
  

  

Abstract—The wave speed (c) and the arrival time of 
reflected wave (Trw) in the common left carotid artery and 
common left femoral artery have been evaluated in 70 healthy 
subjects, aged 35-55 years with a non-invasive method.   
 Wave speed and the arrival time of reflected waves were 
determined with lnDU-loop and non-invasive wave intensity 
analysis (ndI) techniques, respectively. Diameter (D) was 
measured with ultrasound echo wall tracking and velocity (U) 
was obtained by ultrasonography. A statistical analysis has 
been carried out in order to establish a potential relation of c 
and Trw with gender and age in the study population. Subjects 
have been divided in two classes of age, one from 35 to 45 years 
and the other from 45 to 55 years. 
 Results show that c and Trw in the femoral artery are higher 
than those in carotid, in both men and women (P < 0.001). Also, 
the distance of the reflection (L) site from the point of 
measurement is higher in the femoral than in the carotid artery. 
We did not find statistically significant differences between c, 
age or gender in femoral artery.  However, c in the carotid 
artery increases with age (P < 0.05), but did not change between 
men and women. 
 In this paper lnDU-loop has been used for the first time to 
determine c and Trw in carotid and femoral arteries in a large 
population of healthy subjects. 

I. INTRODUCTION 

HE local wave speed in arteries can be used as an 
indicator of arterial stiffness [1,2], with increased 

arterial stiffness being considered as an early phenotype of 
atherosclerosis and potential prognostic factor when 
assessing the individual’s total cardiovascular risk. In the 
past few decades several methods to determine this 
mechanical parameter in real time have been developed. The 
most common is the foot-to-foot method, which is based on 
the measurements of pressure or velocity at two sites located 
at a known distance and the determination of the time delay 
between the two measurements.  
For one-point measurements, Westerhof et al [3] assumed 
that characteristic impedance could be an indicator of wave 
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speed. Khir et al. [4] introduced the PU-loop method (with P 
pressure and U velocity) that consists of the determination of 
the slope of the linear portion of the loop that equals ρc, 
where ρ is blood density. Davies et al [5] determined wave 
speed in coronary arteries minimizing the net wave energy. 
These approaches, however, require the measurement of 
local pressure, which is difficult to measure noninvasively. 
More recently, Feng and Khir [6] developed a new method 
based on noninvasive and simultaneous measurements of 
diameter and flow velocity to determine local wave speed 
and to separate diameter, velocity and wave intensity 
waveforms into their forward and backward components. 
Local wave speed is determined from the slope of the linear 
portion of lnDU-loop (with D diameter), which is equal to ½ 
c. While the reliability of this method has been assessed in 
laboratory hydraulic bench experiments, the applicability in 
a clinical setting and using routine clinical measuring 
equipment has not been demonstrated.  
The aims of this study are therefore 1) determine local wave 
speed in carotid and femoral arteries in a population of 70 
healthy subjects using lnDU-loop 2) determine the arrival 
time of reflected waves and the distance of the reflection site 
by means of the non-invasive wave intensity analysis, and 3) 
examine c and Trw as function of age and gender. 

II.  THEORETICAL CONSIDERATIONS 

A. Determination of wave speed from velocity and 
diameter 

It is well known that wave speed is a function of the 
distensibility of the tube wall and the density of fluid. 
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where A is the initial cross-sectional area and dA its change.  
Re-arranging equation (1), we can write 
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where D is the diameter and dD its change. 
The change in pressure dP is the sum of the forward and 
backward pressure waveforms and we can reasonably 
consider that this relation is also valid for the diameter 
change 

−+ += dDdDdD                                                                 (3) 
 

Substituting (3) into (2) 
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Recalling the water hammer equation  
 

±± = cdUdP ρ                                                                     (5) 
 

and assuming that dU equals the algebraic summation of the 
change in forward and backward directions, we can write 
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Considering Dd
D

dD
ln= , the wave speed can be 

determined as, 
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In the lnD-U plot we can identify by eye a linear portion of 
the loop in the early part of the systole; its slope equals ½ c.  
 

