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Abstract Background

 

There is an increasing interest in the augmentation index (AIx), the proportion
of the central pulse pressure resulting from peripheral arterial wave reflection, which has
been related to cardiovascular disease risk and mortality. Most of the data on the AIx have
been collected in patients with established cardiovascular disease. In contrast, data in the
young are scarce. However, as AIx might be used to evaluate cardiovascular disease risk
already at an early age, we aimed to study determinants of AIx in a population of healthy
young men.

 

Materials and methods

 

Three hundred and thirty males (mean age of 28 years) of the
Atherosclerosis Risk in Young Adults study (ARYA-study) were studied in this cross sectional,
population-based study. Anthropometrics and risk factors for cardiovascular disease were
determined and AIx was estimated by radial applanation tonometry. The data were analysed
using linear regression models.

 

Results

 

Augmentation index was associated with age, height (inverse), heart rate (inverse)
and mean arterial pressure (positive). After adjustment for these determinants, smoking
(

 

β

 

 = 0·31%/pack years, 95% CI [0·06; 0·55]) and LDL-cholesterol (

 

β

 

 = 1·28%/(mmol L

 

−

 

1

 

),
95% CI [0·04; 2·51]) were statistically significant related to AIx.

 

Conclusions

 

This study among young adult males shows that smoking and LDL-cholesterol
are positively related to AIx. These findings support the view that AIx may be used as a
marker for early vascular damage and cardiovascular disease risk.
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Introduction

 

Cardiovascular disease (CVD) is an important disease in
Western societies in terms of its impact on morbidity and
mortality. Atherosclerosis is a major contributor to CVD but
the mechanism of initiation and progression of pathological

changes in arteries have not been fully elucidated. Stiffening
of the arteries is an inevitable consequence of ageing [1,2],
yet it differs markedly in magnitude across subjects. Further-
more, stiffening of the arteries has an intimate relation
with atherosclerosis (thus CVD), both as a cause and a
consequence.

During recent years there is an increasing interest in the
arterial augmentation index (AIx) as a possible marker for
increased cardiovascular risk in addition to markers of arterial
stiffness [3]. The AIx is a measure of arterial wave reflection,
which can be assessed noninvasively [1,3]. Using radial or
carotid applanation tonometry, a central pressure waveform
is estimated and AIx can be calculated as the proportion of
the central pulse pressure as a result of peripheral arterial
wave reflection [1,3], providing information on workload for
the heart. In the ‘normal’ situation with compliant arteries,
pulse wave velocity is relatively low and pressure waves
return during diastole, increasing diastolic blood pressure
and coronary perfusion. As the arteries stiffen, pulse wave
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velocity increases, so peripheral wave reflection returns
during systole. This causes an increase in central systolic
blood pressure (SBP) and an increase in ventricular work-
load. Furthermore, diastolic blood pressure (DBP) decreases
resulting in a compromised coronary blood flow [4]. An
increased AIx has been associated with prevalent CVD [5]
and has been related to CVD risk [6,7] and mortality [8].

Most of the augmentation index data have been obtained
in patients with established cardiovascular disease. Data of
AIx in young healthy individuals are scarce [9,10]. The AIx
might be used to detect vascular damage already at an early
age and therefore the aim of the present study was to explore
determinants of AIx in a population of young males.

 

Methods

 

Study design and population

 

The rationale and design of the ARYA study (Atherosclerosis
risk in young adults) have been described elsewhere [11].
In short, the Utrecht cohort of the ARYA study consists of
750 young adults (352 males, 398 females) born between
1970 and 1973, who attended secondary school in the city
of Utrecht, the Netherlands and of whom the original med-
ical records from the Municipal Health Care were available.
In order to be eligible for the ARYA study, birth weight had
to be known and data of at least one blood pressure meas-
urement obtained at adolescence. The ARYA study was
approved by the Medical Ethical Committee of the Univer-
sity Medical Center in Utrecht and all participants gave
written informed consent. As large gender differences in AIx
have been described in the literature [12,13], we decided to
restrict the analyses in this report to the male part of the
cohort with available data of AIx and risk factors (

 

n

 

 = 330).

 

Cardiovascular risk profile at young adulthood

 

From October 1999 to December 2000, the participants
visited the outpatient clinic of our department twice in a 3-
week period. At each visit, blood pressure was measured
twice after 5 min rest with an interval of 5–15 min at the
left arm in a sitting position using a semiautomated device
(Dynamap; Critikon, Tampa, USA). Mean SBP and DBP
was calculated as the mean of two blood pressure measure-
ments. Pulse pressure (PP) was calculated as (SBP-DBP) and
mean arterial pressure (MAP) was calculated as (2*DBP +
SBP)/3. Height, weight and waist-to-hip ratio were meas-
ured with indoor clothes without shoes. A written stand-
ardized questionnaire was completed on smoking pattern
and alcohol consumption. During the second visit, fasting
venous blood samples were drawn. Total cholesterol (TC),
high-density-lipoprotein (HDL) cholesterol, triglycerides
(TG) and glucose levels were determined using a Vitros950
dry-chemistry analyser (Johnson & Johnson, Rochester,
New York, USA). Low-density-lipoprotein (LDL) choles-
terol level was calculated using the Friedewald formula [14].

