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a b s t r a c t

The purpose of this work was to evaluate ultrasound modality as a non-invasive tool for determination of
impact of the degree of the atherosclerotic plaque located in human internal carotid arteries on the values
of the parameters of the pulse wave. Specifically, the applicability of the method to such arteries as bra-
chial, common, and internal carotid was examined. The method developed is based on analysis of two
characteristic parameters: the value of the mean reflection coefficient modulus |C|a of the blood pressure
wave and time delay Dt between the forward (travelling) and backward (reflected) blood pressure waves.
The blood pressure wave was determined from ultrasound measurements of the artery’s inner (internal)
diameter, using the custom made wall tracking system (WTS) operating at 6.75 MHz. Clinical data were
obtained from the carotid arteries measurements of 70 human subjects. These included the control group
of 30 healthy individuals along with the patients diagnosed with the stenosis of the internal carotid
artery (ICA) ranging from 20% to 99% or with the ICA occlusion. The results indicate that with increasing
level of stenosis of the ICA the value of the mean reflection coefficient measured in the common carotid
artery, significantly increases from |C|a = 0.45 for healthy individuals to |C|a = 0.61 for patients with ste-
nosis level of 90–99%, or ICA occlusion. Similarly, the time delay Dt decreases from 52 ms to 25 ms for the
respective groups. The method described holds promise that it might be clinically useful as a non-inva-
sive tool for localization of distal severe artery narrowing, which can assist in identifying early stages of
atherosclerosis especially in regions, which are inaccessible for the ultrasound probe (e.g. carotid sinus or
middle cerebral artery).

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The purpose of this work was to evaluate ultrasound modality as
a non-invasive tool for determination of impact of the degree of the
atherosclerosis located in human internal carotid arteries on the val-
ues of the parameters of the pulse waves. Specifically the applicabil-
ity of the method to such arteries as brachial-, common- and internal
carotid was examined. The diagnosis method developed involves
determination of the value of the mean reflection coefficient modu-
lus |C|a and identification of the pulse waves components with their
subsequent decomposition into the forward (travelling) and back-
ward (reflected) blood pressure waves. Below, a brief review of the
literature relevant to this work is given and with this background
the organization of the paper is presented.

The decomposition of pulse waves into travelling and reflected
components was proposed by several research teams [1–10],
however, the analysis adopted here was based on the approach
All rights reserved.

fax: +48 228269815.
developed in [1,2] and later extended as described in [11,12].
Capitalizing on the earlier results published in [2], where it was
pointed out that the decomposition requires the local blood
pressure, blood flow and characteristic impedance of the artery
considered to be known, the authors of [1] developed a model
using electro-mechanical analogies. More specifically, the model
described the artery as a transmission line, where the blood pres-
sure and blood flow were represented by the electric potential (or
voltage) and current, respectively. Further, the model accounted
for the frequency dependent attenuation of the propagating and
reflected waves and allowed characteristic impedance of the artery
to be determined. The aspect of novelty of the work presented here
includes the fact that the approach presented uses the non-linear
relationship between the blood pressure and the artery diameter.
This is in contrast to the analysis proposed in [9], where the linear
relationship alone was considered.

This paper is organized as follows. In Section 2 the basic param-
eters related to wave reflection and vascular characteristic imped-
ance are introduced. These parameters are discussed as they were
used in the development of the brachial artery experiment
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employed here to predict the separation of the wave components.
In Section 3 the conceptually predicted results are compared with
those obtained from in vivo measurements of five groups of pa-
tients with different levels of stenosis. The fundamental limitations
of the approach proposed are examined in Section 4 and it is con-
cluded that within certain limitations, the method developed has a
potential to provide a quantitative information that could enhance
the diagnostic power when determining the atherosclerotic lesions
in human arteries.
2. Reflection model and methods

In this section, the analytical expressions for reflection coeffi-
cient, frequency dependent artery’s impedance, pulse wave veloc-
ity, and the relationship between the vessel diameter and systolic
and diastolic pressures are defined. These expressions are semi-
empirical and were derived based on the results of the non-inva-
sive in vivo experiments in human arteries.

