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Epidemiology/Population Science

An Analysis of Prospective Risk Factors for Aortic Stiffness
in Men

20-Year Follow-Up From the Caerphilly Prospective Study

Carmel M. McEniery, Michael Spratt, Margaret Munnery, John Yarnell, Gordon D. Lowe,
Ann Rumley, John Gallacher, Yoav Ben-Shlomo, John R. Cockcroft, Ian B. Wilkinson

Abstract—Arterial stiffness is an important determinant of cardiovascular risk. The precise risk factors for arterial

stiffening remain unclear. We aimed to identify potential risk factors using prospective exposure data from the

Caerphilly Prospective Study. Aortic pulse wave velocity and augmentation index were measured in 825 men and

related to current (2004) and baseline (1979–1988) anthropometric, hemodynamic, and biochemical factors. The mean

age of the men was 74 years, with an average follow-up of 20 years. The only independent baseline predictors of current

velocity were pulse pressure (standardized �-coefficient: 0.58), C-reactive protein (0.35), glucose (0.25), and waist

circumference (0.23). The sole baseline predictor of current augmentation index was fibrinogen (0.78). After additional

adjustment for the corresponding current risk factor, pulse wave velocity was best related to cumulative exposure to

C-reactive protein, whereas augmentation index was most strongly related to current levels. Velocity was also more

strongly correlated with baseline levels of triglycerides and smoking but with current waist circumference. The pulse

pressure heart rate product assessed over the whole of 20 years was independently correlated with aortic pulse wave

velocity but not augmentation index. Other than blood pressure, established cardiovascular risk factors have only a

modest effect on aortic stiffness and wave reflection. Inflammation and the level of repetitive cyclic stress are important

predictors of aortic stiffness, whereas wave reflection is predicted by acute inflammation only. Adequate control of pulse

pressure and heart rate, as well as reducing inflammation, may, in the long-term, retard aortic stiffening, although this

remains to be tested directly. (Hypertension. 2010;56:36-43.)

Key Words: arterial stiffness � pulse wave velocity � aorta � blood pressure � heart rate

The large arteries play an important physiological role in

buffering the cyclic changes in pressure resulting from

intermittent ejection of blood. As these vessels stiffen, there

is a reduction in buffering capacity and a concomitant rise in

pulse pressure and fall in shear stress.1 These effects are

thought to promote cardiovascular disease.2 Indeed, aortic

pulse wave velocity (aPWV) is a predictor of future cardio-

vascular risk in a variety of populations,3,4 and this may be

independent of blood pressure (BP).5 As such, it is frequently

considered as the gold-standard measure of arterial stiffness.

The precise mechanisms responsible for arterial stiffening

are incompletely understood but are thought primarily to

involve structural changes within the medium, such as fatigue

fracture of elastin6 and deposition of collagen and calcium.1

Functional changes in smooth muscle tone, mediated, in part,

by endothelial-derived factors, such as NO, may also be

important.7,8 Interestingly, there is considerable variability in

arterial stiffness, suggesting that it is subject to environmental

and genetic influences.9,10 Traditional cardiovascular risk

factors, as well as renal dysfunction, excessive sodium intake,

and the metabolic syndrome, have all been linked to arterial

stiffness.1 However, the majority of these associations stem

from small, cross-sectional studies, which have a number of

limitations, such as inherent bias and reverse causality,

limiting our ability to attribute causality. A recent systematic

review suggested that the impact of established cardiovascu-

lar risk factors, other than BP, on aPWV was very modest.11

Longitudinal studies may provide better evidence of causal-

ity. However, although data concerning longitudinal changes

in pulse pressure, an indirect surrogate of aortic stiffening, are

available,12 only 2 studies on the basis of aPWV measure-

ments in a single French cohort have been published.13,14
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We hypothesized that aPWV would relate to exposure to

traditional cardiovascular risk factors over time but also to the

pulse pressure heart rate product as a measure of the long-

term cyclic stress that the elastic arteries experience. The aim

of the present study was to test this hypothesis in a

population-based longitudinal cohort of men enrolled in the

Caerphilly Prospective Study,15 by relating current aPWV

and augmentation index (AIx) to anthropometric, hemody-

namic, and biochemical data assessed both cross-sectionally

and prospectively over the last 25 years.

Methods

Population
The Caerphilly Prospective Study is a population-based cohort study

of all men (�99% white, born in Wales) aged 45 to 59 years residing

in the town of Caerphilly.15 It was set up to investigate risk factors

for cardiovascular disease. The initial examination (phase I) was

between 1979 and 1983 and involved 2512 men. An additional 447

patients were recruited at phase II (July 1984 to June 1988).16 Men

were reseen approximately every 5 years. The last follow-up (phase

V) occurred between 2002 and 2004 and specifically included aPWV

and AIx. Subjects gave written informed consent, and the study had

the approval of the local research ethics committee and adhered to

the Declaration of Helsinki.

