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Abstract—Simultaneous assessment of diameter and pressure waveforms allows the calculation of the incre-
mental compliance, distensibility, pulse wave velocity and elastic modulus as function of the distending pressure.
However, the waveforms must be obtained at the same position and acquired and processed with the same filter
characteristics to circumvent possible temporal and spatial changes in amplitude and phase. In this paper,
arterial diameter waveforms are assessed by means of ultrasound (US) and converted to pressure using an
empirically derived exponential relationship between pressure and arterial cross-section. The derived pressure
waveform is calibrated to brachial end diastolic and mean arterial pressure by iteratively changing the wall
rigidity coefficient ( i.e., the exponential power). Because pressure is derived directly from arterial cross-section,
no phase delay is introduced due to spatial separation or different filter characteristics. The method was
evaluated for the left common carotid artery of 51 healthy subjects ranging in age from 22 to 75 years old. In
healthy subjects, the carotid pulse pressure is 29% lower than the brachial pulse pressure. Continuous
assessment of arterial properties confirms that pulse-wave velocity and incremental elastic modulus increase,
whereas distensibility and compliance decrease, as function of increasing distending blood pressure. (E-mail:
j.meinders@bf.unimaas.nl) © 2004 World Federation for Ultrasound in Medicine & Biology.

Key Words: Pressure waveform, Diameter waveform, Arterial stiffness, Wall rigidity, Carotid pulse pressure,
Distensibility, Compliance, Elastic modulus, Pulse wave velocity.
INTRODUCTION

Absence of possibilities to assess pressure at specific
sites in the arterial tree complicates evaluation of arterial
wall characteristics and hemodynamics. For instance, to
determine the local elastic modulus of an arterial wall,
the local pressure waveform has to be assessed simulta-
neously with the diameter waveform and vessel wall
thickness. Diameter waveforms and vessel wall thickness
can be obtained accurately using ultrasound (US) (Hoeks
et al. 1990, 1997). Several methods have been proposed
to assess local pressure waveforms; however, most of
them suffer from one or more drawbacks. The invasive
nature of a pressure catheter inserted in the artery under
investigation probably influences local conditions of
flow and geometry and is, also, not very suitable for
routine examination. Use of pressure waveforms as-
sessed at other sites in the arterial tree is questionable
because the pressure waveform changes with the location
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in the arterial tree (Nichols and O’Rourke 1998) and
introduces a phase delay between diameter and pressure,
resulting in erroneous conclusions about the viscoelastic
properties of the arterial wall (Hoeks et al. 2000). To
reduce the site-dependence of pressure, a generalized
transfer function may be used. Although the generalized
transfer function has proven to be useful (O’Rourke
1999; Millasseau et al. 2000), it is an average over many
subjects; thus, specific individual information may be
lost (Segers et al. 2000). Furthermore, nonlinear propa-
gation of the pulse-wave velocity (PWV) as function of
the distending pressure is neglected and the phase delay
between diameter and pressure still remains.

Applanation tonometry allows noninvasive assess-
ment of the local pressure waveform. Good results are
obtained after calibration of the applanation pressure
waveform to the mean arterial blood pressure and dia-
stolic blood pressure, which are assumed to be the same
throughout the major arteries (Kelly and Fitchett 1992;
van Bortel et al. 2001). However, simultaneous assess-
ment of pressure and diameter (lumen area waveform) is

difficult, not only due to the physical dimensions of both
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transducers but, also, due to the different signal pro
ing procedures resulting in erroneous phase delays
wrong conclusions about (viscoelastic) arterial prope
(Hoeks et al. 2000). Furthermore, applanation tonome
cannot be applied to obese subjects or some arteria
because it requires a stiff or bony background struc
to flatten the artery wall, and a lean skin to avoid cu
ioning of the pressure pulse.

