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Introduction

Arterial stiffness has an independent predictive value for cardio-
vascular events demonstrated in patients with hypertension, dia-
betes mellitus, and end-stage renal disease, in elderly subjects, 
and in the general population.1–5 Recent European guidelines 
for the management of arterial hypertension and cardiovascular 
prevention6,7 recommend measurements of arterial stiffness in 
hypertensive patients. Pulse wave velocity (PWV) is accepted 
as the most simple, robust, and reproducible method to deter-
mine the regional arterial stiffness, and carotid–femoral PWV is 
considered the “gold-standard.” It has been largely used in epi-
demiological studies, demonstrating a strong independent pre-
dictive value for cardiovascular events. A carotid–femoral PWV 
higher than 12 m/s is considered an early phenotype of vascular 
damage.8 European guidelines6 recommend 

also the measurement of carotid intima-media thickness and 
echocardiographic left ventricular hypertrophy for risk 
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stratification, and other local parameters at the carotid level 
have been proposed as prognostic markers of cardiovascular 
events.1,9,10 Therefore, the possibility to collect these data during 
the same examination using the same ultrasound machine could 
represent a great cost-saving strategy. However, little informa-
tion is available about the correlation between the local echo-
tracking derived indexes and the carotid–femoral PWV.

The aim of this study was to compare carotid–femoral 
PWV assessed by SphygmoCor system and one-point carotid 
PWV obtained by echo-tracking system implemented in a 
commercially available cardiovascular ultrasound machine 
(ProSound Alpha10; Aloka, Tokyo, Japan).

Methods

A total of 160 consecutive subjects, who had been referred to 
the echocardiographic laboratory for cardiovascular risk strat-
ification previously, were examined. Participants with arterial 
fibrillation and arrhythmias were excluded from the study.

The subjects were introduced in a warm, quiet room and 
asked to relax for 10–15 min, and then blood pressure (BP) 
was measured twice with an Omron automated oscillometric 
device from the right arm at the level of the brachial artery, 
just before starting the arterial stiffness measurements. Pulse 
pressure (PP) was calculated as systolic BP − diastolic BP; 
mean BP was calculated as systolic BP − 1/3 PP.11

One-point carotid PWV and the carotid–femoral PWV 
were measured sequentially by two investigators with a con-
siderable experience in cardiovascular ultrasound.

Carotid local arterial stiffness

Measurements of the local arterial stiffness were obtained at 
the level of the left common carotid artery, using a high- 
definition echo-tracking system (implemented in a ProSound 
Alpha10 echo-machine) that allows assessing local arterial 
stiffness, deriving the pressure–diameter curve of the artery, 
and calculating the local PWV from the time delay between 
the two adjacent distension waveforms. The measurements 
of stroke changes in diameter and local PP were determined 
simultaneously.

The relation between arterial pressure, P, and diameter, 
D, was assumed as ln(P/P0) = β(D−D0)/D0, where P0 and D0 
are the end-diastolic pressure and diameter, and β is a con-
stant called the “stiffness parameter,” which is considered to 
be independent of pressure. Sugawara et al.12 showed that 
PWV can be calculated from the stiffness parameter β by the 
following equation

(1/P)(dP/dD) = β/D0

The cross-sectional area of the artery (A) was given by A 
= πD2/4. As a consequence, dP/dD = (πD/2)(dP/dA). 
Substitution of the above equation into equation (1) gives 
dP/dA = (βP/2)/(πDD0/4).

Since the change in diameter of the artery during a cardiac 
cycle is less than 10% under physiological conditions, the 
reference D0 may be approximated by the instantaneous 
diameter D in the above equation. Thus, we can substitute A 
for πDD0/4 in the above equation. Hence

dP/dA = βP/2A

According to the general theory of waves in liquid-filled 
elastic tubes, PWV is given by

PWV2 = (A/ρ)(dP/dA)

Substitution of equation (2) into the above equation yields

PWV = (βP/2ρ)1/2

where ρ is blood density (ρ = 1050 kg m3).

For the evaluation, subjects lay down in the supine position 
and rested for 10–15 min. The location to be measured was the 
left common carotid artery at about 2 cm proximal to the bifur-
cation in order to avoid any influence of the complex flow in 
the carotid sinus. In the long-axis scanning, optimal images 
were best achieved by positioning and orienting the probe so 
that clear and parallel delineation of the intima-media com-
plex at both the anterior and posterior walls could be seen.