Carotid-femoral (aortic) pulse wave velocity (PWV) was
measured as described previously [15] and is of interest
because stiffening of the arteries results in earlier wave
reflection leading to an increased AIx.

 

Measurement of Augmentation Index (AIx)

 

Vascular measurements were performed using the Sphyg-
moCor™ blood pressure analysis system (AtCor Medical,
Sydney, Australia). Aortic pulse waveform, augmentation
index (AIx), and central aortic pressures were derived by
applanation tonometry of the radial artery [16]. The radial
pressure waveform was recorded with a micro manometer
(Millar SPT-301, Millar instruments; Houston, Texas,
USA) and calibrated with a peripheral blood pressure value
of the brachial artery. Ascending aortic pressure was derived
from the central pressure waveform, using a generalized
transfer function that is incorporated in the SphygmoCor™
device [17]. Finally, augmentation index (the difference
between early and late pressure peaks divided by pulse pres-
sure) was calculated and expressed as a percentage.

Measurements were repeated in a subset of 28 subjects
within several weeks to assess the reproducibility of the AIx
measurement. The intraclass correlation coefficient of the
repeated measurements was 0·65.

 

Data analysis

 

Values are expressed as mean (

 

±

 

 1 standard deviation, SD)
or as a percentage. Associations were examined using linear
regression analysis. First, association of determinants with
AIx was determined and adjusted for age. Subsequently,
adjustments were made for height, heart rate and blood
pressure (model 2). In the analyses blood pressure was
adjusted for because blood pressure influences AIx and
residual confounding had to be excluded. As MAP is rela-
tively constant along the arterial tree in contrast to SBP and
PP, which are augmented from central to peripheral, it was
decided to adjust for MAP. Finally, determinants with a
statistically significant association in model 2 were entered
one by one in a multivariable model. Statistical analyses
were performed using the statistical package 

 



 

-11·0 for
Windows (Chicago, Illinois, USA).

 

Results

 

The characteristics of the study population are summarized
in Table 1. Figure 1 shows the distribution of AIx in the study
population.

Total cholesterol (TC), number of smoked pack years,
alcohol consumption, carotid femoral pulse wave velocity
(PWV) and ejection duration were all positively and
significantly associated with age adjusted AIx, whereas the
associations of PP, heart rate and height with AIx were all
significantly inversed (model 1 in Table 2). The relation of
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PWV with AIx is positive (Table 2) Ejection duration is
positively related to AIx because, with a relatively fast heart
rate, thus short ejection duration, the reflected pressure wave
arrives later in the cardiac cycle relative to the incident wave
resulting in a decrease in AIx. So ejection duration is pos-
itively associated with AIx, whereas the association of heart
rate with AIx is inverse.

Model 2 in Table 2 shows that LDL-cholesterol is posi-
tively related to AIx after adjustment for age, height and
heart rate and MAP. For the other determinants the
associations did not materially change with the exception of
ejection duration. This is not surprising given the correlation
of heart rate and ejection duration. Although the relations
of SBP, DBP and PP with AIx were statistically significant
in a model where MAP was also included, we feel that the
findings should not receive too much attention. When in a
model, MAP is included, the addition of SBP or DBP may
lead to uninterpretable results of the relations of SBP and
DBP because of the relatively high correlation of SBP and
DBP with MAP.

In the multivariable regression model (Table 3) age,
height, heart rate, MAP, LDL-cholesterol and total number
of smoked pack years were independent determinants of
AIx, whereas the association of alcohol consumption with
AIx attenuated. The R

 

2

 

 of the full model was 0·19. After

adding PWV in the multivariable model, the relation of
PWV with AIx remained statistically significant (

 

β

 

 = 2·1%/
(m s

 

−

 

1

 

), 95% CI [0·9; 3·2]).

 

Discussion

 

This report from the ARYA study shows that LDL-cholesterol
level and pack years of smoking are independent determi-
nants of augmentation index (AIx) assessed by radial
applanation tonometry in young males. This finding
supports the view that the AIx may be useful as a marker
of CVD risk. However, before the AIx can be widely used
in all-day clinical practice, it has to be demonstrated that
AIx adds information beyond what is provided by the
classical risk factors.