Deriving the blood pressure waveform from
diameter waveform avoids the use of generalized
version factors and solves, also, the problem of modfied
phase delays. To obtain the pressure waveform, the
imum (dd) and mean arterial diameter (d�) are calibrate
to the end diastolic (pd) and mean arterial pressure (p�).
Subsequently, peak systolic pressure (ps) is derived from
the peak systolic diameter (ds) (i.e., ps � d*s (p� � pd)/(d�

� dd). Pulse pressures thus obtained were only
mmHg lower than invasively assessed ones, despit
assumed linear relation between pressure and dia
(van Bortel et al. 2001). However, strong evidence exi
for an exponential relationship between arterial cr
section and pressure (van Loon et al. 1977; Hayashi et
1980; Stettler et al. 1981; Powałowski and Pen´sko 1988).
Analysis of the performance of proposed expone
relationships showed correlation coefficients ran
from 0.961 to 0.997 (Powałowski and Pen´sko 1988).
Given these exponential relationships and assuming
end diastolic and mean arterial pressure do not ch
over the arterial tree, the pressure diameter relation
can be derived by iteratively changing only a sin
parameter (i.e., the arterial wall rigidity�) (Powałowsk
and Pen´sko 1988).

It is the aim of this paper to develop a robust met
to derive the pressure waveform from the assessed dia
waveform by combining the diameter-derived pulse p
sure method (van Bortel et al. 2001) and the exponenti
relationship between arterial cross-section and pre
(Powałowski and Pen´sko 1988). To evaluate the perfo
mance of the proposed method, the diameter waveform
assessed in the common carotid artery (CCA) of 51 he
subjects ranging in age from 22 to 75 years old. From
derived CCA pressure waveforms, the systolic blood p
sures were extracted and, together with the estimated
pressures, related to the corresponding pressures me
in the brachial artery. Furthermore, continuous increm
elastic modulus, distensibility, compliance and pulse w
velocity will be derived as function of the distending pr
sure over the cardiac cycle.

MATERIALS AND METHODS

Data acquisition
Using a 7.5-MHz linear-array transducer and
B-mode, the wall movement of an arterial segment of
r

d

15.86 mm was assessed at 16 adjacent positions s
taneously (Meinders and Hoeks 2000; Meinders et
2001). Briefly, the frame rate of an echo system (
Medical 350, Maastricht, the Netherlands) was incre
to 651 Hz by increasing the pulse-repetition freque
(PRF) from 6944 to 10,416 Hz, by increasing the
terspacing between echo lines with a factor of four
by reducing the length of the transducer from its orig
value of 128 to 64 echo lines. Combination of the la
two methods reduced the number of echo lines per f
to 16; hence, increasing the number of frames/s to
The envelope of the 16 resulting radiofrequency (
lines was displayed on the screen of the US sca
providing a sparse real-time B-mode image.

Using a specially developed data-acquisition
tem, the received RF data of each line was digitized
12-bit resolution and stored on the hard disk of a PC.
RF signals were sampled at 21.3 MHz in accorda
with at least twice the received center frequency
bandwidth (Brands et al. 1997). During off-line postpro
cessing, first the adventitia-media interface of the a
rior wall and the media-adventitia interface of the p
terior wall were identified using a sustain attack filte
the first B-mode image after detection of the R-top of
electrocardiogram (ECG) (Hoeks et al. 1995; Meinde
et al. 2001), providing the baseline diameter. Therea
wall movement was assessed by cross-correlatio
subsequently recorded RF lines, resulting in high p
sion wall tracking (Brands et al. 1997, 1999). Finally, the
diameter waveform,d(t), was obtained after averagi
over all 16 positions. Similarly, arterial wall thickne
was obtained by placing tracking windows at the lum
intima and media-adventitia interface of the poste
wall (Meinders et al., 2003).

Pressure waveform and arterial wall properties
Arterial cross-section as function of time,A(t), was

obtained from the diameter waveform,d(t), according to

A�t� �
�d2�t�

4
, (1)

in which it is assumed that the artery is rotation
symmetrical. The maximum arterial cross-section
tween two ECG triggers defines the peak systolic art
cross-section,As, whereas the minimum inA(t) between
the first ECG trigger andAs defines the end diasto
arterial cross-section,Ad.