Clinical Measures
A detailed medical questionnaire was administered. Height, weight,

and waist circumference were recorded at each visit. Seated brachial

artery BP was measured in duplicate using a Hawksley random 0

sphygmomanometer at phases I through IV and the validated

Omron-705CP at phase V.17

Arterial Hemodynamics
Additional measurements of aPWv and AIx were undertaken at

phase V. AIx, a measure of wave reflection, was determined from

radial waveforms using the validated SphygmoCor device (AtCor

Medical).18–20 Mean arterial pressure (MAP) was calculated from

integration of the radial artery waveform. The same device was used

to measure aPWV from sequentially recorded ECG-gated carotid and

femoral artery waveforms.21 All of the measurements were made in

duplicate by a single operator (M.M.). The reproducibility of

measurements met our previously published criteria.21

Venous Blood Samples
At phases I, II, and V, total cholesterol, low-density lipoprotein

cholesterol, high-density lipoprotein cholesterol, triglycerides, glu-

cose, insulin, and fibrinogen levels were assessed. In phase I,

C-reactive protein (CRP) was measured using an in-house ELISA

method as described previously.22 In phases II and V, CRP was

measured using a high-sensitivity assay (immunonephelometry;

Dade Behring). Phase V undertook a more limited number of blood

assays, so there was not always a phase V equivalent measure for

each of the baseline measures.

Data Analysis
Because of the inclusion of additional subjects at phase II, we used

an average of phase I and II values as baseline measures. To identify

factors underlying current arterial stiffness and wave reflection, we

compared the strength of association between aPWV and AIx with

baseline variables and variables measured at phase V (current).

There was only limited collinearity between our 2 exposure measures

over time, and even waist circumference, which showed stronger

correlation, was not so strong as to distort the SEs.23

For the quoted regression coefficients, the outcome variable is in

its natural units, whereas the exposure variable has been rescaled to

a z score (the mean value of that variable has been subtracted from

the raw value, and the difference has then been divided by an SD,

thereby converting the mean value to 0 and the SD to 1). The

coefficients from our regression therefore indicate the change in

pulse wave velocity for a 1-SD change in the exposure (we have

defined this as the “standardized coefficient”).

aPWV was automatically adjusted for age, MAP, heart rate, and

vasoactive drug use. With AIx, we automatically adjusted for age,

heart rate, height, and vasoactive drug use. Logarithmic transforma-

tions were used for skewed variables. Multivariable linear regression

was used to assess the strength of associations, derive 95% CIs, and

determine significance. The variables entered into the model were

chosen if significantly associated in simple correlation analyses, as

well as those variables known or previously associated with the

dependent variable from published observations.

The heart rate pulse pressure product was calculated for the whole

follow-up period by multiplying heart rate and brachial pulse

pressure recorded at each screening visit (phases I to V) and

integrating across the time interval between visits by using the area

under the curve. The area under the curve is approximated by the

area under the graph of the predictor when linearly interpolated

between the measurement time points, thereby calculating the areas

of a series of trapezoids. This was then repeated while also including
the systolic BP value at each phase.

Results
A total of 1225 men were identified for the main phase V

study, but arterial stiffness measurements were completed in

825 men (67%) because of a delay in starting the measure-

ments (Figure 1). The average duration of follow-up was

20�2 years. Table 1 provides the baseline (phase I/II) and

current (phase V) demographic, hemodynamic, and biochem-

ical data for the whole cohort, as well as those men with

stiffness measurements. The latter were, at baseline, on

average younger, less likely to smoke, and had a lower waist

circumference, BP, heart rate, triglyceride level, CRP, and

fibrinogen levels but higher creatinine than those who died or

were lost to follow-up. Compared with 20 years ago, body

mass index and waist circumference, pulse and mean pres-

sures, and heart rate had increased, whereas smoking fre-

quency and diastolic pressure had declined in those men with

stiffness measurements. Total and low-density lipoprotein

cholesterol declined, and high-density lipoprotein cholesterol

and CRP levels increased over the 20-year follow-up. Over-
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Figure 1. Schema for the study design. Risk fac-
tors were assessed at baseline and follow-up.
Pulse pressure and heart rate were available at
each of the phases. The aPWV and AIx were only
available at phase V.
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all, 43% of respondents currently had isolated systolic hyper-

tension, 10% had diabetes mellitus, 31% were receiving

aspirin, and 18% were receiving a statin.

Association Between Baseline (Phases I/II)

Variables With PWV and AIx
After adjustment for age, MAP, heart rate, and vasoactive

drug use at phase V, aPWV was positively associated with

baseline systolic BP, MAP, pulse pressure, heart rate, fibrin-

ogen, CRP, triglycerides, waist circumference, and heavy

cigarette smoking (Table 2) and inversely associated with

creatinine. In contrast, AIx only showed associations with

baseline fibrinogen, CRP, and heavy smoking status.

Association Between Current (Phase V) Variables

With PWV and AIx
aPWV was significantly associated with age, MAP, and heart

rate measured at phase V. After adjustment for these variables

and drug usage, aPWV remained significantly associated with

current CRP, creatinine, and waist circumference (Table 2).

Likewise, AIx was associated with age, heart rate, and height

at phase V. After adjustment for these parameters and drug

usage, only current CRP, total cholesterol, and waist circum-

ference remained predictive (Table 2).

Multivariable Analyses of Baseline Variables
Baseline pulse pressure, CRP, glucose, and waist circumfer-

ence were all independently associated with current aPWV

(Table 3 and Figure 2). We chose only to include pulse

pressure rather than both pulse pressure and SBP in the model

because of their collinearity. Similarly, for AIx, only fibrin-

ogen remained a predictor.