Several limitations of the present study need to be dis-
cussed. First, the augmentation index was estimated from
the radial pressure waveform using a generalized transfer
function [17]. This was developed with data of a study
population of men and women with an indication for diag-
nostic cardiac catheterization and our study population
differs in that respect. Studies have been performed
comparing ‘true’ invasively measured AIx and estimated
AIx by applanation tonometry, indicating that the estimated
AIx is sometimes under [17,18] or overestimated [19]
and correlation between measured and estimated AIx
varies from relatively good [18] to relatively poor [19].
Recently, use of the transfer function is heavily debated
[20–23]. The previously mentioned studies [17–19] are
not clear as to whether the difference between the ‘true’

Table 1 General characteristics of the study population (n = 330 
men)
 

 

Determinant Values

Age (years) 28·4 (0·9)
SBP (mmHg) 132 (12)
DBP (mmHg) 74 (9)
PP (mmHg) 58 (10)
MAP (mmHg) 93 (9)
Heart rate (beats min−1) 62 (9)
Height (cm) 183·9 (6·5)
Weight (kg) 83·1 (12·9)
BMI (kg m−2) 24·6 (3·5)
Waist–hip ratio 0·88 (.01)
Glucose (mmol L−1) 5·18 (1·18)
Triglycerides (mmol L−1) 1·32 (0·68)
Total cholesterol (mmol L−1) 4·82 (0·96)
LDL-cholesterol (mmol L−1) 2·93 (0·91)
HDL-cholesterol (mmol L−1) 1·30 (0·30)
Subjects with Diabetes Mellitus (%) 2·1
Current smokers (%) 35·5
Never smokers (%) 52·7
Ex-smokers (%) 11·8
Smoking (number of pack years) 3·0 (4·7)
Alcohol consumption* (category) 2·5 (.97)
Aortic PWV (m s−1) 6·5 (1·2)
Ejection duration (ms) 327·6 (18·5)
Augmentation Index (%) 3·6 (11·1)

Values are means with standard deviations in parentheses, or 
percentages

*Alcohol in categories:1, none; 2, < 1 glass/day; 3, 1–2 glasses/
day; 4, 3–5 glasses/day; 5, > 5 glasses/day

Figure 1 Distribution of AIx in the study population.



 

828

 

M. J. C. A. van Trijp 

 

et al.

 

© 2004 Blackwell Publishing Ltd, 

 

European Journal of Clinical Investigation

 

, 

 

34

 

, 825–830

 

measured values and the estimated values are random phe-
nomena or whether they are the result of a shift in the
distribution. If the first would be true, this would lead to an
underestimation of the true associations (bias towards the
null value). If the latter would be true, the associations
would be valid, but the absolute values would be too high
or too low. We assume that if the transfer function would
generate complete random values, no relations of risk
factors for cardiovascular disease with AIx would have been
found, and this does not hold for our study. Second, as AIx
and risk factors were measured on a single occasion, there

is no possibility to correct for within-subject biological
variation. This will reflect average exposure to risk factors
less precisely than repeated measurements (regression to the
mean phenomenon) and may lead to an underestimation
of the associations.

An advantage of our study is that it provides data from
a large, population-based cohort in an age group where data
on AIx are scarce [9,10]. To our knowledge, our study
provides an extensive overview exploring relations of risk
factors for CVD with AIx in one of the largest study
populations. Our finding on association of risk factors for

Table 2 Relation of several characteristics with augmentation index
 

 

Determinant Model 1 Model 2

SBP (mmHg) −0·07 [–·17; ·03] −0·28 [–·46; –·11]*

DBP (mmHg) 0·08 [–·06; ·21] 0·56 [·21; ·92]*

PP (mmHg) −0·17 [–·29; –·05]* −0·19 [–·31; –·07]*

MAP (mmHg) 0·01 [–·13; ·14] –
Heart rate (beats min−1) −0·32 [–·44; –·20]* –
Height (cm) −0·27 [–·45; –·09]* –
Weight (kg) 0·01 [–·09; ·10] 0·16 [–·17; ·48]
BMI (kg m−2) 0·26 [–·08; ·60] 0·04 [–·04; ·14]
Waist /hip ratio −7·8 [−27·2; 11·6] −3·0 [−21·4; 15·4]
Glucose (mmol L−1) 0·42 [–·60; 1·44] 0·91 [–·05; 1·87]
Triglycerides (mmol L−1) 0·50 [−1·27; 2·27] 1·17 [–·52; 2·86]
Total cholesterol (mmol L−1) 1·48 [·23; 2·72]* 1·50 [·33; 2·67]*