The functional relationship between the blood p
sure waveform,p(t), andA(t) can be expressed as:

p�t� � p0e
�A�t�, (2)
in which p0 and� are constants (Powałowski and Pen´sko
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1988). Substitution of p(t) and A(t) by the end diastolic
blood pressure, pd, and arterial cross-section, Ad, and by
the systolic blood pressure, ps, and arterial cross-section,
As and solving for p0 and �, results in:

p�t� � pd e��A�t�
Ad

�1�, (3)

with

� �
Ad ln� ps/pd�

As � Ad
. (4)

Because eqn (3) is valid over a large pressure range
(van Loon et al. 1977; Hayashi et al. 1980; Stettler et al.
1981; Powałowski and Peńsko 1988), the wall rigidity
coefficient, �, is pressure-independent (i.e., it does not
matter over what pressure range � is determined).

To reconstruct the pressure wave using eqns (3) and
(4), pd and ps must be obtained simultaneously at the
same position as A(t). If the pressure is unknown at the
site of arterial cross-section assessment, � cannot be
determined directly. However, assuming that pd and p� do
not change significantly throughout the arterial tree (Ni-
chols and O’Rourke 1998), the pressure wave can be
reconstructed. In the process, the mean arterial pressure
estimated from p(t) in, for example, the CCA is made
equal to the mean arterial pressure obtained in, for ex-
ample, the brachial artery (BrA), by changing iteratively
the initial guess of the coefficient � in eqn (3).

As an initial guess for �, Ad and As were determined
from the measured A(t), whereas pd and ps were obtained
from standard pressure measurements. For instance, as-
sessing A(t) in CCA and pd and p� in BrA results in an �
of:

� �
Ad,CCA ln�Ps,BrA/Pd,BrA�

As,CCA � Ad,CCA
. (5)

Subsequently, pCCA(t) in the common carotid artery was
determined according to eqn (3). If p�CCA is significantly
different from p�BrA, � is changed according to:

� �
p� BrA

p� CCA
�. (6)

Thereafter, pCCA(t) and p�CCA were again estimated. The
iteration stopped if the absolute difference between p�BrA

and p�CCA was smaller than 0.01 mmHg.
After obtaining d(t), A(t) and p(t), not only the

diameter, d(p), and arterial cross-section, A(p), can be
derived as function of the distending pressure but, also,

the incremental elastic modulus, E(p), compliance, C(p),
distensibility, D(p), and pulse wave velocity, PWV(p),
according to Nichols and O’Rourke (1998):

E� p� �
d2� p�

2h� p�

�d� p�

�p

(7)

C� p� �
�A� p�

�p
(8)

D� p� �
1

A� p�
*

�A� p�

�p
(9)

and

PWV� p� � � 1

�D� p�
� � 1

�
1

A� p�
*

�A� p�

�p

,

(10)

in which h(p) is the arterial wall thickness at pressure p,
� the density of blood (103 kg/m3), �d(p)/�p and
�A(p)/�p the partial derivatives of diameter and arterial
cross-section with respect to pressure. Equations (7)–
(10) determine arterial wall properties as function of the
distending pressure, contrary to the usual assessment of
E, D, C and PWV using the diastolic-systolic pulse
pressure:

E �
dd

2

h
�d

�p

, (11)

C �
�A

�p
, (12)

D �
�A

Ad�p
(13)

and

PWV �
1

��D
, (14)

with �p as the pulse pressure (ps � pd), �d the pulse
diameter (ds � dp) and �A the pulse cross-sectional area

(As � Ad).
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Study subjects
Validation of the proposed method was performed

through an in vivo study in 51 (20 men, 31 women)
presumably healthy volunteers ranging in age from 21 to
75 years old (mean 50 � 14 years). All subjects gave
written informed consent to participate in the study,
which was approved by the joint medical ethical com-
mittee of the Academic Hospital Maastricht and the
Maastricht University. The site of measurement was a
longitudinal section of the left CCA with the most distal
RF line 2 to 3 cm proximal to the bifurcation and the scan
plane perpendicular to the plane of the bifurcation as
established with the echo system. The method is evalu-
ated in the CCA because it is easily assessable and prone
to changes in arterial wall properties such as atheroscle-
rosis. The depth window size for the correlation proce-
dure was set to the resolution of the system (i.e., 0.3
mm), equivalent to 8 sample points at a sampling fre-
quency of 21.3 MHz. The temporal window size was set
to 7 frames, converting to a temporal resolution of 10 ms
at a frame rate of 651 Hz (Brands et al. 1997, 1999;
Meinders et al. 2001).