To gain a better insight into the analysis presented it is useful to
note that during each heart contraction a volume of blood is trav-
elling from the left ventricle to the aorta and through the arterial
tree to the small peripheral arterioles creating blood waves and
introducing local changes in the blood pressure. As mentioned ear-
lier the assumption that the electric transmission line can be used
as an adequate artery model was originally proposed in [2], where
it was observed that the arterial tree allows a number of points
where from the pressure wave is partially reflected to be identified.
Such points or sources of the wave reflection are due to the imped-
ance mismatch at each bifurcation (see Eq. (2)) because each
branch of an artery has its individual characteristic impedance.
The sources are also formed by the atherosclerotic stenosis (pla-
ques) deposited in the arteries. The vascular tree model was fur-
ther examined in [13] where it was shown that the total blood
pressure wave P measured at any point of the tree consists of the
forward (travelling) wave Pf and the backward (reflected) wave Pr

and can be expressed as:

P ¼ Pf þ Pr ¼ Pf ð1þ CÞ; ð1Þ

where C is the complex reflection coefficient.
The coefficient C describes the relation between the reflected

and travelling wave at the specific location where the measure-
ment is performed. The value of this coefficient is calculated from
the vascular input impedance Z and the vascular characteristic
impedance Zo according to the formula [3]:

C ¼ Pr

Pf
¼ Z � Zo

Z þ Zo
: ð2Þ

The impedances Z and Zo are measured in the frequency domain
and defined [3] as:

Z ¼ P
Q
; Zo ¼

Pf

Qf
¼ � Pr

Q r
; ð3Þ

where Q, Qf, Qr describe the total, forward (travelling) and backward
(reflected), blood flow waves, respectively.

As already noted, the aim of the present study was to examine
whether the diagnosis of stenosis or occlusion can be refined or
aided by using non-invasive ultrasound modality. This required
an assessment of the dependence of the artery stenosis on the
mean reflection coefficient (see, Eq. (4)) and the time delay Dt
between the backward (reflected) and forward (travelling) pulse
waves. The time delay Dt was determined here by the widely
accepted ‘‘zero-crossing’’ method [14] after the systemic mean
blood pressure value was eliminated. Mean pressure is calculated
as an integral over the heart cycle of the total pressure time wave.
The mean reflection coefficient modulus |C|a was calculated
from the values of the moduli |Pf| and |Pr|, which were determined
for the first 10 harmonics of the heartbeat according to following
expression:

jCja ¼
X10

n¼1

jPrnj
,X10

n¼1

jPf nj: ð4Þ

The inclusion of 10 harmonics was considered adequate as they
contain over 90% of the energy of the propagating pulse wave.

The relationship between the blood pressure P and the square
value of artery diameter D was determined using the expression
derived in [11] and later corroborated in [12,15–16]:

PðtÞ ¼ Pdexp
D2ðtÞ � D2

minðtÞ
D2

max � D2
min

ln
Psys

Pd

� �" #
; ð5Þ

where Dmin and Dmax are the minimum and maximum diameters for
the diastolic Pd and systolic Psys pressure, respectively.

According to Eqs. (3) and (5), the vascular input impedance Z in
arteries can be calculated from the simultaneous measurements of
the blood flow and the vessel diameter and the measurements of
maximum and minimum values of blood pressure.

As indicated is Eq. (3), in addition to vascular input impedance
Z, the knowledge of characteristic impedance Zo is also of impor-
tance. Whereas this impedance can be determined in several ways,
in this work the method proposed in [17] was selected:

Zo ¼
q co

pR2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2
p ffiffiffiffiffiffiffiffiffi

M0
10

q e
�i

e10

2 ; ð6Þ

where q is the blood density, R is the vessel radius, r is the Poisson
constant, i is an imaginary number, M0

10 and e10 are tabulated values
[17], which are functions of the vessel radius, blood viscosity and
harmonic frequencies of the pressure wave; co is the propagation
pressure pulse wave velocity (PWV) in the vessel.

