25%).19 This may be explained by 

the fact that the ventricular septum has a larger bending radius than the posterior wall. 

During contraction, this larger bending radius leads to greater myocardial stress of the 

septal wall. This initiates a more pronounced hypertrophic response leading to asymmetric 

remodeling of the septal wall.20 The same mechanism may be responsible for the findings 

in athletes in the present study. Yet, it remains unclear why only some of the athletes in 

this study express asymmetric remodeling. One could speculate that these athletes have 

a genetic predisposition for developing an increase in myocardial wall thickness in response 

to an increase in LV afterload.20 It is also known that an increase in afterload leads to an 

impairment of myocardial relaxation.21 This theory is supported by Hayashida et al., who 

show that a greater impairment of myocardial relaxation is observed with increasing wall 

thickness.22 In this way, afterload and (asymmetric) cardiac remodeling can alter diastolic 

LV function and eventually lead to diastolic dysfunction. 

This altered diastolic function could possibly be an explanation for the observed ST-segment 

depression in athletes without the presence of epicardial CAD. As shown in the present 

study, there was a significant prolongation of the DT of the early left ventricular filling 
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velocity in athletes with false-positive ET results. This prolonged DT reflects an impaired 

left ventricular relaxation. Ventricular relaxation is one of the major determinants of diastolic 

filling and is characterized by the duration of the decrease of LV pressure after systole. A 

prolonged DT indicates that LV end diastolic pressure (LVEDP) is elevated. It is known that 

a minimal perfusion pressure is necessary to maintain patency of the coronary 

microvasculature.23 As a result of an elevated LVEDP, the critical closing pressure of the 

coronary microvasculature could be exceeded. Due to this phenomenon, the perfusion 

gradient is compromised, resulting in a reduced coronary flow. In turn, the reduced coronary 

flow leads to an ischemic response, which further aggravates the LVEDP through ischemia-

induced alterations in the diastolic pressure–volume relationship. 

Another possible explanation for the ST-segment depression could also be related to the 

observed cardiac remodeling. It is known that an increase in myocardial mass should be 

evenly compensated with an increase in angiogenesis to fulfill the requirements for 

increased oxygen consumption [8]. However, this response has been found to be critically 

dependent on age8, as angiogenesis does not outweigh the increase in LV mass in the 

elderly.24 The present study included athletes with a mean age of 52.9 years. It is feasible 

to think that there might be an imbalance between myocardial mass and angiogenesis, 

especially in the group of athletes with asymmetric cardiac remodeling. 

It has also been shown that this imbalance leads to a reduced vasodilator reserve.23, 25 A 

previous study shows that an active vasomotor tone is required to maintain subendocardial 

perfusion by creating a flow gradient to the deeper myocardial layers.8 In the case of a 

defect in the vasomotor tone, there is an impaired regulation of myocardial perfusion due 

to the diminished gradient from epicardium to endocardium. This dysfunctional vasodilation 

may be caused by a reduction in availability of the endothelium-derived relaxing factor 

(EDRF), also known as nitric oxide (NO), and an increase of endothelin-1 (ET-1) levels. Due 

to the imbalance between vasodilation and vasoconstriction, an endothelial vasodilator 

dysfunction can develop.26 Therefore, endothelial dysfunction could be an explanation of 

exercise-induced ischemia in athletes, although previous studies show conflicting results 

of both increased endothelial function27 and reduced endothelial function in athletes.11 Due 

to the imbalance between myocardial mass and angiogenesis together with a reduced 

vasomotor tone, myocardial perfusion is reduced, which can induce exercise-induced 

ischemia. 

Myocardial ischemia with ST-segment depression can also occur due to cardiac compressive 

forces. During basal conditions, systolic contraction impedes myocardial blood flow 

resulting in primarily diastolic filling of the coronary vasculature. However, during exercise 

40%–50% of the coronary blood flow occurs during systole as the diastolic interval 
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decreases with higher heart rates. It is feasible to think that the observed increase in septal 

wall thickness, together with the above-mentioned imbalance, compresses the coronary 

microvasculature. These factors, solely or combined, could cause the observed ST-segment 

depression as an expression of myocardial ischemia. 

Clinical implications

The high prevalence of false-positive ET results in athletes requires consideration, because 

an erroneous diagnosis may have important consequences. For instance, a false diagnosis 

of cardiac disease warrants unnecessary activity restriction or even disqualification from 

sports, while an incorrect diagnosis may jeopardize the life of an athlete.28 In addition, 

athletes with false-positive ET results undergo invasive diagnostic procedures, which are 

accompanied with an increase in health care costs. In order to reduce the high number of 

false-positive ET results, it is necessary to elucidate associated mechanisms and identify 

predictors that can be used to improve the positive predictive value of electrocardiography 

in asymptomatic athletes. This study shows a possible relationship between LV asymmetric 

remodeling and the occurrence of false-positive ET results. However, given the small 

differences in echocardiographic values between groups, cardiac remodeling only seems 

to play a limited role. Therefore, other sports-related mechanisms that may be related to 

the development of STT changes during exercise, such as microvascular dysfunction, 

insufficient density of myocardial capillaries relative to myocardial mass and compression 

of the microvascular arteries due to high ventricular filling pressure, should be explored

Limitations

There are several limitations that should be acknowledged. First, LV mass was measured 

via echocardiography. M-mode echocardiography is the most widely used technique in the 

evaluation of the LV mass, because of the relatively low costs and the rapid and non-invasive 

character. However, M-mode echocardiography has important limitations particularly in 

subjects with abnormal LV geometry.29 Magnetic Resonance Imaging (MRI) is the gold 

standard for accurate assessment of the LV mass, but this technique is relatively expensive, 

time consuming and not feasible for all patients.30 Therefore, it is less suitable for routine 

clinical screening for cardiac remodeling in athletes. Second, the study population consisted 

primarily of male athletes who practice high-static, high-dynamic sports. Therefore, it was 

not possible to make a reliable statement about the correlation of LV remodeling on false-

positive ET results in female athletes and athletes who perform low-static, low-dynamic 

exercise or other types of sports. 
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C O N C L U S I O N 

Athletes with a positive ET result did not show an increase in LV mass as compared to 

athletes with a normal ET result. However, these athletes did show a pattern of asymmetric 

cardiac remodeling due to a greater IVS thickness, together with an altered diastolic function 

as indicated by a prolonged DT. Yet, as these differences were small and values were still 

within the normal range, these results suggest that cardiac remodeling only plays a limited 

role in the occurrence of positive ET results in athletes.



CHAPTER 6

100

R E F E R E N C E S

1.  Maron BJ, Levine BD, Washington RL, et al. Eligibility and Disqualification Recommendations for Competitive 
Athletes with Cardiovascular Abnormalities: Task Force 2: Preparticipation Screening for Cardiovascular Disease 
in Competitive Athletes: A Scientific Statement from the American Heart Associ. J Am Coll Cardiol. 2015; 66: 
2356–2361. 

2.  Corrado D, Schmied C, Basso C, et al. Risk of sports: Do we need a pre-participation screening for competitive 
and leisure athletes? Eur Heart J. 2011; 32: 934–944.

3.  Sharma S, Drezner JA, Baggish A, et al. International Recommendations for Electrocardiographic Interpretation 
in Athletes. J Am Coll Cardiol. 2017; 69: 1057–1075.

4.  Gibbons LW, Mitchell TL, Wei M, et al. Maximal exercise test as a predictor of risk for mortality from coronary 
heart disease in asymptomatic men. Am J Cardiol. 2000; 86: 53–58.

5.  Katzel LI, Fleg JL, Busby-Whitehead MJ, et al. Exercise-induced silent myocardial ischemia in master athletes. 
Am J Cardiol. 1998; 81: 261–265. 

6.  van de Sande DA, Breuer MA, Kemps HM. Utility of Exercise Electrocardiography in Pre-participation Screening 
in Asymptomatic Athletes: A Systematic Review. Sport Med. 2016; 46: 1155–1164.

7.  Shimizu M, Ino H, Okeie K, et al. Exercise-induced ST-segment depression and systolic dysfunction in patients 
with nonobstructive hypertrophic cardiomyopathy. Am Heart J. 2000; 140: 52–60.

8.  Duncker D, Bache R. Regulation of coronary blood flow during exercise. Physiol Rev. 2008; 88: 1009–1086. 
9.  Prior DL, La Gerche A. The athlete’s heart. Heart. 2012; 98: 947–955. 
10.  Hill J, Timmis A. Exercise tolerance testing. BMJ. 2002; 324: 1084–1087. 
11.  Laaksonen MS, Heinonen I, Luotolahti M, et al. V̇O2peak, Myocardial hypertrophy, and myocardial blood flow 

in endurance-trained men. Med Sci Sports Exerc. 2014; 46: 1498–505.
12.  van Middelkoop M, van Linschoten R, Berger MY, et al. Knee complaints seen in general practice: active sport 

participants versus non-sport participants. BMC Musculoskelet Disord. 2008; 9: 36.
13.  Mitchell JH, Haskell W, Snell P, et al. Task Force 8: Classification of Sports. 2005; 45: 1364–1367.
14.  Oh JK, Seward J, Tajik A. The Echo Manual, 3th edition. Wolters Kluwer; 2006.
15.  Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac chamber quantification by echocardiography 

in adults: An update from the American society of echocardiography and the European association of 
cardiovascular imaging. Eur Heart J Cardiovasc Imaging. 2015; 16: 233–271. 

16.  Pigozzi F. Role of exercise stress test in master athletes. Br J Sports Med. 2005; 39: 527–31.
17.  Spirito P, Maron BJ, Bonow RO, et al. Prevalence and significance of an abnormal S-T segment response to 

exercise in a young athletic population. Am J Cardiol. 1983; 51: 1663–1666. 
18.  Arts F, Kuipers H. The relation between power output, oxygen uptake and heart rate in male athletes. Int J 

Sports Med. 1994; 15: 228–231.
19.  Rodrigues JC, Amadu AM, Dastidar AG, et al. Prevalence and predictors of asymmetric hypertensive heart 

disease: insights from cardiac and aortic function with cardiovascular magnetic resonance. Eur Hear J – 
Cardiovasc Imaging. 2016; 17: 1405–1413. 

20.  Kwiecinski J, Chin CWL Everett RJ, et al. Adverse prognosis associated with asymmetric myocardial thickening 
in aortic stenosis. Eur Hear J - Cardiovasc Imaging. 2017; 1: 1–10. 

21.  Leite-Moreira AF. Current perspectives in diastolic dysfunction and diastolic heart failure. Heart. 2006; 92: 
712–718. 

22.  Hayashida W, Kumada T, Kohno F, et al. Left ventricular regional relaxation and its nonuniformity in hypertrophic 
nonobstructive cardiomyopathy. Circulation. 1991; 84: 1496–1504. 

23.  Cannon RO, Rosing DR, Maron BJ, et al. Myocardial ischemia in patients with hypertrophic cardiomyopathy: 
contribution of inadequate vasodilator reserve and elevated left ventricular filling pressures. Circulation. 1985; 
71: 234–243. 

24.  Jacobs T, Bell R, McClements J. Exercise, age and the development of the myocardial vasculature. Growth. 
1984; 48: 148–157.

25.  Schwartzkopff B, Mundhenke M, Strauer BE. Alterations of the architecture of subendocardial arterioles in 
patients with hypertrophic cardiomyopathy and impaired coronary vasodilator reserve: A possible cause for 
myocardial ischemia. J Am Coll Cardiol. 1998; 31: 1089–1096. 

26.  Van De Sande DA, Hoogsteen J, Liem IH, Kemps HM. Athlete’s syndrome X. Int J Cardiol. 2014; 177: e49–50. 
27.  Toraa M, Pouillard F, Merlet P, et al. Cardiac hypertrophy and coronary reserve in endurance athletes. Can J 

Appl Physiol. 1999; 24: 87–95.
28.  Rawlins J, Bhan A, Sharma S. Left ventricular hypertrophy in athletes. Eur J Echocardiogr. 2009; 10: 350–356.
29.  Pluim BM, Zwinderman AH, van der Laarse A, et al. The Athlete s Heart : A Meta-Analysis of Cardiac Structure 

and Function. Circulation. 2000; 101: 336–344. 
30.  Prakken NH, Velthuis BK, Teske AJ, et al. Cardiac MRI reference values for athletes and nonathletes corrected 

for body surface area, training hours/week and sex. Eur J Cardiovasc Prev Rehabil. 2010; 17: 198–203. 



