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Cardiovascular screening may benefit middle-aged sportsmen, as coronary artery disease
(CAD) is the main cause of exercise-related sudden cardiac death. Arterial stiffness, as
measured by pulse wave velocity (PWV), may help identify sportsmen with subclinical
CAD. We examined the additional value of PWV measurements to traditional CAD risk factors for identifying CAD.

Methods
From the Measuring Athlete’s Risk of Cardiovascular events (MARC) cohort of asymptomatic, middle-aged sportsmen who underwent low-dose Cardiac CT (CCT) after routine
sports medical examination (SME), 193 consecutive sportsmen (aged 55±6.6 years) were
included with additional PWV measurements before CCT. Sensitivity, specificity and predictive values of PWV values (>8.3 and >7.5m/s) assessed by Arteriograph were used to identify CAD (coronary artery calcium scoring 100 Agatston Units or coronary CT angiography
luminal stenosis 50%) and to assess the additional diagnostic value of PWV to established cardiovascular risk factors.

Results
Forty-seven sportsmen (24%) had CAD on CCT. They were older (58.9 vs. 53.8 years,
p<0.001), had more hypertension (17 vs. 4%, p=0.003), higher cholesterol levels (5.7 vs.
5.4mmol/l) p=0.048), and more often were (ever) smokers (55 vs. 34%, p=0.008). Mean
PWV was higher in those with CAD (8.9 vs. 8.0 m/s, p=0.017). For PWV >8.3m/s respectively >7.5m/s sensitivity to detect CAD on CT was 43% and 74%, specificity 69% and 45%,
positive predictive value 31% and 30%, and negative predictive value 79% and 84%. Adding PWV to traditional risk factor models did not change the area under the curve (from 0.78
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(95% CI = 0.709-0.848)) to AUC 0.78 (95% CI 0.710-0.848, p = 0.99)) for prediction of CAD
on CCT.

Conclusions
Limited additional value was found for PWV on top of established risk factors to identify
CAD. PWV might still have a role to identify CAD in middle-aged sportsmen if risk factors
such as cholesterol are unknown.

Introduction
Regular physical activity is key in the prevention of cardiovascular disease, but vigorous exercise is also associated with a higher cardiovascular event risk, particularly in those with known
or unknown cardiac disease [1]. Over 90% of exercise related cardiac arrests occur in men, predominantly in those aged 45 years and older, and the majority is attributable to coronary artery
disease (CAD) [2, 3].
In a group of 108 recreational German marathon runners aged 50 or more years the coronary
artery calcium burden was higher in marathon runners than in Framingham Risk Score (FRS)
matched controls [4]. During the six years of follow up, cardiovascular events occurred in 8 participants, 7 of whom had a CACS higher than 100 Agatston units although their mean FRS placed
them in a low-risk category [5]. It seems that the conventional cardiovascular risk stratification
underestimates the coronary artery calcium burden in this presumably healthy cohort and that
an increased awareness of a potentially higher than anticipated coronary risk is warranted [5].
These facts indicate that early identification of subclinical CAD should be an important goal
in the pre-participation sports evaluation of middle-aged persons. Pre-participation screening
aims to improve the safety of exercise in the fast-growing group of middle-aged sportsmen by
identifying those at increased risk of cardiovascular events. Frequently used risk scores (e.g.
FRS or European Society of Cardiology SCORE) tend to underestimate cardiovascular risk in
these middle-aged sportsmen, as evidenced by the results of the abovementioned Marathon
study [6]. The 2011 European Society of Cardiology position paper on cardiovascular evaluation of middle-aged/senior individuals engaged in leisure time sports activities advocates the
use of maximal exercise testing [7]. However, although electrocardiogram (ECG) interpretation
in sportsmen can be improved using a standardized ECG criteria tool [8], the low positive predictive value and high false positive rate for CAD of both resting and exercise electrocardiography in asymptomatic individuals remains a cause for concern [9, 10]. Although exercise ECG
is not a standard part of routine pre-participation sports screening, it is still frequently performed in the sports medical evaluation (SME) of those aged 45 years and older.
Cardiac CT (CCT), including both non-contrast CT for CACS and contrast-enhanced coronary CT angiography (CCTA), provides direct, non-invasive visualization of the coronary
arteries. Higher CACS independently predicts cardiovascular mortality, and CCTA visual [11,
12], and CCTA characterizes (calcified vs. non-calcified plaque) and quantifies the extent of
the total atherosclerotic burden and severity of any coronary stenosis. However, routine CCT
is not routinely performed in the SME setting because of costs, radiation exposure and the
need for specific equipment and expertise. Pulse wave velocity (PWV) has recently emerged as
a potential new biomarker for prediction of cardiovascular mortality independent of established risk factors such as blood pressure and cholesterol [13–15], and normal and reference
values per age category based on a large European cohort have now been established [16].
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In contrast to CCT, measuring arterial stiffness is easy to perform in an outpatient setting.
In addition, increased arterial stiffness measured by means of PWV has been shown to be an
independent predictor of cardiovascular mortality in various populations [17–21]. Numerous
studies have assessed the additional value of carotid-femoral PWV for prediction of cardiovascular events in the general population [14, 22–24]. Several carotid-femoral PWV methods
(SphygmoCor and Complior) are widely used to determine PWV, although both methods are
observer-dependent and time-consuming [25]. The Arteriograph is a relatively new and operator-independent device, which uses oscillometric pressure curves registered by an upper arm
blood pressure cuff connected to a piezo-electric sensor to determine blood pressure and PWV
as validated previously [26–28]. It shows comparable results to tonometry (Complior) in
healthy controls and patients with cardiovascular disease, although systematically lower values
(on average 0.8 m/s lower) are found for the Arteriograph in healthy controls [29].
We set out to determine the value of PWV evaluated with the relatively new Arteriograph,
in addition to routinely assessed cardiovascular risk factors (SCORE), to detect CAD on CCT
in asymptomatic middle-aged sportsmen.