Comparison of Baseline and Current Variables
To investigate whether lifetime cumulative exposure or

whether past/current exposure was relatively more important,

we compared the strength of association with baseline and

current values after mutual adjustment (Table 4). These

variables were only moderately correlated across time (0.20

to 0.41), except for waist circumference, which showed a

higher correlation (0.78). This model is algebraically equiv-

alent to modeling the difference in levels between the 2 time

points and conditioning on the later measure.24

For aPWV, both baseline and current CRPs showed strong

positive associations, suggesting that life course accumulative

exposure was the best predictor. For triglycerides, only

baseline exposure remained a predictor, so that, conditional

on the midlife value, later changes in triglycerides add little to

current aPWV. A similar pattern was seen with heavy

Table 1. Subject Characteristics at Baseline and Phase V, for Those With and Without Arterial

Stiffness Measures

Variable Without Measures, Phase I/II

With Stiffness Measures Significance Phase I/II

With and Without

PWVPhase I/II Phase V

No. 2134 825 825

Age, y 58�4 56�5 74�4† �0.001

BMI, kg/m2 26.2�3.8 26.2�3.7 27.7�3.6† 0.7

Waist circumference, cm 94.4�10.9 93.2�10.3 100.5�9.6† 0.02

Smokers, % 61 41 16† �0.001

Peripheral systolic BP, mm Hg 146�20 142�20 141�20 0.003

Peripheral diastolic BP, mm Hg 88�4 87�11 74�11† 0.005

Mean pressure, mm Hg 108�13 106�13 97�13† �0.001

Pulse pressure, mm Hg 57�15 55�15 67�16† �0.001

Heart rate, bpm 70�11 66�10 64�11* �0.001

aPWV, m/s 11.5�2.8

Aortic AIx, % 29.8�7.8

Total cholesterol, mmol/L 5.8�1.1 5.8�1.0 4.8�1.0† 0.5

Low-density lipoprotein cholesterol,

mmol/L

3.8�1.1 3.8�1.0 2.8�0.9† 0.3

High-density lipoprotein cholesterol,

mmol/L

1.3�0.4 1.2�0.3 1.3�0.3† 0.4

Triglycerides, mmol/L 1.7 (1.1 to 2.3) 1.6 (1.1 to 2.1) 1.5 (1.0 to 1.9)† 0.009

Glucose, mmol/L 5.0�0.5 5.0�0.5 0.4

Creatinine, �mol/L 97 (89 to 106) 98 (91 to 106) 97 (84 to 108) 0.04

CRP, mg/L 2.3 (1.0 to 4.0) 1.6 (0.8 to 2.3) 2.6 (1.5 to 5.6)† �0.001

Fibrinogen, g/L 3.1 (2.6 to 3.7) 2.8 (2.4 to 3.2) �0.001

Values represent mean�SD, or geometric mean and (interquartile range). Differences between phase I values for those with and

without stiffness measures are indicated in the final column.

Significant differences between phase I and V for those with stiffness measures are indicated by *P�0.05 and †P�0.001.
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smoking, although the baseline value was consistent with

chance. In contrast, current waist circumference was a stron-

ger predictor than baseline waist circumference, although

again this was attenuated and was consistent with chance

variation. Neither of the paired values for triglycerides, waist

circumference, or smoking was significantly associated with

AIx after mutual adjustment, but current CRP showed a

stronger association than baseline CRP with marginal

significance.

Heart Rate Pulse Pressure Product
aPWV was correlated with heart rate brachial pulse pressure

product over the 20-year follow-up (R�0.57; P�0.001). This

remained significant after adjusting for current age, heart rate,

MAP, and vasoactive drug use. The relationship between

tertiles of average pulse pressure and tertiles of heart rate on

mean aPWV is illustrated in Figure 3. There were significant

linear effects for each variable within each strata (P�0.001).

The highest aPWV was observed in individuals in the highest

tertile of pulse pressure and heart rate. There was no evidence

of any interaction between these 2 covariates (P�0.84).

There was no relationship between pulse pressure heart rate

product and AIx. We then divided the pulse pressure and

heart rate product into quintiles and used this as a predictor of

aPWV. This showed a significant linear effect (0.60 m/s

[95% CI: 0.38 to 0.82 m/s]; P�0.001) per unit quintile

increase. This persisted after adjustment for fibrinogen, CRP,

triglycerides, waist circumference, and smoking status at

baseline (0.53 m/s [95% CI: 0.29 to 0.76 m/s]; P�0.001). We

repeated these results using the heart rate SBP product. This

gave very similar results, so that in the simple model, aPWV

increased by 0.54 m/s ([95% CI: 0.35 to 0.73 m/s]; P�0.001)

per quintile unit increase, and after adjustment this was 0.52

m/s ([95% CI: 0.32 to 0.73 m/s]; P�0.001).

Discussion
This study investigated the impact of novel and established

cardiovascular risk factors, assessed over 20 years, on current

aortic stiffness and wave reflections, in a cohort of 825 men.