101

 



Danny A.J.P. van de Sande, Thijs Schoots, Jan Hoogsteen,  

Pieter A.F.M. Doevendans and Hareld M.C. Kemps



Medicine and Science in Sports and Exercise. 2018

O2 pulse patterns in male master 

athletes with normal and abnormal 

exercise tests

7



CHAPTER 7

104

A B S T R A C T

Background

The clinical relevance of abnormal exercise testing (ET) results (at least 0.1 mV ST-segment 

depression measured during exercise or recovery in three consecutive beats) in athletes 

without obstructive coronary artery disease (CAD) is not well understood. It is unknown 

whether this phenomenon reflects a physiological adaptation to sport or a truly ischemic 

response and a concomitant attenuated stroke volume (SV) response. 

Objectives

The aim of this study was to investigate if athletes with abnormal ET results without 

obstructive CAD showed signs of an attenuated SV response using cardiopulmonary 

exercise testing (CPET) parameters. 

Methods 

78 male master athletes with abnormal ET results without obstructive CAD underwent 

CPET. ∆O2 pulse/∆Work rate (WR), ∆VO2/∆WR and ∆Heart rate (HR)/∆WR were assessed 

and compared with data from 78 male master athletes with normal ET results, matched 

for age, sports characteristics and exercise capacity. 

Results 

The ∆O2 pulse/∆WR ratio beyond AT in athletes with abnormal ET results was lower than 

in athletes with normal ET results (0.73 ± 0.41 versus 1.12 ± 0.54 respectively, p < 0.001). 

The ∆VO2/∆WR ratio was also lower in athletes with abnormal ET results (0.9 ± 0.2 versus 

1.0 ± 0.3, p = 0.041 respectively). Furthermore, these athletes showed a greater increase 

in heart rate in the last 2 minutes of exercise (∆HR/∆WR ratio: 1.19 ± 0.5 versus 0.80 ± 

0.6, p < 0.001).

Conclusion 

Athletes with abnormal ET results without obstructive CAD showed an attenuated O2 

pulse slope, decreased ∆VO2/∆WR ratio and increased ∆HR/∆WR ratio beyond AT when 

compared with athletes with a normal ET result. These results support the hypothesis that 

at least a part of the athletes with an abnormal ET in absence of obstructive CAD have an 

attenuated stroke volume response at high-intensity exercise.
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I N T R O D U C T I O N

Exercise testing (ET) is widely used for screening in recreational and competitive athletes. 

As shown in previous studies, abnormal ET results, indicative of myocardial ischemia, are 

frequently found in athletes.1-3 In master athletes (> 35 years of age), the prevalence of 

abnormal ET results is approximately 20%, with a gradual increase across the adult lifespan. 

As a consequence, athletes are often referred for further diagnostic evaluation to identify 

potential underlying cardiovascular diseases. However, it is well documented that the vast 

majority of abnormal ET results in athletes are not associated with obstructive coronary artery 

disease (CAD).4-7 The underlying mechanism for this observation is not well established. On 

the one hand, abnormal ET results could reflect false-positive ET results without any clinical 

implications. On the other hand, it was postulated that abnormal ET results may be the 

consequence of myocardial ischemia due to microvascular dysfunction (MVD),8 which is 

associated with an increased risk of major adverse cardiac events in the general and athletic 

population.9 Therefore, it is of major importance to distinguish false-positive ET results from 

abnormal ET results due to MVD. To the best of our knowledge, however, no studies 

evaluated whether positive ET results are associated with MVD in athletes. 

One of the difficulties associated with evaluating MVD is that there is no technique available 

that allows direct visualization of the coronary microvasculature.10 Also, the function of the 

coronary microvasculature can only be assessed indirectly. A non-invasive technique that 

was shown to be useful for detection of MVD is cardiopulmonary exercise testing (CPET).11 

Similar to obstructive CAD, MVD reduces the oxygen supply to the myocardium, which will 

eventually induce mechanical dysfunction of the left ventricle (LV) and a reduced LV stroke 

volume (SV) during vigorous exercise. In particular, the oxygen pulse (O2 pulse), which is 

defined as oxygen consumption (VO2) per heartbeat (HR), has been shown to be useful as 

a surrogate indicator of SV changes during exercise in healthy individuals and athletes.12 In 

fact, a flattening or decrease of the O2 pulse curve was shown to reflect the inability to 

increase SV to the values necessary to meet the body’s demand in subjects with myocardial 

ischemia.13 Belardinelli et al. showed that, in addition to the O2 pulse curve, a decrease in 

the VO2 to workrate slope (∆VO2/∆WR) is also a useful marker for exercise-induced 

myocardial ischemia, with an abrupt decrease of the VO2 above the ischemic threshold being 

indicative of myocardial ischemia.14, 15 Finally, ischemia was shown to be associated with an 

increase in the HR to WR slope (∆HR/∆WR), with the rate of increase in HR being closely 

related to the degree of CAD.16 A combination of a flattening O2 pulse, lower ∆VO2/WR and 

higher ∆HR/WR beyond the ischemic threshold was shown to increase the diagnostic 

accuracy for the detection of microvascular dysfunction and obstructive CAD.11 
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To evaluate whether MVD may be an explanation for positive ET results in athletes without 

obstructive CAD, we investigated whether these athletes show abnormalities in oxygen 

uptake patterns during exercise.

M E T H O D S

Study population

This study was designed as a single-center prospective study among asymptomatic 

recreational and competitive male master athletes who underwent voluntary or mandatory 

pre-participation screening (PPS) with (CP)ET at Máxima Medical Center, Veldhoven, The 

Netherlands, between October 2014 and March 2017 after approval of the local medical 

ethics committee. Participants who practiced sports for at least 2.5 hours a week for at 

least 30 weeks per year were considered athletes17 and were included after obtaining 

written informed consent. Exclusion criteria were symptoms related to myocardial ischemia 

such as (exercise- induced) chest pain or syncope. An abnormal ST-segment response 

suggestive of myocardial ischemia was defined as a minimum of 0.1 mV horizontal or 

downsloping ST-segment depression measured at least 80 ms after the J-point during 

exercise or recovery in three consecutive beats.18 Athletes with abnormal STT-segment 

response were referred to a cardiologist for further diagnostic evaluation via myocardial 

perfusion scintigraphy (MPS) or coronary computed tomography angiography (CCTA). In 

case of abnormal MPS or CCTA results, athletes underwent coronary angiography (CAG) 

in order to rule out obstructive CAD. 

Athletes without obstructive CAD and who underwent CPET with an abnormal ST-segment 

response were selected and matched in a 1:1 ratio with athletes with a normal ST-segment 

response during CPET. Athletes were matched for age (+/- 2 years), type of sport according 

to the Mitchell Classification of Sports19 (1:1), training hours per week (+/- 1 hour per week) 

and delivered workload per kilogram (+/- 0.2 W/kg). CPET parameters of both groups were 

included for final analysis.

Cardiopulmonary exercise testing (CPET)

All athletes underwent incremental maximal ET on an electromagnetically braked cycle 

ergometer (Lode Corrival, Lode BV, Groningen, The Netherlands), using an individualized 

linear ramp protocol aiming at a total test duration of 8-12 minutes with 3 minutes of warm-

up and cooling-down at 10% of the predicted maximum workload.20 Athletes were 

instructed to maintain a pedaling frequency between 70 and 90 rotations per minute. 
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Athletes were verbally encouraged to exercise until exhaustion. A RER ³  1.10 was used 

as a criterion to ensure maximal exertion.21 A 12-lead electrocardiogram (ECG) was 

continuously monitored. Blood pressure was automatically assessed every 2 minutes. Gas 

analysis was performed with a breath-by-breath system (ZAN 680 USB, Zan Messgerät, 

Oberthulba, Germany). All sensors were calibrated prior to each test session according to 

the manufacturer’s instructions.

Data analysis

Data were analyzed using Mathlab (2014, MathWorks). Breath-by-breath CPET parameters 

were filtered with a moving-average filter into 10-second intervals after removal of outliers 

(values > 3 standard deviations [SDs] from the local mean). The anaerobic threshold (AT) 

was determined using the V-slope method.22 ∆ O2 pulse/∆WR, ∆VO2/∆WR and ∆HR/∆WR 

were assessed with a linear fit during a 2-minute period preceding AT (S1) and a 2-minute 

period after AT (S2), using the least-squares method. The change in slope was calculated 

as a percentage of change from baseline (S2/S1). 

Statistical analysis

Data were analyzed using SPSS 22 statistical software (SPSS Inc., Chicago, Illinois, USA). 

Continuous data are presented as mean ± SD and categorical data are presented as 

numbers and percentages. Between-group differences were assessed by an independent 

t-test or Mann-Whitney test, depending on the normal distribution (Shapiro-Wilk test) for 

continuous variables and chi-square analysis for categorical variables. A p-value less than 

0.05 was considered to be statistically significant.

R E S U LT S

Figure 1 demonstrated the consort diagram of the study. In total, 753 athletes were included 

in the study during the period between October 2014 and March 2017. In 651 (86.5%) of 

these athletes, normal ET results were observed, whereas 102 (13.5%) athletes showed 

abnormal ET results. Twenty two of these 102 athletes were excluded from analysis, as ten 

were female athletes, eight athletes did not undergo CPET and four athletes were referred 

to other hospitals for further diagnostic evaluation. The remaining 79 athletes with abnormal 

ET results were diagnostically evaluated by MPS (N = 51) or CCTA (N = 28). Five athletes 

showed reversible ischemic perfusion defects on MPS with a mean of 1.2 ± 0.2 segments. 

None of these athletes showed obstructive CAD during CAG. Five athletes showed 
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inconclusive coronary abnormalities on CCTA, which warranted further evaluation via CAG. 

One athlete had obstructive CAD and was therefore excluded. In the final analysis, 78 

athletes were matched with athletes with a normal STT-segment during CPET for age (+/- 2 

years), type of sport according to the Mitchell Classification of Sports (19) (1:1), training 

hours per week (+/- 1 hour per week) and maximum workload per kilogram (+/- 0.2 W/kg). 

The characteristics of the athletes with abnormal and normal ET results are shown in table 

1. The athletes had a mean age of 53.8 ± 9.6 years. The two most common sport categories 

Figure 1. Consort Diagram.

ET, exercise testing; CPET, cardiopulmonary exercise testing
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were high-static/high-dynamic (71.8%) and low-static/high-dynamic (24.4%) and the two 

most common practiced sports were cycling (65.4%) and long-distance running (15.4%). 

Athletes practiced sports for an average of 6.6 ± 3.4 hours per week. Most athletes had 

Table 1. Comparison of the matched characteristics between athletes with CPET positive results and the 
matched control group with negative CPET results. 

CPET positive 
(N = 78)

Negative CPET 
(N = 78) 

p-value

Male gender (N, %) 78 (100) 78 (100) 1.000

Age (years, ± SD) 53.8 ± 9.9 53.9 ± 10.2 0.962

BMI (kg/m2, ± SD) 24.5 ± 2.5 24.0 ± 3.2 0.739

Mean arterial pressure in rest (mmHg, ± SD) 99.3 ± 10.0 98.2 ± 8.8 0.470

Sports Classification (N, %)

• HS/HD

-  Cycling

-  Triathlon

• LS/HD

-  Running

-  Soccer

• Other

56 (71.8)

51 (65.4)

3 (3.8)

19 (24.4)

12 (15.4)

5 (6.4)

3 (3.8)

56 (71.8)

51 (65.4)

3 (3.8)

19 (24.4)

12 (15.4)

5 (6.4)

3 (3.8)

1.000

Hours per week (h, ± SD) 6.6 ± 3.4 6.9 ± 3.0 0.513

Resting ECG (N, %)

• Normal

• Abnormal

69 (88.5)

9 (11.5)

72 (92.3)

6 (7.7)

0.762

ESC SCORE Risk categories (N, %)

• Low

• Intermediate

• High

69 (88.4)

8 (10.3)

1 (1.3)

71 (91.0)

6 (7.7)

1 (1.3)

0.855

Diagnostic evaluation

• MPS (N, %)

• CCTA (N, %)

• LV ejection fraction (N, ± SD

51 (65.4)

27 (34.6)

62.6 ± 5.5

n.a.

n.a.

n.a.

Results of diagnostic evaluation

• Abnormal MPS, normal CAG

• Abnormal CCTA, normal CAG

• Abnormal MPS, abnormal CAG

• Abnormal CCTA, abnormal CAG

5 (6.4)

4 (5.1)

0 (0)

0 (0)

n.a.

n.a.

n.a.

n.a.