Eq. (6) was chosen because it adequately describes the arterial
conditions, both in vitro (using a freely suspended elastic tube)
and in vivo. The procedure leading to the derivation of Eq. (6) em-
ployed linearized Navier–Stokes equations for calculation of the
pulsatile viscous blood flow. For the typical hematocrit of 45%
and for the values of blood pressure varying between 80 mm Hg
and 120 mm Hg, in the artery such as CCA considered in this work,
the value of the blood viscosity coefficient g ranges from 4 � 10�3

to 5 � 10�3 Pa s [18]. The visco-elastic material of the arterial wall
was described by Womersley [17] in terms of the complex Young’s
modulus E0 = E(1 + ixDE), and complex Poisson’s coefficient
r0 = r(1 + ixDr); where x is angular frequency of the heart bit. E
[Pa] and r are static values while DE [Pa] and Dr are dynamic val-
ues of the Young’s modulus and Poison’s coefficient, respectively.
Values of DE and Dr are proportional to the viscosity of the mate-
rial of the arterial wall (for the CCA typical values are: r = 0.5 for
|xDr| = 0.053 � r, and E = 0.1–1 � 106 Pa for |xDE| = 0.005–
0.1 � |E|). According to the Womersley’s theory, DE and Dr decrease
with heart bit frequency.

In Eq. (6) the co that is the propagation pressure pulse wave
velocity (PWV) in the vessel can also be determined in several
ways [19–20]. Here, the Moens–Korteweg equation presented in
[21] and modified by Bramwell and Hill in [22] was employed:

co ffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DP D2

min

q ðD2
max � D2

minÞ

s
; ð7Þ

where DP is the blood pressure change corresponding to the change
in the vessel diameter from Dmin to Dmax. Eq. (7) is widely accepted
because it provides the results very close to those obtained from
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Moens–Korteweg’s original formulation and allows the data to be
determined in the non-invasive way.

2.1. In vivo studies

The method proposed here was tested on 70 patients, who were
divided into five groups (referred in the following to as A–E – see
Table 1). Each of the groups represented different gender and dif-
ferent levels of the ICA stenosis. The level of stenosis was measured
following the method proposed in [23]. The measurement was per-
formed using a noninvasive ultrasound scanner ECCOCEE (Toshiba
Inc., Japan), operating in B-mode and using 7.5 MHz linear array
probe. The penetration depth was close to 8 cm. The axial and lat-
eral resolution were equal to 0.25 mm and 0.7 mm, respectively.
The maximum percentage level of stenosis was computed by sub-
tracting the values of residual lumen and the original diameter and
dividing the difference by the original diameter. To minimize the
overall error (see Section 4) this was performed by the same oper-
ator using the same ultrasound scanner at the site where the max-
imum stenosis was located.

In the next section the clinical data are presented.

3. Results of clinical examinations

All clinical studies were performed at the Department of the
General and Thoracic Surgery of the Warsaw Medical University.
All patients consented to the study according to the protocol ap-
proved by the University’s Ethic Commission (Internal Review
Board – IRB).

The studies were performed using two easily accessible vessels:
the human brachial (BA) and common carotid arteries (CCAs). Prior
to the clinical studies the preliminary testing of the concept of the
proposed method was performed using the brachial artery of a
healthy volunteer. As already noted the brachial artery was se-
lected because it is easily accessible for ultrasound imaging and
relatively long. It is also characterized by virtually stable (or lami-
nar) blood flow without any turbulence. In addition, it allows
unobstructed access to perform the blood pressure measurement
using a sphygmomanometer and facilitates stenosis simulation.
The simulation is readily implemented by the attending clinician
by simply exerting digital force on the artery, in order to cause
the flow occlusion or impede the flow. The carotid artery was se-
lected because it is the one that is routinely examined during the
pre-stroke diagnosis of the atherosclerotic stenosis.

