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Abstract
Background. HeartSCORE is a tool for assessing cardiovascular risk, basing its estimates on the relative weight of conventional cardiovascular risk factors. However, new markers of cardiovascular risk have been identified, such as aortic pulse
wave velocity (PWV). The purpose of this study was to evaluate to what extent the incorporation of PWV in HeartSCORE
increases its discriminative power of major cardiovascular events (MACE). Methods and results. This study is a sub-analysis
of the EDIVA project, which is a prospective cohort, multicenter and observational study involving 2200 individuals of
Portuguese nationality (1290 men and 910 women) aged between 18 and 91 years (mean 46.33 ⫾ 13.76 years), with annual
measurements of PWV (Complior). Only participants above 35 years old were included in the present re-analysis, resulting
in a population of 1709 participants. All MACE – death, cerebrovascular accident, coronary accidents (coronary heart
disease), peripheral arterial disease and renal failure – were recorded. During a mean follow-up period of 21.42 ⫾ 10.76
months, there were 47 non-fatal MACE (2.1% of the sample). Cardiovascular risk was estimated in all patients based on
the HeartSCORE risk factors. For the analysis, the refitted HeartSCORE and PWV were divided into three risk categories.
The event-free survival at 2 years was 98.6%, 98.0% and 96.1%, respectively in the low-, intermediate- and high-risk
categories of HeartSCORE (log-rank p ⬍ 0.001). The multi-adjusted hazard ratio (HR) per 1 ⫺ standard deviation (SD) of
MACE was 1.86 (95% CI 1.37–2.53, p ⬍ 0.001) for PWV. The risk of MACE by tertiles of PWV and risk categories of
the HeartSCORE increased linearly, and the risk was particularly more pronounced in the highest tertile of PWV for any
category of the HeartSCORE, demonstrating an improvement in the prediction of cardiovascular risk. It was clearly depicted
a high discriminative capacity of PWV even in groups of apparent intermediate cardiovascular risk. Measures of model fit,
discrimination and calibration revealed an improvement in risk classification when PWV was added to the risk-factor model.
The C statistics improved from 0.69 to 0.78 (adding PWV, p ⫽ 0.005). The net reclassification improvement (NRI) and
integrated discrimination improvement (IDI) were also determined, and indicated further evidence of improvements in
discrimination of the outcome when including PWV in the risk-factor model (NRI ⫽ 0.265; IDI ⫽ 0.012). Conclusion. The
results clearly illustrate the benefits of integrating PWV in the risk assessment strategies, as advocated by HeartSCORE,
insofar as it contributes to a better discriminative capacity of global cardiovascular risk, particularly in individuals with low
or moderate cardiovascular risk.
Key Words: Aortic stiffness, arterial stiffness, major adverse cardiovascular events, pulse wave velocity

Introduction
Cardiovascular diseases are responsible for a high
proportion of global morbidity and mortality,