BMI, body mass index; HS, high static; HD, high dynamic; LS, low static; MPS, myocardial perfusion scintigraphy; 
CCTA, computed tomography coronary angiography; LV, left ventricle; CAG, coronary angiography; n.a., not applicable.
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a low ESC SCORE risk (88.4%) and had a normal baseline ECG (88.5%). All these 

parameters showed no significant differences. The results of the diagnostic evaluation of 

athletes with abnormal ET results are also shown in table 1. The majority of these athletes 

underwent MPS (N = 51, 65.4%). The MPS showed no abnormalities in 46 athletes, 

whereas five athletes showed reversible ischemic defects with a mean of 1.2 ± 0.2 

segments. None of these five athletes showed obstructive CAD during CAG. No coronary 

C
* ∆HR/∆WR = 0.80 ± 0.6
**  �∆HR/∆WR = 1.19 ± 0.5 

p value < 0.001

A
* ratio ∆O2 pulse/∆WR = 1.12 ± 0.5
**   ratio ∆O2 pulse/∆WR = 0.73 ± 0.4 

p value  < 0.001

B
* ∆VO2/∆WR = 1.0 ± 0.3
**  �∆VO2/∆WR = 0.9 ± 0.2 

p value = 0.041

Figure 2. Linear fitted line plots of ∆ O2 pulse/∆WR, ∆VO2/∆WR and ∆HR/∆WR.

S1 CPET +:  2-minute period preceding AT in athletes with abnormal CPET results
S2 CPET +:  2-minute period after AT in athletes with abnormal CPET results
S1 CPET -:  2-minute period preceding AT in athletes with normal CPET results
S2 CPET -:  2-minute period after AT in athletes with normal CPET results
O2, oxygen; WR, workrate; VO2, oxygen uptake; HR, heart rate, W; workload, AT; anaerobic threshold (AT)
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abnormalities were observed in 23 of the 27 athletes who underwent CCTA. The remaining 

four athletes underwent CAG and showed no obstructive CAD. 

Table 2 shows the CPET results of the athletes with abnormal ET results and controls. 

Although their resting heart rates were similar, athletes with abnormal ET results achieved 

Table 2. Comparison of the exercise and CPET parameters between athletes with positive CPET results and 
negative CPET results. 

Positive CPET (N = 
78)

Negative CPET (N = 
78)

p-value

Exercise testing parameters

Heart rate, rest (beats/min) 66.2 ± 13.6 67.3 ± 12.0 0.655

Heart rate, max (beats/min) 175.6 ± 17.7 168.6 ± 14.6 0.008

Mean arterial pressure, max (mmHg) 122.5 ± 11.4 119.7 ± 10.4 0.117

Workload, max (W ± SD) 346.8 ± 61.0 353.0 ± 57.3 0.515

Workload per kilogram, max (W/kg, ± SD) 4.4 ± 0.8 4.4 ± 0.8 0.976

CPET

Oxygen uptake, rest (ml/min) 939.2 ± 288.7 911.9 ± 447.6 0.667

Oxygen uptake, AT (ml/min) 2518.1 ± 479.8 2735.5 ± 517.1 0.111

Oxygen uptake, max (ml/min) 3432.5 ± 579.7 3750.7 ± 611.9 0.002

Oxygen uptake, max (ml/kg/min) 42.7 ± 7.9 46.7 ± 8.4 0.004

O2 pulse, rest (ml/min) 10.4 ± 2.1 11.2 ± 3.7 0.167

Relatieve O2 pulse, rest (ml/kg/min) 12.9 ± 2.9 14.0 ± 3.7 0.198

O2 pulse, peak (ml/min) 20.7 ± 3.6 22.5 ± 3.5 0.004

Relative O2 pulse, peak (ml/kg/min) 25.7 ± 4.6 28.0 ± 5.1 0.005

Respiratory Exchange Ratio (RER) 1.23 ± 0.07 1.21 ± 0.10 0.162

∆O2 pulse/ ∆WR S1 (ml/beat/W) 20.0 ± 0.8 20.6 ± 0.7 0.643

∆O2 pulse/ ∆WR S2 (ml/beat/W) 12.7 ± 0.9 21.4 ± 1.0 <0.001

Ratio ∆O2 pulse/∆WR 0.73 ± 0.4 1.12 ± 0.5 <0.001

∆VO2/ ∆WR S1 (ml/min/W) 9.5 ± 1.5 9.7 ± 1.8 0.415

∆VO2/ ∆WR S2 (ml/min/W) 8.0 ± 2.0 9.1 ± 3.1 0.012

Ratio ∆VO2/∆WR 0.9 ± 0.2 1.0 ± 0.3 0.041

∆HR/ ∆WR S1 (beat/min/W) 23.3 ± 8.4 27.1 ± 6.6 0.004

∆HR/ ∆WR S2 (beat/min/W) 25.6 ± 8.9 20.5 ± 13.4 0.009

Ratio ∆HR/∆WR 1.19 ± 0.5 0.80 ± 0.6 <0.001

CPET, Cardiopulmonary exercise testing; min, minutes; W, workload; AT, anaerobic threshold; O2, oxygen; WR, 
workrate; VO2, oxygen uptake; HR, heart rate.
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a higher maximum heart rate (175.6 ± 17.7 beats/min versus 168.6 ± 14.6 beats/min, p = 

0.008, respectively). No significant difference was found in the respiratory exchange ratio 

(RER) (1.23 ± 0.07 versus 1.21 ± 0.10, p = 0.162, respectively). VO2 at rest and at AT 

showed no differences between the two groups. Yet, peak VO2 was lower in athletes with 

abnormal ET results (3432.5 ± 579.7 ml/min versus 3750.7 ± 611.9 ml/min, p = 0.002 and 

42.7 ± 7.0 ml/kg/min versus 46.7 ± 8.4 ml/kg/min, p = 0.004, respectively). The O2 pulse 

at rest showed no significant difference between the two groups. The O2 pulse peak and 

relative O2 pulse peak were lower in the group of athletes with abnormal ET results (20.7 

± 3.6 ml/min versus 22.5 ± 3.5 ml/min, p = 0.004 and 25.7 ± 4.6 ml/kg/min versus 28.0 ± 

5.1 ml/kg/min, p = 0.005, respectively). Concerning the other derived gas exchange 

variables, there were no differences in S1 of the ∆O2 pulse/∆WR between both groups. 

S2, however, was lower in athletes with abnormal ET results (table 2). Consequently, the 

ratios of these variables between S1 and S2 were different in the groups (0.73 ± 0.41 

versus 1.12 ± 0.54, p < 0.001). These slopes are presented in figure 2a. 

The slopes of ∆VO2/∆WR are shown in figure 2b. There was no difference in S1 between 

groups (9.5 ± 1.5 ml/min/W versus 9.7 ± 1.8 ml/min/W, p = 0.415, respectively). However, 

S2 was significantly lower in athletes with abnormal ET results when compared to their 

counterparts (8.0 ± 2.0 ml/min/W versus 9.1 ± 3.1 ml/min/W, p = 0.012). The ratio between 

the two slopes was also significantly different (0.9 ± 0.2 versus 1.0 ± 0.3, p = 0.041). In 

figure 2c, the slopes of ∆HR/∆WR are plotted. In athletes with abnormal ET results, there 

was a greater increase in HR in the last 2 minutes of exercise (25.6 ± 8.9 beat/min/W 

versus 20.5 ± 13.4 beat/min/W, p = 0.009, respectively), also leading to a positive slope 

ratio before AT and at the end of exercise (1.19 ± 0.5 versus 0.8 ± 0.60, p < 0.001). There 

was no significant correlation between slope rations and CPET parameters on the one hand 

and age and sporting hours per week on the other hand. 

D I S C U S S I O N

This study demonstrated that athletes with abnormal ET results without obstructive CAD 

have an attenuated O2 pulse and ∆VO2/∆WR slopes with an increased ∆HR/∆WR slope 

beyond AT, supporting the hypothesis that at least part of these athletes have an attenuated 

stroke volume response at high-intensity exercise which may indicate MVD. 

As the above-mentioned components combined may reflect an attenuated SV response, 

it is necessary to gain more insight in the individual components. First, the O2 pulse is the 

product of the arteriovenous oxygen difference (Cao2 – Cvo2) and SV. An attenuated O2 
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pulse may therefore be the consequence of either reduced peripheral oxygen extraction 

or impaired cardiac performance. In sedentary adults, it is known that peripheral oxygen 

extraction declines with age due to a reduction in capillary density and reduced number of 

mitochondria.23 In contrast, it is shown that the peripheral oxygen extraction of master 

athletes is comparable with their younger athletic counterparts both in rest and during 

exercise.24 This relatively high arteriovenous oxygen difference is attributed to a training-

related increase in the number of mitochondria, improved vasodilator response and 

enhanced blood flow redistribution to the exercising muscle mass in athletes.25 Therefore, 

it is not likely that the attenuated O2 pulse in athletes from our study was a result of 

abnormalities in peripheral oxygen extraction. Stroke volume, the other determinant of the 

O2 pulse, is also known to decline with advancing age, and particularly the maximal SV that 

can be achieved during exercise. However, several studies show that SV in master athletes 

is reduced only modestly when compared with young athletic counterparts.26 This can be 

explained by the fact that master athletes exhibit morphological adaptations of the 

myocardium related to ET. Endurance-trained master athletes show the largest changes 

in LV end systolic and diastolic dimensions due to an enlargement of the LV cavity.27 This 

morphological adaptation, which serves to augment SV, is known as eccentric remodeling. 

Considering the pattern of SV during exercise, Vella et al. showed that athletes generally 

exhibit a continuous linear increase in SV until VO2max is reached.28 In particular, such a 

continuous linear increase in SV was observed in endurance-trained athletes. In the present 

study, the vast majority of athletes were endurance trained and, therefore, the attenuated 

O2 pulse response to exercise in combination with STT changes in these athletes is most 

likely to reflect an attenuated SV response to exercise.29 This hypothesis is further supported 

by the increased slope ratio of ∆HR/∆WR, which may reflect a compensatory mechanism 

for a decrease in SV in order to meet the required cardiac output with increasing workload. 

A comparable ∆HR/∆WR pattern was also observed in non-athletes with cardiac dysfunction 

due to myocardial ischemia.16 

The results from our study support the hypothesis that athletes with abnormal ET results 

have an attenuated SV response to high-intensity exercise. There may be several 

explanations for this observation. First, an exercise-induced plateau or decrease in SV could 

be caused by exercise-induced myocardial ischemia. Indeed, several studies showed that 

myocardial ischemia is reflected in changes in the O2 pulse slope and a ∆VO2/∆WR below 

and beyond AT during an increasing workload.30-32 Belardinelli et al. showed that healthy 

subjects and patients with obstructive CAD have a similar ∆VO2/∆WR slope below AT of 

9.5 ± 1.2 ml/min/W.14 The ∆VO2/∆WR slope of the athletes in the present study with 

abnormal ET results and normal ET results are in line with this finding (9.5 ± 1.5 ml/min/W 
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and 9.7 ± 1.8 ml/min/W respectively). Beyond AT, a ∆VO2/∆WR slope decrease to 3.9 ml/

min/W has been shown to be highly predictive of myocardial ischemia due to obstructive 

CAD.14 As myocardial ischemia due to obstructive CAD was ruled out in our study, other 

causes such as MVD should be considered. First, coronary blood flow could be compromised 

by extravascular compressive forces acting on the intramural coronary microvessels due 

to myocardial hypertrophy. In the present study, the prevalence of electrocardiographic 

signs of left ventricular hypertrophy (Sokolow-Lyon-criteria) was similar in both groups 

making this hypothesis unlikely to be the cause of the attenuated SV response. Secondly, 

the vascular resistance of the myocardium could be altered by microvascular dysfunction. 

Endothelial-dependent and -independent dysfunction could limit the ability of the coronary 

microvasculature to dilate sufficiently in response to changes in the metabolic demands, 

leading to transient myocardial ischemia. Finally, the sports-induced increase in myocardial 

mass in athletes may not be evenly compensated with an increase in angiogenesis. In fact, 

an animal study showed that this response is critically dependent on age, as the 

angiogenesis did not outweigh the increase in myocardial mass in older exercise-trained 

animals in terms of capillary density.33

F U T U R E  I M P L I C AT I O N S

This study shows, for the first time, that athletes with positive ET results but without 

obstructive CAD have an attenuated O2 pulse curve during high-intensity exercise, 

suggesting an impaired increase in SV. Since this finding may have important clinical 

implications for athletes, e.g. in terms of preventive strategies and counseling, efforts 

should be made to unravel the physiological explanation. First, the hypothesis that an 

attenuated O2 pulse response in athletes with a positive ET result is caused by an impaired 

increase in SV should be tested by simultaneous continuous assessment of SV. Second, 

future studies should be conducted to unravel the (patho)physiological mechanism behind 

this phenomenon, for instance by evaluating diastolic function of the myocardium, 

biomarkers of endothelial function or assessing absolute myocardial blood flow via positron 

emission tomography (PET) or cardiac magnetic resonance (CMR) imaging. 
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Limitations

Several study limitations should be acknowledged. Athletes with positive ET results were 

diagnostically evaluated at the discretion of their cardiologist. This resulted in a diversity 

of diagnostic evaluation procedures. Therefore, not all athletes underwent CAG, which is 

the gold standard for the detection of obstructive CAD. However, as MPS and CCTA 

showed normal test results, obstructive CAD in these athletes was highly unlikely. Finally, 

this study consisted of middle-aged male master athletes with a low a priori risk. Therefore, 

the results of this study cannot be generalized to male athletes with a moderate or high a 

priori risk and younger athletes. 

