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Abstract-Health prognosis based on pulsatile blood flow
signals owns a long tradition in Oriental Medicine. The secrets
of pulse diagnosis have been partially explained by anatomy and
hemodynamic analysis in contemporary Western Medicine.
Now it is possible to obtain pulsatile blood flow signals by means
of various mechanical, photoelectrical, and acoustic transducers.
Meanwhile, with the introduction of advanced signal processing
methods, pulsatile blood flow signals have exhibited great
potentials to reveal intrinsic pathophysiological condition of
cardiovascular system. Therefore, sphygmogram analyzers
based on pulse signal monitoring and analysis have been
proposed for health prognosis of cardiovascular system in home
health monitoring. This paper is aimed to review methods and
systems for pulse signal monitoring and analysis in a tutorial
manner.
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INTRODUCTION

T HE vision of home health monitoring is to shift the mode
1 of healthcare from disease treatment in hospitals to health
promotion and quality of life conservation at home. Generally
speaking, the quality of home health monitoring depends on
available physiological signals and effective medical support.
Hence, two research thrusts are flourishing in the field of
home health monitoring, that is, the research oriented to
convenient and reliable signal acquisition, and the research
oriented to computerized medical advisory systems.
Coming to the facet of signal acquisition, research

activities can be categorized in general as advancing
biomedical transducers for physiological signal detection,
and constructing communication systems for information
transmission. In other words, from isolated biomedical
transducers to wearable sensor networks, all are aimed to
collect physiological signals for effective health prognosis.
Then, two facts necessitate intelligent medical advisory
systems for physiological signal analysis. Firstly, long-term
monitoring and data collection are necessary to guarantee the
reliability of physiological signals. Physicians often feel tired
to inspect those inconsistent data and information. On the
other hand, such intelligent medical advisory systems are
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conducive to changing the role of home subjects from passive
data providers to active participants of home healthcare.
As a matter of fact, electrocardiographs for cardiovascular

system witness the development of home health monitoring
well. Fruitful clinic knowledge and reliable systems make it
popular for pilot systems of home health monitoring [1].
However, despite its advantages on cardiac transient analysis,
electrocardiogram is criticized for its complicated electrode
position from the perspective of home subjects. Consequently,
once coming to home environment, blood pressure
monitoring is still overwhelming to electrocardiogram with
concerns on maneuverability, costs, and so on [2].

Nowadays, blood pressure monitoring, including
ambulatory blood pressure measurement, has been confirmed
as the effective risk factors of cardiovascular system:
hypertension [3], heart diseases [4], etc. Nevertheless, it is
noteworthy that blood pressure monitoring can reflect several
hemodynamic extreme values of cardiovascular circulation
only. In other words, it loses most dynamic information
hidden in blood flow, which often brings more
pathophysiological characteristics [5]. Hence, sphygmogram
analyzers have been proposed as a kind of viable alternatives
of sphygmomanometers and electrocardiographs for home
health monitoring of cardiovascular system [6].

In contrast with traditional sphygmomanometers, a
sphygmogram analyzer is aimed to extract more
characteristic variables from pulsatile blood flow signals,
such as cardiac output, arterial compliance, and systemic
resistance, etc. Consequently, the pulse waveforms reflecting
cardiac activities should be completely recorded for
subsequent analysis. Then, with different analytical methods,
different characteristic variables can be extracted from those
pulse waveforms. Hence, in terms of sphygmogram analyzers,
it is always a challenging issue to construct effective and
reliable algorithms for pulse signal analysis. Till now, the
reported methods attempt to address this topic by the means
of hemodynamic calculation and spectral analysis, etc.

In this paper, the methods and systems for pulse signal
monitoring and analysis will be introduced with concerns on
home health monitoring. It is organized as follows: the
section 2 is aimed to address the issues related to pulse signal
acquisition, especially in the environment of home health
monitoring; and the section 3 will address various computing
methods for pulse signal analysis; the final part is for
discussion and conclusions.

PULSE SIGNAL ACQUISITION

In Oriental Medicine, those herbalists expert in pulse
diagnosis are generally depicted as the figure making medical
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diagnosis with their fingers only. As a matter of fact,
experienced herbalists attempt to obtain the essential
information of cardiovascular circulation in virtue of arterial
pulsatile signals, including rhythms, strength, and intensity,
etc. Then, the herbalists can make effective health diagnosis
combined with other information by oral session and
experiential watching.

