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Carotid-femoral pulse wave velocity is negatively
correlated with aortic diameter

Marc A Bailey1,2,4, Jennifer M Davies1,4, Kathryn J Griffin1,2, Katherine I Bridge1,2, Anne B Johnson1,
Soroush Sohrabi1, Paul D Baxter3 and D Julian A Scott1,2

Cardiovascular events pose significant morbidity and mortality burden to abdominal aortic aneurysm (AAA) patients. Arterial

stiffness as measured by pulse wave velocity (PWV) is an independent predictor of cardiovascular risk. We investigated the

relationship between aortic diameter and PWV. Consecutive patients with AAA were invited to participate. Patients completed a

health questionnaire, received aortic ultrasound and carotid-femoral PWV (cfPWV) recordings with a Vicorder. Thirty patients

were used for reproducibility assessment. A linear regression model was used to identify significant predictors of cfPWV.

Observer variation was assessed using Bland and Altman analysis and the intraclass correlation coefficient. Three hundred and

nine patients were included—148 with AAA and 161 controls. The mean difference for repeated cfPWV between observers was

0.11ms�1. cfPWV was positively correlated with age (r¼0.24, Po0.001) and systolic blood pressure (r¼0.29, Po0.001)

and negatively correlated with aortic diameter (r¼ �0.15, P¼0.008). There was no difference in cfPWV between AAA and

control groups (9.75±2.3ms�1 vs. 9.55±2.3ms�1, P¼0.43). Aortic diameter (P¼0.003) and systolic blood pressure

(Po0.001) were significant predictors of cfPWV independent of age, aspirin usage and a history of myocardial infarction.

Patients with large AAA (45cm) had decreased cfPWV compared with patients with small AAA (P¼0.02) or normal diameter

aorta (P¼0.02). Vicorder measurements of cfPWV are repeatable. cfPWV is negatively associated with infra-renal aortic

diameter and reduced in large AAA. cfPWV is likely invalid for accurate arterial stiffness assessment in patients with AAA owing

to the apparent confounding effect of aortic size.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is a focal dilatation of the
abdominal aorta, which poses a significant risk to life through
rupture. Despite technological advances in the minimally invasive
endovascular techniques (EVAR) available for prophylactic repair,1,2

the most important complications following aortic intervention
remain cardiovascular events. These present a significant morbidity
and mortality burden to patients with AAA.3,4 The reason for this
high cardiovascular-risk status remains unclear but there is evidence
that the infra-renal aortic diameter has prognostic significance,
irrespective of a formal diagnosis of aneurysm (see Norman et al.5).
The histopathological findings in AAA include inflammation, loss

of vascular smooth muscle cells and disruption of elastin fibers, which
are replaced by collagen,6,7 a mechanically stiffer substance.8 When
aneurysm tissue is examined ex-vivo by biaxial biomechanical testing
it exhibits increased stiffness and decreased distensibility compared
with normal aorta.9 Tissue Doppler imaging measures of arterial

stiffness within the AAA in-vivo corroborate this work.10 However,
the data concerning any relationship between localized aortic stiffness
and AAA growth/rupture are conflicting.11–14 These studies provide
evidence of localized aortic stiffening within an aneurysm but give
little insight into the status of the rest of the arterial tree in these
patients. Interestingly, the Second Manifestations of Arterial Disease
Study investigators reported increased stiffness at the carotid artery in
patients with AAA, suggesting changes beyond the aneurysm itself.15

Generalized arterial stiffness is an independent predictor of
cardiovascular morbidity and mortality and is elevated in end stage
renal disease,16 diabetes17 and hypertension.18 Pulse wave velocity
(PWV) is the speed at which the pulse wave travels through an arterial
segment and provides a measure of arterial stiffness through the
Moens–Korteweg equation. It can be measured non-invasively using
one of a number of commercially available devices (reviewed in Davies
et al.19). Current evidence reporting changes in PWV in patients with
AAA is limited and conflicting, with relatively small sample sizes.20–22
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In this study we set out to investigate the relationship between
aortic diameter and the presence of AAA on PWV measured non-
invasively using the Vicorder device.

METHODS

Patients
The study consisted of 309 patients from the same teaching hospital in the

northern United Kingdom. Patients with known AAA were recruited from the

vascular outpatients department while the control population were recruited

from a range of surgical and medical outpatient departments of the same

hospital on a voluntary basis between 1 January 2007 and 1 May 2013. At

recruitment, all patients gave written, informed consent after receiving a

patient information brochure and at least a 24h cooling-off period. The study

was given ethical approval by the local ethics committee (project reference:

03/142) and was conducted in accordance with the Declaration of Helsinki.