The main novel finding is that, other than BP, traditional

cardiovascular risk factors have only a modest influence on

aPWV and AIx but that CRP is relatively strongly related to

both. Specifically, aPWV was independently associated with

pulse pressure, CRP, glucose, and waist circumference mea-

sured 20 years previously, whereas only fibrinogen indepen-

dently predicted current AIx. Overall, aPWV appeared most

strongly related to cumulative exposure to CRP, baseline

levels of triglycerides, and smoking, but with current waist

circumference. This suggests that some risk factors, for

example, triglycerides, have a long latency period, and

modification in later life may have less to offer in terms of

disease prevention, whereas inflammation shows a persistent

effect, although this may reflect reverse causation rather than

primary etiologic significance. Interestingly, as hypothesized,

Table 2. Associations of Adjusted aPWV and AIx With Factors Assessed at Baseline and Follow-Up

Variable

aPWV AIx

�-Coefficient 95% CI Significance �-Coefficient 95% CI Significance

Baseline measures, phase I/II

Peripheral systolic BP, mm Hg 0.43 0.23 to 0.64 �0.001 0.19 �0.32 to 0.70 0.5

Peripheral diastolic BP, mm Hg 0.09 �0.12 to 0.30 0.38 0.29 �0.28 to 0.86 0.32

Mean pressure, mm Hg 0.27 0.07 to 0.48 0.008 0.04 �0.46 to 0.54 0.9

Pulse pressure, mm Hg 0.48 0.28 to 0.68 �0.001 0.36 �0.17 to 0.89 0.2

Heart rate, bpm 0.33 0.13 to 0.53 0.001 0.13 �0.44 to 0.69 0.7

Fibrinogen, g/L 0.32 0.13 to 0.52 �0.001 1.02 0.48 to 1.55 �0.001

CRP, mg/L 0.50 0.29 to 0.71 �0.001 0.64 0.04 to 1.23 0.03

Cholesterol, mmol/L �0.01 �0.19 to 0.17 0.93 0.15 �0.34 to 0.64 0.5

Triglycerides, mmol/L 0.30 0.12 to 0.49 0.001 0.06 �0.44 to 0.56 0.8

Glucose, mmol/L 0.17 �0.01 to 0.35 0.06 �0.26 �0.75 to 0.24 0.3

Creatinine, �mol/L �0.23 �0.41 to �0.05 0.01 0.04 �0.47 to 0.55 0.88

Waist circumference, cm 0.21 0.01 to 0.40 0.03 �0.22 �0.77 to 0.32 0.4

Heavy smoker (�15/d) vs other 0.68 0.12 to 1.23 0.02 1.95 0.40 to 3.50 0.01

Follow-up measures, phase V

CRP, mg/L 0.38 0.21 to 0.56 �0.001 0.67 0.9 to 1.15 0.006

Cholesterol, mmol/L �0.00 �0.18 to 0.18 0.96 0.50 0.02 to 0.97 0.04

Triglycerides, mmol/L 0.17 0.0 to 0.35 0.05 0.11 �9.38 to 0.59 0.7

Creatinine, �mol/L 0.25 0.07 to 0.43 0.007 �0.25 �0.73 to 0.22 0.3

Waist circumference, cm 0.25 0.06 to 0.44 0.009 �0.49 �1.0 to 0.0 0.05

Heavy smoker (�15/d) vs other 0.13 �0.33 to 0.58 0.6 1.10 �0.29 to 2.43 0.10

All of the analyses are adjusted for age, MAP, heart rate, and drug use. Continuous variables were standardized (z score) after

previous transformation if appropriate. �-Coefficients represent the change in dependent variable (meters per second for aPWV or

percentage for AIx) for a 1-SD change in the exposure variable.
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the heart rate pulse pressure product over a 20-year period

was significantly correlated with current aPWV, indicating

that aortic stiffness is dependent on cycle number and the

level of cyclic stress.

A number of potential risk factors for arterial stiffening

have been identified, from cross-sectional studies, including

aging,9,10 hypercholesterolemia,25 diabetes,26 cigarette smok-

ing,27,28 CRP,29 and the metabolic syndrome.30,31 However,

previous observations regarding longitudinal changes in

aPWV are limited.13,14 Hypertension, high heart rate, raised

creatinine, and the metabolic syndrome were all associated

with accelerated arterial stiffening. However, follow-up was

only 6 years, the sample size was modest, and data concern-

ing wave reflection, an important predictor of outcome,32,33

were not available. While awaiting further longitudinal data,

an alternative approach is to make use of existing prospective

studies, which have only assessed aPWV and AIx recently,

and examine predictors of stiffness and wave reflection using

historical and concomitant cross-sectional data. Although this

approach does not take into account initial differences in

stiffness (because the data were not collected), it has the

advantage that long-term follow-up is often available and is

likely to provide earlier insights into the pathophysiology of

stiffening.