The instantaneous value of the artery diameter (Eq. (5)) was
measured non-invasively by laboratory designed pulse-echo,
A-mode ultrasound digital wall tracking system (WTS) [12]. The
system is an intrinsic part of the ultrasound Vascular Echo Doppler
(VED) device comprising CW Doppler blood velocity meter with
the two-channel 128 points FFT color spectrum density analyser
Table 1
Parameters determined in groups of healthy and ill individuals.

Examined group (A) Control (B) ICA stenosis 20–49% (C) ICA stenosis

Number of cases 30 10 10
Age (years) 48 ± 14 68 ± 7 66 ± 5
Psys (mm Hg) 120 ± 11 138 ± 19 153 ± 21
Pd (mm Hg) 74 ± 9 80 ± 14 84 ± 13
Dmin (mm) 7.2 ± 1.1 7.8 ± 0.9 7.7 ± 1.1
Qmed (dm3/min) 0.61 ± 0.11 0.53 ± 0.16 0.47 ± 0.13
co (m/s) 6.8 ± 1.5 8.5 ± 1.3 9.2 ± 2.0
|C|a 0.45 ± 0.05 0.5 ± 0.06 0.55 ± 0.06
Dt (ms) 52.5 ± 13 45.2 ± 11 33.2–11

ICA – is the internal carotid artery, Psys, Pd – are the systolic and diastolic blood pressures
carotid artery (CCA), Qmed – is the mean value of blood flow rate in CCA, co – is the pressu
modulus, Dt – is the time delay between backward and forward traveling pressure wav
[12]. The ultrasonic Doppler and pulse beam axes were fixed at
the angle of 30�. The choice of the CW Doppler flow meter and
its frequency 4.5 MHz and pulse-echo transducer frequency opera-
tion 6.75 MHz complied with the criteria and guidelines, devel-
oped in [24]. The precision of the WTS measurement of the
vessel wall displacements was determined by the ½ cycle of the
hardware clock operating at 54 MHz, and was better than 7 lm.
The axial resolution of the vascular diameter measurements was
tested on two thin (0.1 mm) parallel mounted transparent films
immersed in the water tank, and determined to be less than
0.33 mm. The corresponding lateral resolution was approximately
0.8 mm. These resolutions were considered to be sufficient for the
measurements described in the following.

The blood pressure diastolic Pd and systolic Psys values were
measured by the sphygmomanometer HPM-100-FIFO (TEMED
Inc., Poland).

Fig. 1 shows the results obtained using the Vascular Echo Dopp-
ler device and displayed on its screen. Fig. 1a represents the echoes
from the walls of the CCA measured by A-mode, 6.75 MHz ultra-
sound. Fig. 1b displays the internal diameter variations of the
examined artery during heart cycles while the corresponding
Doppler density spectrum of the blood velocity in the artery is de-
picted in Fig. 1c.

The total blood flow waves Q (Eq. (3)) were calculated as a prod-
uct of the measured blood velocity and the inner cross-section of
the artery at the measurement instant. Further, it was assumed
that the artery cross-section was circular as the pressure on the ar-
tery due to the application of the ultrasound probe during the
examination was negligible.

It is commonly accepted that for a human in supine position the
blood pressure in the CCA is virtually identical to the blood pres-
sure in the brachial artery (BA). The possible differences between
the arm and carotid pressures could be of concern only if the pulse
pressure ratio were varying between 0.4 and 1.6 for individuals of
age between 20 and 70 years [25].

To obtain the trace of the blood pressure in the CCA, the values
of diastolic Pd and systolic Psys blood pressure are needed (see Eq.
(5)). These were taken from the blood pressure sphygmomanome-
ter measurements during which a pressure cuff was positioned on
the arm. The values of the forward (travelling) and backward
(reflected) blood pressure waves in the CCA were determined using
the characteristic impedance calculated from Eq. (6).

To demonstrate the influence of the arterial stenosis on the
pulse wave parameters, the preliminary validation of the method
proposed was experimentally performed on 22 years old healthy
male volunteer. The test object was asked to rest for 15 min in su-
pine position to ensure stabilization of both the respiratory process
and of the heart rate.