In each subject, six independent measurements were
made during one session. The recording time of each
measurement was 6 s, covering at least five cardiac
cycles (intersubject average 6.4). During measurements,
subjects were not allowed to move, swallow or cough.
Before the start of each measurement, the position of the
transducer was optimized. The time between each mea-
surement was about 1 to 2 min. An ECG was recorded
simultaneously with the B-mode measurement. The
pulse pressure was determined before, between and after
measurements in the left brachial artery using an oscil-
lometric blood pressure meter (Omron 705CP). Mean
arterial pressure was obtained from p� � pd � (ps � pd)/3.
Values presented in the Results section are averages and
SD over all measurements.

RESULTS

Figure 1 shows the pressure waveforms (thick lines),
derived from the change in arterial cross-sections (thin
lines) in the left CCA for (top) a young and (bottom) an
older subject. For each beat, we determined the arterial
diameter. Due to the precision of the diameter detection
procedure, end diastolic arterial cross-section changes
from beat to beat, explaining the sudden changes in the
arterial cross-section waveform. However, the pressure
wave itself is independent of these small changes in
cross-section because only the shape of the change in
cross-section during the cardiac cycle was used. The
change in arterial cross-section in the older subject is
much smaller than in the younger subject, whereas the

pulse pressure is much higher, a feature also expressed in
the rate of increase in arterial cross-section as function of
estimated blood pressure in CCA (Fig. 2). The decreased
slope of the older subject (thin lines) indicates larger wall
rigidity (� � 4.4) (i.e., stiffer arteries) in comparison to
that in the younger subject (� � 1.6; thick lines). The
logarithmic increase in arterial cross-section as function
of distending pressure is a result of the fitting procedure,

Fig. 1. Pressure waveform (thick line) as estimated from the
arterial cross-sectional change (thin line) in (top) a young and
(bottom) old subject as function of time. The ECG triggers are

indicated by *.

Fig. 2. Arterial cross-section as function of arterial pressure for
(thick lines) a young and (thin line) old subject. Each line
represents one complete beat.
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as described in the Materials and Methods section, eqns
(3) and (4).

The peak systolic and pulse pressures in the CCA
are plotted in Fig. 3 as function of the brachial peak
systolic and pulse pressure for young subjects and older
subjects. The solid lines indicate linear least square fits
with slopes of 0.88 and 0.71 and correlation coefficients
of 0.98 and 0.94 for peak systolic and pulse pressures,
respectively. That is, in CCA, systolic pressures are 12%
lower than BrA systolic pressures, whereas CCA pulse
pressures are 29% lower than BrA pulse pressure.

The arterial wall rigidity, �, increases with age,
indicating stiffer arteries at higher ages (Fig. 4). A linear
least square fit between � and age results in a regression
line (� � 0.421 � 0.0602 * age, correlation coefficient

Fig. 3. Pulse pressure, �p (�), and peak systolic pressure, ps

(�), in the common carotid artery plotted against �p and ps in
the brachial artery. Solid markers indicate subjects younger
than 50 years old, open markers indicate subjects more than 50
years old. (—) linear least square fits (i.e., �pCCA � 0.71 *
�pBrA (correlation coefficient � 0.94) and ps,CCA � 0.88 *

ps,BrA (correlation coefficient � 0.98).