We conducted an initial cross-sectional analysis between

stiffness measures and factors assessed concomitantly. We

confirmed previous observations that aPWV was signifi-

cantly and positively correlated with MAP, heart rate, CRP,

creatinine, and waist circumference. aPWV was not associ-

ated with any lipid parameters or smoking. Although some

studies have reported an inverse relationship between high-

density lipoprotein cholesterol34 and a positive relationship

with total/low-density lipoprotein cholesterol,35 others have

not.36,37 The present study is among the largest reported25 and

supports the findings of a recent systematic review that the

impact of traditional risk factors, other than BP, on aPWV is

very modest.11 Surprisingly creatinine at baseline was in-

versely associated with aPWV, in contrast with previous

findings,13 although at follow-up it showed the expected

positive association, which may be a type I error. Wave

reflection was significantly associated with current heart rate,

MAP, height, CRP, and total cholesterol, as expected.10,38,39

We then examined the relationship between aortic stiffness

and variables assessed 20 years previously. After adjustment

for concomitant confounders, including age, MAP, heart rate,

and drug use, only pulse pressure, CRP, glucose, and waist

circumference were independent predictors of aPWV. Exam-

ining the strength of association between pairs of variables

measured at baseline and follow-up indicated that, for CRP,

both were strongly related to current aPWV, suggesting that

the long-term inflammation may play a role in aortic stiffen-

ing. Indeed, data indicate that CRP predicts the development

of hypertension,40,41 which may, in part, be a consequence of

arterial stiffening. However, we and others have shown that

functional polymorphisms in the CRP gene do not predict

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

S
ta

n
d

a
rd

iz
e
d

 C
o

-e
ff

ic
ie

n
t 

a
n

d
 9

5
%

c
o

n
fi

d
e

n
c

e
 i
n

te
rv

a
l

Pulse Pressure        CRP           Glucose       Waist Circ      Fibrinogen

aPWV AIx

Figure 2. Independent predictors of aPWV and AIx
from 20 years before. Data show the results of the
multivariable model of predictors of current aPWV
and AIx using baseline data from 20 years ago
(only significant parameters are shown). Standard-
ized coefficients represent the change in depen-
dent variable (meters per second for aPWV or per-
centage for AIx) for a 1-SD change in the exposure
variable.

Table 3. Multivariable Models for Current aPWV and AIx,

Using Baseline Data (Phase I/II)

Model �-Coefficient 95% CI Significance

aPWV (adjusted R
2
�0.35;

P�0.001; n�592)*

Pulse pressure, mm Hg 0.58 0.33 to 0.84 �0.001

Fibrinogen, g/L 0.07 �0.16 to 0.30 0.53

CRP, mg/L 0.35 0.12 to 0.57 0.002

Triglycerides, mmol/L 0.20 0.0 to 0.40 0.05

Glucose, mmol/L 0.25 0.04 to 0.45 0.02

Waist circumference, cm 0.23 0.01 to 0.44 0.04

Heavy smoker (�15/d)

vs other groups

0.38 �0.11 to 0.88 0.13

Aortic AIx (adjusted R
2
�0.31;

P�0.001; n�572)†

Cholesterol, mmol/L 0.19 �0.41 to 0.79 0.54

CRP, mg/L 0.29 �0.39 to 0.96 0.41

Fibrinogen, g/L 0.78 0.08 to 1.47 0.03

Waist circumference, cm �0.16 �0.80 to 0.47 0.62

Heavy smoker (�15/d) vs

other groups

1.19 �0.29 to 2.67 0.12

Continuous variables were standardized (z score) after previous transforma-

tion if appropriate. �-Coefficients represent the change in dependent variable

(meters per second for aPWV or percentage for AIx) for a 1-SD change in the

exposure variable.

*Data were adjusted for current age, MAP, heart rate, and drug use.

†Data were adjusted for current age, heart rate, height, and drug use.
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aPWV,42 suggesting that CRP itself is not causal but may

reflect inflammatory burden, but “reverse causality” cannot

be excluded. In contrast, aPWV was most strongly associated

with current waist circumference. This may represent simple

confounding, because carotid-femoral path length is more

likely to be overestimated in obese individuals. Although

animal data suggest that this is not the case,43 data in humans

are required.

Only baseline values of fibrinogen, CRP, and smoking

were independently associated with current AIx, and in

multivariable models only fibrinogen remained a weak pre-

dictor, with a very modest effect size. In paired comparisons,

the current values for each of these factors were more

strongly correlated with AIx than baseline data, suggesting

that inflammation and smoking have a relatively short-term

influence on wave reflection. This fits with the notion that

AIx is a more dynamic factor than aPWV, depending on

vascular tone in the small arteries,1,44 rather than on long-term

structural alterations. Moreover, the disparity between factors

linked to aPWV and AIx reinforces the concept that they are

not interchangeable and provide different but complementary

information.3

Fatigue fracture of the elastic elements is often considered

to be responsible for the age-related increase in aPWV.6 The

rate of elastin fracture depends on the number of stress cycles

and level of stress,45 that is, the number of heartbeats and

pulse pressure. Our data demonstrate a significant, indepen-

dent relationship between the heart rate pulse pressure prod-

uct, assessed over 20 years, and aPWV. These effects appear

to be additive and are only minimally attenuated by potential

confounders. This supports O’Rourke’s original hypothesis6

and may provide an explanation for the cross-sectional

association between high heart rate and aPWV,10,46 as well as

epidemiological observations that high heart rate is associated

with increased cardiovascular risk.47 However, because pulse

pressure is, in part, determined by wall stiffness, it will be

important to replicate these observations in cohorts with

baseline aPWV. Nevertheless, our data suggest that arterial

stiffening may be reduced by lowering heart rate and/or pulse

pressure, although this remains to be tested.