After enrollment into the study all patients completed a detailed health

questionnaire, administered face-to-face by a research nurse. This included

medical history, concurrent medication use, smoking history and demographic

data. An electrocardiogram was performed to identify any prior occult

myocardial infarction.

Aortic imaging and grouping
The infra-renal abdominal aorta was imaged with B-mode ultrasound using a

Titan SonoSite (SonoSite, Bothell, WA, USA). Maximal anterior-posterior

aortic diameter was measured from inner wall to inner wall. Patients were split

into AAA and control groups based on their aortic diameters, with an AAA

being defined as an infra-renal abdominal aortaX3 cm. Any patients recruited

as controls who were subsequently found to have an incidental AAA were

transferred into the AAA group and referred to the vascular unit to receive

routine care.

Blood samples, anthropometric and hemodynamic measurements
All patients donated 50mls of free flowing venous blood from the antecubital

vein of their non-dominant arm following an overnight fast, which was

analyzed by the hospital laboratory for lipid screen (serum cholesterol,

triglycerides, high density lipoprotein and low density lipoprotein). Height

and weight were recorded using Statiometer and Column Scales, respectively,

(Seca Medical Scales and Medical Systems, Birmingham, UK). Systolic (SBP)

and diastolic blood pressure were recorded at the right brachial artery in

duplicate using an Omtron M7 automated oscillometric device (Intelli sense,

Kyoto, Japan); the mean of these repeats was used for analysis. The Ankle

Brachial Pressure Index (ABPI) was calculated using the lowest pedal SBP in

each foot divided by the highest brachial pressure as measured by a Dopplex 11

doppler probe (Huntleigh Diagnostics, Cardiff, UK) and a manual sphygmo-

manometer. The lowest ABPI was used in the later models.

Pulse wave velocity
Supine carotid-femoral PWV (cfPWV) measurements were determined by

assessment with the Vicorder device (Skidmore Medical, Bristol, UK), a semi-

automated, non-invasive system for determining cfPWV, which has been

validated against the SphygmoCor device.23 The foot-to-foot transit time of

each proximal and distal waveform was identified using the in-built cross-

correlation algorithm, enabling the computation of the time delay between the

two. Simultaneous wave forms were observed to ensure there was no evidence

of flow abnormality owing to atherosclerosis. Each measurement was made in

duplicate with a 5min rest period between measurements. For recordings a

30mm pad was positioned over the neck at the level of the right carotid artery,

with a larger 100mm oscillometric cuff being positioned around the upper

part of the right thigh. The path length was measured superficially with a tape

measure, from the suprasternal notch to the middle of the femoral cuff, as per

manufacturer’s instructions (Figure 1). The heart rate of subjects was also

measured during the cfPWV recording.

Intra- and inter-observer variation
A subset of 30 patients (15 AAA, 15 controls) was used to assess the variability

of cfPWV. PWV measurements were performed twice by each observer in the

same temperature controlled room. The cuffs were removed and re-applied

between each measurement.

Statistics
Data were analyzed using SPSS v20 (SPSS. Chicago, IL, USA). Normality was

assessed using the Shapiro–Wilk test and non-normal data log transformed to

allow the use of parametric statistics. Continuous data is presented as

mean±s.d. (unless stated) and categorical data as n(%); P-values o0.05 were

taken to be statistically significant.

Uni-variable comparisons were undertaken using student t-test or Fisher’s

exact test as appropriate. False discovery rate adjustment24 was employed to

correct for multiple testing. Pearson’s correlation coefficient was used to

determine uni-variable parametric correlations between continuous variables

and cfPWV. A binary logistic regression model was used to determine those co-

variables, which were independently statistically significantly different between

AAA and control groups to guide inclusion in the model for cfPWV. Following

this, a linear regression model was constructed to determine independent

predictors of PWV, this model included factors, which remained significantly

different between groups on binary logistic regression analysis, and factors

which were correlated with cfPWV based both on the literature (for example,

age, SBP) and bivariate correlation analysis. Observer variation was assessed

using Bland and Altman analysis (limits of agreement) and the intraclass

correlation coefficient.

Power
A sample size calculation for the pilot study (observer variation phase) was

based on the standard deviation quoted in Hickson et al.23 To detect a

Figure 1 Cuff location and superficial distance measurements for Vicorder
recording of carotid-femoral pulse wave velocity. The cuffs are positioned

over the right common carotid artery and the right common femoral artery.