Methods
Study population
Participants were consecutively recruited from the Measuring Athlete’s Risk of Cardiovascular
events (MARC) study that evaluates the additional value of CCT (both CACS and CCTA) to
routine SME, including resting and exercise ECG, in asymptomatic sportsmen aged 45 years
and older. Details on the MARC study design have been reported previously [7]. This study
was conducted according to the principles of the Declaration of Helsinki and has been
approved by the regional Medical Ethics Committee (VCMO, Nieuwegein, The Netherlands),
and the local ethics committee of the University Medical Center Utrecht, The Netherlands. All
participants gave written informed consent.
Asymptomatic sportsmen aged 45 years and older, without known cardiovascular disease
(known coronary artery disease, MI, percutaneous coronary intervention, coronary artery
bypass graft surgery, stroke, transient ischemic attack or peripheral artery disease) were
included if they had undergone a SME with exercise ECG that revealed no abnormalities,
according to the responsible physician. Exclusion criteria were known CAD, allergy to contrast
material, and renal impairment. Both competitive and recreational sportsmen were included,
with the majority of them engaged in high-dynamic high-static sports (cycling) and highdynamic low-static sports (long distance runners).
Information regarding basic demographic data, cardiovascular risk factors (smoking status,
cholesterol level, hypertension, diabetes, family history), medication use, as well as height,
weight, body mass index (BMI) and blood pressure were obtained at the sports medical department. Two blood pressure measurements were obtained with a standard sphygmanometer.
Total cholesterol and creatinine were measured on the day of the CT-scan if there were no
recent values known within the last 6 months. Inclusion criteria for this specific study were
arterial PWV measurement on the day of the CT-scan. The participants were asked to refrain
from physical exercise and from consuming caffeine on the day of the CT-scan and PWV
measurements.

Definitions
CAD was defined as a CACS 100 AU on non-contrast CT or a 50% luminal stenosis on
CCTA. Smoking status was classified into two levels: ever (former and current) smoker and
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never smoker. Hypertension was defined as a resting blood pressure above 140/90 mm Hg or
the use of blood pressure lowering medication.

Pulse wave velocity
PWV, brachial blood pressure and heart rate were measured in a supine position using a blood
pressure cuff on the left arm after several minutes of rest just prior to CCT. PWV as a measure
of arterial stiffness was assessed using the Arteriograph system (Tensiomed, Budapest, Hungary). One measurement was performed in each participant by one observer. The measurement
was repeated in 23 (12%) cases of unsuccessful readings. Persistent unsuccessful readings did
not occur. Intra-observer validation in 41 participants showed a good intra-observer agreement
(Pearson’s correlation 0.9, R2 0.8). One observer performed all measurements, and interobserver validation was beyond the scope of this study. Normal values in an age-matched population were used to identify abnormal arterial stiffness measurements as a measure for subclinical atherosclerosis [15]. We assessed both a PWV cut-off using the normal value of 8.3 m/s
for the population 50–59 years old (established with carotid-femoral PWV measurements)
[15], as well as a PWV cut-off value of 7.5 m/s that was corrected by 0.8 m/s for the numerical
lower Arteriograph PWV measurements [29]. PWV was measured as continuous data and
assessed as the percentage of participants with a higher than normal PWV, based on the established cut-off value in a population with optimal blood pressure and no identified cardiovascular risk factors[16], and abovementioned cut-off value corrected for the systematically lower
Arteriograph measurement.