constituting a public health problem of first
magnitude in the world (1). In order to optimize
preventive strategies at the population level, several
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organizations have developed risk scores to categorize patients into risk classes that will determine the
therapeutic strategies to follow in order to reduce
the risk of major cardiovascular events (MACE)
(2,3). One of the most important tables for the current risk stratification, and reference table at the
European level, is the Systemic COronary Risk
Evaluation (HeartSCORE) (2). This table of risk
developed by the European Society of Cardiology
estimates the risk of cardiovascular death at 10
years based on five traditional cardiovascular risk
factors (age, gender, systolic blood pressure, cholesterol and smoking), supported on a risk function
derived from 12 European cohort studies. However,
the positive predictive value of this score has proved
somewhat disappointing, particularly in individuals
of apparent low cardiovascular risk (score ⬍ 5%).
This limitation can be overcome with the inclusion
of other risk markers that potentially may increase
the discriminative capacity of SCORE and allow
for the optimization of clinical decision making in
primary prevention (4). Given the recognition of
this limitation, the guidelines for the prevention of
cardiovascular disease from the European Society
of Cardiology have advised the integration of other
markers of subclinical target organ damage in clinical decision, allowing the risk categories obtained
by SCORE to be adjusted to these new markers.
Accordingly, this study aims to assess to what extent
the integration of the aortic pulse wave velocity
(PWV) in the HeartSCORE would increase its discriminative capacity for cardiovascular risk in a
group of 2200 subjects enrolled in a populationbased cohort study (5). In fact, considering the
arteries are the site, the target and the common
denominator in cardiovascular disease, their evaluation becomes crucial in any strategy of defining the
individual cardiovascular risk and clinical decision
making (6). This has assumed particular relevance
in relation to the study of arterial stiffness, with a
growing number of clinical studies pointing unequivocally to its connection with cardiovascular morbidity and mortality (7–20). Despite the various
parameters and indices of arterial stiffness currently
available (6), PWV has been accepted as the most
relevant, bringing together a broad scientific support in combination with its unique methodological
characteristics (simplicity, reproducibility and low
cost). The relationship between PWV and cardiovascular risk is well documented in several clinical
settings and in the general population (7–20), being
a strong and powerful predictor of cardiovascular
events. To what extent its inclusion in routine cardiovascular risk screening adds discriminability to
the conventional cardiovascular risk factors still
needs further confirmation. The purpose of this
study was to evaluate to what extent the incorporation of PWV over the HeartSCORE risk factors
increases its discriminative power for MACE.

Methods
Population
This study represents a re-analysis of the EDIVA
project database (5), aiming to ascertain whether
the inclusion of aortic PWV to the HeartSCORE
adds discriminative capacity for MACE. The EDIVA
project was established to raise awareness of PWV
measurement, incorporating a training element and
a monitoring structure and leading to the collection
of data for statistical analysis (as described elsewhere
(5)). The EDIVA study, as a nuclear part of this
broad project, was an epidemiological study assessing cardiovascular risk through sequential PWV
measurement. The study population consisted of
2200 Portuguese nationals (1290 men and 910
women), aged between 18 and 91 years (mean
46.33 ⫾ 13.76 years). For the present analysis, we
selected from the original database, individuals aged
above 35 years and without symptomatic cardiovascular disease, resulting in a cohort of 1709 individuals, 744 female and 944 males, mean age 51.68 ⫾ 10.49
years (range: 35–85).
These patients were followed for about 22 months,
with annual clinical evaluations.
The study’s aims were explained to all participants and their informed consent was obtained. The
methodology used to collect the data was approved
by the Portuguese Data Protection Commission and
the study was approved by the ethics committees of
the hospitals involved.
Study design
The EDIVA study (5) was a prospective, multicenter, observational study monitoring the occurrence of MACE – death, stroke, transient ischemic
attack, myocardial infarction, unstable angina,
peripheral arterial disease, revascularization or
renal failure. Follow-up of the patients consisted of
annual assessments including carotid–femoral
PWV, blood pressure (BP), laboratory tests and
clinical observation. At each consultation, the subjects’ weight and height were measured and body
mass index (BMI) was calculated in kg/m2. BP was
measured in a supine position and after a 10-min
resting period, by an experienced operator and
using a clinically validated (class A) sphygmomanometer (Colson MAM BP 3AA1-2®; Colson,
Paris) (21). The mean of three BP measurements
was used in the analysis.
For each patient we calculated the 2-year risk of
cardiovascular event using the components of the
EuroSCORE risk factors (2) refitted to the EDIVA
study as described in the statistical analysis section.
We then considered three risk categories: a SCORE
⬍ 1% corresponding to low risk, a SCORE ⱖ 1 and
⬍ 5% to intermediate risk, and a SCORE ⱖ 5% to
high risk.

Aortic pulse wave velocity and HeartSCORE
All participants underwent routine fasting laboratory tests. At the first consultation, they filled out a
questionnaire concerning relevant personal and family history, smoking habits, alcohol consumption and
medication.

