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Pulse Wave Velocity Measuring System using
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Abstract — Virtual instrumentation is a concept that permits
customizable modular software measurement and the
development of the user-defined tools for control, process and
visualization of data, creating versatile systems, using modular
programming, intuitive and easy to use. In this paper we
investigate a possibility of using virtual instrumentation in the
development of two physiological parameters monitoring system,
in order to assess a cardiovascular parameter, the Pulse Wave
Velocity (PWV). We choose to monitor this parameter due to
major incidence and impact of cardiovascular diseases (CVD).

Keywords—cardiovascular diseases, mobile devices,
wave velocity, patient monitoring, virtual instrumentation.

pulse

. INTRODUCTION

IRTUAL instrumentation is one of the major

development resulted from the extensive use of
computers, which offers the benefits of customizable software
development of user-defined tools for control, process, and
visualization of data, creating versatile systems, using
modular programming, intuitive and easy to use. In this paper
we present the development and implementation of virtual
instrumentation software for medical application running on a
mobile device.

According to recent studies and statistics, cardiovascular
diseases (CVD) are among the most frequent cause of death.
The total cost and the indirect mortality cost estimated for
CVD are higher than for any other major diagnostic group
[1].

Early diagnosis of CVD could prevent further
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complications, leading to improvement of patient’s quality of
life and, for long term, can decrease the costs of the medical
system. One step further to this goal is the long term
monitoring of the patients, in their usual habitat and during
daily activities, without restricting their freedom of
movement.

The studies in the health area have shown the major
influence that arterial stiffness has on appearance and
evolving of atherosclerosis [2], [3], rheumatoid arthritis [4],
complications due to high blood pressure, development of
myocardium and coronary diseases, affection of vascular bed
of several organs, such as brain or kidney [5]. One of the non-
invasive techniques of assessing the arterial stiffhess is the
measurement of Pulse Transit Time (PTT) / Pulse Wave
Velocity (PWV) [6]. PTT is a technique that measures the
time needed for a blood pressure pulse wave to cross a known
section of the arterial tree, and the PWV represents the ratio
between the length of the measured arterial segment and the
elapsed time from the ventricular ejection until the pulse
pressure reaches the distal measurement site. The delay of the
propagation is due to elasticity of the blood vessels walls [7].
During blood ejection from the left ventricle, the sudden rise
of blood pressure is absorbed by the elastic walls of the aorta,
a pulse wave propagates along the aorta, transmitting their
energy to the aortic wall. The energy stored in the artery walls
is released after the cardiac contraction has finished, helping
to blood propagation.

The Moens-Kortweg model (eq. 1) [8] states that PWV
depends on the elasticity of the blood vessel wall, its
thickness and diameter, and the density of blood: the stiffer
the artery, the faster a pressure pulse is propagated through it

[9].

distance Eh
PWV = — =

PTT W

p2r

E represents the Young’s module of the blood vessel, h is its
thickness, p is the density of blood, and r is the radius of the
blood vessel.

The major determinants of PWV are: age [3], — with age
increases the stiffness of arterial walls by replacing the elastic
fibers with collagen [10], hence, the pressure wave generated
by left ventricle ejection travels along the arterial vascular
tree more rapidly; blood pressure [11], [12] — high arterial
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blood pressure is associated with an increased arterial
stiffness, which generates an increase of systolic pressure and
decrease of diastolic pressure [13]; gender; heart rate —
because of frequency-dependant viscoelasticity of the arterial
wall: increased heart rate leads to an increased arterial
stiffness [14]; and sympathetic nervous system — sympathetic
activation increases blood pressure, heart rate and smooth
muscle cells tonus, hence, increases arterial stiffness [15].

Il. MATERIALS AND METHOD

A. Hardware development of the system

There are many devices used for measuring the PTT and
PWV, by different techniques, as example: measuring the
pulse transit time from carotid to femoral artery [16], using
pressure sensors; measuring the delay between the ECG R-
wave and the arrival of the pulse at the radial artery [17],
recorded by a brachial obtrusive cuff, or by performing ECG-
gated Doppler measurements. The inconvenient of the
methods described above is that a few of them can be
performed ambulatory and without the presence of a well-
trained operator [18].

Our system for measuring the PWV is based on recording
the ECG and photoplethysmographic (PPG) signals. This
technique uses the R-wave extracted from the ECG signal as
the beginning of the ventricular contraction, which is the start
moment of the pulse wave, which travels from the heart to
distal regions. The arrival moment of the pulse wave to the
index of the left hand is determined from the PPG signal

(Fig. 1).
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Fig. 1. Measurement sites of the ECG and PPG signals

—

The PWV was computed, as it is shown in equation (2),
from the time difference between the starting point of the
pulse wave and the moment when the pulse wave reaches the
finger (Fig. 2).

By dividing the length of the blood vessel considered to the
time measured from indexes difference, the PWV is
determined.

blood vessel length = sampling frequenc
PWV = g pling frequency @
|[Index(ECG) — Index(PPG)|
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The length of the blood vessel was measured using
anatomical landmarks for determining the heart position, the
aortic branch and brachial trunk.

( Time difference )

Fig. 2. Time difference between the ECG R-wave and the arrival moment of
the pulse wave to the finger

The system was made using two ez430-RF2500 boards
from Texas Instruments [19]. The ez430-RF2500 is an ultra-
low power wireless development system that has an
MSP430F2274 microcontroller with a 10 bits A/D converter,
for gathering and converting the data from the analog
modules, and a wireless transceiver CC2500 at 2.4GHz,
working in ISM (industrial, scientific and medical) radio
band, for data transmission. The ez430-RF2500 boards use
for communication SimpliciTl [20], protocol developed by
Texas Instruments and aimed at small RF ultra-low-power
wireless sensor networks. The programming of the two
€z430-RF2500 modules was done using the IAR Embedded
Workbench for MSP430 [21].