Cardiac CT
Image acquisition was performed with a 256-slice CT system (Brilliance iCT, Philips Healthcare). First a non-contrast prospectively ECG-triggered CCT was acquired to calculate the
CACS. Scan parameters were 120 kV, 60 mAs. Images were reconstructed at a slice thickness
and increment of 3 mm. CACS was quantified as Agatston scores by identifying all regions of
at least 1mm2 with 130 Hounsfield units (HU) within the coronary arteries using semi-automatic software (HeartBeat-CS, Philips Healthcare) [30]. CCTA scan parameters were as follows: 120 kV; 210 mAs; 95–115 ml (depending on weight < or  80 kg) non-ionic contrast
material (Ultravist 300 mg I/ml, iopromide) injected at a speed of 6–6.7 ml/s followed by 30–
40 ml saline injected at the same flow rate. The CCTA was acquired with prospective ECG triggering at a mid-diastolic phase (78%). Participants with a heart rate of more than 65 beats/min
received 5 to 20 mg metoprolol (Selokeen) intravenously before CCTA. All participants
received sublingual nitroglycerine (nitrolingual) immediately before CCTA. Laboratory technicians performed the coronary artery calcium score using semi-automatic software. All CT
scans were assessed by one of two experienced cardiac radiologists (NP, BKV), blinded for
findings at the baseline assessment. The CCTA scans were assessed for obstructive stenosis
(50%) comparing the diameters of the maximal stenosis to a reference diameter proximal
and distal to the stenotic area. The PWV measurements were collected by a different reader
(TLB) who was blinded for the CAC results. All relevant findings on CCT were discussed at
consensus meetings with a panel of at least two (sports) cardiologists and one radiologist.

Statistical analysis
Data are shown as mean ± SD for continuous variables where applicable, otherwise medians
and 25th and 75th percentiles (interquartile range [IQR]) are given. All categorical data are
reported as a percentage or absolute number. Student’s t test was used for differences between
groups and proportions between groups were compared by means of chi-square test.
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Sensitivity, specificity and positive- and negative predictive values of PWV for detecting relevant CAD for both >8.3 m/s and >7.5m/s were calculated. The additional diagnostic value of
PWV measurements, compared to the SCORE parameters gender, age, systolic blood pressure,
total cholesterol, and ever smokers, was quantified using multivariate logistic modelling and
area under the receiver operating characteristic (ROC) curve (C-statistic) analysis. Statistical
significance was defined as a two-sided p-value < 0.05. The SPSS 20.0 (SPSS Inc., Chicago, IL,
USA) statistical software package was used for all calculations.

Results
Arterial PWV measurements were performed in 193 consecutive participants of the MARC
cohort (MARC participants 121–313). The characteristics of these 193 middle-aged sportsmen
are summarized in Table 1. Forty-seven (24%) participants were found to have CAD on CCT.
Forty-three participants had a CACS 100 AU. The CCTA identified a total of 12 participants
with luminal narrowing 50%, eight of whom also had a CACS 100 AU. Those with CAD
were older (58.9 vs. 53.8 years, p<0.001), more often had hypertension (17% vs. 4%, p = 0.003),
had higher total cholesterol levels (5.7 vs. 5.4 mmol/l, p<0.05) and more often were (ever)
smokers (55 vs. 34% p = 0.008). Mean arterial PWV was 8.25 ± 1.9 m/s with significantly higher
PWV in the participants with CAD compared to those without CAD (8.9 vs. 8.0 m/s, p = 0.02).
For the PWV cut-off value >8.3m/s the sensitivity to detect CAD was 43%, specificity 69%,
positive predictive value 31% and negative predictive value was 79%. For the PWV cut-off
value >7.5m/s the sensitivity to detect CAD was 74%, specificity 45%, positive predictive value
30% and negative predictive value was 84%. In univariate analysis, age, (ever) smoking and
PWV were significantly associated with CAD with respective odds ratios (OR) of 1.15 per year
(95% CI 1.08–1.21, p<0.001), 1.62 (95% CI 1.2–2.3, p = 0.006) and 2.3 per m/s (1.1–4.9,
p = 0.01). The predictive capacity of PWV in relation to relevant CAD was characterized by a
C-statistic of 0.60 (95% CI 0.50–0.69, p = 0.050). The area under the curve (AUC) was 0.78
Table 1. Baseline characteristics.
Characteristic

All N = 193

CAD N = 47

No CAD N = 146

P-value a

Age (years)

55.0 ± 6.6

58.9 ± 6.3

53.8 ± 6.3

<0.0001

Diabetes, n (%)

3(2)

1(2)

2(1)

0.71

Hypertension, n (%)

14 (7)

8 (17)

6(4)

0.003

BMI (kg/m2)

24.7±2.4

25.3±2.7

24.5±2.2

0.06

Ever smoked, n (%)

75(39)

26(55)

49(34)

0.008

Height (cm)

182±7.1

181±7.4

183±6.9

0.07

Weight (kg)

82±9.7

82±10.2

82±9.6

0.90

SBP (mmHg)

129±12.8

132±11.9

128±13.0

0.06

DBP (mmHg)

79±12.8

81±7.3

79±9.2

0.10

Total cholesterol (mmol/l)