LDL-cholesterol (mmol L−1) 1·30 [–·022; 2·62] 1·45 [·21; 2·69]*

HDL-cholesterol (mmol L−1) 2·09 [−1·96; 6·13] −0·63 [−4·51; 3·25]
Diabetes Mellitus 3·72 [−11·7; 19·2] 7·93 [−6·60; 22·45]
Packyears 0·28 [·03; ·53]* 0·38 [·15; ·62]*

Alcohol consumption 1·56 [·33; 2·80]* 1·29 [·11; 2·47]*

Aortic PWV (m s−1) 1·73 [·52; 2·93]* 2·11 [·94; 3·27]*

Ejection duration (ms) 0·11 [·05; ·18]* 0·01 [–·08; ·10]

*P-value < 0·05.
Values are linear regression coefficients [95% confidence interval], expressing change in AIx
(in percentage) per one unit change in risk factor.
Abbreviations: min. = minute, cm = centimeter, kg = kilogram, mmol = millimol, l = litre, 

m = meter, s = second, ms = milliseconds.
Model 1: Association of determinant with AIx adjusted for age;
Model 2: Association of determinant with AIx adjusted for age, height, heart rate and MAP.

Table 3 Results of the multivariate analysis
 

 

Determinant Estimate Cumulative R2

Age (years) −1·69 [−2·93; –0·46] 0·01
Height (cm) −0·40 [–.57; –.22] 0·04
Heart rate (beats min−1) −0·42 [–.54; –.29] 0·13
MAP (mmHg) 0·17 [.03; .30] 0·15
LDL-cholesterol (mmol L−1) 1·28 [.10; 2·45] 0·16
Number of packyears 0·31 [.06; .55] 0·18
Alcohol consumption(units /day) 1·00 [–.20; 2·19] (N.S) 0·19

*P-value < 0·05.
Abbreviations: cm = centimeter, min = minute, mmol = millimol, l = litre.
Values are linear regression coefficients [95% confidence interval], expressing change in AIx 

(in percentage) per one unit change in risk factor.



 

Determinants of augmentation index

 

829

 

© 2004 Blackwell Publishing Ltd, 

 

European Journal of Clinical Investigation

 

, 

 

34

 

, 825–830

 

cardiovascular disease with AIx such as smoking is in agree-
ment with two previous published studies [9,24]. The
finding of a positive association of (LDL) cholesterol level
with AIx is in accordance with a study among middle-aged sub-
jects [25], which we expand to a population of healthy young
men. The fact that the positive association of alcohol con-
sumption with AIx attenuated in the multivariate analysis
may be explained by confounding by smoking. Our results
confirm the findings that AIx is associated with age, height
[26], heart rate [27,28] and mean arterial pressure [29].

Recently, a paper was published on AIx at young age
(mean 27·8 years) [10] that focused on the different blood
pressure components as determinants of AIx and pulse wave
velocity (PWV). The results of this study cannot be com-
pared directly with our study as carotid applanation
tonometry was used and AIx was defined differently, namely
as the height of the second systolic pressure peak divided by
the height of the first systolic pressure peak. In contrast
to our findings, no statistically significant associations of
height and heart rate with AIx were found in the univariate
analysis. This might be resulting from the small range in
these determinants.

In the present study, AIx was related to pulse wave velo-
city (PWV). However, AIx is not a surrogate marker of PWV
as it is a measure of arterial wave reflection whereas PWV
is a measure of arterial stiffness. Arterial wave reflection
depends both on the speed of the pressure wave and on arte-
rial and arteriolar properties determining the amount and
the site of wave reflection. These factors may be influenced
by the vascular tone of the small muscular arteries and arte-
rioles rather than by the elastic properties of the aorta [2].
Indeed, a study by Kelly 

 

et al.

 

 [30] showed that vasoactive
drugs influence AIx independent of PWV in a population
of healthy males. In end-stage renal failure patients, associ-
ation of mortality with AIx was independent of PWV [8].
In a study population of haemodialysis patients it was shown
that haemodialysis decreased AIx independent of PWV.
Treatment with an ACE–inhibitor decreased AIx even further
and PWV was also decreased [31]. These studies indicate
that AIx is of clinical relevance in addition to PWV. Further-
more, the determinants of PWV and AIx do not coincide
completely. The determinants of PWV are gender, age
and MAP [15], whereas AIx is associated with LDL-
cholesterol, smoking, height and heart rate in addition to
the previous mentioned determinants.

In conclusion, in a population of young males, risk factors
for CVD LDL-cholesterol and smoking are independent
determinants of AIx. These findings strengthen the view that
AIx may be a useful marker of CVD risk. However, before
the AIx can be implemented in all-day clinical practice the
value of the AIx in addition to ‘traditional’ risk factors for
CVD has to be demonstrated.
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