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system were recognized as the feature of compliance in
the artery. That was utilizing the propagation models of
delay and wave reflection in blood pressure that derived
the pulse wave velocity (PWV) into indexing the
pathological and physiological condition of arterial
system. The higher the value of PWV is indicating the
severer of the arteriosclerosis. The method has been used
in screening early evidence of vascular disease and in
monitoring the response to the therapy [5-10].
However, using pulse wave velocity to screening the
status of subjects was difficult and without physical basis.
There was a need to simplify the accessing method using
only one pressure cuff. And, to derive an index which has
physical meaning to the systemic artery tree. However,
the relationship of the relaxation time constant of
Windkessel’s model and PWV was not described. This
study was to correlate the number of PWV and the
relaxation constant calculated from the windkessel’s
model.

Abstract
The paper discussed the relationship between blood
pressure pulse wave velocity and arterial relaxation
constant at brachial artery. The Windkessels model of
brachial artery was assumed to simulate blood pressure
decay waveform. The pulse wave velocity and
noninvasive blood pressure wave form were acquired
along with invasive aortic pressure. The result showed
that the relaxation constant of aortic pressure waveform
and brachial blood pressure waveform were -0.5±0.067
and -0.549±0.067 respectively. The relationship of higher
pulse wave velocity and relaxation constant was 0.8.

1.

Introduction

Non-invasive blood pressure pulse wave velocity has
been developed and validated for accessing oscillatory
systemic arterial compliance and stiffness for sometimes
[1-2]. The pulse waveform analysis using Windkessel’s
model has discussed extensively to model the blood
pressure waveform at locations of various arterial tree.
The derivation of model that was proposed using periodic
function to describe pulsatile hemodynamics in artery
was commonly accepted [3-5]. Based on circuit theorem,
arterial pressure wave function could be described as
external source to the arterial tree. And, the output could
be quantified using Windkessel’s model to estimate the
systemic arterial function. The decay waveform in
Windkessel’s model was the characteristic arterial
impedance of the model. The decay function of pressure
wave was modeled as aortic valve closed. It is similar to
the impedance function of capacitor discharge in the
Windkessels model. And, the time constant of the decay
waveform is the feature of arterial system by the
definition of Windkessels model.
On the other hand, there was a transmission line theory
that assumed the finite pulse wave velocity in the artery.
The spatial and temporal pressure gradients in arterial
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2.

Methods

The blood pressure waveform from 24 patients using
oscillometric method (Colin VP1000) and invasive
pressure waveform at aortic root were acquired (mean
age 63.2±12.7 years). Their pulse wave velocities were
acquired at same the sitting (Colin VP1000). Invasive
high-fidelity right brachial and central aortic pressure
waveforms were obtained during cardiac catheterization.
Individual and central aortic pressure waveforms and the
brachial Pressure Volume Relation waveform (PVR)
were obtained and recorded simultaneously. The brachial
PVR was acquired using fix cuff pressure at 50 mmHg
while recording PWV pressure waveform from brachial
and femoral artery.
For calculation of PWV, the ECG signal was used as
time marker for each heart beat. The timing marker for
the pressure waveform was marked at the maximum of
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pressure up slope. The PWV was calculated by the time
difference between time marker of the brachial arterial
pressure waveform and femoral pressure waveform.
To calculate the relaxation constant of the
Windkessel’s model, the lowest pressure point was
marked before the R-peak of ECG signal as the diastolic
pressure (DBP) point. The segment of data analyzed was
starting from the minimum of down slope of pressure
waveform to the DBP point, as shown in Figure 1, the
black line.

the cardio output. It was assuming a constant stroke
volume and the extracted heart rate for the cardio output.
The arterial stiffness index or compliance index
using area method assessed from aortic pressure
waveform was also calculate. This is the common
practice for assessing the compliance of the aorta or
artery. It calculates the area ratio cover by systolic
waveform and diastolic pressure waveform, as shown in
Figure 2.