5.4±0.9

5.7±0.8

5.4±0.9

0.048

PWV (m/s)

8.3±1.9

8.9±2.0

8.0±1.8

0.017

PWV >8,3 m/s, n (%)

65(34)

20(43)

45(31)

0.1

PWV >7,5 m/s, n (%)

116(60)

35(74)

81(55)

0.02

SCORE, median (IQR)

1 (1–2)

1 (1–2)

1(1–2)

0.26

Exercise tolerance (Watt)

307±47

303±46

315±51

0.2

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PWV, pulse wave velocity. Data are presented as mean ± SD,
proportions (%) or median values (interquartile range i.e. 25th and 75th percentile).
P-value calculated with or Pearson χ2 or Fisher’s Exact Test (two sided) where appropriate, between cad and no cad groups.

a

doi:10.1371/journal.pone.0131895.t001
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(95% CI = 0.709 to 0.848) for the SCORE parameters gender, age, systolic blood pressure, total
cholesterol, and ever smokers. Adding PWV measurements to the SCORE model did not
appreciably change the AUC (model 2, AUC 0.78 95% CI 0.710–0.848, p = 0.99) indicating
limited additional diagnostic value of PWV assessed with a relatively new technique to SCORE
parameters.

Discussion
In this study performed in asymptomatic sportsmen aged 45 years or older, we found that the
sensitivity of Arteriograph derived PWV measurements for detecting subclinical CAD was
only fair when using a cut-off of 8.3 m/s, and fairly good for 7,5 m/s with a sensitivity of 74%.
When information on established risk factors (SCORE) was available, the additional value
of PWV appeared to be limited. However, as cholesterol is not always known, one might still
consider implementing arterial PWV measurements with the Arteriograph in the routine SME
of middle-aged sportsmen. The diagnostic sensitivity of PWV in identifying those with a high
risk of CAD is promising as 3 in 4 asymptomatic participants with subclinical CAD can be
identified. This may help justify referral of asymptomatic sportsmen for CCT based on available risk factors and PWV measurements.
Early identification of CAD should be an important goal in the pre-participation sports
evaluation of middle-aged persons. While sudden cardiac death in younger athletes (35 years
or younger) is mainly caused by cardiomyopathies, electrical heart disease and coronary anomalies, in older individuals it is predominantly caused by CAD (80%) [3, 31]. A recent paper on
cardiac arrest during long distance running implicated a causal role for demand ischemia in
athletes with (unknown) CAD [32]. Absence of coronary plaque rupture in these persons was
surprising because prior data [33] and expert consensus documents [31] have suggested that
exercise-induced acute coronary events result from atherosclerotic plaque disruption and coronary thrombosis. This means that screening for relevant CAD is perhaps more important than
only performing exercise testing for a hemodynamically significant coronary stenosis. However
coronary calcium can only be regarded as a proxy measure for coronary artery disease.
Although it is unlikely to find someone with extensive coronary atherosclerosis who has no
CAC [34], persons with a CACS <100 AU can still suffer from a myocardial infarction [35,
36]. Although CAD has been considered the primary cause of exercise related SCD in individuals >35 years, there is evidence that diseases traditionally associated with SCD in young athletes also play a significant role in this population [32, 37, 38]. Therefore, only screening for
CAD may not detect all middle-aged and older individuals at risk of SCD.
Our study is the first to evaluate the potential role of PWV to identify subclinical CAD in
asymptomatic middle-aged sportsmen that have undergone a routine SME. There is substantial
interest in refining cardiovascular risk prediction to better address preventative therapy among
those individuals considered to be at low or moderate risk according to current guidelines [39].
Therefore, additional cardiovascular biomarkers have been identified, including the mean
common carotid intima-media thickness, which has been shown to have clear additional value
in prediction of CV events on top of the FRS and ESC SCORE [40]. Although PWV may have
potential as a biomarker [13–15], it remains unclear whether PWV measurements have additional clinical value in the daily practice of screening middle-aged sportsmen. Since the established risk scores tend to underestimate cardiovascular risk in middle-aged sportsmen, as
demonstrated by Mohlenkamp et al. [6], we investigated whether aortic stiffness, as measured
by PWV, improved identification of sportsmen with subclinical atherosclerosis that warrants
further testing. However, this study has been critiqued for a higher proportion of smokers in
the self-selected study group. Our results support the association between established risk
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factors (including smoking), arterial stiffness and CAD on CCT in middle-aged sportsmen.
Our results are comparable to a recent meta-analysis including more than 17.000 participants
[21]. The authors stated that aortic PWV has value beyond conventional risk factors to predict
mortality and future cardiovascular events for younger individuals at intermediate risk
(improved risk prediction of 13%). Although it was still predictive for older individuals (hazard
ratio 1.23 for a subgroup above 70 years of age), the addition of PWV to the adjusted cardiovascular prediction models only increased the C-statistics to a modest degree, suggesting that