The initial test included measurements of the blood pressure
and pulse wave under two different conditions as described below
50–69% (D) ICA stenosis 70–89% (E) ICA stenosis 90–99% or occlusion

10 10
65 ± 9 71 ± 10
141 + 15 156 ± 22
80 ± 11 86 ± 9
7.8 ± 1.1 8.0 ± 1.3
0.4 ± 0.13 0.32 ± 0.13
9.4 ± 1.3 8.9 ± 2.9
0.56 ± 0.13 0.61 ± 0.14
33.7 ± 14 25.3 ± 15

in the brachial artery, respectively. Dmin – is the minimum diameter of the common
re pulse wave velocity (Eq. (7)), |C|a – is the mean value of the reflection coefficient
es. Note that all patients in groups C–E suffer from hypertension (see Section 4).



Fig. 1. An example of the data displayed on the Vascular Echo Doppler (VED)
system during the measurements in the human common carotid artery (CCA): (a)
echoes from the wall of the artery (to – time of registering the echoes), (b) artery
diameter variations, (c) blood velocity in the CCA (Doppler spectrum) (see text for
more detailed description).

Fig. 3. An example of pulse waves obtained during the examination of 22 year old
healthy male: total P, forward Pf and reflected Pr determined from brachial artery
measurements: (a) measured in the unobstructed artery and (b) measured with the
pressed artery at a distance of 12 cm below the measurement point; Ps is the mean
pressure (see text for more detailed description).
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and carried out at the site located in the middle of the left arm at
the distance of 56 cm from the fingertips (see Fig. 2). This location
was chosen because there the diameter of the BA is relatively large
(over 4 mm). At this very site the blood pressure was determined
using the pressure cuff, the pulse wave was determined using
the ultrasound VED system. Specifically, two measurements were
carried out: one without exerting any external pressure on the
BA, and the second one with the BA being slightly compressed with
the help of the rubber band; The rubber band was applied on the
forearm (slightly below the elbow joint) at the distance of approx-
imately 12 cm below the first measurement site, i.e. below the
VED’s ultrasound measurements site.

Both sites were chosen for the easiness of mimicking stenosis
via blood vessel narrowing using simple compression. As indicated
above, the time delay Dt between forward (travelling) and back-
ward (reflected) pulse waves was determined by the zero-crossing
method [14]. When the BA was compressed, the blood velocity
spectrum density (visualized on the VED display) was decreased
and the associated blood flow was reduced by about 60%. The
corresponding time delay Dt decreased from 132 ms to 35 ms,
whereas the mean value of the reflection coefficient |C|a increased
from 0.4398 to 0.7983 (see Fig. 2). In Fig. 3 all three traces of the
pressure waves, namely the total one P, forward (travelling) Pf

and backward (reflected) Pr as determined from the BA measure-
ments are shown. Fig. 3a shows the trace measured in the unob-
structed artery. In Fig. 3b the result corresponding to the artery
depressed to mimic stenosis at a distance of 12 cm below the mea-
surement point is shown; here, Ps represents the mean pressure. It
Fig. 2. Schematically shown positioning of the Vascular Echo Doppler probe and the
compression band used during healthy volunteer verification of the method
described here. The band was used to mimic stenosis of the brachial artery (see
text for more detailed description).
is worthwhile to note that after the BA was externally occluded the
amplitude of the total pressure wave P increased from 114 to
127 mm Hg, while the value of the mean pressure Ps increased
from 77 to 84 mm Hg. The exact location (see Fig. 2) of the hypo-
thetical main reflection point (where the rubber band was applied,
i.e. 12 cm below the 1st measurement site) was calculated on the
base on the pulse wave velocity co (Eq. (7)) as half value of the
product of co and Dt. This calculation revealed that the ‘‘effective’’
main reflection point distance was 67 cm instead 56 cm. Similarly,
the calculated position of the rubber band induced stenosis was
determined to be 16 cm that is 4 cm further down towards the
palm. This indicates that Eq. (2) used to calculate pulse wave veloc-
ity co (10.2 m/s for not clamped artery and 9.5 m/s for rubber band
compressed artery) does not account for the complexity of the dis-
tal blood vessel tree architecture.