C O N C L U S I O N

The results of this study demonstrate that athletes with abnormal ET results without 

obstructive CAD showed an attenuated O2 pulse slope, a lower peak O2 pulse, a lower 

peak VO2, a decreased slope ratio of ∆VO2/∆WR and increased slope ratio of ∆HR/∆WR 

beyond AT. These results support the hypothesis that at least some athletes with positive 

ET in the absence of obstructive CAD have an attenuated SV response at high-intensity 

exercise. The mechanism underlying this observation remains to be determined.
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A B S T R A C T

Background

In asymptomatic athletes, abnormal exercise test (ET) results have a poor positive predictive 

value. It is unknown whether abnormal ET results in absence of obstructive coronary artery 

disease (CAD) in these subjects are related to microvascular dysfunction (MVD), whether 

they should be considered false positive ET results or as a consequence of physiological 

adaptation to sport.

Objectives 

To evaluate if athletes with abnormal ET results and documented myocardial ischemia in 

the absence of obstructive CAD have an attenuated microvascular function and whether 

MVD is related to endothelial dysfunction.

Methods 

Athletes with concordant abnormal ET and myocardial perfusion scintigraphy (MPS) results 

without obstructive CAD were compared with age- and gender-matched individuals with 

a low-to-intermediate a priori risk of CAD. Coronary flow reserve (CFR) was assessed by 

82-Rubidium Positron Emission Tomography (PET)-imaging. Endothelin-1 (ET-1) 

concentrations were measured to evaluate endothelial function.

Results 

CFR was significantly lower in athletes (3.3 ± 0.8 versus 4.2 ± 0.6, p = 0.014 respectively). 

ET-1 levels were significantly higher in athletes (1.3 ± 0.2 pg/mL versus 1.0 ± 0.2 pg/mL, 

p = 0.012 respectively). There was no correlation between ET-1 concentrations and mean 

global CFR (R = 0.12).  

Conclusion 

Athletes with abnormal ET and MPS outcomes indicative for myocardial ischemia and 

without obstructive CAD have a lower coronary flow reserve (CFR) when compared with 

non-athletes with low-to-intermediate a priori risk of CAD, suggesting an attenuated 

microvascular function. Higher ET-1 concentrations in athletes suggest that endothelial-

dependent dysfunction is an important determinant of the attenuated microvascular 

function.
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I N T R O D U C T I O N

The use of pre-participation screening (PPS) in athletes to detect underlying cardiac diseases 

is recommended by the American Heart Association and the European Association of 

Cardiovascular Prevention and Rehabilitation.1, 2 According to these guidelines, the use of 

exercise testing (ET) is restricted to individuals who show abnormalities suggestive for 

cardiac disease during primary screening or those with one or more traditional risk factors. 

However, in daily practice, many sporting events require athletes from every athletic level 

and age to perform an exercise test. 

A problem associated with ET in asymptomatic athletes is its poor positive predictive value. 

In fact, a recent review demonstrated that obstructive coronary artery disease (CAD) was 

absent in up to 90% of the athletes with abnormal ET results.3 Even when combined with 

myocardial perfusion scintigraphy (MPS), obstructive CAD was still absent in 80% of the 

athletes with concordant abnormal ET and MPS results.4 Currently, it remains unknown if 

concordant abnormal ET and MPS results in athletes should be considered false positive 

test results or a consequence of physiological adaptation to sport or whether they are a 

consequence of microvascular dysfunction (MVD). Previous studies demonstrated a 

fourfold annual increased risk of major adverse cardiac events (MACE) in both non-athletic 

patients and athletes with abnormal ET and MPS results without obstructive CAD, 

suggesting a pathophysiological basis of concordant abnormal test results.5, 6 Moreover, 

results of animal studies suggested that MVD may indeed play a role due to an inadequate 

increase in myocardial capillary density in response to development of training-induced 

myocardial remodeling/hypertrophy, remodeling of the intramural coronary arteries, 

autonomic imbalance or endothelial dysfunction.7, 8 However, to date, no studies are 

available which address the microvascular function in athletes with abnormal ET results. 

Therefore, the aim of the present study was to evaluate whether athletes with concordant 

abnormal ET and MPS results in the absence of obstructive CAD have an impaired 

microvascular function as assessed by coronary flow reserve (CFR) and, furthermore, to 

evaluate whether microvascular function was associated with endothelial dysfunction. 

M E T H O D S

Study design and population

This study was designed as a single-center prospective observational case-control study 

among asymptomatic recreational and competitive athletes who underwent pre-participation 
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screening at the department of Sports Medicine of Máxima Medical Center and visited the 

department of Cardiology of Máxima Medical Center. Asymptomatic athletes with an 

abnormal ET and abnormal MPS indicating myocardial ischemia without obstructive CAD on 

coronary computed tomography angiography (CCTA) or coronary angiography (CAG) within 

the last five years were selected. The included athletes underwent Rubidium-82 (82Rb) 

positron emission tomography (PET) imaging and CCTA in Jeroen Bosch Hospital located in 

‘s-Hertogenbosch, the Netherlands. Prior to the 82Rb PET-imaging and CCTA, the athletes 

underwent a direct venipuncture for the collection of blood samples (kidney function, lipid 

profile, ET-1, glucose levels, C-Reactive protein (CRP) and leucocyte count). After completion 

of the 82Rb PET-imaging, CCTA and venipuncture, all data of the athletes were interpreted 

and analyzed. When data of 82Rb PET-imaging and CCTA was suitable for proper analysis, 

the athletes were matched according to gender (1:1) and age (years +/- 2 years) with 

individuals with a low-to-intermediate a priori risk of CAD according to ESC SCORE RISK 9 

and without obstructive CAD who already underwent 82Rb PET-imaging with low-dose CT. 

These individuals served as a control group and were selected via a digital query which only 

showed the electronic charts of individuals matching for age and gender, who underwent 
82Rb PET-imaging in the last 2 years and in whom the scan was classified as normal. 

Subsequently, the indications for 82Rb PET-imaging were evaluated. If imaging was used in 

order to rule the presence of CAD in individuals with atypical complaints, the charts of these 

individuals were evaluated and ESC SCORE RISK was calculated. From these, nine charts 

were randomly selected and included in the control group. The matched individuals underwent 

a direct venipuncture for the collection of the blood samples in order to assess ET-1. 

Ethical consideration

This study was approved by the medical ethics committee of Máxima Medical Center 

(METC, Veldhoven, the Netherlands) and conducted according to the principles of the 

Declaration of Helsinki, adopted by the 18th WMA General Assembly, Helsinki, Finland June 

1964 and amended by the 64th WMA General Assembly, Fortaleza, Brazil, October 2013 

and in accordance with the Medical Research Involving Human Subjects Act (WMO) and 

in other guidelines, regulations and acts. Participants were only included in the study after 

written informed consent was obtained.

82Rb PET-imaging 

Athletes were refrained from caffeine (at least 12 hours prior to PET-imaging) and medication 

(theofyline, dipyridamole, asasantin, cafergot and/or ergotamine) was discontinued at least 

48 hours prior to PET-imaging. Athletes were positioned in a 3-dimensional PET system 



Microvascular coronary function

123

8

(Siemens Biograph mCT 64 CT slices CT) and a low dose CT-scan was acquired for 

attenuation correction with an effective radiation dose of approximately 0.2 – 0.3 mSv. 

Subsequently, pharmacological stress was induced via administration of 140 mcg/kg/min 

Adenosine for a 6-minute-infusion duration. Three minutes after the start of infusion of 

Adenosine, 1100 MBq of 82Rb-Chloride was injected. Dynamic stress images were obtained 

during a 7 minutes acquisition after the 82Rb injection. After acquisition, the 82Rb-generator 

needed 10 minutes for regeneration and subsequently another 1100 MBq 82Rb-Chloride 

was injected and rest images were obtained during 7 minutes of acquisition.

CCTA

After PET-imaging, athletes underwent CCTA (Siemens Flash dual source 128 slice). Prior 

to the 82Rb-PET-scan and CCTA, a coronary artery calcium score (CACS) was measured. In 

case of a CACS > 600 Agatston Units (AU), CCTA was canceled as the diagnostic value of 

CCTA is markedly limited above this score. The effective radiation dose of CACS and CCTA 

was 2.5 – 3 mSv. 

Biochemical measurements

Blood samples were taken via direct venipuncture of the median cubital vein. Blood samples 

were collected in potassium-EDTA tubes and were centrifuged within 30 minutes at 1000 

x G at 4 °C. Plasma samples were stored at -80 °C until analysis. Plasma ET-1 levels were 

determined using a commercial immunoassay (Quantikine ELISA, Minneapolis, USA) 

according to the manufacturer’s instruction. The remaining biochemical measurements 

were routinely performed by the laboratory of Máxima Medical Center.

Statistical analysis

All data were analyzed using SPSS 22 statistical software (SPSS Inc, Chicago IL, USA). 

Continuous and normal distributed variables are presented as means with standard 

deviation and dichotomous data as numbers and percentages. Continuous and non-normal 

distributed variables are presented as a median with interquartile ranges. Differences in 

continuous data between both study groups were evaluated by the unpaired Student T-test 

and categorical data by the Chi-squared test. For all statistical comparisons, the level of 

significance was set at p < 0.05.
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Patient characteristics

In total, 9 asymptomatic male athletes with abnormal ET and MPS results without obstructive 

CAD and 9 matched control subjects with a normal ET and low-to-intermediate risk of CAD 

were included for analysis. Table 1 shows the characteristics of the athletes and the matched 

controls. The mean age of the athletes was 53.3 ± 11.3 years versus 52.7 ± 11.9 years (p 

= 0.905) in the control group. All subjects had a low ESC SCORE RISK (2.6 ± 1.9% versus 

2.4 ± 2.2%, p = 0.909 respectively) and showed comparable total cholesterol levels (4.8 ± 

0.4 mmol/L versus 4.8 ± 0.6 mmol/L, p = 0.962). Systolic and diastolic blood pressure 

measurements were also comparable between both groups. Resting ECG showed sinus 

rhythm in all subjects. Six athletes (67%) and 2 controls (22%) met ECG criteria (Sokolow) 

for LVH (p = 0.028), whereas incomplete RBBB was found in 2 athletes (22%) and 4 controls 

(44%) (p = 0.470). T-wave inversion beyond V2 was present in 1 athlete (11%) and 1 control 

(11%) (p = 1.000) and both subjects also showed incomplete RBBB.

Athletes practiced predominantly high-static/high-dynamic sports (90%) categorized 

according to the Mitchell classification of sports10 for an average of 8.0 ± 2.7 training hours 

per week. Using a 17-segment model of the LV, an average of 2.4 ± 0.7 segments with 

reversible myocardial ischemia were seen on MPS. These segments were anterior (44%), 

lateral (22%), anteroseptal (11%), inferolateral (11%) and basal laterally (11%) located. 

During primary diagnostic evaluation after abnormal MPS, 8 athletes underwent CAG and 

1 athlete underwent CCTA which showed no obstructive CAD in all athletes. 

Coronary blood flow measurements and coronary artery calcium scores

Low and coronary artery calcium scores were observed in both groups (61.1 ± 157.5 AU 

versus 33.3 ± 50.0 AU, p = 0.621 respectively). Also, none of the included subjects showed 

obstructive CAD on CCTA. Resting and maximum myocardial blood flow were assessed 

via 82Rb PET-imaging in all three coronary artery territories and global myocardial blood flow 

was calculated. No significant differences were observed for resting and maximum 

myocardial blood flow measurements between athletes and matched controls. However, 

coronary flow reserve showed a significant lower mean global CFR in athletes (3.3 ± 0.8 

versus 4.2 ± 0.6 in controls, p = 0.014 respectively). 

Biochemical measurements

ET-1 concentrations were significant higher in athletes (1.3 ± 0.2 pg/mL versus 1.0 ± 0.2 

pg/mL, p = 0.012 respectively). There was no correlation between ET-1 concentrations and 
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mean global CFR (R = 0.12).  Total leucocyte count was significant lower in athletes (5.5 

± 1.3 x10^9/L versus 7.0 ± 0.7 x10^9/L, p = 0.013 respectively). No significant differences 

were found in the levels of CRP, creatinine clearance, glucose and lipid spectrum between 

groups.  

Table 1. Comparison of the matched characteristics between athletes concordant abnormal ET and MPS 
results and the matched individuals with low-to-intermediate risk of CAD.