The superficial distance is measured from the sternal notch to the middle of

the femoral cuff (arrows) in centimeters (cm). A full color version of this

figure is available at the Hypertension Research journal online.
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difference of 0.3ms�1 between observers with 80% power and 95%

confidence, a sample of 30 patients was required. Using the standard

deviation data generated from this pilot study, a sample size calculation was

undertaken for the main study. To detect a mean difference in PWV between

groups of 1.0ms�1 (which we felt was of clinical relevance as it equated to a

19% increase in cardiovascular mortality in a study using the Complior

device25) with 80% power and 95% confidence, a sample of B300 patients was

required.

RESULTS

Baseline characteristics
Of the 309 patients included in the study, 148 had an aortic diameter
X3 cm and formed the AAA group while the remaining 161 patients
with aortic diameter o3 cm formed the control group. The baseline

characteristics of the study population are provided in Table 1,
containing P-values based on uni-variable analysis with false discovery
rate correction. Those co-variables that remained significant after false
discovery rate correction (annotated with a) were taken forward into a
binary logistic regression model using the enter method (R2¼ 0.73).
In this multivariable model, the factors with statistically significant P-
values were aortic diameter (2.18±1.13 cm vs. 4.22±1.35 cm,
Po0.001) and aspirin usage (33.5 vs. 77.0%, P¼ 0.001). Age (69.7
years vs. 73.0 years, P¼ 0.06) and a prior history of myocardial
infarction was of borderline significance (9.3% vs. 26.4%, P¼ 0.06).
These factors were therefore taken forward as the most relevant
potential confounders in the later linear model for cfPWV.

Intra- and inter-observer variation in PWV measurements
In the pilot study of 30 patients (15 AAA and 15 controls) the mean
difference for repeated cfPWV by a single observer was �0.18ms�1

with limits of agreement of �3.12 to 2.76ms�1 and an intraclass
correlation coefficient of 0.89 (Po0.001). The mean difference for
repeated cfPWV between observers was 0.11ms�1 with limits of
agreement of �3.41 to 3.63. The intraclass correlation coefficient was
0.73 (Po0.001).

cfPWV for the study population
The mean cfPWV for the entire study population was 9.65±2.3ms�1,
which is in keeping with the reference ranges published by the Arterial
Stiffness Collaboration for patients aged 63years and over.26 In keeping
with these data, there was a significant positive correlation between
cfPWV and age (Figure 2a, r¼ 0.24, Po0.001) and between cfPWV
and SBP (Figure 2b, r¼ 0.29, Po0.001). There was also a negative
correlation between cfPWVand aortic diameter, which was both novel
and highly statistically significant (Figure 2c, r¼ �0.15, P¼ 0.008).
Notably, there was no correlation between cfPWV and heart rate in
our study population (r¼ 0.08, P¼ 0.19) or cfPWV and ABPI
(r¼ �0.023, P¼ 0.7). These three significant correlations were taken
forward into the linear regression model for cfPWV along with the
three most relevant confounding variables from the binary logistic
regression model (aortic diameter, aspirin usage and a prior history of
myocardial infarction). A summary of bivariate correlation data is
provided in Table 2.

Comparison of cfPWV in AAA and control patients
We could not identify any statistically significant difference in cfPWV
between the control and AAA group: 9.75±2.3ms�1 vs.
9.55±2.3ms�1, P¼ 0.43 (Figure 3a). When all relevant variables
(AAA/control status, aortic diameter, age, SBP, aspirin use and a
history of MI) were added into a simple linear regression model using
the enter method with cfPWV as the dependent variable (R2¼ 0.16,
6 degrees of freedom, Po0.001), age (b¼ 0.24, Po0.001), SBP
(b¼ 0.24, Po0.001) and aortic diameter (b¼ �0.23, P¼ 0.003)
remained significant independent predictors of cfPWV. To further
investigate this trend we compared those patients with large AAA
(defined as X5 cm, n¼ 32) with those patients with a normal
diameter aorta (defined as o3 cm, n¼ 161) and the remaining
patients with small AAA (defined as 3.0–4.9 cm, n¼ 115). In this
analysis the large AAA group had decreased cfPWV as compared with
the control group, mean difference: 1.07ms�1(95% confidence
interval of the mean difference: 0.2ms�1 to 1.9ms�1, P¼ 0.02)
and patients with small AAA mean difference: 1.11ms�1 (95%
confidence interval of the mean difference: 2.0ms�1 to 0.2ms�1,
P¼ 0.02) (Figure 3b).

