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Summary
PRINCIPLES: As a result of the relatively low sensitivity
of coronary risk charts, such as the Swiss coronary risk
calculator (Arbeitsgruppe Lipide und Atherosklerose,
AGLA), for detecting subjects with future myocardial infarction, the performance of arterial age (aa) as a surrogate
marker for chronological age (ca) was tested.
METHODS: In a practice based sample, burden of carotid
plaque was obtained with ultrasound, using total plaque
area (TPA). In this derivation cohort, sex-specific 5-year
groups of mean TPA were calculated in subjects aged
between 35 and 79 years. The arterial age formula was
found by fitting an exponential function on these data.
AGLAca and AGLAaa were tested externally for their ability to detect 13 myocardial infarctions in 684 subjects (validation cohort).
RESULTS: The derivation cohort included 1,500 subjects
(mean age 59 ± 9 years, mean TPA 54 ± 52 mm2, 5%
diabetics, 43% women). Arterial age was found to be y =
5.4175e0.0426x in men and y = 4.1942e0.0392x in women.
Mean 10-year AGLAca coronary risk was comparable to
AGLAaa (8% ± 9% vs 9% ± 15%). Receiver operating
characteristic (ROC) analysis of AGLAca and AGLAaa
results showed areas under the curve of 0.65 (p = 0.041)
and 0.78 (p <0.0001), respectively, (p = 0.041 for the dif-

Abbreviations
aa arterial age
AGLA Arbeitsgruppe Lipide und Atherosklerose (Swiss coronary
risk calculator)
AUC area under the curve
ca chronological age
HDL high-density lipoprotein
LDL low-density lipoprotein
IMT intima media thickness
NRI net reclassification improvement
TPA total plaque area of the carotid arteries
ROC receiver operator characteristic
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ference = 0.13). This finding was also confirmed by a Cox
proportional hazards regression model on patients' eventfree survival (p = not significant for AGLAca, p = 0.0003
for AGLAaa).
CONCLUSIONS: Arterial age derived from TPA could be
used instead of chronological age in the AGLA coronary
risk function. Further studies on the external validity and
cost effectiveness of the additional ultrasound imaging
study are necessary.
Key words: arterial age; cardiovascular risk prediction;
total plaque area; carotid ultrasound

Introduction
Arterial age is considered to be a marker for biological
age and Grundy probably described it best when he paraphrased William Osler, who first observed that by transforming age as a risk factor, patients are as old as their
arteries [1]. Since increasing age can be dominant over other major independent cardiovascular risk factors in coronary risk functions, it has become appropriate to determine
the vascular/arterial age of a subject. The heart age in the
Framingham Heart Study is calculated as the age of a person at the predicted risk but with all other risk factor levels
in normal ranges [2]. It has been suggested that arterial age
can be used instead of the chronological age in risk functions since chronological age is only a surrogate of the atherosclerotic burden on the basis of carotid intima-media
thickness [3]. An arterial age using coronary artery calcium score has been derived from the Multi-Ethnic Study of
Atherosclerosis (MESA) cohort, where replacing observed
age with arterial age performed significantly better in the
area under the receiver operating curve [4].
Use of the Framingham vascular age and risk functions
[2] to calculate arterial age has led to the realisation that,
although it would be helpful in communicating risk to
patients, there was no underlying determination of atherosclerotic burden [5]. Therefore, use of noninvasive,
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radiation-free methods for determining the atherosclerotic
burden of subjects is most desirable. Determining the arterial age may be more convincing for both patients and doctors [6].
In order to compensate for the shortcomings of not knowing the atherosclerotic burden of a subject, determination
of carotid atherosclerosis as a validated marker of coronary
and stroke risk can be used to define arterial age. This is
achieved by measuring the area of carotid plaques (total
plaque area, TPA), which makes it possible to quantify
and track atherosclerosis burden within the whole carotid
tree [7–12]. Carotid TPA has been shown to be a stronger
predictor of cardiovascular risk than carotid intima-media
thickness [8, 9, 11] and is useful in patient management [7,
8].
The intent was to derive and validate an arterial age formula based on TPA, which may replace chronological age
in coronary risk prediction.