The examination was performed using a 7.5 MHz linear 
probe with the precision of one-sixteenth of the ultrasound 
wavelength (0.013 mm), and the data were updated at a rate of 
1 kHz. Echo-tracking uses the raw radio frequency signals that 
are based on the video signals. A different ultrasound beam was 
used for diameter-change and blood velocity measurements.

Figure 1 shows a long-axis view of the common carotid 
artery (left panel) and ultrasound beam configuration with 
independent beam steering function. The solid line shows the 
ultrasound beam direction for velocity measurements, while 
the dotted line shows the beam for diameter-change measure-
ments. These beams were steered so as to intersect at the 
center of the range gate. The steering angle of each ultrasound 
beam could be changed every 5° from −30° to +30°. The echo-
tracking gates were manually set at the high echoic line just 
outside the intima-media complex (near the edge of the adven-
titia side) where stable tracking was possible. The rate gate for 
velocity measurements was automatically positioned at the 
center of the diameter using echo-tracking gates. Flow veloc-
ity was corrected for angle between ultrasound beam direction 
and flow velocity vector. The right section of the figure repre-
sents the M-mode for the carotid diameter measurements. 
During systole, the pressure and diameter-change waveforms 
were very similar. During diastole, the carotid arterial pres-
sure–diameter relationship showed slight nonlinearity and 
hysteresis. The maximal and minimal values of a diameter-
change waveform were calibrated by the systolic and diastolic 
relationship.13 The relationship of pressure–diameter was 

(1)

(2)
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thought to be linear.12 Brachial cuff BP (measured just before 
starting the carotid study) was entered into the system for the 
carotid stiffness parameters calculation. A simultaneously 
recorded electrocardiogram (ECG) was used as a reference to 
calculate wave transit time.

The anterior and posterior wall positions, velocity, and ECG 
were fed into a personal computer system and displayed 
together with calculated diameter change in real time. Three to 
five beats were averaged to obtain a representative waveform.

Figure 2 shows the output of automatically measured 
local arterial stiffness represented by PWV. The local PWV 
was derived from β(PWVβ) as described above.12

SphygmoCor

The SphygmoCor (Model SCOR-Px, Software version, 7.01, 
AtCor Medical Pty Ltd, Sydney, NSW, Australia) uses a sin-
gle high-fidelity tonometric Millar transducer. To determine 
the carotid–femoral PWV, the pulse wave was recorded 
sequentially at the femoral artery and at the carotid artery by 

the transducer. A simultaneously recorded ECG was used as a 
reference to calculate wave transit time. Transit time between 
carotid and femoral pressure waves was calculated using the 
“foot-to-foot” method. Wave “feet” are identified using inter-
secting tangent algorithms. Two surface distances were meas-
ured by the investigator: between the recording point at the 
carotid artery and the sternal notch (distance 1) and between 
the sternal notch and the recording point at the femoral artery 
(distance 2). The distance traveled by the pulse wave (DPW) 
and the carotid–femoral PWV were calculated by the 
SphygmoCor according to the following formulas14,15

DPW = distance 2 (m) − distance 1 (m)

carotid–femoral PWV = DPW (m)/transit time (s)

Statistical analysis

All statistical analyses were performed with SPSS for 
Windows version 12.0.1 (SPSS Inc., Chicago, IL, USA). 

Figure 1. Examination of common carotid artery with simultaneous display of change in diameter using echo-tracking technique. Long-
axis view: B-mode (left) and M-mode (right).
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Values were presented as mean ± standard deviation (SD) 
for normal distribution and medians (95% confidence inter-
val (CI)) for non-normally distributed variables. The corre-
lation coefficient was defined as r according to Spearman’s 
test. A receiver operating characteristic (ROC) curve analy-
sis was used to compare the two methods. A backward 
regression analysis was performed to detect the independent 
relation between age, body mass index, gender, heart rate, 
mean BP, carotid–femoral PWV, and one-point PWV. In our 
laboratory, inter- and intra-observer variability (reproduci-
bility between two observers) was determined using both 
Pearson’s bivariate two-tailed correlations and Bland–
Altman analysis.

Results

Table 1 displays physiological and hemodynamic charac-
teristics of the 160 subjects: 96 free of overt cardiovascular 
disease, 44 hypertensives, 13 suffering from aortic valve 
disease, and 7 with left ventricular dysfunction. The one-
point carotid PWV was systematically lower than the 

carotid–femoral PWV (median = 5.8 m/s, 95% CI = 5–6.6 
for one-point carotid PWV and median = 7.2 m/s, 95% CI 
= 6.2–8.9 for carotid–femoral PWV). Both of them had a 
good correlation with age (one-point carotid PWV vs age  

Table 1. General characteristics of the 160 subjects.