Fig. 4. The increasing arterial wall rigidity, �, as function of
age, indicates stiffer arterial walls at higher ages. Error bars are
the intrasubject SDs over six consecutive recorded measure-
ments. (—) � linear least square fit between � and age (� �
0.421 � 0.0602 * age, correlation coefficient � 0.76).
� 0.76), comparing well to the regression line (� �
0.858 � 0.0523 * age) found by Powałowski and Peńsko
(1988).

The nonlinear relation between distending pressure
and incremental elastic modulus, E(p), distensibility,
D(p), compliance, C(p) and pulse wave velocity,
PWV(p), as derived from eqns (7)–(10), are shown in
Fig. 5 over five consecutive heart cycles for a young
subject (age � 25 years old) and older subject (age � 75
years old). Due to the pressure-dependence of arterial
wall properties, E, C, D and PWV change during the
cardiac cycle (Fig. 6). For comparison, we have also
indicated arterial wall properties assessed using the con-
ventional approach, as given in eqn (11).

Results are summarized in Table 1 for each decade,
together with the average intrasubject SDs. Pressures and
SDs obtained in the brachial artery were based on three
oscillometric measurements. The relative small intra-
subject SD as compared to the range of pressures inves-
tigated (Fig. 3) is a result of the precision to assess
pressure and the change in pressure during the measure-
ments. Because carotid pd and p� were set to brachial
artery pressures, they are not displayed. Carotid ps and
�p were derived from the cross-sectional change, result-
ing in much lower intrasubject SDs, because the diameter
waveform could be assessed with a high precision of
about 30 	m and the average over 16 adjacent lines was
considered (Hoeks et al. 1999; Meinders and Hoeks
2000).

Fig. 5. (top left)E � incremental elastic modulus; (top right) C
� compliance; (bottom left) D � distensibility, and (bottom
right) PWV � pulse wave velocity as function of pressure (five
consecutive heart beats) for a young subject (age � 25 years
old, thick lines) and an old subject (age � 75 years old, thin
lines) in the CCA. The horizontal lines indicate arterial wall
properties assessed over the complete diastolic-systolic pres-

sure range, eqn (11).
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DISCUSSION

In this study, the blood pressure waveform was
estimated from the arterial change in cross-section in
arteries of which the diameter waveform can be deter-
mined easily with US. To this end, the arterial cross-
section during the cardiac cycle was related to the pres-
sure and wall rigidity using an empirically derived ex-
ponential relationship and end diastolic and mean arterial
pressure as calibrating values. After the arterial cross-
section and pressure waveforms are known, compliance,
distensibility, pulse wave velocity and elastic modulus
can be derived as function of the distending pressure.
The proposed method was applied to the left common
carotid artery.

Fig. 6. (top left) E � incremental elastic modulus, (top right) C
� compliance, (bottom left) D � distensibility and (bottom
right) PWV � pulse wave velocity. As a function of time
(consecutive heart beats) of a young subject (age � 25 y, thick
lines) and an old subject (age � 75 y, thin lines) in the common
carotod artery (CCA). The horizontal lines indicate arterial wall
properties assessed over the complete diastolic-systolic pres-

sure range, eqn (11).

Table 1. Common carotid and brachial artery properti
d

Age
(years) n

Brachial artery

pd

(mmHg)
p�

(mmHg)
p

(mm

20–30 6 72 � 4 85 � 3 113
30–40 6 74 � 3 89 � 3 120
40–50 13 82 � 3 97 � 3 129
50–60 9 80 � 4 95 � 3 125
60–70 14 84 � 5 104 � 4 142
70–80 3 83 � 3 103 � 4 143
pd � end diastolic pressure; ps � peak systolic pressure; p� � mean arteria
There are several crucial transformations in the con-
version of diameter to pressure. The transformation from
diameter to arterial cross-section assumes that arteries
are rotationally symmetrical due to the high transmural
pressure, a feature that has been generally accepted (Ni-
chols and O’Rourke 1998). The transformation from
arterial cross-section to pressure using the empirically
derived exponential relationship has been the subject of
research by many authors (van Loon et al. 1977; Hayashi
et al. 1980; Stettler et al. 1981; Powałowski and Peńsko
1988). Powałowski and Peńsko (1988) showed high cor-
relation coefficients between experimental data obtained
in the common carotid artery and the proposed functions.
Hayashi et al. (1980) showed that the exponential rela-
tionship is not only valid in the common carotid artery
but, also, in femoral, internal carotid, intracranial and
extracranial vertebral arteries. The calibration procedure
is based on the observation that pd and p� are reasonably
constant throughout the major peripheral arteries (Ni-
chols and O’Rourke 1998). For instance, Pauca et al.
(1992) showed that the difference between pd and p� was
only 0.2 mmHg larger in the radial artery than in the
ascending aorta.