B. Noninvasive wave intensity analysis 

A noninvasive wave intensity can be calculated from 
diameter and velocity as ndI=dDdU [6]. Separating in 
forward and backward directions and re-arranging equation 
(6), ndI can be written as 
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Non invasive wave intensity analysis has the same useful 
characteristic of the traditional analysis, being positive for 
forward waves and negative for backward waves. The arrival 
time of the reflected waves (Trw) that is the time that it took 
the wave to travel from the site of measurements, be 
reflected and came back can be determined as the difference 
between the onset of the forward wave and the onset of the 
backward one. The distance (L) of the reflection site from 

the site of measurements can be calculated as 
2

cTrw
L = . 

III.  METHODOLOGY 

A. Study population 

The study population comprised 70 subjects (35 men and 35 
women) aged 35-55 years, free from overt cardiovascular 
disease. This population represents a subgroup of the 
Asklepios study, a longitudinal population study designed to 
focus on the interplay between aging and cardiovascular 
haemodynamics [7].  

B. Measurement of local arterial diameter 

Arterial diameter distension waveforms were obtained by 
ultrasound echo wall tracking performed at the left common 
carotid artery and at the left common femoral artery using an 
ultrasonographic system (Vivid7; GE Vingmed, Horten, 

Norway). During this procedure, vessel boundary is selected 
manually at a given moment in time and its movement is 
automatically tracked using a modified autocorrelation 
estimator. In this study the outer vessel diameter was 
detected by tracking the media-adventitia boundary on both 
the anterior and posterior walls [7,8,9].   

 

C. Measurement of arterial velocity 

Arterial flow velocities, in left common carotid artery and 
left common femoral artery, were obtained using a 
commercially available ultrasonographic system [7]. Images, 
in DICOM format, were processed offline within a dedicated 
software written in Matlab (The Mathworks Inc, Natick, 
Massachusetts, USA). After a preliminary filtering of the 
images, a morphological operation derived from a 
combination of the fundamental morphological operations 
dilation and erosion was applied in order to smooth image 
contours. Then, the maximum and minimum velocity 
envelope (Fig.1) was detected and the average profile was 
used to calculate the wave speed by means of lnDU-loop (7). 

Since U and D were not recorded simultaneously, they 
were aligned by means of ECG. R-peaks were detected and 
heart rate was calculated for each beat. D and U cycles with 
the same heart rate were used to determine c. Simultaneous 
measurements of U and D is important in c determination, 
but in our case the interval time between the two recordings 
is very short that we can assume that haemodynamics 
parameters did not alter significantly. 

 

 
Fig.1. Detection of maximum and minimum velocity envelope in DICOM 
image.  
 

D. Statistical analysis 

Data are presented as mean values± SD. Comparison 
between carotid and femoral arteries for c and Trw, male and 
female groups for c and age groups for c were assessed by 
paired Student t-test. P values less than 0.05 were considered 
statistically significant. Statistical analyses were performed 
using SPSS 15.0 (SPSS Inc., Chicago, Illinois, USA). 

IV.  RESULTS 

Figure 2 show two examples of lnDU-loop at the carotid 
and femoral arteries. The initial portion of the loop, when it 
is most probable that only forward waves are present, is 
clearly linear. Wave speed calculated from lnDU-loop slope 
is 4.42 m/s and 5.16 m/s for carotid and femoral arteries 



  

respectively. 
Figure 3 and Figure 4 show two examples of a D and U 

waveform (a) and noninvasive wave intensity analysis (b) for 
a carotid and femoral artery, respectively. The arrow 
indicates the arrival time of reflected waves. We can identify 
three peaks corresponding to: a forward compression wave, a 
backward compression wave and a forward expansion wave. 
The same peaks can be found in the traditional wave 
intensity analysis.  

In Table 1, the average values of wave speed and arrival 
time of reflected waves by sex in the study population are 
reported. 