The above discussed significant changes of the reflection coeffi-
cient |C|a, the time delay Dt between forward (travelling) and
backward (reflected) pulse waves, and the artificially induced
(using the rubber band) stenosis location, suggested that an appro-
priate correlation of these parameters will allow to evaluate the
true distance from measurement point to the stenosis and the de-
gree of the stenosis of the examined artery. This result encouraged
the subsequent clinical trial performed on 70 patients (see Table 1).
All seventy patients were examined in the supine position after
resting for 15 min. The systolic and diastolic blood pressures were
measured just before and just after the ultrasound examinations
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using the VED system were carried out. The mean values of the
measured blood pressures were taken into account to perform
the required – Eqs. (5) and (7)’s – calculations. The VED ultrasound
probe was placed on the common carotid artery (CCA) at a distance
of 3 cm below the bifurcation and at this specific location in none
of the patients examined any stenotic plaques were detected, i.e.
no changes in the arteries were observed. The distance of 3 cm
was chosen for two reasons. Firstly, it allowed the values of the
time delay Dt associated with the possible sources of stenosis
existing in the ICA in the immediate vicinity of the CCA bifurcation
to be determined. Secondly, it permitted to ensure virtually turbu-
lence free flow conditions. The free flow condition exists because
this distance is located about 10 (or more) cm from an arch of
the aorta from which the CCA branches.

The A group (the control cohort of 30, see Table 1) did not show
any pathological changes in the arteries. The groups B, C, D and E
(each representing 10 individuals) included patients with athero-
sclerotic changes found unilaterally that is in one branch of the
internal carotid artery (ICA). It is here appropriate to note that each
human has two – left and right – carotid arteries and the term uni-
laterally indicates here that the stenosis was located only at either
left or right internal carotid artery (ICA) and ranged from 20%
stenosis level to the total occlusion located just behind the CCA
bifurcation (Table 1).

In Fig. 4 the results for 68 year old healthy male and 78 year old
female patient with 60% stenosis in the ICA are summarized.
Fig. 4. Pulse waves recorded during the examination of the CCA: (a) measured in
68 year old healthy male without atherosclerotic lesions in carotid arteries and (b)
measured in 78 year old female patient with 60% stenosis in the ICA; total wave P,
forward Pf and reflected Pr, Ps is the mean pressure (see text for more detailed
description).
Similarly to the plots depicted in Fig. 3 the three traces of pressure
waves are shown: the total one, the forward one, the reflected one
and the mean one, denoted as P, Pf, Pr and Ps, respectively.

As shown in Fig. 4, the mean reflection coefficient |C|a of Eq. (4)
was 87% higher and the time delay Dt between forward Pf and
backward Pr pressure waves was 6.8 times shorter for the stenosis
diagnosed individual than for a healthy one.

The clinical results of ultrasonic evaluation of |C|a – the mean
reflection coefficient modulus of the pulse pressure waves and the
time delay Dt – between forward (travelling) Pf and backward
(reflected) Pr pressure waves for A, B, C, D and E groups are also
presented in Fig. 5, where p is the statistically significant level in
the non-parametric Mann–Whitney U test.

The results corresponding to each group are presented as
mean ± standard deviation; the value of p < 0.05 was considered
to be statistically significant. The statistical analysis using non-
parametric Mann–Whitney U test – Statistica program ver. 8 (Stat-
Soft Inc., USA) was selected because the random variables consid-
ered did not exhibit normal distribution.