Figure 1. The segment data used in relaxation
constant calculation, shown as black line section in
the pressure waveform.

Figure 2. The calculation of compliance using area
method. As is the area covered by systolic pressure
waveform. Ad is the area covered by diastolic
pressure waveform.

The invasive aortic data was used as the reference in
this study. The relaxation constant of the aortic pressure
waveform was calculated the same as brachial relaxation
constant.
The formulas for calculating the the relaxation
constant of the Windkessel’s model is listed below. The
C is the compliance and the R is the resistance. The g is
the relaxation constant.
 t − t start 

−
RC 

P (t ) = Pstart × e

C=

As + Ad
( 6)
Ad
The SV is the estimated stroke volume. The DBP
and Pincisura were extracted from pressure waveform. K is
the reciprocal ratio of diastolic area and total area.

or
( 2)

P(t )
= e( −αt )
Pstart

(3)

ln(

P(t )
) = −αt
Pstart

(5)

K=

(1)

P (t ) = Pstart × e (−αt )

SV
K (Pincisura − DBP )

3.

Results

The mean and standard deviation of the pulse wave
velocity was 1595.63±301.56 cm/sec. The mean and
standard deviation of the relaxation constant of the
brachial arterial BP was -0.5±0.067 and at aortic root was
-0.549±0.067. The correlations of compliance using the
relaxation constants method and area method at aortic
root was 0.95, for aortic pressure waveform, as shown in
Figure3. The R2 is 0.83. The correlations of compliance
using the relaxation constants method and area method at
brachial artery was 0.909, for aortic pressure waveform
as shown in Figure4. The R2 is 0.795. The correlation of
compliance between aortic and brachial pressure
waveform is 0.967, and, the R2 is 0.97, as shown in

( 4)

When calculating the decay function of pressure
waveform, one only looks for the dominate term of the
model. Therefore, the -RC term, -g, in above formulas
will be the relaxation constant. Therefore, the segment of
analyzed data could be calculated using regression
method to find the relaxation constant. The compliance,
C, is, then, 1/Rg. The derivation for the resistance is R =
MAP/CO. The MAP is mean arterial pressure. The Co is
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Figure5. These data showed that the arterial compliance
could be calculated from relaxation constant as well as
using commonly accepted area method.

between relaxation constant and PWV. These results
showed that there were no correlation of PWV and the
compliance. This result cannot be accepted because it did
not reflect the common sense that the stiff vascular has
higher PWV.
For a heart rate of 80, the normal relaxation time from the
incisura point to the DBP point is less than 0.3 second. If
one would have a DBP around 80 mmHg, the relaxation
should no larger than -0.6. Therefore, if the one tested the
data using the relaxation small than -.06, the correlation
of relaxation constant to the PWV is 0.87, as shown in
Figure 6. For the group that the relaxation constant was
larger than -0.6, the data showed that the correlation is
0.76, as shown in Figure 7.

Figure 3. The correlation of compliance between
area method and relaxation constant for aortic
pressure waveform.

Figure 6. The correlation of relaxation constant and
PWV for the group having smaller relaxation
constant (g < -0.6).

Figure 4. The correlation of compliance between
area method and relaxation constant for brachial
pressure waveform.

Figure 7. The correlation of relaxation constant and
PWV for the group having larger relaxation
constant (g > -0.6).
These results has illustrated that the relaxation constant
could be correlated to the pressure waveform velocity.
The healthy and normal artery should have a smaller (g <
-0.6) relaxation constant.

Figure 5. The correlation of compliance between
aortic and brachial pressure waveform.
The correlation of the compliance between the PWV
and brachial relaxation constant was 0.45. The correlation
of compliance between the PWV and brachial using area
method is 0.54. And, the correlation is much worst

4.

Discussion and conclusions
The result showed that the higher the pulse wave
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velocity the smaller the relaxation constant (more
negative value). The faster the pulse wave velocity is
associated with longer decay time.
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