Limitations
Because we did not have baseline measures of arterial

stiffness, we could not relate risk factors to changes in arterial

stiffness, that is, stiffening. We did not assess the effect of

metabolic syndrome, per se, on stiffness, rather investigating

the independent predictive value of the individual compo-

nents of the syndrome using multivariable models, because

recent data suggest that the metabolic syndrome is not itself

independently predictive of events.48 We could only assess

men who were available for rescreening. The missing men

had a worse cardiovascular risk profile, suggesting that there

was an element of a “healthy survivor effect.” As such, it is

likely that we may have underestimated the strength of the
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Figure 3. Integrated heart rate and pulse pressure tertiles
across 20 years and their association with aPWV in later life.
Subjects are grouped into tertiles of pulse pressure and heart
rate on the basis of integrated values over the average 20-year
follow-up period. The highest values of velocity are observed in
those in the highest tertiles of pulse pressure and heart rate. P

values for linear effects were �0.001 for each of the 6 strata.

Table 4. Association Between Pairs of Variables Measured at Phases I/II and V and Current aPWV and AIx

Variable

aPWV* AIx†

�-Coefficient 95% CI Significance �-Coefficient 95% CI Significance

CRP, baseline 0.43 0.20 to 0.66 �0.001 0.30 �0.34 to 0.95 0.4

CRP, follow-up 0.32 0.12 to 0.51 0.001 0.53 0.0 to 1.06 0.05

Cholesterol, baseline 0.01 �0.18 to 2.12 0.9 0.14 �0.40 to 0.69 0.6

Cholesterol, follow-up �0.01 �0.19 to 0.18 0.9 0.46 �0.03 to 0.95 0.07

Triglycerides, baseline 0.25 0.04 to 0.46 0.01 0.15 �0.43 to 0.72 0.6

Triglycerides, follow-up 0.07 �0.12 to 0.26 0.4 0.09 �0.44 to 0.62 0.7

Waist circumference, baseline �0.04 �0.35 to 0.28 0.8 0.26 �0.60 to 1.13 0.5

Waist circumference, follow-up 0.29 �0.01 to 0.59 0.06 �0.61 �1.43 to 0.22 0.1

Heavy smoker, baseline 0.35 �0.03 to 0.73 0.07 0.89 �0.23 to 2.02 0.12

Heavy smoker, follow-up �0.09 �0.60 to 0.42 0.7 0.58 �0.91 to 2.06 0.4

Paired variables are mutually adjusted for each other. �-Coefficients represent the change in dependent variable (meters per

second for aPWV or percentage for AIx) for a 1-SD change in the exposure variable.

*Data were adjusted for age, MAP, heart rate, and drug use.

†Data were adjusted for age, heart rate, height, and drug use.
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risk factors for aPWV and AIx. Finally, we cannot comment

on the relevance of our observations to women.

Perspectives
Our data indicate that inflammation and the level of repetitive

cyclic stress are important predictors of aortic stiffening.

Conversely, wave reflection appears to be a much more

dynamic variable and influenced in the short term by inflam-

mation and cigarette smoking. Traditional cardiovascular risk

factors have more modest, or no, effect on aortic stiffness and

wave reflection. Adequate control of pulse pressure and heart

rate may, in the long term, retard aortic stiffening.

Sources of Funding
This study was funded by a grant from the British Heart Foundation.

C.M.M. is supported by a British Heart Foundation Intermediate

Research Fellowship, and I.B.W. is supported by a British Heart

Foundation Senior Clinical Fellowship. Both receive support from

the Cambridge Biomedical Research Centre.

Disclosures
None.

References
1. Nichols WW, O’Rourke MF. McDonald’s Blood Flow in Arteries: The-

oretical, Experimental and Clinical Principles. 5th ed. London, United:

Arnold; 2005.

2. Benetos A, Zureik M, Morcet J, Thomas F, Bean K, Safar M, Ducimetiere

P, Guize L. A decrease in diastolic blood pressure combined with an

increase in systolic blood pressure is associated with a higher cardiovas-

cular mortality in men. J Am Coll Cardiol. 2000;35:673–680.

3. Laurent S, Cockcroft JR, van Bortel LM, Boutouyrie P, Giannattasio C,

Hayoz D, Pannier BM, Vlachopoulos C, Wilkinson IB, Struijker-Boudier

H. Abridged version of the expert consensus document on arterial

stiffness. Artery Res. 2007;1:2–12.

4. Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian

V, Simonsick EM, Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S,

Pahor M, Bauer D, Newman A. Elevated aortic pulse wave velocity, a

marker of arterial stiffness, predicts cardiovascular events in well-

functioning older adults. Circulation. 2005;111:3384–3390.

5. Blacher J, Safar ME, Guerin AP, Pannier B, Marchais SJ, London GM.

Aortic pulse wave velocity index and mortality in end-stage renal disease.

Kidney Int. 2003;63:1852–1860.

6. O’Rourke MF. Pulsatile arterial haemodynamics in hypertension. Aust

N Z J Med. 1976;6:40–48.

7. Wilkinson IB, McEniery CM. Arterial stiffness, endothelial function and

novel pharmacological approaches. Clin Exp Pharmacol Physiol. 2004;

31:795–799.

8. Schmitt M, Avolio A, Qasem A, McEniery CM, Butlin M, Wilkinson IB,

Cockcroft JR. Basal NO locally modulates human iliac artery function in

vivo. Hypertension. 2005;46:227–231.