Table 1 lists additional data recorded for each of the five groups
of the examined patients. The control group A consisted of patients
aged between 26 and 79. The age of the patients groups B, C, D, and
E was between 52 and 86. The mean values of the systolic and dia-
stolic pressures were ranging from 120/74 mm Hg for control
group A to 156/86 mm Hg for patients of group E. The minimum
inside diameter Dmin of the CCA was 7.2 mm for the control group
A and ranged from 7.7 to 8 mm for B–E groups. This slight growth
of the diameter of the CCA was found to correlate with the mean
age of particular groups of patients and similar result was reported
in [16]. The mean values of the blood flow Qmed decreased with the
arterial stenosis from 0.61 for the control group A to 0.32 dm3/min
for patients with the critical stenosis level of the ICA, (group E). The
Fig. 5. The clinical results of A–E groups (see Table 1): (a) |C|a – is the mean
reflection coefficient modulus of the pulse pressure waves and (b) Dt – is the time
delay of the reflected wave, p – is the statistical significant level in the non-
parametric Mann–Whitney U test (see text for more detailed description).



480 Z. Trawiński et al. / Ultrasonics 52 (2012) 475–481
mean pulse wave velocity PWV (Eq. (7)) was determined to be
equal to 6.8 m/s for the control group A and was found
to be considerably lower in comparison with the range of
8.5–9.4 m/s observed in groups B–E.
4. Discussion and conclusion

As indicated earlier, for this study the brachial artery was
selected initially as it is easily accessible and allows stenosis to be
simulated or mimicked by applying external pressure. In the exper-
iments described such artificially induced stenosis reduced the
blood flow by about 60% and also reduced the time delay, between
forward (travelling) and backward (reflected) pulse waves, from
132 ms to 35 ms. Such behavior is in agreement with the one re-
ported in [26], where transmission line analogy was also used in or-
der to predict the influence of the characteristic impedance of an
artery for the backward component of the pulse wave. It should be
noted, however, that the measurements described in [26] were ob-
tained in the canine’s CCA and were measured in invasive way. In
contrast, in the present work all clinical data pertain to human sub-
jects and were acquired noninvasively. It is well known [8], that in
the arterial tree there exist many mismatch points (e.g. each bifurca-
tion, stenosis or peripheral resistances) from which the travelling
pressure wave can be partially reflected. In the present work the
individual reflections were considered as one reflected wave repre-
senting the additive combination of all individual waves.

As discussed in the previous section, the results presented in
Table 1 and Figs. 4 and 5 indicate, that a vessel stenosis causes a
considerable increase in the value of the mean reflection coeffi-
cient modulus |C|a (from 0.45 to 0.61) and a substantial decrease
in time delay Dt between the reflected and forward pressure waves
(from 52 ms to 25 ms) measured at the point proximal to the loca-
tions of the stenosis. It was not possible to discriminate the control
group A from the B group (with relatively low – 25–50% – stenosis
level of the ICA) unequivocally using the time delay Dt only (see
Fig. 5).

However, the use of the |C|a as a discriminator of the ICA
stenosis level aided in classification of the patients in the groups
A–C (which exhibited a medium – 50–69% – stenosis level in the
ICA). Further, the |C|a also allowed discrimination of groups B–E
from the control group (A). Based on these outcomes it would ap-
pear that, overall, the method is not yet clinically optimized be-
cause – as shown in Table 1 – the distinction or differentiation
between the patients in groups C–E was not successful.

A comparison of the two statistically significant parameters
examined here, i.e. the mean reflection coefficient modulus |C|a

and the time delay Dt suggests that the usefulness of the |C|a

may be more promising because this parameter was also capable
of differentiating the group A from B.