Table 1 Baseline characteristics of the study population

Ctrl (n¼161) AAA (n¼148)

Categorical variables n % n % P-value

Male sex 120 74.5 128 86.4 0.009a

MI 15 9.3 39 26.3 0.0002a

Angina 12 7.45 31 20.9 0.002a

PVD 13 8.0 41 27.7 0.0002a

CVD 20 12.4 20 13.5 0.52

DM 19 11.8 28 18.9 0.11

HTN 63 39.1 101 68.2 0.0002a

VTE 5 3.1 8 5.4 0.64

Current smoker 20 12.4 26 17.6 0.17

Ever smoker 100 62.1 127 85.8 0.0002a

Aspirin 54 33.5 114 77.0 0.0002a

Statin 73 45.3 116 78.3 0.0002a

ACEi 36 22.4 63 42.6 0.0002a

BBs 26 16.1 57 38.5 0.0002a

CCBs 26 16.1 48 32.4 0.002a

Warfarin 4 2.5 1 0.7 0.26

Ctrl (n¼161) AAA (n¼148)

Continuous variables Mean s.d. Mean s.d. P-value

Aortic diameter (cm) 2.18 1.13 4.22 1.35 0.0002a

Age (years) 69.7 7.8 73 7.5 0.0002a

Pack years 28.9 24.3 42.9 26.5 0.0002a

Height (m) 1.7 0.09 1.7 0.08 0.86

Weight (kg) 80.7 14.1 81.3 16.2 0.79

BMI 28 4.6 28 4.5 0.95

Pulse rate (BPM) 66.3 11.5 68.4 13.8 0.16

Systolic BP (mmHg) 144.8 17.2 141.6 21.4 0.19

Diastolic BP (mm Hg) 83 10.6 81.05 12.7 0.19

ABPI (Lowest) 0.94 0.16 0.85 0.22 0.002a

ABPI (Left) 0.96 0.21 0.87 0.26 0.076

ABPI (Right) 0.95 0.22 0.89 0.22 0.29

Cholesterol (mmol l�1) 4.7 1.3 4.2 0.9 0.0002a

TG (mmol l�1) 1.39 0.85 0.68 1.53 0.069

HDL (mmol l�1) 1.43 0.46 1.21 0.37 0.0002a

LDL (mmol l�1) 2.79 1.07 2.41 1.36 0.01a

Abbreviations: AAA, abdominal aortic aneurysm; ABPI, ankle brachial pressure index;
ACEi, angiotensin converting enzyme inhibitor; BBs, beta blockers; BMI, body mass index;
BP, blood pressure; BPM, beats per minute; CCBs, calcium channel blockers;
CVD, cerebrovascular disease; Ctrl, control; DM, diabetes mellitus; HDL, high density
lipoprotein; HTN, hypertension; LDL, low density lipoprotein; MI, myocardial infarction;
PVD, peripheral vascular disease; TG, triglycerides; VTE, venous thromboembolism.
aStatistically significant at Po0.05 level.
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DISCUSSION

In the present study we investigated arterial stiffness in a cohort of
patients with and without AAA using cfPWV as measured by the

Vicorder device. We demonstrated high repeatability of the measure-
ment technique and included a sample size with enough power to
detect a 1.0ms�1 difference in PWV between groups. Our variability
data was in keeping with another recent study in patients with
peripheral arterial disease using the same device.27 We found no
difference in cfPWV between the AAA and control groups; however, a
small but significant negative correlation was observed between aortic
size and cfPWV. Further, patients with the largest aneurysms in the
study (X5 cm) had lower cfPWV than controls and patients with
small AAA (o5 cm).
It is well-established that increasing PWV occurs with age and

hypertension,18,26 is associated with a worsening cardiovascular-risk
profile28 and can be elevated with increased heart rate.29 PWV is
appealing as it represents one of the only non-invasive methods to
detect changes within the vascular tree. It is of interest with regards to
AAA owing to the unexplained increased cardiovascular morbidity
and mortality observed after intervention3,4 and evidence suggesting
high arterial stiffness within an AAA.9,10

The PWV provides a global estimate of arterial stiffness as
described by the Moens–Korteweg equation (PWV¼O[Eh/2rr]),
which states that PWV is proportional to the square root of the elastic
modulus (E) of the vessel wall given a constant ratio of wall thickness
(h) to vessel radius (r) and blood density (r) assuming isotropy. It is
this type of stiffness estimation that is most strongly linked to the
cardiovascular-risk profile. Few groups have investigated differences in
arterial stiffness as measured by PWV in patients with AAA (and a

Figure 2 Scatterplots demonstrating significant correlations with carotid-femoral pulse wave velocity (cfPWV). (a) Significant positive correlation between
age and cfPWV, r¼0.244, Po0.001. (b) Significant positive correlation between systolic blood pressure (SBP) and cfPWV, r¼0.29, Po0.001.