Methods
Subject selection
Subjects were selected from two single-centre databases
that were prospectively collected during the last 10 years.
(A) The CORDICARE database of the Vascular Risk
Foundation VARIFO, consisting of consecutive self-referred subjects from a study approved by the local ethics
committee (n = 900), who were alerted to participate in the
study by mass media (radio broadcasting and newspaper
advertisements). Subjects were prospectively recruited and
provided written informed consent. (B) The KARDIOLAB
database consisting of consecutive physician referred patients (n = 600). These healthy patients were referred to
KARDIOLAB in order to further stratify coronary risk using carotid plaque imaging. The selection criteria were absence of cardiovascular disease derived from the history
of subjects (CORDICARE) or from the patients' history
including a cardiological work-up (KARDIOLAB), where
appropriate, and a complete survey of the presence and extent of the major independent cardiovascular risk factors at
the time of the carotid examination. The clinical characteristics of this study population (derivation cohort) have previously been extensively described [15]. In brief, coronary
risk assessment was performed by determining a coronary
risk factor including medical history, blood pressure, measurement of total, low-density lipoprotein(LDL) and highdensity lipoprotein (HDL) cholesterol, triglycerides, blood
glucose levels and quantifying TPA with an ultrasound examination as described below.
Total plaque area measurements
Presence of plaque was determined by a transverse scan
applied to the left and right carotid artery with a high
resolution ultrasound linear transducer using a 7.5–12.0
MHz probe, which identified all plaques defined by intimal
thickening ≥1.0 mm. The complete length of the common
carotid artery, the visible parts of the internal and external
carotid arteries and the bulb were scanned. Once the largest
extent of a plaque was found by panning around the artery,
the frozen longitudinal images were used to trace the
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plaque directly on the screen. The longitudinal area of the
plaque was then automatically displayed and the areas of
all such plaques were summed up to compute the value for
TPA in mm2. The imaging procedure was completed with
the subject in the supine position, with the head retroflexed
at 10°–20° and tilted at 35°–45° away from the sonographer, who was standing in front of the subject as previously
described [16]. All TPA measurements were made by a
single investigator and the reproducibility of this test has
been reported elsewhere [9].
Calculation of arterial age
The mean values of TPA derived from 5-year intervals for
men and women aged 35 to 79 years were plotted against
the chronological age. An exponential function was added,
which connected these 5-year intervals, and the equation of
the line was displayed along with the 95% confidence intervals (CIs). These two exponential equations describing
TPA (y) as a function of age (x) were solved for x in order to determine the age at which such an amount of TPA
is generally found in the population, i.e. the arterial age, for
men and women separately.
Integration of arterial age into the coronary risk
function
Swiss 2012 guidelines for coronary risk assessment
(AGLA) were used [17]. These guidelines incorporate the
German PROCAM risk function with a calibration factor
of 0.7 for Switzerland in order to determine the 10-year
risk for incident myocardial infarction. The calculations for
the individual 10-year coronary risks were based on gender,
blood pressure, smoking status, HDL and LDL cholesterol
profile, triglyceride levels, presence or absence of diabetes
mellitus, premature coronary artery disease in the parents
of the subjects and either chronological or arterial age.
External validation of arterial age in the AGLA
coronary risk function
Arterial age was confirmed externally using a validation
cohort provided by the Robarts Research Institute in London, Canada [9]. Of the original 1,686 patients, 150 were
excluded because of diabetes mellitus, 356 were excluded
because of a previous transient ischaemic attack, 152 were
excluded because of a previous stroke, 156 were excluded
because of a previous myocardial infarction and 188 were
excluded because of missing laboratory values needed to
calculate AGLA risk. Therefore, 684 primary care subjects
from the original London cohort remained, in which 13
myocardial infarctions occurred during a follow-up of 3.3
years. For the calculation of arterial age, individual TPA
of these 684 subjects was measured locally and introduced
into our arterial age formula in order to determine arterial
age.
Statistics
Datasets for each patient were entered into an Excel spread
sheet (Microsoft, Richmond, USA) where all basic calculations such sa population characteristics were calculated.
Statistical analysis such as receiver operator characteristic (ROC) analysis was performed using the MedCalc software [18], using the DeLong-DeLong method in order to
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compare the ability of AGLAca and AGLAaa to predict incident myocardial infarctions in the validation cohort [19].
For the net reclassification improvement (NRI) the standard method originally described by Pencina et al. [20] was
employed as follows: NRI = [correct reclassification of
events minus incorrect reclassification of events] x [1/all
events] + [correct reclassification of nonevents minus incorrect reclassification of non-events] x [1/all non-events].
Pearson's Chi-squared statistic was used to calculate the
level of significance. Cox regression analysis was calculated for AGLAca und AGLAaa separately and in combination and was performed with the level of statistical significance set at p <0.05.