9. Avolio AP, Fa-Quan D, Wei-Qiang L, Yao-Fei L, Zhen-Dong H,

Lian-Fen X, O’Rourke MF. Effects of ageing on arterial distensibility in

populations with high and low prevalence of hypertension: comparison

between urban and rural communities in China. Circulation. 1985;71:

202–210.

10. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR.

Normal vascular ageing: differential effects on wave reflection and aortic

pulse wave velocity: the Anglo-Cardiff Collaborative Trial (ACCT 1).

J Am Coll Cardiol. 2005;46:1753–1760.

11. Cecelja M, Chowienczyk PJ. Dissociation of aortic pulse wave velocity

with risk factors for cardiovacsular disease other than hypertension: a

systematic review. Hypertension. 2009;54:1328–1336.

12. Franklin SS, Gustin IVW, Wong ND, Larson MG, Weber MA, Kannel

WB, Levy D. Hemodynamic patterns of age-related changes in blood

pressure: the Framingham Heart Study. Circulation. 1997;96:308–315.

13. Benetos A, Adamopoulos C, Bureau JM, Temmar M, Labat C, Bean K,

Thomas F, Pannier B, Asmar R, Zureik M, Safar M, Guize L. Determinants

of accelerated progression of arterial stiffness in normotensive subjects and in

treated hypertensive subjects over a 6-year period. Circulation. 2002;105:

1202–1207.

14. Safar ME, Thomas F, Blacher J, Nzietchueng R, Bureau JM, Pannier B,

Benetos A. Metabolic syndrome and age-related progression of aortic

stiffness. J Am Coll Cardiol. 2006;47:72–75.

15. The Caerphilly and Speedwell Collaborative Group. Caerphilly and

Speedwell collaborative heart disease studies. J Epidemiol Community

Health. 1984;38:259–262.

16. Smith A, Patterson C, Yarnell J, Rumley A, Ben-Shlomo Y, Lowe G.

Which hemostatic markers add to the predictive value of conventional

risk factors for coronary heart disease and ischemic stroke? The Caer-

philly Study. Circulation. 2005;112:3080–3087.

17. O’Brien E, Mee F, Atkins N, Thomas M. Evaluation of three devices for

self measurement of blood pressure according to the revised British

Hypertension Society Protocol: the Omron HEM-705CP, Philips

HP5332, and Nissei DS-175. Blood Press Monit. 1996;1:55–61.

18. O’Rourke MF, Gallagher DE. Pulse wave analysis. J Hypertens. 1996;

14:147–157.

19. Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method

for estimating ascending aortic pressure from the radial artery pressure

waveform. Hypertension. 2001;38:932–937.

20. Sharman JE, Lim R, Qasem AM, Coombes JS, Burgess MI, Franco J,

Garrahy P, Wilkinson IB, Marwick TH. Validation of a generalized

transfer function to noninvasively derive central blood pressure during

exercise. Hypertension. 2006;47:1203–1208.

21. Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft

JR, Webb DJ. The reproducibility of pulse wave velocity and augmen-

tation index measured by pulse wave analysis. J Hypertens. 1998;16:

2079–2084.

22. Mendall MA, Strachan DP, Butland BK, Ballam L, Morris J, Sweetnam

PM, Elwood PC. C-reactive protein: relation to total mortality, cardio-

vascular mortality and cardiovascular risk factors in men. Eur Heart J.

2000;21:1584–1590.

23. Kirkood BR, Sterne JAC. Regression modelling. In: Essential Medical

Statistics. 2nd ed. Oxford, United Kingdom: Blackwell Sciences Ltd;

2003.

24. Cole TJ. Modeling postnatal exposures and their interactions with birth

size. J Nutr. 2004;134:201–204.

25. Wilkinson IB, Cockcroft JR. Cholesterol, lipids, and arterial stiffness.

In: Safar ME, Frohlich ED, eds. Atherosclerosis, Large Arteries, and

Cardiovascular Risk. Basel, Switzerland: Karger; 2007:261–277.

26. Wilkinson IB, Westerbacka J, Yki-Jarvinen H, Cockcroft JR. Diabetes

and arterial stiffness. In: Johnstone MT, Veves A, eds. Diabetes and

Cardiovascular Disease. Totowa, NJ: Humana Press Inc; 2001:343–360.

27. Levenson J, Simon AC, Cambien FA, Beretti C. Cigarette smoking and

hypertension: factors independently associated with blood hyperviscosity

and arterial rigidity. Arteriosclerosis. 1987;7:572–577.

28. Mahmud A, Feely J. Effect of smoking on arterial stiffness and pulse

pressure amplification. Hypertension. 2003;41:183–187.

29. Yasmin, McEniery CM, Wallace S, Mackenzie IS, Cockcroft JR,

Wilkinson IB. C-reactive protein is associated with arterial stiffness in

apparently healthy individuals. Arterioscler Thromb Vasc Biol. 2004;24:

969–974.

30. Schillaci G, Pirro M, Vaudo G, Mannarino MR, Savarese G, Pucci G,

Franklin SS, Mannarino E. Metabolic syndrome is associated with aortic

stiffness in untreated essential hypertension. Hypertension. 2005;45:

1078–1082.

31. Li S, Chen W, Srinivasan SR, Berenson GS. Influence of metabolic

syndrome on arterial stiffness and its age-related change in young adults:

the Bogalusa Heart Study. Atherosclerosis. 2005;180:349–354.