Athletes (n = 9) Controls (n = 9) P value

Age, years ± SD 53.3 ± 11.3 52.7 ± 11.9 0.905

Gender, M (%) 9 (100) 9 (100) 1.000

ESC SCORE RISK, mean (%) 2.6 ± 1.9 2.4 ± 2.2 0.909

Total cholesterol, mmol/L ± SD 4.8 ± 0.4 4.8 ± 0.6 0.962

Blood pressure (mmHg)

• Systolic, mean ± SD

• Diastolic, mean ± SD

131.4 ± 19.6

66.8 ± 7.0

123.4 ± 8.7

73.9 ± 11.0

0.279

0.122

Rate-pressure product 9551.3 ± 1738.6 8723.6 ± 1457.5 0.290

Training hours / week 8 ± 2.7 n.a.

Type of Sport

• HS/HD, n (%)

• LS/HD, n (%)

8 (88.9)

1 (11.1)

n.a.

n.a.

Resting ECG

• Sinus rhythm, n (%)

• LVH

• icRBBB

• TWI

9 (100)

6 (66.7) 

2 (22.2)

1 (11.1)

9 (100)

2 (22.2)

4 (44.4)

1 (11.1)

1.000

0.028

0.470

1.000

MPS ischemic defects, mean ± SD 2.4 ± 0.7 n.a.

Location ischemic defects, N (%)

• Anterior

• Anteroseptal

• Inferolateral

• Lateral

• Basal lateral

4 (44.4)

1 (11.1)

1 (11.1)

2 (22.2)

1 (11.1)

n.a.

n.a.

n.a.

n.a.

n.a.

Primary diagnostic evaluation

• CAG, normal

• CCTA, normal

8 (88.9)

1 (11.1)

n.a.

n.a.

HS, high static; HD, high dynamic; LS, low static; LVH, left ventricular hypertrophy; icRBBB, incomplete right bundle 
branch block; TWI, T-wave inversion; MPS, myocardial perfusion scintigraphy; CCTA, computed tomography coronary 
angiography; CAG, coronary angiography; n.a., not applicable. 
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D I S C U S S I O N

The results of this study demonstrate that athletes with abnormal ET and MPS outcomes 

indicative for myocardial ischemia without obstructive CAD have a lower coronary flow 

reserve (CFR) when compared with non-athletes with low-to-intermediate a priori risk of 

CAD suggesting an attenuated microvascular function. Higher ET-1 concentrations in 

athletes support the hypothesis that endothelial-dependent dysfunction is an important 

determinant of microvascular function in these subjects.

CFR is an integrated measure of flow through the large epicardial coronary arteries and 

the microcirculation.11 CFR can therefore be reduced by either stenoses of the epicardial 

coronary arteries, microvascular dysfunction or a combination of both. As obstructive CAD 

was ruled out, the impaired CFR in the athletes included in the present study is likely to 

Table 2. Comparison of the 82-Rb PET-imaging and CCTA results between athletes concordant abnormal ET 
and MPS results and the matched individuals with low-to-intermediate risk of CAD.

Athletes (N = 9) Control (N = 9) P value

Resting coronary blood flow (ml/g/min)

• LAD

• RCx

• RCA

• Global

• Corrected global flow

1.1 ± 0.4

1.0 ± 0.3

0.9 ± 0.3

1.1 ± 0.3

1.0 ± 0.2

0.8 ± 0.2

0.8 ± 0.2

0.7 ± 0.2

0.8 ± 0.2

0.9 ± 0.1

0.052

0.143

0.104

0.068

0.218

Maximum coronary blood flow (ml/g/min)

• LAD

• RCx

• RCA

• Global

3.5 ± 0.8

3.0 ± 0.6

3.1 ± 0.8

3.2 ± 0.7

3.2 ± 0.6

3.2 ± 0.4

3.2 ± 0.5

3.2 ± 0.5

0.349

0.262

0.741

0.841

Coronary flow reserve (ml/g/min)

• LAD

• RCx

• RCA

• Global

3.3 ± 0.9

3.1 ± 0.7

3.4 ± 0.8

3.3 ± 0.8

4.1 ± 0.7

4.1 ± 0.5

4.5 ± 0.6

4.2 ± 0.6

0.080

0.003

0.004

0.014

CACS 61.1 ± 157.5 33.3 ± 50.0 0.621

CCTA

• No epicardial CAD, N (%) 9 (100) 9 (100) 1.000

LAD, left anterior descending artery; RCX, circumflex artery; RCA, right coronary artery; CACS, coronary artery 
calcium score; CCTA, coronary computed tomography angiography; CAD, coronary artery disease. 
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reflect microvascular dysfunction. Although the global CFR exceeded the cut-off value of 

CFR < 2.0 which is associated with worse cardiovascular outcome,12 the CFR in these 

subjects was substantially lower when compared with other studies that investigated the 

CFR in athletes (3.3 ± 0.8 versus 5.9 ± 1.0 and 6.1 ± 1.9 respectively).13, 14 Even in non-

athletes the CFR values were higher when compared with CFR values of the athletes in 

the present study (3.8 ± 0.7 and 3.7 ± 0.7 versus 3.3 ± 0.8 respectively).13, 14 Therefore, 

the results of our study suggest an attenuated microvascular function in athletes with 

abnormal ET and MPS results without obstructive CAD. 

An attenuated microvascular function in the absence of obstructive CAD reflects either 

functional or structural abnormalities of the small coronary arterioles as they are the major 

determinants of resistance in the coronary vasculature. Considering functional abnormalities, 

both derangements in sympathetic and parasympathetic tone were shown to influence 

the function of the coronary microvasculature. As such, it has been shown that an abnormal 

cardiac adrenergic tone due to a cardiac spillover of norepinephrine, which has been 

observed in the majority of patients with cardiac syndrome X, causes microvascular 

constriction and thereby a reduction of CFR which leads to regional reversible ischemic 

segments which can be seen on MPS.15 In the present study, we also observed a 

combination of an impaired CFR and regional reversible ischemic segments. However, as 

adrenergic nerve function was not assessed in this study, the role of sympathetic 

derangements in the development of microvascular coronary dysfunction in athletes could 

Table 3. Comparison of the laboratory results between athletes concordant abnormal ET and MPS results 
and the matched individuals with low-to-intermediate risk of CAD.

Athletes (N = 9) Controls (N = 9) p-value

CRP (mg/L ± SD) 0.9 ± 0.7 0.8 ± 0.6 0.624

Leucocyt count (x10^9/L ± SD) 5.5 ± 1.3 7 ± 0.7 0.013

Creatinine clearance (ml/min/1.7 ± SD) 57.1 ± 4.9 > 60 ± 0.0 0.116

Glucose (mmol/L ± SD) 5.5 ± 0.8 5.5 ± 0.5 0.859

Total cholesterol (mmol/L ± SD) 4.8 ± 0.4 4.8 ± 0.6 0.962

Triglyceride (mmol/L ± SD) 1.1 0.4 2.0 ± 1.4 0.103

HDL (mmol/L ± SD) 1.6 ± 0.4 1.4 ± 0.4 0.423

Chol/HDL ratio 3.2 ± 0.7 3.7 ± 1.3 0.383

LDL (mmol/L ± SD) 2.8 ± 0.4 2.5 ± 0.4 0.192

ET-1 (pg/mL ± SD) 1.3 ± 0.2 1.0 ± 0.2 0.012

CRP, C-reactive protein; HDL high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; ET-1, 
endothelin-1
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not be evaluated. Theoretically, a reduced vagal tone is also a potential cause of endothelial 

dysfunction.16 However, since athletes are known to exhibit an increased rather than 

reduced vagal tone, this mechanism is a very unlikely explanation for the reduced CFR in 

the athletes included in the present study. 

Another functional derangement that may cause a reduction in CFR is endothelial 

dysfunction.17 Endothelial-dependent and independent dysfunction influence microvascular 

coronary function by limiting the ability of the small coronary arterioles to constrict or dilate 

in response to changes in metabolic demands.18 An imbalance between the endothelial 

derived vasodilator (nitric oxide (NO)) and vasoconstrictor (endothelin-1 (ET-1)) is proposed 

to be the disrupted regulatory mechanism.19 It is well known that intense and prolonged 

exercise causes oxidative stress in the myocardium, inducing impaired vasodilation through 

a reduced secretion of NO and vascular inflammation.20 This type of endothelial-dependent 

vasodilation dysfunction is considered to be one of the first alterations associated with the 

development of atherosclerosis and is predictive for the development of obstructive CAD.21 

Endothelin-1 is a potent and long-lasting vasoconstrictor and acts primarily via calcium 

channel agonism pathways.22 During oxidative stress, there is overexpression of ET-1 which 

leads to an enhanced vasoconstrictive state.23 In the present study, ET-1 concentrations 

of the athletes were significantly higher when compared with matched individuals with a 

low-to-moderate a priori risk, suggesting an attenuated expression of ET-1 in athletes. 

These results therefore suggest that endothelial-dependent dysfunction may be an 

important determinant of the attenuated microvascular function in athletes with concordant 

abnormal ET and MPS results in the absence of obstructive CAD. Yet, besides functional 

derangements, structural abnormalities of the coronary microcirculation should also be 

considered. In fact, regular and intense exercise exposes the myocardium to repetitive 

high hemodynamic loads, which will induce myocardial remodeling. A key component in 

the preservation of myocardial blood flow across the LV wall is remodeling of the 

intramyocardial arterioles. Left ventricular pressure overload during exercise induces medial 

wall thickening of the arterioles with up to a twofold increase of the wall/lumen ratio 

occurs.24 As a consequence, the minimal microvascular resistance will increase. This will 

result in an increased myocardial blood flow at rest in order to supply the increased oxygen 

needs of the myocardium. Besides medial wall thickening, the length of the intramyocardial 

arterioles also increases. In this way, maximum coronary blood flow is preserved during 

maximal vasodilation at peak exercise.25 However, animal studies showed that exercise-

induced remodeling of the intramyocardial arterioles was highly dependent on age.7 In the 

present study, athletes were middle-aged (mean 53.3 ± 11.3 years of age) and it is therefore 

possible to think that remodeling in this specific group of middle-aged athletes was 
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insufficient to meet the myocardial oxygen demand which leads to the occurrence of 

myocardial ischemia. Also, athletes practiced predominantly high-static/high-dynamic sports 

(90%) and electrocardiographically criteria of LV hypertrophy were significantly more 

present in athletes when compared with non-athletes (67% versus 22%, p = 0.028 

respectively). Therefore, insufficient remodeling of the intramyocardial arterioles may have 

been a determinant of the attenuated CFR observed in the present study. Unfortunately, 

no echocardiographic data was available to calculate LV mass and therefore the relation of 

LV mass to myocardial blood flow could not be investigated in the present study. 

F U T U R E  I M P L I C AT I O N S

The present study supports the hypothesis that athletes with abnormal ET and MPS results 

without obstructive CAD have an attenuated microvascular function. Furthermore, the 

results suggest that endothelial-dependent dysfunction may be an important determinant 

of microvascular dysfunction in these athletes given the overexpression of ET-1. However, 

more research is necessary to investigate this hypothesis in a larger and varied cohort of 

athletes, also considering other possible determinants of microvascular dysfunction such 

as sympathetic derangements and myocardial mass. Also, the clinical consequences of an 

attenuated microvascular response should be investigated. 

Limitations

Before drawing conclusions, several limitations have to be addressed. First, the 82Rb PET-

imaging results in athletes were compared with a non-athletic population with a low-to-

moderate a priori risk who already underwent 82Rb PET-imaging, which could have led to 

a selection bias. Second, the study consisted solely of middle-aged male athletes with a 

low risk of CAD. Therefore, the results of this study cannot be generalized to athletes with 

a moderate or high a priori risk and women in whom an attenuated microvascular function 

could be more pronounced. 

C O N C L U S I O N

Athletes with abnormal ET and MPS results indicative for myocardial ischemia without 

obstructive CAD showed a lower coronary flow reserve (CFR) when compared with non-

athletes with a low-to-intermediate a priori risk of CAD suggesting an attenuated 
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microvascular function. Higher ET-1 concentrations in athletes suggest that endothelial-

dependent dysfunction may be an important determinant of the attenuated microvascular 

function. Since this finding may have important clinical implications, future studies should 

be conducted with a long follow-up period to investigate whether or not preventive 

strategies should be considered. 
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This thesis addressed the diagnostic performance of exercise testing (ET) for the detection 

of obstructive coronary heart disease (CHD) and the prevalence of abnormal ET results in 

asymptomatic recreational and competitive master athletes (> 35 years of age) who 

underwent voluntary or mandatory pre-participation screening (PPS). Current European and 

American guidelines recommend that the use of ET for the detection of CHD during PPS 

should be confined to master athletes with increased cardiovascular risk profiles (i.e., one 

or more traditional risk factors).1,2 However, ET is frequently performed by athletes who 

do not meet the requirements as stated in the guidelines. This is mainly because ET also 

provides information on the current level of fitness based on which training programs can 

be set. Together with a growing popularity of (extreme) endurance sports in trained and 

untrained adults, it is expected that the demand for ET will further increase.3 As shown in 

the literature, abnormal exercise test results, indicative of myocardial ischemia, are 

frequently found in athletes.4 In most cases, no obstructive CHD is found during diagnostic 

evaluation. However, the extent of this problem is not fully elucidated yet. Also, it is not 

clear if there are consequences of abnormal exercise test results without obstructive CHD. 