Pulse wave velocity
Carotid–femoral PWV was determined using a
Complior® device (Colson, Paris) in accordance with
a previously described technique (22). Briefly, PWV
was based on the distance/time ratio (m/s) with the
pulse wave measured simultaneously in the right
carotid and right femoral arteries, the distance used
being that between the sites where the pressure waves
were recorded. Measurements were performed by
the same operator and the quality of the recordings
was evaluated by two independent observers with
considerable experience of the method. The reproducibility of these estimates previously determined
in our laboratory showed correlation coefficients
better than 0.9 (0.98 and 0.95, respectively, for
inter- and intra-observer differences) (23).

Statistical analysis
The distribution of the variables was tested for normality using the Kolmogorov–Smirnov test, and for
homogeneity of variance by Levene’s test. Simple
descriptive statistics were used to characterize the
sample and the distribution of variables. Data are
presented as mean ⫾ standard deviation (SD), for
continuous variables with normal distribution,
median (interquartile range, IQR) for continuous
variables without normal distribution, and frequency
for categorical variables. Groups were compared
using the χ2 test, for categorical variables, and the
Student’s t-test or the Mann–Whitney U test for
quantitative variables, as appropriated.
Cox proportional hazards analysis was used to
determine the association between PWV and time
to first major cardiovascular event. Covariates
were selected on the basis of components of the
EuroSCORE (2) and included the following at the
baseline examination: age, sex, systolic BP, total cholesterol concentrations, smoking habits, presence of
diabetes mellitus and use of antihypertensive therapy.
All variables in the models were tested for linearity
and proportional hazard assumption. Kaplan–Meier
survival analysis was also applied with the cohort
segregated according to tertiles of PWV and the refitted SCORE categories.
To compare the discriminatory power of PWV in
addition to the SCORE risk model, we estimated
measures of model fit, discrimination and calibration. Model fit was measured with the likelihood
ratio test, the Akaike information criterion and the
Schwartz’s Bayesian information criterion; Harrell’s
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C-index was used as a measure of discrimination.
The Hosmer–Lemeshow test was used to check
calibration of the models. In order to check the
discrimination and reclassification improvement, we
computed the predicted risk for all of the participants
using a Cox model that included only the standard
risk factors. Using predicted risk from this model, we
defined cut points for risk groups based on the predicted risk in participants who experienced an event
within 2 years. We cross-classified categories of risk
on the basis of a model that included standard risk
factors against those based on a model that added
PWV. The net reclassification improvement (NRI)
and the integrated discrimination index improvement (IDI) were then derived.
All analyses were conducted in Stata version 11.
A value of p ⱕ 0.05 was taken as the criterion of statistical significance for a 95% confidence interval.
Results
The cohort consisted of 1709 individuals, with a
mean age of 51.68 ⫾ 10.49 (ranging from 35 to 85
years), with a similar proportion of men and women.
Baseline study cohort characteristics are shown in
Table I. About 58.6% of the cohort had arterial
hypertension, 35.3% had dyslipidemia and 11.6 were
diabetics. Smoking habits were seen in 14% of the
study cohort individuals.
During a mean follow-up period of 21.42 ⫾ 10.76
months, a total of 47 non-fatal MACE (2.1% of the
sample) were recorded, including 25 cases of stroke,
18 of coronary events, two of renal failure and two of
occlusive peripheral arterial disease. As expected,
PWV was significantly higher in subjects with events
than in those without them (11.82 ⫾ 2.16 m/s vs
10.40 ⫾ 2.01 m/s, respectively, p ⬍ 0.001). Patients
with events also had higher BP levels, as predicted in
Table I. In a multivariable Cox regression analysis,
adjusting the model for standard cardiovascular
risk factors, PWV was an independent predictor of
MACE, with a 86% increase in the risk of MACE per
1 ⫺ SD increase in PWV (hazard ratio, HR, per
1 ⫺ SD ⫽ 1.86; 95% CI 1.37–2.53, p ⬍ 0.001, cf.
Table II). The incidence of cardiovascular events
according to the refitted SCORE classification was
1.9% in the low-risk group, 2.6% in the intermediate-risk group and 5.5% in the high-risk group
(p ⫽ 0.001).
We then tested whether the addition of PWV
would add discriminative capacity to the SCORE
risk factors. The measures of model performance are
presented in Table III. Adding the aortic PWV to a
baseline model including only age and sex produced
a significant improvement in the discrimination of
cardiovascular events, as depicted by the considered
measures of model fit, discrimination and calibration. The C statistics improved from 0.69 to 0.78
(adding PWV, p ⫽ 0.005). Considering the impact of
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Table I. Baseline characteristics of the study cohort.