Variables Mean ± SD

Male/female 112/48
Age (years) 51.5 ± 14.09
Weight (kg) 78.21 ± 13.5
Height (m) 1.73 ± 0.10
SBP (mmHg) 137.6 ± 19.48
DBP (mmHg) 80.66 ± 11.48
HR (bpm) 67.58 ± 13.28
 Median (CI)
Carotid–femoral PWV (m/s) 7.2 (6.2–8.9)
One-point carotid PWV (m/s) 5.8 (5.0–6.6)

SD: standard deviation: SBP: systolic blood pressure; DBP: diastolic blood 
pressure; HR: heart rate; CI: confidence interval; PWV: pulse wave velocity.

Figure 2.  Echo-tracking assessment of parameters of carotid stiffness (top and middle: arterial stiffness) and carotid diameter variations 
and electrocardiogram (bottom: diameter). Carotid variables are β index and Ep.
PWVβ: local pulse wave velocity; D_max: carotid diameter in systole; D_min: carotid diameter in diastole; HR: heart rate; P_max: systolic blood pressure 
(BP); P_min: diastolic BP.
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r = 0.618, carotid–femoral PWV r = 0.617, p < 0.001 for 
both) (Figure 3).

A good direct correlation was found between carotid–
femoral PWV determined by SphygmoCor and one-point 
carotid PWV measured by Aloka echo-tracking method (r 
= 0.539, p < 0.001) (Figure 4). The area under the ROC 
curve was 0.85, identifying the cutoff for one-point PWV 

of 6.65 m/s as the best predictor of carotid–femoral PWV 
higher than 12 m/s (sensitivity = 0.818, specificity = 0.819) 
(Figure 5).

The parameters that independently affected one-point 
PWV were age and mean BP (R2 = 0.37, p = 0.002); age was 
the parameter that affected carotid–femoral PWV (R2 = 
0.432, p = 0.02).

Figure 3. Relationship between carotid–femoral PWV and “one-point” carotid PWV with age.
PWV: pulse wave velocity.

Figure 4. Relationship between carotid–femoral PWV and “one-point” carotid PWV obtained using SphygmoCor and echo-tracking 
system.
PWV: pulse wave velocity.
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Intra-observer variability was ±3.9% and r = 0.96 for 
carotid–femoral PWV and ±5.5% and r = 0.93 for one-point 
PWV. Interobserver variability was ±3.2% and r = 0.98 for 
carotid–femoral PWV and ±5.9% and r = 0.95 for one-point 
PWV.

Discussion

The PWV is defined as the pulse wave travel speed through-
out the aorta. PWV increases as the aorta becomes stiffer, 
which is a factor that determines the development of cardio-
vascular complications. This was demonstrated in different 
populations including patients with hypertension, diabetes 
mellitus, end-stage renal disease, elderly subjects, and gen-
eral population.1–5

Although carotid–femoral PWV is considered the gold-
standard measurement of arterial stiffness and the cutoff of 
12 m/s has been identified as the best predictor of cardiovas-
cular events,8 it may not reflect the exact pathophysiological 
condition. The distance between the carotid and femoral 
sites is measured manually and may differ from the true 
length of the arterial pathway because of anatomic particu-
larities.16 Furthermore, the aging process on the arterial tree 
is heterogeneous. The decrease in compliance with age of the 
arterial wall might be due to a relative increase in collagen 
fiber which is different in the thoracic aorta from the com-
mon carotid artery;2 measurement of carotid–femoral PWV 
includes segments of the carotid, iliac, and femoral arteries 
which are stiffer than the aorta. This could be overcome by 
using local arterial stiffness indexes to derive the pressure–
diameter curve of the artery and to calculate the local PWV 

from the time elapsed between the two adjacent distension 
waveforms.17 With some echo-tracking systems (ProSound 
Alpha10), it is also possible to determine the local PWV 
using on-line “one-point” measurements at the same time of 
echocardiography examination and intima-media thickness 
determination.15,17 Moreover, the carotid artery is of special 
interest because local carotid stiffness has demonstrated a 
significant predictive value for cardiovascular events.9

We compared carotid–femoral PWV to one-point carotid 
PWV on the basis of the results of their application to a het-
erogeneous population. The results showed a good correla-
tion between the two methods. The one-point carotid PWV 
was systematically lower than the carotid–femoral PWV. 
The elastic properties of arteries vary along the arterial tree, 
which differs within each region of every artery with more 
elastic proximal arteries and stiffer distal arteries.18 Aortic 
stiffness and carotid stiffness, although providing similar 
information on the effect of aging on elastic arteries stiffen-
ing in normal subjects, seem to be not completely inter-
changeable predictors in high-risk patients.1 It has to be 
considered that in this type of patients, the aorta stiffened 
more than the carotid artery with age and even more with the 
addition of other cardiovascular risk factors.19,20 Our find-
ings are in line with those of the literature; in fact, the rela-
tion between carotid–femoral PWV and age was steeper than 
that for one-point carotid PWV, and also with multiple 
regression analysis, only age was independently related to 
carotid–femoral stiffness.