In literature, these findings are often classified as false-positive ET results.5 To date, no 

clear explanation for this observation could be given. Therefore, this thesis addressed 

several hypotheses such as structural remodelling and microvascular coronary function. 

The prevalence and diagnostic value of abnormal ET results in asymptomatic 

recreational and competitive master athletes

The prevalence of abnormal ET results in asymptomatic recreational and competitive master 

athletes was evaluated via a systematic review as presented in chapter 3.6 This review 

showed that abnormal ET results comprised 5.1% of all conducted ET in master athletes, 

meaning that 1 in every 20 athletes is referred for further cardiac diagnostic evaluation. In 

chapter 4, a retrospective study was performed to address the prevalence of abnormal 

ET results at Máxima Medical Center, Veldhoven, The Netherlands, and it showed a 

comparable prevalence of 4.1% in predominantly male athletes with a mean age of 45 

years.7 Surprisingly, these prevalence rates in athletes were comparable with the prevalence 

reported in a study among 26,000 asymptomatic non-athletic men of comparable age 

(5.3%) .8 Yet, as expected, the prevalence was lower when compared with patients with 

suspected CHD, in whom a prevalence of 12% was observed previously.9 It is not 

completely understood why the prevalence in master athletes is comparable to that in 

asymptomatic non-athletic individuals. More research is needed to gain more insight in 

this finding as it was expected that the prevalence was lower in athletes.

The meta-analysis presented in chapter 3 revealed a positive predictive value (PPV) of ET 
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for the detection of obstructive CHD in 840 master athletes of 4.7%, whereas in patients 

with suspected CHD, the PPV of abnormal ET was reported to be 48%.9   These findings 

are in line with Freeman et al., who also showed that the diagnostic accuracy of ET was 

correlated to the prevalence of CHD.10 A retrospective analysis performed in chapter 4 

confirmed the low PPV of abnormal ET in 1,298 athletes (PPV = 5%).The prospective study 

performed in chapter 6 showed an even lower PPV of only 1.3% in 79 male master 

athletes. A possible explanation for this difference could be related to the study population, 

as only male master athletes were included. As it is well known that the prevalence of 

abnormal ET results without the presence of obstructive CHD is considerably higher in 

women than in men.11 

In chapter 5, the additive value of myocardial perfusion scintigraphy (MPS) in athletes with 

positive ET was retrospectively analysed. This study showed that the PPV for the detection 

of obstructive CHD in athletes with concordant abnormal ET and MPS was 20%. When 

evaluating athletes who should have undergone ET according to guideline recommendations 

only, the PPV was 33%. These results showed that up to two-thirds of athletes with 

concordant abnormal ET and MPS results, did not have obstructive CHD. As an alternative 

explanation for the occurrence of abnormal ET results in a large number of athletes is 

lacking, further research is warranted. 

Previous studies showed that asymptomatic individuals without any history of CHD with 

abnormal ET results have a 2.1-to-4.4-fold higher cardiovascular mortality risk when 

compared with asymptomatic individuals with normal ET results and no history of CHD.12, 

13 Also, abnormal ET results were a strong predictor of major adverse cardiac events 

(MACEs) and sudden cardiac death (SCD) in asymptomatic individuals.14 MPS has been 

demonstrated to add significant prognostic information on top of ET in symptomatic and 

asymptomatic individuals.15 In chapter 5, the prognostic value of MPS in athletes with 

abnormal ET results was addressed. This study showed that athletes with concordant 

abnormal ET and MPS results had a fourfold higher annual event rate (cardiac death, 

myocardial infarction and worsening angina pectoris) of 2.9% per year versus 0.75% per 

year in athletes with only abnormal ET results during a follow-up period of almost five years. 

The annual event rate of cardiac death, myocardial infarction and worsening angina pectoris 

was comparable to the observed annual event rate in asymptomatic individuals.8 The 

incremental prognostic value of MPS in athletes was grossly comparable with the additive 

value of MPS in non-athletes.16,17 As these athletes have a fourfold higher annual event 

rate of MACEs, this argues against the notion that these results should be regarded as 

false-positive ET results, underlying the need for studies evaluating alternative (patho)

physiological mechanisms for positive ET results in athletes. As such, several hypotheses 
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have been postulated. For one, the diagnostic performance of any test is dependent on 

the prevalence of the disease in a given population according to the Bayes’ Theorem. This 

mainly determines the pre-test probability and thereby the sensitivity and specificity of the 

test, which reflects the diagnostic performance. As myocardial ischemia due to obstructive 

CHD is rarely seen in individuals who achieve an exercise capacity of more than 10 

metabolic equivalents of tasks (METs),18 there is a low a priori risk for the presence of 

obstructive CHD in an athletic population. This leads to a low diagnostic accuracy of ET, 

and other, more accurate screening modalities should be used in PPS protocols in this 

specific subset of asymptomatic master athletes. 

Another hypothesis is that abnormal ET results without obstructive CHD occur due to 

structural cardiac remodelling, which is mainly determined by type of sport. Participation 

in sports with dynamic demands (endurance) or static demands (power) cause different 

types of cardiac remodelling. The Mitchell Classification of Sports19 classifies sports on the 

basis of predicted increase in cardiac output and blood pressure loads. Dynamic training 

is known to increase left and right ventricular dimensions with preservation of the systolic 

and diastolic function, whereas static training is associated with left ventricular (LV) wall 

thickening. Sports category was shown to be the strongest independent factor for the 

degree of cardiac adaptations, even when training intensity was taken into account.20 High-

static/high-dynamic sports showed the largest increase in ventricular volume and wall 

thickness, leading to increased LV mass. A study of 75 male athletes with a mean age of 

21 years showed that an abnormal ET result was found only in athletes with an LV mass 

greater than 275 g (normal value 88–224 g).21 None of these athletes showed abnormalities 

during radionuclide angiography, and it was suggested that training-induced increased LV 

mass might be responsible for the occurrence of abnormal ET results. Indeed, 

electrocardiographic data presented in chapter 3 revealed that LV hypertrophy (LVH) was 

observed in 57% of the athletes with abnormal ET results. It is suggested that abnormalities 

in the sequence of repolarisation from endocardial to epicardial are the cause of ST-segment 

depression and/or T-wave inversion in LVH. This pattern is often seen in LVH and is also 

known as ‘LVH strain pattern’.22 Another suggested mechanism for why LVH could induce 

abnormal ET results is due to subendocardial ischemia, even in the absence of obstructive 

CHD. Is it known that intramural wall thickening of the coronary arteries occurs in LVH, 

thereby limiting the blood flow. Also, higher compressive forces due to a hypertrophied 

myocardium are observed, compromising the subendocardial arteries.23 As observed, a 

potential mismatch between the growth of vasculature and the myocardium will limit 

oxygen supply to the myocardium.28 These entities could result in the occurrence of 

subendocardial ischemia and thereby abnormal ET results. 
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Finally, as seen in patients with cardiac syndrome X, endothelial or microvascular dysfunction 

(MVD) could induce myocardial ischemia without obstructive CHD. Endothelial dysfunction 

leads to an imbalance between endotheline-1 (ET-1), the most potent vasoconstrictor 

substance, and nitric oxide (NO), the most potent vasodilator substance. There is 

accumulating evidence that there is an imbalance between substances with decreased 

NO levels and increased ET-1 levels. This imbalance leads to abnormalities in the tonus of 

the myocardial microvasculature, resulting in a vasoconstrictive state and a diminishing of 

the myocardial blood flow. 

These hypotheses were investigated in the second part of this thesis. In chapter 6, the 

influence of structural cardiac remodelling on the occurrence of abnormal ET results was 

addressed. Chapter 7 compared the oxygen (O2) pulse curves in athletes with normal and 

abnormal ET results without obstructive CHD to investigate if there was evidence of an 

attenuated stroke volume response during exercise. Finally, chapter 8 addressed the 

microvascular coronary function in athletes with abnormal ET and MPS results without 

obstructive CHD and compared this function with that in age- and gender-matched 

individuals with a low-to-intermediate a priori risk of CHD.

(Patho)physiological mechanisms of abnormal ET results in athletes

In theory, there are three possible explanations for abnormal ET results in athletes: 

obstructive CHD, a false-positive ET result; or alternative pathophysiological causes such 

as structural cardiac remodelling or MVD. 

True-positive ET results, as shown in chapters 4 and 5, were only observed in six athletes 

out of 181 with abnormal ET results. Therefore, the utility of ET as a diagnostic screening 

tool for the detection of obstructive CHD in asymptomatic athletes is questionable. The 

position paper of the European Society of Cardiology states that mass screening of athletes 

with ET leads to misleading conclusions and increased costs of healthcare. The use of ET 

should therefore be reserved for symptomatic athletes or those with a high risk of CHD, 

given the limited sensitivity and specificity of ET.24 However, as ET is frequently and/or 

mandatorily performed in order to obtain sports eligibility, it is impossible to completely 

discard the use of ET in asymptomatic athletes or athletes with low-to-intermediate risk 

of CHD. Additive diagnostic modalities to increase the diagnostic accuracy of ET were 

therefore explored in chapter 5. The additive value of MPS was addressed and showed 

that concordant abnormal ET and MPS results increased the PPV for the detection of 

obstructive CHD from 5.3% (abnormal ET result only) to 20%. When selecting athletes 

with a high cardiovascular risk and an indication for performing ET according to the European 

guidelines, the PPV was only slightly higher (33%). It was concluded that other non-invasive 
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diagnostic strategies should be explored in athletes with abnormal ET results such as 

positron emission tomography (PET)–computed tomography (CT) perfusion imaging or 

perfusion magnetic resonance imaging (MRI). Both techniques combine anatomical and 

functional evaluations of the coronary vascular tree, although the diagnostic accuracy of 

these techniques in athletes remains to be established.25,26 

In daily practice, abnormal ET results without obstructive CHD are often classified as false-

positive ET results. As mentioned above, the diagnostic performance of any test is 

dependent of the prevalence of the disease in a given population according to the Bayes’ 

Theorem. This mainly determines the pre-test probability and thereby the sensitivity and 

specificity of the test that reflects the diagnostic performance. In chapter 5, the pre-test 

probability of CHD of the included athletes was 25%. Using the Fagan normogram with a 

likelihood ratio of 2.8, the post-test probability of CHD following abnormal ET results was 

only 48%.27 This means that the diagnostic accuracy of ET for the detection of obstructive 

CHD is indeed limited in asymptomatic athletes, which leads to a relatively high amount 

of false-positive ET results. However, as shown in chapter 5, concordant abnormal ET and 

MPS results without obstructive CHD were associated with a fourfold increase in annual 

event rates of MACEs, suggesting that other causes such as structural remodelling or 

underlying MVD may also play a role. 

In chapter 6, the influence of structural remodelling was addressed via echocardiographic 

analysis of 73 predominantly male athletes with abnormal ET results who performed mainly 

high-static/high-dynamic sports. These athletes did not show an increased LV mass when 

compared to matched athletes with normal ET results (161.9 ± 39 g vs. 166.9 ± 42.1 g, p 

= 0.461, respectively). However, athletes with abnormal ET results showed a greater 

increase in interventricular septal wall thickness when related to posterior wall thickness, 

suggesting an asymmetric cardiac remodelling pattern. Although significant, only a small 

difference (0.7 mm) in wall thickness was observed, therefore the clinical relevance of this 

finding is questionable. It was concluded that structural remodelling may play a limited role 

in the occurrence of abnormal ET results in athletes. 

Another hypothesis for the occurrence of abnormal ET results was exercise-induced 

myocardial ischemia due to other causes than obstructive CHD. In order to meet the 

increased oxygen demand of the myocardium in the exercising heart, oxygen supply to 

the myocardium needs to be increased. The oxygen supply can be increased by raising 

the arterial oxygen carrying capacity, by increasing oxygen extraction, or by increasing 

coronary blood flow.28 It is generally assumed that the arterial oxygen carrying capacity 

during exercise is more than sufficient to meet the increased oxygen demand in healthy 

individuals. In highly trained individuals, however, exercise-induced arterial hypoxemia 



General discussion

139

9

(EIAH) is frequently observed, especially in athletes whose VO2max exceeds 4.5 L/min.29 

This pulmonary limitation to maximal exercise performance causes a reduction in arterial 

oxygen pressure and saturation. There is doubt whether this is a pathological finding or if 

it reflects the mechanical limits of the pulmonary system.29 Unfortunately, no arterial oxygen 

pressure was measured in the athletes who performed cardiopulmonary exercise testing 

(CPET) in chapter 7, and measurement of peripheral oxygen saturation was not performed 

routinely. Therefore, the potential role of EIAH in the occurrence of abnormal ET results 

was not investigated in this thesis. 