32. Chirinos JA, Zambrano JP, Chakko S, Veerani A, Schob A, Willens HJ,

Perez G, Mendez AJ. Aortic pressure augmentation predicts adverse

cardiovascular events in patients with established coronary artery disease.

Hypertension. 2005;45:980–985.

33. Agabiti-Rosei E, Mancia G, O’Rourke MF, Roman MJ, Safar ME,

Smulyan H, Wang JG, Wilkinson IB, Williams B, Vlachopoulos C.

Central blood pressure measurements and antihypertensive therapy: a

consensus document. Hypertension. 2007;50:154–160.

34. Lebrun CE, van der Schouw YT, Bak AA, de Jong FH, Pols HA, Grobbee

DE, Lamberts SW, Bots ML. Arterial stiffness in postmenopausal

women: determinants of pulse wave velocity. J Hypertens. 2002;20:

2165–2172.

35. Pirro M, Schillaci G, Savarese G, Gemelli F, Mannarino MR, Siepi D,

Bagaglia F, Mannarino E. Attenuation of inflammation with short-term

dietary intervention is associated with a reduction of arterial stiffness in

42 Hypertension July 2010

 at Cardiff University on February 19, 2014http://hyper.ahajournals.org/Downloaded from 



subjects with hypercholesterolaemia. Eur J Cardiovasc Prev Rehabil.

2004;11:497–502.

36. Taquet A, Bonithon-Kopp C, Simon A, Levenson J, Scarabin Y,

Malmejac A, Ducimetiere P, Guize L. Relations of cardiovascular risk

factors to aortic pulse wave velocity in asymptomatic middle-aged

women. Eur J Epidemiol. 1993;9:298–306.

37. Czernichow S, Bertrais S, Blacher J, Oppert JM, Galan P, Ducimetiere P,

Hercberg S, Safar M, Zureik M. Metabolic syndrome in relation to

structure and function of large arteries: a predominant effect of blood

pressure–a report from the SU.VI.MAX. Vascular Study. Am J

Hypertens. 2005;18:1154–1160.

38. Wilkinson IB, Prasad K, Hall IR, Thomas A, MacCallum H, Webb DJ,

Cockcroft JR. Increased central pulse pressure and augmentation index in

subjects with hypercholesterolemia. J Am Coll Cardiol. 2002;39:1005–1011.

39. Kullo IJ, Seward JB, Bailey KR, Bielak LF, Grossardt BR, Sheedy PF,

Peyser PA, Turner ST. C-reactive protein is related to arterial wave

reflection and stiffness in asymptomatic subjects from the community.

Am J Hypertens. 2005;18:1123–1129.

40. Sesso HD, Buring JE, Rifai N, Blake GJ, Gaziano JM, Ridker PM.

C-reactive protein and the risk of developing hypertension. JAMA. 2003;

290:2945–2951.

41. Niskanen L, Laaksonen DE, Nyyssonen K, Punnonen K, Valkonen VP,

Fuentes R, Tuomainen TP, Salonen R, Salonen JT. Inflammation, abdominal

obesity, and smoking as predictors of hypertension. Hypertension. 2004;44:

859–865.

42. Schumacher W, Cockcroft JR, Timpson N, McEniery CM, Rumley A,

Davey Smith G, Wilkinson IB, Ben-Shlomo Y. Association between

C-reactive protein genotype, serum levels and arterial pulse wave velocity:

results from the Caerphilly Prospective study (CaPS). Hypertension. 2009;

53:150–157.

43. Cosson E, Herisse M, Laude D, Thomas F, Valensi P, Attali JR, Safar ME,

Dabire H. Aortic stiffness and pulse pressure amplification in Wistar-Kyoto

and spontaneously hypertensive rats. Am J Physiol. 2007;292:

H2506–H2512.

44. Kelly RP, Millasseau SC, Ritter JM, Chowienczyk PJ. Vasoactive drugs

influence aortic augmentation index independently of pulse-wave

velocity in healthy men. Hypertension. 2001;37:1429–1433.

45. Greenwald SE. Ageing of the conduit arteries. J Pathol. 2007;211:

157–172.

46. Sa Cunha R, Pannier B, Benetos A, Siche J-P, London GM, Mallion JM,

Safar ME. Association between high heart rate and high arterial rigidity

in normotensive and hypertensive subjects. J Hypertens. 1997;15:

1423–1430.

47. Kannel WB, Kannel C, Paffenbarger RS Jr, Cupples LA. Heart rate and

cardiovascular mortality: the Framingham Study. Am Heart J. 1987;113:

1489–1494.

48. Sattar N, McConnachie A, Shaper AG, Blauw GJ, Buckley BM, de Craen

AJ, Ford I, Forouhi NG, Freeman DJ, Jukema JW, Lennon L, Macfarlane

PW, Murphy MB, Packard CJ, Stott DJ, Westendorp RG, Whincup PH,

Shepherd J, Wannamethee SG. Can metabolic syndrome usefully predict

cardiovascular disease and diabetes? Outcome data from two prospective

studies. Lancet. 2008;371:1927–1935.

McEniery et al Risk Factors for Aortic Stiffness 43

 at Cardiff University on February 19, 2014http://hyper.ahajournals.org/Downloaded from 