The overall uncertainty of the method described is primarily
dependent on the ultrasound measurement errors E1 and E2 and
with error E3 which are associated with the two ultrasound tech-
niques – B-mode imaging and wall tracking system (WTS) – used
here, and provided by the blood pressure measurement technique,
respectively. The error in the level of stenosis determination when
using B-mode imaging system was estimated to be E1 = ±5% [23].
The similar value of E2 = ±5% error was introduced by the wall
tracking system used (see Section 3 and [15]). The error E3 associ-
ated with the pressure blood gauge was also ±5% according to the
manufacturer’s specifications. From these values the standard
error SE of the method described above was calculated as
SE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

1 þ E2
2 þ E2

3

q
¼ 8:66% and, finally, the root mean square

error RMSE was determined as RMSE ¼ SEffiffi
n
p ¼ 5%, where n is the

total number of contributing error sources (here, 3). Both the SE
and RSME values are acceptable in the clinical practice.
All in all, the results of the ultrasound examinations in the
human brachial and the common carotid arteries indicate that
the vessel stenosis causes a substantial increase in the mean reflec-
tion coefficient and a considerable decrease of the time delay
between the forward and reflected pulse waves at the measure-
ment point located in the proximity of the stenosis. This outcome
suggests that the statistically significant mean reflection coeffi-
cient modulus |C|a can be used as a quantitative measure of degree
of the atherosclerosis in the ICA. However, as the change in |C|a

was not sufficient to diagnose the level of atherosclerosis in groups
C–E it seems to suggest an existence of an (yet) unidentified mask-
ing agent that prevented the correct diagnosis of atherosclerosis in
all three of these groups (C–E). It is plausible that this masking
agent is hypertension, which was indeed, the case for all patients
in groups C–E (see Table 1).

In view of the above discussion, the method described holds
promise that it might be clinically useful as a non-invasive tool
for localization of distal severe artery narrowing, which can assist
in identifying early stages of atherosclerosis, especially in regions,
which are inaccessible for the conventional ultrasound probe test-
ing site (e.g. stenosis developing distally from the carotid bifurca-
tion such as stenosis in carotid sinus or middle cerebral artery).
References

[1] N. Westerhof, P. Sipkema, G.C. Van Den Bos, G. Elzinga, Forward and backward
waves in the arterial system, Cardiovascular Research l 6 (1972) 648–656.

[2] J.R. Womersley, An elastic tube theory of pulse transmission and oscillatory
flow in mammalian arteries, Technical Report, Wright Air Development Center
(1957) TR56–614.

[3] J.K. Li, Time domain resolution of forward and reflected waves in the aorta,
IEEE Transactions and Biomedical Engineering 33 (1986) 783–785.

[4] L.P.J. Dujardin, D.N. Stone, Characteristic impedance of the proximal aorta
determined in the time and frequency domain: a comparison, Medical and
Biological Engineering and computers 19 (1981) 565–568.

[5] S.I. Rabben, N. Sterigiopulos, L.R. Hellevik, O.A. Smiseth, S. Slordahl, S. Urheim,
B. Angelsen, An ultrasound-based method for determining pulse wave velocity
in superficial arteries, Journal of Biomechanics 37 (2004) 1615–1622.

[6] B.W.A.M.M. Beulen, N. Bijnene, G.G. Koutsouridis, P.J. Brands, M.C.M. Rutten,
F.N. Van de Vosse, Toward noninvasive blood pressure assessment in arteries
by using ultrasound, Ultrasound in Medicine and Biology 37 (5) (2011) 788–
797.

[7] K.H. Parker, C.J.H. Jones, J.R. Dawson, D.G. Gibson, Forward and backward
running waves in the arteries: analysis using the method of characteristics,
Journal of Biomechanical Engineering 112 (1990) 322–326.

[8] F. Pythoud, N. Stergiopulos, J.J. Meister, Separation of arterial pressure wave
into their forward, backward running components, Journal of Biomechanical
Engineering 118 (1996) 205–301.

[9] F. Rakebrandt, C. Palombo, J. Swampillai, F. Schon, A. Donald, M. Kozakowa, K.
Kato, A.G. Fraser, Arterial wave intensity, ventricular–arterial coupling by
vascular ultrasound: rationale and methods for automated analysis of
forwards and backwards running waves, Ultrasound in Medicine and Biology
35 (2) (2009) 266–277.

[10] A.W. Khir, A. O’Brien, J.S.R. Gibbs, K.H. Parker, Determination of wave speed
and wave separation in the arteries, Journal of Biomechanics 34 (2001) 1145–
1155.
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