Age, years, mean (⫾ SD)
Gender, men:women (%)
Body mass index, kg/m2, mean (⫾ SD)
Smoking, n (%)
Hypertension, n (%)
Dyslipidemia, n (%)
Diabetes, n (%)
SBP, mmHg, median (IQR)
DBP, mmHg, median (IQR)
PP, mmHg, median (IQR)
MAP, mmHg, median (IQR)
Heart rate, beats/min, mean (⫾ SD)
PWV, m/s, mean (⫾ SD)
Plasma total cholesterol, mg/dl, median (IQR)
Plasma glucose, mg/dl, median (IQR)
Plasma creatinine, mg/dl, median (IQR)
Plasma triglycerides, mg/dl, median (IQR)

Total (n ⫽ 1709)

Subjects without
event (n ⫽ 1662)

Subjects with
event (n ⫽ 47)

51.68 (⫾ 10.49)
56:44
27.61 (⫾ 4.40)
257 (14)
1003 (58.6)
605 (35.4)
199 (11.6)
140 (30)
85 (15)
56 (19)
105 (18)
70.85 (⫾ 11.67)
10.44 (⫾ 2.03)
189 (70)
91 (19)
0.82 (0.4)
114 (42)

51.65 (⫾ 10.51)
56:43
27.58 (⫾ 4.34)
235 (14.1)
965 (58)
585 (35.1)
192 (11.5)
140 (30)
85 (15)
56 (19)
104 (15)
70.66 (⫾ 11.85)
10.40 (⫾ 2.01)
190 (69)
91 (21)
0.83 (0.4)
114 (41)

58.89 (⫾ 9.43)
53:46
28.70 (⫾ 12.90)
10 (21.2)
38 (80.8)
20 (44.4)
7 (14.8)
160 (22)
91 (13)
66 (13)
120 (15)
77.60 (⫾ 12.90)
11.82 (⫾ 2.16)
178 (97)
94 (30)
0.80 (0.4)
106 (41)

p
0.434
0.179
0.092
0.126
⬍ 0.001
0.197
0.407
⬍ 0.001
⬍ 0.001
0.004
⬍ 0.001
⬍ 0.001
⬍ 0.001
0.311
0.812
0.557
0.872

PWV, pulse wave velocity; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP, mean arterial pressure;
SD, standard deviation; IQR, interquartile range.

adding PWV to the risk-factor model, an overall discriminative improvement was also depicted. Model
fit improvement was indicated by reductions in the
log likelihood, the Akaike information criterion and
the Schwartz’s Bayesian information criterion. A discrimination improvement was also demonstrated,
with an increase in the C statistics from 0.82 to 0.86
(p ⫽ 0.03), and calibration was also very good as
shown by the Hosmer–Lemeshow test.
For further illustration of the reclassification
improvement when adding PWV to the conventional
SCORE risk-factors, we conducted a Cox regression
analysis combining three SCORE classes (low,
medium and high risk) with three tertiles of PWV
(low, medium and high tertile). The cumulative risk
for each of the considered categories was obtained, as
depicted in Figure 1, having the low SCORE and low
PWV tertile as the reference category. For each of the
considered SCORE categories, PWV strongly added
discriminative capacity, allowing for a better classification of cardiovascular risk. This is particularly relevant when considering the low- and intermediate-risk
categories, in which PWV could be crucial to optimize
Table II. Multiple-adjusted hazard ratios and 95% confidence
intervals (CI) for cardiovascular risk factors increasing risk of
major adverse cardiovascular events.
Parameter
Gender (female)
Age (per 1-year increment)
Total cholesterol (per 1 mg/dl)
SBP (per 10 mmHg)
Diabetes (yes)
Smoking status (yes)
PWV (per 1 ⫺ SD, m/s)