Dividing subjects into two classes of age (35-45 and 45-55 
years) we found that c determined using lnDU-loop does not 
vary significantly with age in the femoral artery (5.19 m/s ±  
2.20 m/s for the 35-45 group and 5.4 m/s ± 2.00 m/s for the 
45-55 group) and increases by about 15% in carotid artery 
(3.82 m/s ± 0.99 m/s for 35-45 group and 4.4 m/s ± 1.29 m/s 
for 45-55 group, P < 0.05). We did not find any statistical 
significant dependence of wave speed on gender. 

c=4.42 m/s

(a)

 

c=5.16 m/s

(b)

 
Fig.2. Wave speed determined in carotid artery (a) and femoral artery (b) by 
lnDU-loop in a female aged 43. Black lines identify the linear portion of the 
loop and the arrows their direction. 
 
 

Table 1. Average values of age, mean blood pressure, carotid and femoral c, 
Trw and L in male and female. 

 MALE 
N=35 

FEMALE 
N=35 

Age±SD 48 ± 5 45 ± 5 
Mean arterial 

pressure (mmHg) 
±SD 

99± 11 104±13 

c car (m/s) ± SD 4.16 ± 1.58 3.71 ± 1.21 
c fem (m/s) ± SD 5.42 ± 2.16 5.64 ± 2.19 
Trw car (s) ± SD 0.036 ± 0.014 0.035 ± 0.016 
Trw fem (s) ± SD 0.089 ± 0.028 0.075 ± 0.034 
L car (cm) ± SD 6.9 ± 2.8 6.3 ± 3 
L fem (cm) ± SD 23.3 ± 10 20.6 ± 11.2 

 

V. DISCUSSION 

The lnDU-loop [6] allows the noninvasive assessment of 
wave speed; for this reason it can be used as an advantageous 
procedure in clinical environment. In the present work this 
method has been applied to determine the wave speed in the 
left common carotid and left common femoral artery, within 
a population of 70 healthy subjects. 

We found that the wave speed in the femoral artery is on 
average higher than in the carotid artery (P < 0.001) which is 
in agreement with previous findings by other investigators 
[10]. 

Vermeersch et al [11] derived, for the whole population of 
the Asklepios study, local carotid and femoral wave speed 
from the distensibility coefficient using the Bramwell-Hill 
equation:                                                                                                    

SD
c

ρ
1=                                                                  (9) 

where DS is the distensibilty and ρ is the density of blood. 
They found that carotid wave speed increases with age 
regardless of gender, and that there is not a significant 
difference between men and women. With regard to femoral 
wave speed they identified a higher value in men than in 
women. Apart from the latter finding, the results of this small 
prospective feasibility study appear to be in line with results 
reported by Vermeersch et al. for the complete population.   

In this paper the arrival time of reflected waves and the 
distance from the reflection site have been determined by 
noninvasive wave intensity analysis.  Trw in the femoral 
artery is higher than Trw in carotid artery (P < 0.001). The 
distances from the reflection site, derived from Trw and c, 
are 6.9 cm ± 2.8 cm and 6.3 cm ± 3 cm for the carotid artery 
in men and women respectively and 23.3 cm ± 10 cm and 
20.6 cm ± 11.2 cm for the femoral artery in men and women 
respectively.   
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Fig.3. D and U waveforms (a) and ndI separated in its forward and 
backward components (b) in carotid artery. The arrows indicate the onset of 
the forward wave (t=0) and the onset of the backward wave (Trw=0.05s). 

VI.  LIMITATIONS  

Determination of c by means of lnDU-loop could be affected 
by errors due to (i) the detection of its linear portion by eye, 
in this case the inter- and intra- observer variability should 
be investigated and (ii) the fact that U and D were not 
recorded at the same time. 

VII.  CONCLUSION 

The lnDU-loop and noninvasive wave intensity analysis are 
useful and reliable methods to determine wave speed and 
arrival time of reflected waves. In order to develop a more 
accurate statistical analysis, the study should involve the 
entire Asklepios population. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.4. D and U waveforms (a) and ndI separated in its forward and 
backward components (b) in femoral artery. The arrows indicate the onset 
of the forward wave (t=0) and the onset of the backward wave (Trw=0.12s). 
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