There are few studies reporting on the comparison 
between different local and regional arterial stiffness. Paini 
et al.21 compared aortic PWV with one-point carotid PWV 
measured with a dedicated echo-tracking device (Wall Track 
System) in a study cohort including 463 subjects (94 healthy 
subjects, 243 patients with essential hypertension and with 
hypertension and type 2 diabetes mellitus). The correlation 
between the two methods on the overall population was sim-
ilar to ours. Gaszner et al.22 compared regional PWV meas-
ured by an oscillometric system (arteriograph) in 125 patients 
with coronary artery disease and 125 healthy subjects and 
local PWV measured by echo-tracking in a group of patients 
with coronary artery disease with similar results.

In this study, the parameters of arterial stiffness had good 
reproducibility and repeatability and they are similar to those 
recently published.23 The area under the ROC curve was 
0.85, identifying the cutoff for one-point PWV of at 6.65 m/s 
as the best predictor of carotid–femoral PWV higher than 12 
m/s. To our knowledge, there are no other articles reporting 
a corresponding cutoff number for the one-point carotid 
PWV.8

Moreover, this echo-tracking system embedded in a com-
mercially available cardiovascular ultrasound machine 
(ProSound Alpha10) allows evaluation of, during the same 
examination, other two target organ damage parameters: 
carotid intima-media thickness and left ventricular hypertro-
phy as recommended by the latest guidelines.6

Figure 5. Receiver operating characteristic (ROC) curve analysis 
of “one-point” carotid PWV of 6.65 m/s as the best predictor 
of carotid–femoral PWV more than 12 m/s (sensitivity = 0.818, 
specificity = 0.819). Area under the curve = 0.85.
PWV: pulse wave velocity.
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Limitations of the study

We used brachial BP measurement for the calibration of 
carotid diameter changes. Brachial pressure usually overesti-
mates central pressure especially in young subjects.24 
Moreover, our study group was rather heterogeneous in 
order to better evaluate the reproducibility of the method and 
to find a “one-point” carotid PWV value equivalent to that of 
the carotid–femoral PWV.

In conclusion, our study shows that one-point PWV, 
measured at carotid level using echo-tracking technique, is 
well correlated with traditional carotid–femoral PWV. One-
point PWV measured with Aloka (ProSound Alpha10) 
higher than 6.65 m/s identifies with good sensitivity and 
specificity subjects with carotid–femoral PWV higher than 
12 m/s. Further studies are needed to evaluate the additional 
clinical significance of these findings in order to use one-
point PWV in routine clinical practice for the assessment of 
vascular function and global cardiovascular risk.

Acknowledgements

We thank Martina Arteni for editing the manuscript.

Declaration of conflicting interests

The authors declare that there is no conflict of interest.

Funding

This research received no specific grant from any funding agency in 
the public, commercial, or not-for-profit sectors.

References

 1. Laurent S, Cockcroft J, Van Bortel L et al.; European network 
for non-invasive investigation of large arteries. Expert consen-
sus document on arterial stiffness: methodological issues and 
clinical applications. Eur Heart J 2006; 27(21): 2588–2605.

 2. Nichols WW and O’Rourke MF. McDonald’s blood flow in 
arteries: theoretical, experimental and clinical principles. 
London: Edward Arnold, 1990, pp. 404–405.

 3. Laurent S, Katsahian S, Fassot C, et al. Aortic stiffness is an 
independent predictor of fatal stroke in essential hypertension. 
Stroke 2003; 34: 1203–1206.

 4. Cruickshank K, Riste L, Anderson SG, et al. Aortic pulse-
wave velocity and its relationship to mortality in diabetes and 
glucose intolerance: an integrated index of vascular function? 
Circulation 2002; 106: 2085–2090.

 5. Antonini-Canterin F, Carerj S, Di Bello V, et al.; Research 
Group of the Italian Society of Cardiovascular Echography 
(SIEC). Arterial stiffness and ventricular stiffness: a couple 
of diseases or a coupling disease? A review from the cardiolo-
gist’s point of view. Eur J Echocardiogr 2009; 10(1): 36–43.