PWV did not add much to standard risk assessment. A possible explanation is that systolic
blood pressure is a better surrogate of aortic stiffness in older people than in younger people
and the authors concluded that including PWV in models already containing systolic pressure
might limit the predictive value [21]. Furthermore another recent publication that was not
included in the meta-analysis showed comparable results for risk prediction of CAD with
PWV in a large cohort of elderly subjects [41]. The authors concluded that aortic stiffness measurement in addition to FRS resulted in only limited reclassification rates and stated that
although aortic stiffness is associated with risk of CAD in elderly free of known CAD it provides no additional value in cardiovascular risk stratification.
Our study must be interpreted within the context of its limitations. First of all, we performed
measurements in a relatively small group of 193 participants. Although the number of consecutive participants was considerable for a study of its kind, it remains a relatively small study of
selected men (all were Caucasian with at least college education). The fact that they consented
to participate after undergoing a SME may have led to additional selection bias (e.g. those with
a higher chance of cardiovascular disease because of a positive family history). In order to
avoid possible selection bias we compared the baseline criteria of the MARC population to a
large group (n = 725) of male recreational sportsmen aged 45 years who recently underwent
a SME in the southern region of the Netherlands (Maxima Medical Centre, Veldhoven). The
groups were similar in age (mean age 55.0 vs. 54.3 years) systolic blood pressure (129 vs. 129
mmHg), body mass index (24.7 vs. 25.0 kg/m2), smoking status (current 3.1 vs. 5.1%), and fitness level (workload 314 vs. 309 Watt), indicating that our group is representative for sportsmen that undergo a SME. Remarkably the consecutive participants who underwent additional
PWV had a slightly higher incidence of CAD compared to the whole cohort (24 vs. 18%,
p = 0.09). However, this difference was not significant (P = 0.09) and the consecutive participants who underwent additional PWV were similar in age (54.7 vs. 54.9 m/s, P = 0.4) SCORE
(both 1 with IQR 1–2), systolic blood pressure (SBP 127 vs. 129 mmHg P = 0.9), body mass
index (BMI 24.9 vs. 24.7 kg/m2 P = 0.7) smoking status (ever smoking 37% vs 39% P = 0.8) and
fitness level (workload 314 vs. 307 Watt P = 0.3).
Second, the Arteriograph is a relatively new device for the assessment of PWV. Although it
has been validated in some studies, [26, 29, 42], to our knowledge no prospective outcome
studies have been carried out with this device. Ideally, we should have performed a confirmatory study to compare our Arteriograph PWV measurements to the standard carotid-femoral
PWV method, however this was beyond the scope of this study. Therefore, before the Arteriograph can be implemented, we should acquire more clinical evidence that the Arteriograph can
provide additional prognostic value to the traditional CAD risk measurements, particularly in
older sportsmen who have a higher risk of CAD related events.
Third, we used established cut-off values for a population with optimal or normal blood
pressure and no identified CV risk factors. It is possible that the normal range however may be
different in our specific (trained) population. A recent study demonstrated that high intensity
aerobic interval training has the ability to reduce arterial stiffness in a cohort of treated hypertensive women after 16 weeks of follow-up [43]. However this effect has neither been demonstrated for moderate-intensity continuous exercise training nor has this been demonstrated in
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an asymptomatic male cohort free of known cardiovascular disease. Of note, the majority of
our participants are engaged in moderate intensity continuous exercise training (cycling, long
distance running).
In summary our study demonstrates that although limited additional value was found for
PWV evaluated with the Arteriograph on top of established risk factors to identify CAD, PWV
measurements may still have a role in the routine SME of middle-aged sportsmen to help identify those at a higher risk for relevant CAD. Larger studies of asymptomatic sportsmen in the
SME setting are required to verify that functional arterial measurements can have added clinical value for cardiovascular risk stratification.

Supporting Information
S1 Dataset. Raw data.
(ZIP)

Acknowledgments
The authors acknowledge the participants in this study.

Author Contributions
Conceived and designed the experiments: TB AM BV. Performed the experiments: TB NP.
Analyzed the data: TB NP AM MB. Contributed reagents/materials/analysis tools: TB NP AM
MB. Wrote the paper: TB NP AM WM PD MB BV.

References
1.

Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D, Estes NA III, et al. Exercise and acute cardiovascular events placing the risks into perspective. Circulation. 2007; 115(17):2358–68. Epub 2007/
05/01. doi: 10.1161/circulationaha.107.181485 PMID: 17468391.

2.

Marijon E, Tafflet M, Celermajer DS, Dumas F, Perier MC, Mustafic H, et al. Sports-related sudden
death in the general population. Circulation. 2011; 124(6):672–81. Epub 2011/07/27. doi: 10.1161/
circulationaha.110.008979 PMID: 21788587.

3.