The exponential relationship between pressure and
diameter assumes negligible viscoelastic properties of
arteries. Although viscoelastic properties have been re-
ported (Boutouyrie et al. 1997; Shau et al. 1999), meth-
ods to assess viscoelastic properties suffer, not only from
the spatial separation of two different transducers but,
also, from different signal-processing procedures, result-
ing in ill-defined pressure-diameter relationships due to
the phase delays introduced between both signals (Hoeks
et al. 2000). Furthermore, part of the reported decrease in
mean arterial pressure of 1 mmHg over the arterial tree
(Pauca et al. 1992) can be accounted for by the shear
stress exerted by the blood flow on the arterial wall
(Fung 1984). Hence, the effect of viscoelastic properties
on the change in pressure and diameter-pressure relation-
ship is believed to be small.

ther with the average intrasubject SDs subdivided in

Common carotid artery

�p
(mmHg)

ps

(mmHg)
�p

(mmHg) �

41 � 7 102 � 1 34 � 4 1.9 � 0.2
47 � 6 106 � 4 28 � 5 2.3 � 0.3
47 � 8 115 � 1 31 � 3 3.3 � 0.3
45 � 7 112 � 2 32 � 4 3.6 � 0.3
58 � 8 126 � 2 33 � 5 4.5 � 0.4
60 � 8 126 � 2 36 � 4 4.2 � 0.5
es toge
ecades

s

Hg)

� 6
� 5
� 7
� 7
� 7
� 8
l pressure; �p � pulse pressure; � � wall rigidity.
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Validation of blood pressures estimated for the CCA
is difficult due to the limited data published. Available
data is usually obtained during catheterization of subjects
suffering from coronary heart disease compromising the
blood pressure. However, even in these patients, the
ratios of carotid and brachial pressures are comparable to
the healthy subjects in this study. For instance, Kelly and
Fitchett (1992) performed invasive pressure readings in
the aortic arch and brachial artery during cardiac cathe-
terization of patients with angina pectoris due to signif-
icant coronary artery stenosis. Although patients had
high pulse pressures (61 mmHg) and low end diastolic
pressures (66 mmHg), possibly due to the antianginal
medication given, the ratio of �p in carotid and brachial
artery was on the order of 0.75, whereas the ratio of peak
systolic pressures was � 0.92, comparing reasonably
well to our results (0.71 and 0.88, respectively) (Fig. 3).
The slightly higher ratios in patients with coronary artery
stenosis are also seen in patients with end-stage renal
disease, where pressure ratios increase up to 1 for the
highest score of arterial calcification (Blacher et al.
2001).

Assuming the same pd and p� throughout the main
arteries provides, after iteration, the wall rigidity coeffi-
cient �. The obtained � is the wall rigidity at the site of
arterial cross-section assessment and does not depend on
pressure because the exponential relationship is valid
over a large pressure range (van Loon et al. 1977; Ha-
yashi et al. 1980; Stettler et al. 1981; Powałowski and
Peńsko 1988). Hence, high values of � must result from
local structural changes in the arterial wall. The two
subjects with a relatively high � do, indeed, have a low
relative change in arterial cross-section (� 5%) despite
normal end diastolic (73 mmHg) and peak systolic pres-
sures (104 mmHg) in the CCA. Only Ad differs between
the two subjects (34 and 50 mm2), but is not significantly
different from others in the group. Estimating � by
inserting brachial pd and ps in eqn (4) results in a wall
rigidity that is too low, explaining the lower values of �
found by Powałowski and Peńsko (1988) in healthy
subjects.