AGLAaa was 9% ± 15%. The validation cohort consisted
of 684 healthy subjects with a follow-up time of 3.3 ± 1.8
years, and has been described elsewhere [12]; mean chronological age was 50 ± 13 years and mean arterial age was
42 ± 25 years.
The 10-year coronary risk in the derivation cohort was
5% ± 8% for AGLAca and 6% ± 13% for AGLAaa. In
ROC analysis the area under the curve (AUC) was 0.65 for
AGLAca (95% CI = 0.61–0.68, p = 0.041) and was 0.78

Results
The derivation cohort contained 1,500 subjects (mean age
59 ± 9 years, mean TPA was 54 ± 52 mm2, 5% were diabetics, 43% were women; table 1). The number of subjects
without carotid plaque was 109 and the exponential nature
of carotid total plaque area (TPA), grouped into 5-year sexspecific TPA amounts is outlined in table 2 and figure 1.
The best fit correlation was an exponential function (Appendix):
1 TPA = 5.4175e0.0426age in men
2 TPA = 4.1942e0.0392age in women.
The final formulas for arterial age read as follows:
7 arterial age = [ln (TPA / 5.4175)] / (0.0426) in men
8 arterial age = [ln (TPA / 4.1942)] / (0.0392) in women
The mean arterial age of the derivation cohort was 49 ± 21
years. AGLAca 10-year coronary risk was 8% ± 9% and

Figure 1
Distribution of mean (± standard deviation) TPA values by age
group in 851 men and 636 women.
Exponential curve of total plaque area (TPA) for 851 male and 636
female patients aged between 35 and 79 years. The formulae
shown above the male curve in red and below the female curve in
blue form the basis of the arterial age calculations.

Table 1: Patient characteristics from which arterial age was derived.
n = 1,500

n

%

Females

642

43

Age (years) mean ± SD

59 ± 9

Family history for CAD

250

17

Diabetes mellitus type II

78

5

Current smoker, no. %

270

18

Blood pressure systolic (mm Hg) mean ± SD

131 ± 17

TPA (mm2) mean ± SD

54 ± 52

Individuals with zero TPA

109

Total cholesterol (mmol/l) mean ± SD

5.8 ± 1.1

HDL cholesterol (mmol/l) mean ± SD

1.5 ± 0.5

LDL cholesterol (mmol/l) mean ± SD

3.6 ± 1.0

Triglycerides (mmol/l) mean ± SD

1.5 ± 1.0

AGLAca, mean ± SD

8±9

AGLAaa, mean ± SD

9 ± 15

7
Figure 2
ROC Curve for AGLAca and AGLAaa for the detection of coronary
events in the validation cohort [12].
Ability of AGLAca (black line, area = 0.65 (95% CI = 0.61–0.68, p =
0.041) and AGLAaa (grey line, area = 0.78, AGLAaa (95% CI =
0.75–0.81, p <0.0001) to detect 13 incident myocardial infarctions
(p = 0.041).
aa = arterial age; AGLA = Arbeitsgruppe Lipide und Atherosklerose
(Swiss coronary risk calculator); AUC = area under the curve; ca =
chronological age; CI = confidence interval; ROC = receiver
operator characteristic