Berdowski J, de Beus MF, Blom M, Bardai A, Bots ML, Doevendans PA, et al. Exercise-related out-ofhospital cardiac arrest in the general population: incidence and prognosis. Eur Heart J. 2013; 34
(47):3616–23. Epub 2013/10/08. doi: 10.1093/eurheartj/eht401 PMID: 24096330.

4.

Mohlenkamp S, Lehmann N, Breuckmann F, Brocker-Preuss M, Nassenstein K, Halle M, et al. Running: the risk of coronary events: Prevalence and prognostic relevance of coronary atherosclerosis in
marathon runners. Eur Heart J. 2008; 29(15):1903–10. Epub 2008/04/23. doi: 10.1093/eurheartj/
ehn163 PMID: 18426850.

5.

Mohlenkamp S, Leineweber K, Lehmann N, Braun S, Roggenbuck U, Perrey M, et al. Coronary atherosclerosis burden, but not transient troponin elevation, predicts long-term outcome in recreational marathon runners. Basic research in cardiology. 2014; 109(1):391. Epub 2013/11/21. doi: 10.1007/s00395013-0391-8 PMID: 24253174.

6.

Mohlenkamp S, Lehmann N, Breuckmann F, Brocker-Preuss M, Nassenstein K, Halle M, et al. Running: The risk of coronary events—Prevalence and prognostic relevance of coronary atherosclerosis in
marathon runners. European Heart Journal. 2008; 29(15):1903–10. doi: 10.1093/eurheartj/ehn163
PMID: 18426850

7.

Pelliccia A, Maron BJ, Culasso F, Di Paolo FM, Spataro A, Biffi A, et al. Clinical significance of abnormal
electrocardiographic patterns in trained athletes. Circulation. 2000; 102(3):278–84. Epub 2000/07/19.
PMID: 10899089.

8.

Exeter DJ, Elley CR, Fulcher ML, Lee AC, Drezner JA, Asif IM. Standardised criteria improve accuracy
of ECG interpretation in competitive athletes: a randomised controlled trial. Br J Sports Med. 2014; 48
(15):1167–71. Epub 2014/03/25. doi: 10.1136/bjsports-2013-093360 PMID: 24659510.

9.

Borjesson M, Urhausen A, Kouidi E, Dugmore D, Sharma S, Halle M, et al. Cardiovascular evaluation
of middle-aged/senior individuals engaged in leisure-time sport activities: position stand from the sections of exercise physiology and sports cardiology of the European Association of Cardiovascular

PLOS ONE | DOI:10.1371/journal.pone.0131895 July 6, 2015

8 / 10

Additional Value of Pulse Wave Velocity in Identifying CAD

Prevention and Rehabilitation. Eur J Cardiovasc Prev Rehabil. 2010. Epub 2010/06/24. doi: 10.1097/
HJR.0b013e32833b0969 PMID: 20571407.
10.

Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner VA, et al. Exercise standards for testing
and training: a scientific statement from the American Heart Association. Circulation. 2013; 128
(8):873–934. Epub 2013/07/24. doi: 10.1161/CIR.0b013e31829b5b44 PMID: 23877260.

11.

Silverman MG, Blaha MJ, Krumholz HM, Budoff MJ, Blankstein R, Sibley CT, et al. Impact of coronary
artery calcium on coronary heart disease events in individuals at the extremes of traditional risk factor
burden: the Multi-Ethnic Study of Atherosclerosis. Eur Heart J. 2014; 35(33):2232–41. Epub 2013/12/
25. doi: 10.1093/eurheartj/eht508 PMID: 24366919; PubMed Central PMCID: PMC4150068.

12.

Budoff MJ, Hokanson JE, Nasir K, Shaw LJ, Kinney GL, Chow D, et al. Progression of coronary artery
calcium predicts all-cause mortality. JACC Cardiovascular imaging. 2010; 3(12):1229–36. Epub 2010/
12/18. doi: 10.1016/j.jcmg.2010.08.018 PMID: 21163451.

13.

Hansen TW, Li Y, Staessen JA, Jeppesen J, Rasmussen S, Wang JG, et al. Independent prognostic
value of the ambulatory arterial stiffness index and aortic pulse wave velocity in a general population.
Journal of human hypertension. 2008; 22(3):214–6. Epub 2007/10/12. doi: 10.1038/sj.jhh.1002295
PMID: 17928876.

14.

Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs L, Ibsen H, et al. Prognostic
value of aortic pulse wave velocity as index of arterial stiffness in the general population. Circulation.
2006; 113(5):664–70. Epub 2006/02/08. doi: 10.1161/circulationaha.105.579342 PMID: 16461839.

15.

Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, Schalekamp MA, et al.
Arterial stiffness and risk of coronary heart disease and stroke: the Rotterdam Study. Circulation. 2006;
113(5):657–63. Epub 2006/02/08. doi: 10.1161/circulationaha.105.555235 PMID: 16461838.

16.