(c) Significant negative correlation between aortic diameter and cfPWV, r¼ �0.15, P¼0.008.

Table 2 Bivariate correlation analysis of cfPWV with continuous

variables of interest

Pearson’s correlation vs. cfPWV Pearson’s R P-value

Aortic diameter (cm) �0.15 0.008a

Age (years) 0.24 o0.001a

Pack years �0.44 0.57

Height (m) 0.02 0.73

Weight (kg) �0.15 0.79

BMI �0.22 0.69

Systolic BP (mm Hg) 0.29 o0.001a

Diastolic BP (mm Hg) 0.08 0.14

ABPI (lowest) �0.023 0.69

ABPI (left) �0.026 0.66

ABPI (right) �0.026 0.65

Cholesterol (mmol l�1) �0.31 0.59

TG (mmol l�1) �0.009 0.88

HDL (mmol l�1) 0.07 0.23

LDL (mmol l�1) �0.04 0.47

Abbreviations: ABPI, ankle brachial pressure index; BMI, body mass index; BP, blood pressure;
HDL, high density lipoprotein; LDL, low density lipoprotein; TG, triglycerides.
aStatistically significant at Po0.05 level.
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suitable control population). Currently there is equipoise in the
literature. Kadoglou et al.20,21 reported increased cfPWV
(12.99±3.75ms�1 vs. 10.03±1.57ms�1, Po0.001) in 108 patients
with AAA compared with 41 age- and sex-matched controls with
angiographically proven coronary artery disease, using the Complior
device. Conversely, Lee et al.22 reported a lower cfPWV in 51 AAA
patients compared with 51 age-, sex- and SBP-matched controls
(12.1±2.7ms�1 vs. 13.6±3.5ms�1, P¼ 0.009) recruited as
individuals participating in other hemodynamic studies, using the
Collins VP-2000 device (Wave Nexus Corp., San Antonio, TX, USA).
However, in a murine model system of AAA, no difference in PWV
was found between angiotensin II infused (aneurysmal) and sham
operated animals.30

Given the higher atherosclerotic disease burden in our aneurysm
group the finding of a lower cfPWV in the patients with the largest
AAAs was surprising. One possible explanation for this may have
been a difference in heart rates between the two groups owing to the
differences observed in beta blockade. A lower heart rate in the AAA
group would be expected to reduce the cfPWV.29 However, when we
studied heart rate, it was similar in both groups and further, was not
significantly correlated with cfPWV in the whole study population.
Our findings support those of Lee et al.22 and we provide a similar
explanation. The Moens–Korteweg equation presumes isotropy
within the arterial segment measured, which is not the case in
AAA, where the vessel is, by definition, thinned and anisotropic.9 This
invalidates the assumptions of the Moens–Korteweg equation and in
this situation, reduced cfPWV may simply be a surrogate marker of a
larger aortic diameter. This is reinforced by reports that PWV
increases after deployment of an aortic stent graft.20 The
deployment of an aortic stent graft restores isotropy to the aorta
and a reversal of any decrease in cfPWV relating to aortic diameter
would therefore be expected. In our study cfPWV was correlated with
aortic size in all patients and was lowest in patients with the largest
aneurysms vs. controls but not when the whole AAA and control
group were compared. This is likely owing to the small difference in
means between both groups (0.21ms�1), which lay well below
1.0ms�1 that to which the study was powered to detect. To detect
a difference of this magnitude with statistical significance given the
variability we observed, a sample of some 4150 patients would be
required. Further, it is difficult to know if this difference would be of