 6. Mancia G, De Backer G, Dominiczak A, et al. 2007 ESH-ESC 
Practice Guidelines for the Management of Arterial Hyperten-
sion: ESH-ESC Task Force on the Management of Arterial 
Hypertension. J Hypertens 2007 Sep; 25(9): 1751–1762. Erra-
tum in J Hypertens 2007 Oct; 25(10): 2184.

 7. Perk J, De Backer G, Gohlke H, et al. European Guidelines on 
cardiovascular disease prevention in clinical practice (version 

2012). The Fifth Joint Task Force of the European Society of 
Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives 
of nine societies and by invited experts) (Developed with the 
special contribution of the European Association for Cardio-
vascular Prevention & Rehabilitation (EACPR)). Eur Heart J 
2012; 33(13): 1635–1701.

 8. Mattace-Raso FU, van der Cammen TJ, Hofman A, et al. Arte-
rial stiffness and risk of coronary heart disease and stroke: the 
Rotterdam Study. Circulation 2006; 113(5): 657–663.

 9. Blacher J, Pannier B, Guerin A, et al. Carotid arterial stiffness 
as a predictor of cardiovascular and all-cause mortality in end-
stage renal disease. Hypertension 1998; 32: 570–574.

 10. Barenbrock M, Kosch M, Joster E, et al. Reduced arterial dis-
tensibility is a predictor of cardiovascular disease in patients 
after renal transplantation. J Hypertens 2002; 20: 79–84.

 11. Wang KL, Cheng HM, Chuang SY, et al. Central or peripheral 
systolic or pulse pressure: which best relates to target organs 
and future mortality? J Hypertens 2009; 27: 461–467.

 12. Sugawara M, Niki K, Furuhata H, et al. Relationship between 
the pressure and diameter of the carotid artery in humans. 
Heart Vessels 2000; 15: 49–51.

 13. Aloka Ultrasound Diagnostic Instrument. User manual 2, 
MN1-5206 rev 14, 1999, Cpt 7.6: 90–105.

 14. Kelly R, Hayward C, Ganis J, et al. Noninvasive registration 
of the arterial pressure waveform using high-fidelity applana-
tion tonometry. J Vasc Med Biol 1989; 1: 142–149.

 15. Sutton-Tyrrell K, Najjar SS, Boudreau RM, et al.; Health ABC 
Study. Elevated aortic pulse wave velocity, a marker of arte-
rial stiffness, predicts cardiovascular events in well-function-
ing older adults. Circulation 2005; 111: 3384–3390.

 16. Sugawara J, Hayashi K, Yokoi T, et al. Carotid-femoral pulse 
wave velocity: impact of different arterial path length mea-
surements. Artery Res 2010; 4(1): 27–31.

 17. Harada A, Okada T, Niki K, et al. On-line noninvasive one-
point measurements of pulse wave velocity. Heart Vessels 
2002; 17: 61–68.

 18. Boutouyrie P, Laurent S, Benetos A, et al. Opposing effects of 
ageing on distal and proximal large arteries in hypertensives. J 
Hypertens Suppl 1992; 10: S87–S91.

 19. Laurent S, Girerd X, Mourad JJ, et al. Elastic modulus of 
the radial artery wall material is not increased in patients 
with essential hypertension. Arterioscler Thromb 1994; 14: 
1223–1231.

 20. Benetos A, Laurent S, Hoeks AP, et al. Arterial alterations with 
aging and high blood pressure. A noninvasive study of carotid 
and femoral arteries. Arterioscler Thromb 1993; 13: 90–97.

 21. Paini A, Boutouyrie P, Calvet D, et al. Carotid and aortic 
stiffness: determinants of discrepancies. Hypertension 2006; 
47(3): 371–376.

 22. Gaszner B, Lenkey Z, Illyés M, et al. Comparison of aortic and 
carotid arterial stiffness parameters in patients with verified 
coronary artery disease. Clin Cardiol 2012; 35(1): 26–31.

 23. Magda SL, Ciobanu AO, Florescu M, et al. Comparative 
reproducibility of the noninvasive ultrasound methods for 
the assessment of vascular function. Heart Vessels 2013; 28: 
143–150.

 24. Wilkinson IB, Franklin SS, Hall IR, et al. Pressure amplifica-
tion explains why pulse pressure is unrelated to risk in young 
subjects. Hypertension 2001; 38: 1461–1466.