One of the ez430-RF2500 modules was programmed to
scan in the same cycle, both the ECG and PPG channels, at a
frequency of 200 times per second, converting the signals
from analog to digital.

The ECG module, made in our laboratory, is a low-power
device, supplied from two AAA 1.5V batteries and detects
one lead ECG signal by measuring the skin potentials using 3
electrodes placed on the skin surface.

Fig. 3 presents the electrical diagram of the ECG module.
The circuit amplifies the signal and filters it, first high-pass,
rejecting the oscillations due to respiration, after that it filters
low-pass, for rejecting the muscular activity noise.

The PPG module, also made in our laboratory, is powered
from four AAA 1.5V batteries, and uses a photodiode which
emits light in IR domain. The IR fascicle is reflected by the
finger skin, in accordance with the blood pulse wave which
causes small oscillations of the light beam. A phototransistor
detects these changes, causing a variation of its collector
current. After that, a simple electronic circuit amplifies and
filters the signal, creating the PPG wave. The electrical
diagram is depicted in Fig. 4.
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Fig. 4. PPG board schematic

After the A/D conversion, the ez430-RF2500 module packs
the collected data and transmits them to the other ez430-
RF2500 module, which works as receiver, for saving them on
the mobile device. Fig. 5 presents the ECG and PPG modules
connected to the ez430-RF2500 transmitter module.

As mobile device, we choose a HTC X7500 smartphone,
which has an USB interface, for connecting the receiver
module, and uses Windows Mobile 5 as operating system

(Fig. 6).

B. Software development of the system

The software that runs on the mobile device was developed
by using LabVIEW 2010 from National Instruments [23], a
graphical system design which offers the tools needed to
create and deploy measurement and control systems.

To accomplish the signal processing, we developed and
tested algorithms using Matlab 2011a software [24] to find
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Fig. 5. ECG and PPG modules, connected to the transmitter module

Fig. 6. HTC X7500 smartphone

the ECG R wave-indexes, to determine the PPG-indexes and
to compute the PWV. After that, we implemented the
algorithms on LabVIEW Mobile.

The software for PWV computation, running on the
smarthphone as virtual instrument, is represented in the Fig 7.

The software unpacks the data as two separate signals and
processes them separately.

For determining the ECG R-indexes and PPG-indexes, the
algorithm uses a 500 points moving window.

First, the ECG signal is processed to determine the R-
waves and to extract the corresponding sample index.
Because we were interested only on detection of the R-waves,
which are the most prominent wave from ECG and the signal
has a good signal to noise ratio, no additional filtration was
necessary.

I1l. RESULTS

The constant used to compute the threshold was
experimentally determined, and has the value around 0.5.

The algorithm calculates the ECG threshold for each
window, as follow in (3):
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Threshold = mean(ECG) + 0.5 X [max(ECG)-mean(ECG)] (3)

Using the equation (3), the algorithm finds the points that
exceed the threshold and, in a 10 points window, it searches
the maximum value, representing the maximum ECG R-wave
point for that QRS complex. Finally, the window is moved
and the whole process is restarted.

Fig. 8 presents in the top window, the found indexes on the
ECG signal.

For finding the arrival moment of the pulse wave to the
finger, the software follows the next steps:

Considering the ECG R-index previously determined to be
the starting point for scanning the PPG signal, the software
uses a 40 points moving window, in which searches the
lowest signal value, considered to be the moment at which the
pulse wave reaches the finger, and stores the value of that
point and its index (Fig. 8. in bottom window).

The next step is to differentiate the indexes from the ECG
R-wave and PPG and, multiplying the result with the
sampling frequency, it is obtained the time passed from the
start moment of the pulse wave until it reaches the finger (see
(2).

The final step on measuring the velocity of the pulse wave
is to divide the knowing length of the arterial segment, to the
time previously found (see (2)).
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Fig. 7. Flowchart of the software running on LabVIEW for PWV
computation
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Fig. 8. LabVIEW interface for mobile device, displaying the ECG R and PPG
indexes (screen shot on LabVIEW Windows Mobile 5 Pocket PC emulator)

After finding the values of PWV, the software creates a file
and stores the data on the device.

The chart depicted in Fig. 9 represents the variation in time
of the PWV recorded from a patient. The subject was resting
and relaxing for a 15-20 minutes period of time and the PWV
was recorded.
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Fig. 9. PWV recorded while the subject was resting
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Fig. 10. PWV recorded after the subject had some physical effort
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The chart in Fig. 10 presents the variation in time of the
PWV recorded from a subject after he had some physical
effort, he rapidly climbed stairs for 10 minutes.

IV. CONCLUSIONS

We choose to create a mobile medical device that perform
long term PWV measurements, because this is an important
parameter in determining the cardiovascular health or the
response to some drugs administration, and we wanted to
show the use of virtual instrumentation for developing
devices with medical applications. Virtual instrumentation
has the advantage of versatility, and due to graphical modular
programming it is easy to learn and use, even by the untrained
users.

In terms of medical applications and patient’s welfare, we
implemented the software on a mobile device, creating a tool
for long term monitoring of patients at home, in their daily
living and usual activities, which gives the freedom of
movement, improving their quality of life. The mobile
devices, such as PDA or smartphones, have the possibility to
transmit data through GSM/GPRS or WiFi to the remote
units, for the storage and further analysis. This represents one
step forward in e-health and telemedicine.
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