Hazard
ratio

95% CI

p

2.74
1.03
0.99
1.03
1.15
1.02
1.86

1.41–5.32
1.01–1.05
0.99–1.01
1.02–1.04
0.50–2.67
0.50–2.01
1.37–2.53

0.003
0.001
0.390
⬍ 0.001
0.741
0.821
⬍ 0.001

PWV, pulse wave velocity; SBP, systolic blood pressure.

clinical decision making. This same aspect is well
demonstrated in the Kaplan–Meier curves depicted
in Figure 2. When patients were grouped based on a
5% cut-off of the SCORE (⬍ 5% low to intermediate
risk; ⬎ 5% high risk) and tertiles of PWV, the probability of developing MACE increased with PWV
tertiles in both SCORE categories. The category-free
NRI was also determined, being 0.265 (p ⫽ 0.0001).
Upward and downward reclassification with the addition of PWV to the standard model was seen respectively in 21.2% and 2.1% of participants with
cardiovascular events, and in 7.8% and 13.4% of participants without cardiovascular events. The “clinical”
NRI (over the intermediate-risk individuals) was
0.311, with 20% participants with events being upward
reclassified with the inclusion of PWV. The IDI indicated further strong evidence of improvements in discrimination for the outcome when including PWV in
the risk-factor model (IDI ⫽ 0.012, p ⫽ 0.002).
Discussion
Arterial distensibility is an important area in cardiovascular research, particularly because of its value for
risk stratification in various clinical situations. Carotid–femoral PWV is without a doubt the best indicator of aortic stiffness (6), and it is unequivocally
related to cardiovascular mortality and morbidity in
patients with diabetes, hypertension or renal failure,
in the elderly, and in the general population (7–20).
Recently we published the results of the EDIVA
cohort study (5), confirming PWV as an independent marker of cardiovascular risk in the general
population, with an adjusted HR of 1.316 per 1 m/s
increase in PWV for non-fatal MACE. In the current
re-analysis of the EDIVA database we wanted to
stretch the implied relation of aortic PWV with

Aortic pulse wave velocity and HeartSCORE
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Table III. Measures of model fit, discrimination, and calibration for major adverse cardiovascular events adding carotid–femoral pulse
wave velocity.
Model fit

Model
Age, sex
Add PWV
Age, sex, total cholesterol, systolic
blood pressure, smoking, diabetes
mellitus, hypertension treatment
Add PWV

Calibration

⫺ 2 log
likelihood

Akaike information
criteria

Schwartz’s Bayesian
information criterion

Discrimination
C statistic
(95% CI)

666.22
634.42
624.69

670.23
640.42
636.69

681.62
657.51
670.86

0.69 (0.61–0.80)
0.78 (0.64–0.83)a
0.82 (0.66–0.85)

10.92
5.68
11.85

0.21
0.68
0.17

608.03

622.15

662.02

0.86 (0.74–0.90)b

5.17

0.74

χ2

p

For a description of the tests displayed in the table, please refer to Methods, Statistical analysis.
aComparison of C statistics in rows 1 and 2, P ⱕ 0.005.
bComparison of C statistics in rows 3 and 4, p ⱕ 0.03.

cardiovascular risk, testing if its inclusion would add
discriminatory information to the conventional risk
factors integrated in the EuroSCORE charts.
Our data further demonstrates the importance of
PWV for cardiovascular risk stratification in the
general population, over and above conventional cardiovascular risk factors. In fact, adding PWV to the
SCORE risk-factor model significantly enhanced
the discrimination of the patients, particularly over
the low and intermediate-risk categories. The measures of model fit and discrimination clearly depicted
an improvement when PWV was added to the SCORE
criteria, and model calibration was shown to be very
good. Furthermore, the IDI also stressed the improvements in discrimination for the outcome when including PWV in the risk-factor model. Albeit these
favorable results, we have to consider that the EDIVA
outcome data specifically reflected short-term and
non-fatal outcomes, whilst the EuroSCORE is based
on the prediction of 10-year cardiovascular mortality.
Even though the analysis refitted the EuroSCORE to
the shorter follow-up, the EDIVA outcomes provide
only non-fatal cardiovascular events, and the number
of events was small conditioning the statistical power
of the analysis. In that sense, the reported results give
added confirmation to PWV as a powerful marker of