Mattace-Raso FHA, Verwoert GC, Wittemana JC, Wilkinson I, Cockcroft J, McEniery C. Determinants
of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: 'establishing
normal and reference values'. Eur Heart J. 2010; 31(19):2338–50. Epub 2010/06/10. doi: 10.1093/
eurheartj/ehq165 PMID: 20530030; PubMed Central PMCID: PMC2948201.

17.

Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, et al. Aortic stiffness is an independent
predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension. 2001; 37
(5):1236–41. Epub 2001/05/23. PMID: 11358934.

18.

Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM. Impact of aortic stiffness on survival in end-stage renal disease. Circulation. 1999; 99(18):2434–9. Epub 1999/05/11. PMID: 10318666.

19.

Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG. Aortic pulse-wave velocity and
its relationship to mortality in diabetes and glucose intolerance: an integrated index of vascular function? Circulation. 2002; 106(16):2085–90. Epub 2002/10/16. PMID: 12379578.

20.

Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonsick EM, et al. Elevated
aortic pulse wave velocity, a marker of arterial stiffness, predicts cardiovascular events in well-functioning older adults. Circulation. 2005; 111(25):3384–90. Epub 2005/06/22. doi: 10.1161/circulationaha.
104.483628 PMID: 15967850.

21.

Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin EJ, et al. Aortic pulse wave
velocity improves cardiovascular event prediction: an individual participant meta-analysis of prospective observational data from 17,635 subjects. J Am Coll Cardiol. 2014; 63(7):636–46. Epub 2013/11/19.
doi: 10.1016/j.jacc.2013.09.063 PMID: 24239664.

22.

Kullo IJ, Bielak LF, Turner ST, Sheedy PF Jr, Peyser PA. Aortic pulse wave velocity is associated with
the presence and quantity of coronary artery calcium: a community-based study. Hypertension. 2006;
47(2):174–9. Epub 2005/12/29. doi: 10.1161/01.hyp.0000199605.35173.14 PMID: 16380523.

23.

Coutinho T, Turner ST, Kullo IJ. Aortic pulse wave velocity is associated with measures of subclinical
target organ damage. JACC Cardiovascular imaging. 2011; 4(7):754–61. Epub 2011/07/16. doi: 10.
1016/j.jcmg.2011.04.011 PMID: 21757166; PubMed Central PMCID: PMC3862768.

24.

Park JS, Choi UJ, Lim HS, Choi BJ, Choi SY, Yoon MH, et al. The Relationship between coronary artery
calcification as assessed by multi-detector computed tomography and arterial stiffness. Clinical and
experimental hypertension (New York, NY: 1993). 2011; 33(8):501–5. Epub 2011/10/05. doi: 10.3109/
10641963.2011.601376 PMID: 21967024.

25.

Rajzer MW, Wojciechowska W, Klocek M, Palka I, Brzozowska-Kiszka M, Kawecka-Jaszcz K. Comparison of aortic pulse wave velocity measured by three techniques: Complior, SphygmoCor and Arteriograph. J Hypertens. 2008; 26(10):2001–7. Epub 2008/09/23. doi: 10.1097/HJH.0b013e32830a4a25
PMID: 18806624.

26.

Horvath IG, Nemeth A, Lenkey Z, Alessandri N, Tufano F, Kis P, et al. Invasive validation of a new oscillometric device (Arteriograph) for measuring augmentation index, central blood pressure and aortic
pulse wave velocity. J Hypertens. 2010; 28(10):2068–75. Epub 2010/07/24. doi: 10.1097/HJH.
0b013e32833c8a1a PMID: 20651604.

PLOS ONE | DOI:10.1371/journal.pone.0131895 July 6, 2015

9 / 10

Additional Value of Pulse Wave Velocity in Identifying CAD

27.

Trachet B, Reymond P, Kips J, Swillens A, De Buyzere M, Suys B, et al. Numerical validation of a new
method to assess aortic pulse wave velocity from a single recording of a brachial artery waveform with
an occluding cuff. Ann Biomed Eng. 2010; 38(3):876–88. Epub 2010/02/04. doi: 10.1007/s10439-0109945-1 PMID: 20127171.

28.

Rossen NB, Laugesen E, Peters CD, Ebbehoj E, Knudsen ST, Poulsen PL, et al. Invasive validation of
arteriograph estimates of central blood pressure in patients with type 2 diabetes. American journal of
hypertension. 2014; 27(5):674–9. Epub 2013/09/03. doi: 10.1093/ajh/hpt162 PMID: 23996499.

29.

Ikonomidis I, Ntai K, Kadoglou NP, Papadakis I, Kornelakis M, Tritakis V, et al. The evaluation of pulse
wave velocity using Arteriograph and Complior apparatus across multiple cohorts of cardiovascularrelated diseases. Int J Cardiol. 2013; 168(5):4890–2. Epub 2013/07/31. doi: 10.1016/j.ijcard.2013.07.
025 PMID: 23896538.