any clinical significance. Our results, along with those of Lee et al.22

suggest strongly that cfPWV is unlikely to provide an accurate
measurement of arterial stiffness in patients with AAA owing to the
apparent confounding effect of aortic diameter. It could be argued
that a lower than expected (for age and SBP) cfPWV may be a
warning sign of AAA presence. However, given the patient-to-patient
variability in cfPWV observed in this and other studies and the fact
that we observed no significant difference between AAA and control
groups, it seems unlikely that this approach would be sensitive
enough for use as a viable screening tool. Of potentially more
interest, is the reported change in cfPWV after endovascular
techniques. Further work is required in this area, but in the context
of our results it would be valuable to determine if a decrease in
cfPWV after stent graft insertion could be used to detect sac
expansion and the ‘at-risk aortic endoprosthesis’ and thus reduce
the burden of aortic imaging required in these patients.31 Further
work should be directed towards methods, which can determine
aortic stiffness both within and away from the aneurysm itself. Such
regional PWV measures can be achieved accurately with magnetic
resonance imaging, for example.
There are notable differences between the study designs in the three

studies that report cfPWV measures in AAA compared with a control
group, which may influence the cfPWV data reported. All three
studies used different devices to measure cfPWV. We chose the
Vicorder as it has been validated against the SphygmoCor device,23

which is simple to use and results are repeatable between users,
as confirmed by our data and other studies.23,27 Reassuringly, we
observed a significant positive correlation between Vicorder measured
cfPWV, age and SBP, in keeping with previous pulications.18,26 The
Complior device is well-established and has proven validity and
consistency.19 However, The VP-2000 device has not been validated
for PWV; only validation for ABPI measurement has been published
for this device.32 The patient populations originate from diverse
geographical locations (UK, Greece, Taiwan) and the recruitment
strategy is different. Our cohort of AAA patients had smaller
aneurysms than those in either the Kadoglou et al.20,21 or Lee
et al.22 studies (4.2 cm vs. 6.3 cm and 5.4 cm, respectively), which
may blunt a size-dependent effect. Further, while we chose to recruit a
control group from other hospital outpatient clinics, Kadoglou et al.21

only used patients with confirmed coronary artery disease, which one

Figure 3 Comparison of carotid-femoral pulse wave velocity (cfPWV) in AAA and control patients. (a) No significant difference between control and AAA

patients for cfPWV. (b) Significantly lower cfPWV values in patients with large AAA compared with small AAA (P¼0.02) and control patients (P¼0.02);

*Po0.05. n.s., not significant.
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would expect to impact arterial stiffness33–35 while Lee et al.22

provided limited information on their control recruitment strategy,
saying only that controls were ‘selected from individuals participating
in other hemodynamic studies.’
Despite the comparatively large sample size there are a number of

important limitations to our study. First, owing to our study design
our control group was not age- or sex-matched to the AAA group and
our AAA group had a higher burden of atherosclerotic disease.
Despite using multivariable statistical approaches to attempt to
control for confounding factors it is impossible to completely
eliminate the differences between our two patient cohorts. We also
included some 54 patients with peripheral arterial disease, which
could impact on PWV measurement by the Vicorder device, as a
proximal atherosclerotic lesion would delay the waveform transit to
the femoral cuff. However, we did not observe any evidence of flow
abnormality based on simultaneous waveform analysis, none of our
patients had aortic occlusive disease and we did not identify any
correlation between ABPI (lowest, right or left) and cfPWV. The
determination of path length for cfPWV determination is also
relatively inexact, requiring superficial distance measurement with a
tape measure. There are differences between true magnetic resonance
imaging path length and superficial distance measures, which can be
corrected mathematically.36 However, AAA is associated with arterial
tortuosity,37 which suggests distance measurement could only be
improved by additional imaging. This issue could also be resolved by
using magnetic resonance imaging. There is also the possibility
of type II error when comparing overall AAA and control groups
for cfPWV owing to the magnitude of the difference being below
that to which the study was powered but above the observer
related error we observed (0.11ms�1). Finally, we only measured
cfPWV at a single time interval in the patient groups. Future studies
should use a longitudinal study design to investigate changes in
cfPWV as the aneurysm progresses. Although a much larger sample
of patients would be required for this analysis than used in the
present study in order to perform sufficient aneurysm growth
modeling.38

In conclusion, the Vicorder is a simple non-invasive device,
which produces repeatable estimates of cfPWV. We demonstrated a
significant negative correlation between cfPWV and infra-renal
aortic diameter and reduced cfPWV in patients with large AAA
compared with patients with either small AAA or normal aortas
despite the high atherosclerotic burden in this group. This suggests
cfPWV is a potentially invalid method for accurately determining
arterial stiffness in patients with AAA owing to the confounding
effects of aortic size.
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