Another factor that could play a role in the occurrence of abnormal ET results is the ability 

to enhance coronary blood flow, as this is the most important factor for increasing the 

oxygen supply to the myocardium during exercise.28 Coronary blood flow can be enhanced 

by various microvascular adaptations, which can be divided into structural and functional 

changes of the vasculature. Structural changes comprise angiogenesis and vascular 

remodelling. In order to outweigh the exercise-induced myocyte hypertrophy, the numerical 

density of the coronary arterioles and capillaries needs to increase 40-60%.28 However, 

experimental animal studies show that angiogenesis is critically dependent on age, and it 

has been observed that the increase in numerical density does not outweigh cardiac 

hypertrophy in older subjects.30 Due to the mismatch between angiogenesis and myocyte 

hypertrophy, oxygen supply cannot meet the oxygen demand and myocardial ischemia 

cannot be induced. Functional adaptations reflect changes in vasomotor tone, which can 

be either due to alterations in neurohumoral control or local coronary vascular control of 

the arterioles. In healthy individuals, there is a balance between sympathetic and 

parasympathetic control of the coronary vessel tones, which regulate vasoconstriction and 

vasodilatation. Exercise improves the sensitivity of adrenergic receptors to lower levels of 

catecholamines in order to maintain adrenergic tonus, whereas parasympathetic control 

is thought to be unaltered despite a prompt withdrawal of vagal tone during exercise.31 A 

system balanced between vasoconstriction and vasodilatation is essential for achieving 

and maintaining adequate coronary blood flow in reaction to exercise. Exercise training 

also augments local coronary vascular control by promoting endothelial-dependent and 

independent vasodilatory function. Throughout the coronary microcirculation, endothelial-

dependent vasodilatation is enhanced by primarily increased expression of NO, and 

vasoconstriction is induced by expression of endothelial derived ET-1.28 Both endothelial-

dependent vasodilatation and endothelial-independent vasodilatation were superior in 

athletes when compared with non-athletes irrespective of age, leading to enhanced 

coronary blood flow and thereby exercise tolerance.32 MVD due to imbalanced structural 

adaptations and neurohumoral or local MVD could induce myocardial ischemia. 
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Subsequently, two studies were performed to investigate if MVD could play a role in 

athletes with abnormal ET results. First, as MVD and subsequently induced myocardial 

ischemia reduces the oxygen supply to the myocardium, mechanical dysfunction of the 

LV and a reduced LV stroke volume (SV) appear. In chapter 7, the O2 pulse curve derived 

from CPET was addressed to investigate if an abnormal ET result was associated with a 

deviant course of oxygen consumption per heartbeat during exercise. This parameter has 

been shown to be a surrogate indicator of SV in healthy individuals and athletes.33 In 

literature, it has been shown that the flattening of the O2 pulse (i.e., a reduced SV response) 

reflects the onset of myocardial ischemia.34 Besides the O2 pulse curve, two other CPET 

parameters were described that are indicative for the presence of myocardial ischemia. 

First, oxygen uptake (VO2) relative to work rate (WR) (∆VO2/∆WR) can be used as a marker 

for the presence of myocardial ischemia, as VO2 increase abruptly decreases when 

ischemia occurs (ischemic threshold).35 A logistic regression analysis showed that a 

∆VO2/∆WR slope of 3.9 ml/min/W after ischemic threshold was the strongest independent 

predictor of significant obstructive CHD34 with an area under the curve (AUC) of 0.83 (p < 

0.0001). Second, the heart rate (HR) relative to WR (∆HR/∆WR) slopes also show a typical 

increase in HR after the onset of ischemia, whereas the amount of increase in HR is closely 

correlated to the degree of CHD. In patients with non-obstructive CHD, HR increased 

10.5% ± 13%, and a cut-off value of 17% increase after ischemic threshold was shown 

to be the strongest predictor for myocardial ischemia due to non-obstructive CHD (AUC 

0.94).36 A combination of a flattening O2 pulse, lower ∆VO2/∆WR slope, and higher 

∆HR/∆WR slope after ischemic threshold has shown to increase the diagnostic accuracy 

for the detection of MVD and non-obstructive and obstructive CHD.37 These three slopes 

were studied in chapter 7 and showed that athletes with abnormal ET results without the 

presence of obstructive CHD indeed showed a significant flattening of the O2 pulse slope 

together with a lower ∆VO2/∆WR slope and higher ∆HR/∆WR when compared with athletes 

with normal ET results. These results supported the hypothesis that as obstructive CHD 

was ruled out, MVD could be the underlying mechanism of abnormal ET results in at least 

a part of these athletes. 

Following this hypothesis, a second study, presented in chapter 8, was performed to obtain 

insight into the microvascular function. The current gold standard for assessing 

microvascular function is the measurement of the coronary flow reserve (CFR) via PET or 

cardiac magnetic resonance imaging (cMRI).38 The study in chapter 8 used Rubidium-82 

(82Rb) PET imaging for the non-invasive quantification of absolute myocardial blood flow 

(MBF) and CFR. It has been shown that impairment of MBF and CFR could independently 

predict the future development of CHD.25 Therefore, these measurements help identify 
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individuals who are at risk and are likely to benefit from an early initiation of (medical) 

preventive strategies. As CFR is an integrated measure of blood flow through the epicardial 

coronary arteries and microcirculation, it can be reduced by either obstructive CHD, 

microvascular coronary dysfunction, or a combination of both.39 As obstructive CHD was 

ruled out by CCTA in the athletes, an impaired CFR is likely to reflect the MVD in these 

athletes. In literature, CFR measurements in athletes are higher than in non-athletes, due 

to the structural and functional adaptations of coronary vasculature.40, 41 As such, Hildick-

Smith et al. included and compared the CFR in 29 male elite endurance athletes with a 

mean age of 27 years with that of age-matched sedentary individuals using adenosine 

transthoracic echocardiography. This study showed that resting flow among athletes was 

significantly lower when compared with controls and that hyperaemic flow among the 

athletes exceeded that of the controls. CFR was therefore greater in athletes than in 

controls (5.9 vs. 3.7, p < 0.01, respectively). Toraa et al. included eight highly trained 

triathletes with a mean age of 29.6 years and compared the CFR with that of sedentary 

individuals using PET H2O15 imaging. In comparison with the controls, triathletes showed 

increased CFR (6.1 vs 3.8, p < 0.05). Both studies included younger athletes than the 

athletes included in the study in chapter 8 (27.3 years and 29.6 years versus 53.3 years, 

respectively). It is well known that exercise performance declines with ageing due to 

several underlying physiological mechanisms, such as a decrease in oxygen consumption, 

stroke volume, and maximum achieved heart rate. Also, ageing induces MVD in the 

coronary arterioles mainly due to a decreased bioavailability of NO, thereby leading to a 

decline in the vasodilatory response of the vascular tree.42 Subsequently, an impaired 

vasodilatory response during physiological stress induces ischemia. In turn, repetitive 

ischemic events lead to fibrosis and cellular damage, which ultimately result in persistent 

impairment of the diastolic and systolic functioning of the myocardium.42 However, exercise 

training is known to reverse the age-related MVD and diastolic dysfunction of the 

myocardium.43 Therefore, is it possible to use the data from studies with younger athletes 

and extrapolate them to master athletes. In chapter 8, CFR ratios of the athletes with 

concordant abnormal ET and MPS without obstructive CHD were significantly lower when 

compared with individuals with a low-to-intermediate a priori risk of CHD in which 82Rb PET 

imaging was used for ruling out the presence of CHD. Also, the CFR in athletes was 

substantially lower when compared with that in the previously mentioned studies that 

investigated CFR in athletes (3.3 versus 5.9 and 6.1, respectively). Subsequently, the 

laboratory findings in chapter 8 showed that ET-1 concentrations were significantly higher 

in the athletic group when compared with the individuals with a low-to-intermediate a priori 

risk of CHD. 
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ET-1 is a potent vasoconstrictor that is produced by the vascular endothelium, and the 

effect of ET-1 is mediated by two receptors, namely ET-A and ET-B. Activation of the ET-A 

receptor leads to coronary microvascular vasoconstriction, and overt expression of ET-1 

leads to MVD. Besides being a potent vasoconstrictor, ET-1 also has proinflammatory and 

profibrotic effects, which could be contributing factors in the pathogenesis of cardiovascular 

disease.44 Plasma levels of ET-1 are known to rise acutely following a myocardial infarction, 

with the highest expression in the active coronary plaques, and they are also elevated in 

many diseases such as diabetes mellitus, hypertension, Alzheimer’s disease, preeclampsia, 

and idiopathic pulmonary fibrosis.45 Elevated ET-1 levels are also documented in patients 

with cardiac syndrome X, especially those with abnormal ET results, when compared with 

healthy control subjects.46 Also, patients with cardiac syndrome X are more susceptible to 

the actions of ET-1 under stressful circumstances.47 As outlined above, the combination 

of a diminished CFR and a significantly higher ET-1 concentration both suggest an attenuated 

microvascular coronary function in athletes with abnormal test results. Therefore, it can 

be hypothesised that at least a part of the athletes with abnormal ET results but without 

obstructive CHD show signs of premature CHD together with an attenuated microvascular 

coronary function. As there is an insufficient functional adaptation of the microvasculature 

with regard to myocardial oxygen demand during exercise, these athletes are at risk for 

the development of exercise-induced myocardial ischemia and subsequently for the 

development of a myocardial infarction and/or ventricular arrhythmias. In conclusion, the 

findings of this thesis may have important clinical implications for asymptomatic recreational 

and competitive master athletes with abnormal ET results without obstructive CHD, as a 

new potential substrate for the occurrence of SCD in athletes is identified.
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F U T U R E  P E R S P E C T I V E S

The importance of the functional capacity of the coronary microcirculation for maintaining 

adequate myocardial perfusion is well recognised. Coronary MVD is the first expression 

of atherogenesis and precedes the development of epicardial atherosclerosis.48 The 

presence of MVD is an independent predictor of acute cardiovascular events. Also, the 

degree of dysfunction significantly correlates with the frequency of occurrence of events, 

and therefore it has significant prognostic implications.49 The findings in this thesis suggest 

that at least a part of the athletes with abnormal ET results show signs of an attenuated 

microvascular function. Although an attenuated microvascular function is suggested in this 

thesis, at this stage no firm conclusions can be made whether this is an underlying 

mechanism in athletes with abnormal ET results without obstructive CHD. A larger cohort 

of athletes is necessary to unravel whether MVD is truly an underlying mechanism for the 

occurrence of abnormal ET results. 

Furthermore, as there are several pathogenic mechanisms responsible for MVD, more 

research is necessary to clarify which mechanism could be responsible for the occurrence 

of MVD in asymptomatic athletes. Currently, there is no technique available which can 

directly visualise coronary microcirculation. The function of coronary microcirculation can 

only be assessed indirectly through several invasive and noninvasive techniques. PET 

perfusion imaging is the current gold standard for the assessment of the microvascular 

function due to the high accuracy of measuring myocardial blood flow in a noninvasive 

manner. Other techniques that have been proposed are perfusion MRI, which offers 

potential advantages over PET perfusion imaging, such as the lack of ionising radiation. 

Other validated and invasive techniques are intracoronary Doppler flow wire and 

thermodilution.38 However, as noninvasive techniques remove the risk associated with 

catheter-based techniques, it is proposed to assess the microvascular function using PET 

or MRI imaging. 

Future research should therefore focus on evaluating the prevalence and consequences 

of MVD in master athletes in a well-powered study design using either PET perfusion 

imaging or MRI perfusion imaging. Also, underlying pathogenic mechanisms should be 

explored by investigating the functional and structural abnormalities responsible for MVD. 

A better understanding of the underlying mechanisms could have serious implications for 

the athlete, as preventive (medical) strategies can be considered and sports eligibility could 

be questioned. 

In regard to the PPS protocols, it is not feasible to screen every athlete via 82Rb PET imaging 

in order to obtain sports eligibility. To select those athletes who warrant further diagnostic 
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evaluation via PET perfusion imaging, it may be necessary to adjust the current PPS 

protocols. In chapter 7, CPET was used as an adjunct modality to ET to detect myocardial 

ischemia and showed a combination of a flattening O2 pulse, lower ∆VO2/∆WR slope, and 

higher ∆HR/∆WR slope after ischemic threshold, which have been shown to detect the 

presence of CHD and/or MVD more accurately. Therefore, CPET, instead of ET, should be 

used during PPS as this is safe, a non-invasive, low-cost and more accurate screening 

modality for the detection of underlying CHD and/or MVD.  