aa = arterial age; AGLA = Arbeitsgruppe Lipide und Atherosklerose
(Swiss coronary risk calculator); ca = chronological age; CAD =
coronary artery disease; HDL = high-density lipoprotein; LDL = lowdensity lipoprotein; SD = standard deviation; TPA = total plaque area
of the carotid arteries

Table 2: Mean, standard deviation (SD) and number (n) of patients imaged to derive age- and sex-specific values for 5-year intervals.
Age group (years)
Male

Female

35–39

40–44

45–49

50–54

55–59

60–64

65–69

70–74

75–79

n

7

30

107

170

165

179

121

53

19

Mean

21

32

38

50

57

71

87

104

125

SD

26

31

45

48

51

48

61

76

69

n

5

12

70

117

127

149

88

44

24

Mean

21

20

25

22

28

43

61

70

86

SD

24

25

44

23

25

33

45

55

53
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(95% CI = 0.75–0.81, p <0.0001) for AGLAaa. This improvement of 0.13 was statistically significant (p = 0.041)
(fig. 2). The Cox proportional hazard regression model was
not statistically significant for AGLAca (p = 0.2519), but
was highly significant for AGLAaa (p = 0.0003). The reclassification calculations for the NRI in subjects without
events was –22/671 = –3% and was 3/13 = 23% in subjects
with an event, giving to a total NRI of 20% (p <0.0001).