The precision of the method to determine �p and ps

in CCA is high and depends only on the precision to
determine distension in CCA (� 30 	m) and pd and p� in
BrA (Table 1). The mean arterial pressure has been
calculated using p� � pd � (ps � pd)/3, which has been
shown to be valid in large population studies, but is
possibly inaccurate in individuals. Real-time assessment
of the diastolic and mean pressures in, for example, the
radial artery using applanation tonometry or in the finger
(digital artery) using photoplethysmography, will im-
prove the results. The obtained pressures are independent
of the baseline end diastolic diameter, as can be seen

from eqns (3) and (4),(i.e., using the internal instead of
external arterial diameter will result in a larger relative
change in arterial cross-section, but lowers � while pd, ps

and p� remain unchanged). The fact that wall rigidity
depends on the precision to determine the initial wall
position (� 100 	m) explains the relatively high SDs in
� (� 10%).

To our knowledge, this is the first time that E, C, D
and PWV have been simultaneously assessed as function
of the distending pressure (Fig. 5). Moreover, deriving
the pressure waveform from the diameter waveform en-
sures zero phase delay due to spatial separation and
different signal processing of two separate transducers.
The increase in incremental E and PWV and decrease in
incremental C and D as function of increasing blood
pressure is a result of arteries becoming stiffer at higher
distending pressures. During the cardiac cycle, pressure
in arteries is pulsatile (Fig. 1), explaining the change in
E, PWV, C and D as function of time (Fig. 6). The
relatively larger change in arterial properties during the
cardiac cycle has also been observed by other authors
(Bussy et al. 2000). The nonlinear relation shown in Figs.
5 and 6 is also the reason for the large variation in
published arterial wall properties. For instance, deter-
mining PWV using the foot-to-foot method results in a
PWV at diastolic pressures (Chiu et al. 1991), whereas
determining PWV using the Bramwell-Hill equation, eqn
(11), results in a PWV at a larger distending pressure (i.e.,
approximately the mean systemic pressure) (Figs. 5 and
6) Moreover, intersubject comparison of arterial wall
properties based on eqn (11) is questionable because the
actual pressure is unknown and changes with the prop-
erty analyzed (i.e., the position of the intersection be-
tween the nonlinear relation and the horizontal lines in
Fig. 5 are not the same for E, D, C and PWV).

Proper intersubject comparison of arterial wall prop-
erties should be done at the same distending pressure.
This isobaric comparison can lead to surprising results.
For instance, isobaric determination of the elastic mod-
ulus in hypertensive and nonhypertensive subjects
showed no significant difference between these two
groups (Bussy et al. 2000). The method presented here
results, not only in a functional relationship between
arterial wall properties and distending pressure, but, also,
allows selection of isobaric values to facilitate proper
intersubject comparison of arterial wall properties.

CONCLUSIONS

Pressure waveforms can be derived from arterial
cross-sections by iteratively calibrating an exponential
relationship between pressure and arterial cross-section
to end diastolic and mean arterial pressure. Because both
signals underwent identical signal processing, and due to

the absence of spatial separation between the two signals,
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there was no phase delay, enabling proper evaluation of
incremental compliance, distensibility, pulse wave ve-
locity and elastic modulus. The proposed method uses
only one transducer, is noninvasive, is simple to imple-
ment and results in an estimate of the wall rigidity. In
healthy subjects, the carotid pulse and mean arterial
pressure are 29% and 12% lower than brachial artery
pulse and mean pressures, respectively. After the pres-
sure waveform is derived from the diameter waveform,
other local arterial parameters such as pulse-wave veloc-
ity, incremental elastic modulus, distensibility and com-
pliance can be derived as function of the distending
pressure during the cardiac cycle, providing the possibil-
ity of isobaric comparison of arterial wall properties
between subjects. Although, in this study, the method
was applied to CCA, it can be applied to any artery in the
arterial tree.
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