Figure 1. Cox regression coefficients of cumulative probability of
a first major adverse cardiovascular event when participants were
grouped according to tertiles of carotid–femoral pulse wave
velocity and three SCORE risk classes.

sub-clinical organ lesion and a powerful independent
predictor for non-fatal cardiovascular events. Meanwhile, other studies have also demonstrated a strong
association of PWV and cardiovascular risk (7–20).
In fact, a recently published analysis of a cohort of
2232 participants in the Framingham Heart Study
(19), showed that the risk of cardiovascular events
increases with increasing quartiles of PWV, so that
patients at the highest quartile of PWV (PWV ⬎ 11.8 m/s)
had a 48% increased risk of cardiovascular events (95%
CI 1.16–1.91, p ⫽ 0.002), compared with the ones at
the lowest quartile (PWV ⬍ 7.7 m/s). Additionally, and
in line with our results, they showed that increased
PWV provides incremental cardiovascular risk stratification beyond that provided by standard Framingham
risk factors. Similar results were also reported by
Sehestedt et al. (24) in a cohort of 1968 followed for
about 12 years, demonstrating that subclinical organ
damage (including PWV) predicts cardiovascular
death independently of the SCORE classification, and
that the combination of both SCORE and subclinical
organ damage markers improves cardiovascular risk
prediction (24). Moreover, two recent meta-analyses
addressing the predictive capacity of PWV for MACE
unequivocally expressed PWV as a strong and independent prognostic predictor in different clinical
contexts (20,25).
Given the accumulated data, we can argue unequivocally in favor of integrating PWV in clinical practice
as a key variable to manage cardiovascular risk in the
overall population. In fact, considering the clinical
profiles of the patients enrolled in the published papers
so far, we can comfortably sustain that PWV is equally
important in patients with manifest cardiovascular risk
(diabetic, hypertensive, dyslipidemic, renal failure and
obese patients) (7–13) and in primary prevention of
general population cohorts (5,14–18).
Albeit this impressive confirmation of PWV as a
true cardiovascular risk factor, its use in clinical practice is still far from what would be expected considering the available body of evidence. Two main factors
could explain this apparent paradox, in our understanding. The first one is the limited availability of
this technology, even though the cost/benefit relation
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Figure 2. Kaplan–Meier plot of cumulative probability of major adverse cardiovascular events when participants were grouped according
to SCORE categories (low- and intermediate-risk category – SCORE ⬍ 5%; high-risk category – SCORE ⬎ 5%) and stratified to tertiles
of PWV (solid line – highest tertile; dashed lines – intermediate and lowest tertiles).

is clearly balanced in favor of its use. The other factor derives from the absence of standard reference
values and clinical recommendations regarding the
therapeutic management of PWV. In a recent contribution of our centre (5), we presented a table of reference values for PWV, for the Portuguese population,
adjusted for age and gender, and considering a
statistical definition rather that an operational one.
The classification of PWV according to the proposed
reference values was independently associated with
MACE, after adjustment to standard cardiovascular
risk factors. Boutouyrie et al. also proposed reference
values to PWV, obtained from a sample of 16867
subjects, enrolled in 13 centers spread through eight
European countries (26). However, if we already
have promising data regarding the establishment of
reference values to be used in clinical practice (26,27),
the extent as to how PWV could be a direct therapeutic target is still unknown and a crucial premise
to be fulfilled (28,29).
In conclusion, PWV gives added value to the
SCORE cardiovascular risk stratification, determining cardiovascular risk over and above the standard
risk factors included in the SCORE algorithm.
Considering the potential benefit of this better risk
stratification for optimizing the therapeutic management of patients, PWV should be included as a routine evaluation in clinical practice. However, a better
methodological standardization, the compliance to
the available guidelines for arterial stiffness assessment, and the standardization of reference values,
are aspects that need further consideration and
refinement.
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