Discussion
The concept of substituting chronological age by arterial
age in the AGLA risk function in order to improve coronary risk prediction was tested. The distribution of average
sex-specific 5-year aggregated TPA values in this relatively
large single-centre, single observer, group of healthy subjects (n = 1,500) served to derive an arterial age formula
(see fig. 1). Use of the inverse of these functions allowed
us to calculate the arterial age of any given patient based on
TPA.
The prognostic impact of this arterial age function implemented into AGLAaa was validated externally in a validation cohort previously published by our group [12]. ROC
analysis, the net reclassification improvement (NRI) and a
Cox survival regression model showed that the arterial age
risk model (AGLAaa) performed significantly better than
the chronological age model AGLAca (increase in AUC by
0.13 from 0.65 to 0.78, p = 0.041; NRI of + 20%; Cox regression AGLAca p = not significant, AGLAaa p <0.0003).
Performing reclassification using arterial age instead of
chronological age, average coronary risk did not significantly increase in the derivation cohort, since average
AGLA risk was comparable for AGLAca and AGLAaa
(8% vs 9%, p = not significant).
Arterial age is an appealing surrogate for chronological
age, since it is obtained rapidly, may be cost effective (<75
CHF per examination), and may increase the real risk perception of an individual with respect to coronary risk. It
may therefore become an additional nonscreening tool in
selected primary care subjects in order to increase the accuracy of preventive medicine in cases where the physician is left with uncertainty, for example, with respect to
prescribing preventive medication. Further, a higher adherence to risk-lowering therapies may ensue [6] and arterial age may even be used to assess the effect of risklowering activities in a follow up-coronary risk assessment,
where increases over time in atherosclerotic burden have
been shown to increase coronary risk both using TPA [9]
and coronary calcifications [21]. It has been shown that
preventive therapy is effective in halting or even reversing
the formation of carotid plaque, thereby halting the process
of vascular aging in long-term observations [5, 18]. Such
observations were possible in plaque-imaging techniques,
such as for carotid plaque using 3D magnetic resonance,
but not when using ultrasound derived intima-media thickness (IMT) in patients treated with statins for 6 months
[23].
The concept of arterial or vascular age has been developed
by others, especially using carotid IMT [24]. However,
IMT measurements rely on submillimetre risk assessments
and require much more expertise, which may hinder the
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widespread use of this method, as was shown from arterial
age calculations using the Atherosclerosis Risk in Communities (ARIC) database, in which a 0.1 millimetre increase of IMT (from 0.70 to 0.80 mm) increases arterial
age from 60 to 70 years in a 40-year-old white man [25].
Moreover, the clinical utility of IMT measures, especially
when excluding plaque measures from the assessment, has
been questioned in several studies [6, 8, 20–22]. Vascular
age can also be calculated using the Systematic Coronary
Risk Evaluation (SCORE) risk charts; however, such calculations do not rely on imaging of atherosclerosis [29].
There are some limitations of our approach. Because arterial age was validated externally in a rather small cohort with
only 13 coronary events during follow up [12], our validation can furnish only preliminary results and there is a need
for further validation of our arterial age function. However,
although arterial age was derived from the Swiss derivation
cohort, its external application to TPA values in the Canadian validation cohort using ALGAaa preserved its prognostic strength. Further, our carotid imaging tool-derived
formulae are from a single centre and single observer setting. These results need to be validated externally. Another
limitation lies in the fact that the AGLA calculator allows
calculating coronary risk only up to an age of 65 years.
This age limitation was increased to 80 in our risk calculations for both chronologically and arterially determined
AGLA risk. Given the high prognostic improvement when
applied to the validation cohort, such an approach can be
justified. However, as an alternative, the clinician may just
rely on arterial age as an indicator for coronary risk and
prefer to calculate post-test risk using the Bayes formula,
as published previously by our group [12]. Finally, our results stem from a relatively low risk-population and may be
less valid in higher risk patients; however, from a preventive point of view, early risk intervention may be more effective.
In conclusion, our arterial age coronary risk function outperformed the AGLA risk function when chronological age
was substituted by arterial age. One can expect that the
knowledge of arterial age is a better motivator for patients
to adhere to a preventive lifestyle and medications. Indeed,
Spence has used this approach explicitly in his clinic for
more than 10 years, and has been objectively shown to
have the highest medication compliance rates among patients participating in the Insulin Resistance Intervention
after Stroke trial, a large multicentre randomised trial funded by the US National Institutes of Health [30]. Therefore, ultrasound-based measures of carotid plaques, a low
cost, rapid and nonirradiating specific marker of atherosclerosis, is a new concept for refined coronary risk assessments in selected subjects, for example, at intermediate
coronary risk. It permits assistance in preventive strategies
in primary care. Further practice based studies are needed
to confirm our findings externally, prognostically and with
respect to cost-effectiveness.
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Figures (large format)

Figure 1
Distribution of mean (± standard deviation) TPA values by age group in 851 men and 636 women.
Exponential curve of total plaque area (TPA) for 851 male and 636 female patients aged between 35 and 79 years. The formulae shown above
the male curve in red and below the female curve in blue form the basis of the arterial age calculations.
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Figure 2
ROC Curve for AGLAca and AGLAaa for the detection of coronary events in the validation cohort [12].
Ability of AGLAca (black line, area = 0.65 (95% CI = 0.61–0.68, p = 0.041) and AGLAaa (grey line, area = 0.78, AGLAaa (95% CI = 0.75–0.81, p
<0.0001) to detect 13 incident myocardial infarctions (p = 0.041).
aa = arterial age; AGLA = Arbeitsgruppe Lipide und Atherosklerose (Swiss coronary risk calculator); AUC = area under the curve; ca =
chronological age; CI = confidence interval; ROC = receiver operator characteristic
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