30.

Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, Detrano R. Quantification of coronary artery calcium using ultrafast computed tomography. J Am Coll Cardiol. 1990; 15(4):827–32. Epub
1990/03/15. PMID: 2407762.

31.

Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D, Estes NA III, et al. Exercise and acute cardiovascular events placing the risks into perspective: a scientific statement from the American Heart
Association Council on Nutrition, Physical Activity, and Metabolism and the Council on Clinical Cardiology. Circulation. 2007; 115(17):2358–68. Epub 2007/05/01. doi: 10.1161/circulationaha.107.181485
PMID: 17468391.

32.

Kim JH, Malhotra R, Chiampas G, d'Hemecourt P, Troyanos C, Cianca J, et al. Cardiac arrest during
long-distance running races. N Engl J Med. 2012; 366(2):130–40. Epub 2012/01/13. doi: 10.1056/
NEJMoa1106468 PMID: 22236223.

33.

Thompson PD. Exercise prescription and proscription for patients with coronary artery disease. Circulation. 2005; 112(15):2354–63. Epub 2005/10/12. doi: 10.1161/circulationaha.104.502591 PMID:
16216979.

34.

Marwan M, Ropers D, Pflederer T, Daniel WG, Achenbach S. Clinical characteristics of patients with
obstructive coronary lesions in the absence of coronary calcification: an evaluation by coronary CT
angiography. Heart. 2009; 95(13):1056–60. Epub 2009/04/25. doi: 10.1136/hrt.2008.153353 PMID:
19389719.

35.

Vliegenthart R, Oudkerk M, Song B, van der Kuip DA, Hofman A, Witteman JC. Coronary calcification
detected by electron-beam computed tomography and myocardial infarction. The Rotterdam Coronary
Calcification Study. Eur Heart J. 2002; 23(20):1596–603. Epub 2002/09/27. PMID: 12323159.

36.

Greenland P, LaBree L, Azen SP, Doherty TM, Detrano RC. Coronary artery calcium score combined
with Framingham score for risk prediction in asymptomatic individuals. JAMA. 2004; 291(2):210–5.
Epub 2004/01/15. doi: 10.1001/jama.291.2.210 PMID: 14722147.

37.

Aagaard P, Sahlen A, Bergfeldt L, Braunschweig F. Preparticipation evaluation of novice, middle-age,
long-distance runners. Medicine and science in sports and exercise. 2013; 45(1):130–7. Epub 2012/
08/17. doi: 10.1249/MSS.0b013e31826c5552 PMID: 22895374.

38.

Menafoglio A, Di Valentino M, Porretta AP, Foglia P, Segatto JM, Siragusa P, et al. Cardiovascular
evaluation of middle-aged individuals engaged in high-intensity sport activities: implications for workload, yield and economic costs. Br J Sports Med. 2014. Epub 2014/11/15. doi: 10.1136/bjsports-2014093857 PMID: 25394421.

39.

Polonsky TS, Greenland P. CVD screening in low-risk, asymptomatic adults: clinical trials needed.
Nature reviews Cardiology. 2012; 9(10):599–604. Epub 2012/08/15. doi: 10.1038/nrcardio.2012.114
PMID: 22889949.

40.

Wang TJ, Gona P, Larson MG, Tofler GH, Levy D, Newton-Cheh C, et al. Multiple biomarkers for the
prediction of first major cardiovascular events and death. N Engl J Med. 2006; 355(25):2631–9. Epub
2006/12/22. doi: 10.1056/NEJMoa055373 PMID: 17182988.

41.

Verwoert GC, Elias-Smale SE, Rizopoulos D, Koller MT, Steyerberg EW, Hofman A, et al. Does aortic
stiffness improve the prediction of coronary heart disease in elderly? The Rotterdam Study. Journal of
human hypertension. 2012; 26(1):28–34. Epub 2011/01/14. doi: 10.1038/jhh.2010.124 PMID: 21228826.

42.

Jatoi NA, Mahmud A, Bennett K, Feely J. Assessment of arterial stiffness in hypertension: comparison
of oscillometric (Arteriograph), piezoelectronic (Complior) and tonometric (SphygmoCor) techniques. J
Hypertens. 2009; 27(11):2186–91. Epub 2009/10/17. doi: 10.1097/HJH.0b013e32833057e8 PMID:
19834344.

43.

Guimaraes GV, Ciolac EG, Carvalho VO, D'Avila VM, Bortolotto LA, Bocchi EA. Effects of continuous
vs. interval exercise training on blood pressure and arterial stiffness in treated hypertension. Hypertension research: official journal of the Japanese Society of Hypertension. 2010; 33(6):627–32. Epub
2010/04/10. doi: 10.1038/hr.2010.42 PMID: 20379194.

PLOS ONE | DOI:10.1371/journal.pone.0131895 July 6, 2015

10 / 10