Finally, long-term follow up of athletes with abnormal (CP)ET results needs to be performed 

in order to give insight into the prognostic implications. By combining all these results, 

diagnostic and prognostic issues are addressed and therapeutic interventions can be 

explored. This will eventually lead to better counselling of athletes with abnormal ET results 

observed during PPS with the ultimate goal of reducing the incidence of sports-related 

(fatal) cardiac events.  
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APPENDICES

N E D E R L A N D S E  S A M E N VAT T I N G

In Europa overlijden jaarlijks miljoenen mensen aan de gevolgen van hart- en vaatziekten.    

Hiermee is het doodsoorzaak nummer één in Europa. Verschillende organisaties hebben 

aanbevelingen gedaan om dit aantal terug te dringen. Zo wordt aanbevolen om te stoppen 

met roken en is gewezen op het belang van een adequate behandeling van suikerziekte, 

een te hoog cholesterolgehalte en/of een te hoge bloeddruk, aangezien dit de belangrijkste 

risicofactoren zijn voor het krijgen van hart- en vaatziekten. Daarnaast wordt aanbevolen 

om te bewegen en te sporten. In Nederland geldt het advies om minstens 150 minuten 

per week te bewegen of te sporten en minstens tweemaal per week spier- en 

botversterkende oefeningen uit te voeren. Dit heeft gunstige effecten op het hele lichaam, 

zoals een afname van het gewicht, van vetmassa en van de bloeddruk. Hiermee vermindert 

dus het vóórkomen van diabetes, hoge bloeddruk en hart- en vaatziekten. Door deze 

aanbeveling is het aantal sportende mensen explosief gegroeid. Aan de andere kant is ook 

bekend, dat sporten, met name intensief sporten of sporten zonder goede voorbereiding, 

geassocieerd is met het optreden van plotse hartdood, zonder dat er tevoren een 

hartafwijking bekend was. Plotse hartdood kan zowel op jonge leeftijd (< 35 jaar) als op 

oudere leeftijd (>35 jaar) optreden. Bij jonge sporters ligt meestal een aangeboren 

hartafwijking ten grondslag aan het optreden van plotse hartdood. Bij oudere sporters is 

het juist aderverkalking (atherosclerose, coronairlijden) wat plotse hartdood veroorzaakt. 

Om het optreden van plotse hartdood te voorkomen is een sportkeuring in het leven 

geroepen om hartafwijkingen op te sporen. Een sportkeuring bestaat uit diverse onderdelen. 

Zo worden eventuele klachten van een sporter geïnventariseerd die kunnen duiden op 

ziekten en wordt een sporter uitgebreid fysiek onderzocht. Wat het hart betreft is 

aangetoond, dat met name aangeboren hartafwijkingen kunnen worden opgespoord met 

een hartfilmpje in rust, het elektrocardiogram (ECG). Aangezien plotse hartdood meestal 

optreedt tijdens of net na het sporten, is een logische redenering dat een inspanningstest 

(fietstest, ergometrie) zinvol is bij het opsporen van oorzaken voor plotse hartdood. 

Het inzetten van een inspanningstest tijdens een sportkeuring is de laatste jaren veelvuldig 

onderwerp van discussie geweest. Dit komt met name door de testeigenschappen van 

de inspanningstest. In de geneeskunde is helaas geen enkele test 100% betrouwbaar. Dit 

geldt dus ook voor de inspanningstest.  Een afwijkende inspanningstest bij een sporter 

hoeft niet per se te betekenen dat er ook daadwerkelijk afwijkingen worden gevonden die 

de afwijkende inspanningstest kunnen verklaren (de zogenoemde fout-positieve test 

uitslag). In de literatuur hierover wordt dan ook veelvuldig gerapporteerd dat sporters een 
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hoge kans op fout-positieve test uitslagen hebben, mogelijk een zelfs hogere kans dan 

niet-sporters. 

Hoofdstuk 3 bevat een literatuurstudie naar de grootte van het probleem van afwijkende 

inspanningstesten zonder duidelijke verklaring bij sporters. Een dergelijk onderzoek is ook 

in het Máxima Medisch Centrum te Veldhoven uitgevoerd. De resultaten hiervan zijn 

weergegeven in hoofdstuk 4. Uit zowel de literatuurstudie als uit het onderzoek in het 

MMC  blijkt dat ongeveer 1 op de 20 sporters een afwijkende inspanningstest heeft, waarbij 

sprake lijkt te zijn van een zuurstoftekort van de hartspier. Deze sporters zullen, hoewel ze 

geen klachten ervaren tijdens de test of tijdens het sporten, in het algemeen verder worden 

onderzocht door een cardioloog. De cardioloog gaat de functie van het hart verder in kaart 

brengen en zal op zoek gaan naar afwijkingen die zuurstoftekort kunnen verklaren (zoals 

coronairlijden). In hoofdstuk 3, 4, 5 en 6 wordt onderzocht of de inspanningstest goed kan 

worden ingezet om belangrijk coronairlijden op te sporen (de diagnostische waarde). Alle 

onderzoeken tonen aan dat een afwijkende inspanningstest niet 1:1 betekent dat er 

belangrijk coronairlijden aanwezig is. Sterker nog, in ongeveer 90-95% van de sporters met 

een afwijkende inspanningstest wordt geen belangrijk coronairlijden waargenomen als 

verklaring voor de afwijkende test. De diagnostische waarde van de inspanningstest voor 

het opsporen van belangrijk coronairlijden is daarmee dus zeer beperkt. 

Deze bevindingen riepen twee belangrijke vragen op:

• Heeft een afwijkende inspanningstest zonder de aanwezigheid van belangrijk 

coronairlijden wel enige betekenis? Oftewel treedt plotse hartdood of een hartinfarct 

vaker op in deze groep sporters? 

• Hoe komt het dat sporters zoveel afwijkende inspanningstesten laten zien zonder dat 

er tot nu toe een goede verklaring voor gevonden is? Oftewel: is er een andere verklaring 

dan coronairlijden? 

In hoofdstuk 5 staat de eerste vraag centraal. Er is gekeken naar sporters met afwijkende 

inspanningstesten en naar sporters met zowel een afwijkende inspanningstest als ook een 

afwijkende hartscan zonder de aanwezigheid van belangrijk coronairlijden. Dit onderzoek 

laat zien dat sporters met afwijkende testresultaten een 4x zo groot jaarlijks risico hebben 

op het doormaken van een hartinfarct of plotse hartdood in vergelijking met sporters met 

alleen een afwijkende inspanningstest. Gezien dit verhoogd risico lijkt een afwijkende 

inspanningstest zonder aanwezigheid van belangrijk coronairlijden dus wel degelijk een 

betekenis te hebben en kunnen deze testen dus niet zomaar als fout-positief worden 
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bestempeld. Een gedeelte van de sporters heeft mogelijk wel een onderliggende hartziekte, 

anders dan coronairlijden. 

De laatste hoofdstukken richten zich op eventuele andere oorzaken voor het optreden van 

afwijkende inspanningstesten. In hoofdstuk 6 is onderzocht of aanpassingen van het hart 

van een sporter aan de sportbeoefening een alternatieve verklaring zou zijn voor een 

afwijkende inspanningstest. Het is bekend dat sporten leidt tot een belasting van de 

hartspier, waarbij, afhankelijk van het type sport dat beoefend wordt, de hartspier dikker 

en/of de hartholte groter kan worden. Al deze aanpassingen samen worden ook wel 

‘sporthart’ genoemd. Wanneer de hartspier zich op een onjuiste manier aanpast aan het 

sporten, bijvoorbeeld wanneer de hartspier te dik wordt, kan er ook zuurstoftekort optreden. 

Ook kunnen er te weinig bloedvaten gevormd zijn om de dikker geworden spier van 

voldoende zuurstof te voorzien. In hoofdstuk 6 staat het onderzoek beschreven waarin de 

hartspieren van sporters met een afwijkende inspanningstest zijn onderzocht middels een 

echo van het hart. Dit is vergeleken met sporters met een normale inspanningstest. Uit 

dit onderzoek blijkt dat aanpassingen van de hartspier aan het sporten niet of nauwelijks 

een rol spelen in het optreden van afwijkende inspanningstesten. Oftewel: deze hartspieren 

zijn niet dikker en de functie is niet anders dan bij sporters met normale inspanningstesten. 

Hiermee is er dus nog geen goede alternatieve verklaring gevonden voor het optreden van 

afwijkende inspanningstesten. 

In hoofdstuk 7 is vervolgens onderzocht of er naast de afwijkende inspanningstest nog 

meer aanwijzingen zijn die kunnen duiden op een zuurstoftekort aan de hartspier. Hierbij 

is gebruik gemaakt van een uitgebreide inspanningstest waarbij ook de gaswisseling 

gedurende in- en uitademing is geanalyseerd (spiro-ergometrie). Op deze manier wordt 

gemeten hoeveel zuurstof het lichaam per hartslag kan opnemen. Deze meting wordt ook 

wel de zuurstofpols genoemd en is in de literatuur beschreven als een weergave van de 

hoeveelheid bloed die per hartslag wordt rondgepompt, ook wel het slagvolume genoemd. 

Het blijkt dat sporters met een afwijkende inspanningstest zonder belangrijk coronairlijden 

een ander zuurstofpols beloop hebben dan sporters met een normale inspanningstest. Dit 

verschil kan wijzen op een verminderd slagvolume bij sporters met een afwijkende 

inspanningstest. Een verminderd slagvolume wordt veroorzaakt door een niet goed 

werkende hartspier en komt veelal door zuurstoftekort. Hiermee zijn er dus aanwijzingen 

dat sporters met een afwijkende inspanningstest zonder belangrijk coronairlijden tekenen 

hebben van zuurstoftekort aan de hartspier. Vervolgens is gezocht naar alternatieve 

verklaringen voor het ontstaan van zuurstoftekort. In hoofdstuk 8 staat het onderzoek 
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beschreven naar de haarvaten (microcirculatie) van sporters met afwijkende 

inspanningstesten en een afwijkende hartscan. Door middel van een geavanceerde scan 

(PET-Rubidium) is de bloeddoorstroomsnelheid gemeten en is bloedonderzoek gedaan als 

maat voor de werking van de haarvaten. Uit dit onderzoek kwam naar voren dat sporters 

een verminderde bloeddoorstroomsnelheid hebben in vergelijking met gezonde niet-

sportende mensen. Een verklaring hiervoor zou kunnen zijn dat sporters een verstoorde 

werking hebben van de haarvaten. Onder normale omstandigheden zijn de haarvaten van 

belang om de bloeddoorstroomsnelheid te regelen en deze aan te passen aan de behoefte 

van het hart.  Uit het bloedonderzoek kwam naar voren dat de haarvaten van sporters 

mogelijk wat meer samenknijpen dan noodzakelijk zou zijn. Hierdoor neemt de 

bloeddoorstroomsnelheid af en kan er zuurstoftekort optreden. Het onderzoek in hoofdstuk 

8 was opgezet om te onderzoeken of een verstoorde werking van de haarvaten een 

eventuele oorzaak zou kunnen zijn voor het optreden van afwijkende inspanningstesten 

bij sporters zonder belangrijk coronairlijden. Het betrof slechts een klein aantal sporters. 

Gezien de bevindingen in dit proefschrift is het belangrijk om hier in de toekomst nader 

onderzoek naar te verrichten. Aangezien een deel van sporters met afwijkende 

inspanningstesten wel degelijk een afwijking kan hebben wat zuurstoftekort aan de 

hartspier veroorzaakt, is het van belang om meer onderzoek te verrichten naar de werking 

van de haarvaten bij sporters. Daarnaast is het van belang om te onderzoeken of deze 

sporters op de lange termijn inderdaad een verhoogd risico hebben op het krijgen van 

hartziekten en/of het optreden van plotse hartdood. Dit kan immers verstrekkende gevolgen 

hebben voor zowel een eventuele vroegtijdige behandeling als voor het adviseren van een 

sporter omtrent zijn sportbelasting. 

Concluderend: de bevindingen van dit proefschrift kunnen belangrijke gevolgen hebben 

voor sporters met afwijkende inspanningstesten zonder belangrijk coronairlijden. Mogelijk 

is een nieuwe oorzaak voor het optreden van plotse hartdood bij sporters ontdekt.
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aan de mooie studies die we hebben uitgevoerd en dank voor de mogelijkheden die je me 
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Lieve papa en mama, ik ben erg blij met alle steun die jullie mij hebben gegeven in de 
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