So, for a computerized pulse signal analysis system, the
indispensable components should be comprised of
biomedical sensors for pulse signal acquisition and medical
advisory systems for pulse signal analysis. Definitely, the
performance of whole system depends on the quality of
collected pulse signals such as frequency spectrum and
dynamical response. Till now, there have been various
mechanical, photoelectric, and acoustic transducers proposed
for successful pulse signal acquisition.

A. Photoelectric transducers
It has been established that transmission of light in living

tissue is affected by blood. The optical power reaching to the
photo-detector is related to blood volume changes in the
arterial tree [7]. Such phenomenon has been used previously
to determine the volume of arterial blood. And it is found that
skin and vessel wall's scattering, reflection, absorption, and
movement, all play a role in determining the signal. Therefore,
it yields only a qualitative description of blood pressure or
flow because variables such as blood volume and vessel size
which influence the signal may also change with pressure.
But, it indeed provides a feasible way to depict the track of
pulsatile blood flow signals, which can be calibrated for
subsequent pulse signal analysis [8]. Generally, such
photoelectric plethysmogram is used for cardiac output
monitoring only based on the theory of digital blood volume.

B. Acoustic transducers
Given the pulse wave as a periodic pulsatile blood flow

signal, it is possible to characterize the profiles of pulse signal
alternatively in virtue of its acoustic nature. As a matter of
fact, the acoustic nature of pulsatile blood flow signals was
firstly developed for blood pressure measurement in virtue of
pulse sound' s variation [2]. Moreover, other than an
alternative of pulse flow monitoring, the acoustic nature of
pulsatile blood flow signals can provide more intrinsic
features for pathophysiological analysis [9]. The method can
be summarized as follows: a non-contact-type phonic
transducer is firstly attached to the wrist with a coupling
chamber, which is to insulate the interference of muscular
activities and outside sounds; then, the air in that close
chamber is evoked by the sound of pulsatile blood flow
signals; such vibration will be converted to the varying
electrical signal as the track of pulsatile blood flow signals.

C. Mechanical transducers
In fact, inspired by ancient pulse diagnosis, the mechanical

transducers based on applanation tonometry were firstly
proposed to characterize the profile of pulsatile blood flow
signals. Shown as in Fig. 1, the applanation tonometry is to

measure the force that is needed to flatten a superficial artery,
often at the site of radial artery. When this force is exerted
with a piezoelectric transducer, the recorded track is
representative for arterial pulsatile blood flow signals. It has
been shown in previous studies that such waveforms are
accurate and comparable to those obtained invasively by
intravascular measurements [10]. The following Fig. 2
illustrates several real pulse waveforms collected from
different subjects aging from 25 to 67.
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Fig. 1. Collecting pulse signals by applanation tonometry.

Fig. 2. Real pulse waveforms by applanation tonometry

D. Challenges
Experienced herbalists can feel the intensity of pulsatile

blood flow signals adaptively with their fingers. In fact, pulse
waveforms generally vary with, other than physiological
condition, the different transducers and distinct sensor

positions. Most often, an applanation tonometer is used to
obtain the morphology of pulsatile blood flow signals, and the
morphology should be calibrated with blood pressure values
from other sphygmomanometers. Consequently, no matter by
photoelectric or mechanical transducers, the collected pulse
waveforms are morphological only, and have to be calibrated
with other quantitative indices before hemodynamic analysis.

Predictably, considerable errors will be introduced into the
final analytical results due to the separate measurements of
blood pressure by the sphygmomanometer and pulse
waveform by the applanation tonometer. The problem is, till
now, it is yet an open question to obtain the waveform and
pressure values of pulsatile blood flow signals simultaneously.
With regard to this challenging issue, our research group now
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is aimed to develop a full-profile pulse signal measuring
system, which is able to derive out pressure values and pulse
waveform as well by cuff sphygmomanometers.

PULSE SIGNAL ANALYSIS

It is known that mere blood pressure values are too general
for in-depth health prognosis of cardiovascular system. Hence,
the research on pulse signal monitoring and analysis resurges
to address this issue. In other words, the success of healthcare
by pulse signal monitoring and analysis depends on whether
effective sphygmographic indices could be derived out for
risk stratification of cardiovascular system. Till now, pulse
waveforms have been proven by numerous literatures as a
kind of viable sources for risk factors of cardiovascular
system, including cardiac output [11], vascular stiffness and
arterial compliance [12], etc. Various computing models and

TABLE I
RISK FACTORS BY HEMODYNAMIC ANALYSIS

Risk Factor Meaning Calculation

SV Stroke Volume
-6.6+0.25x(ET-35)-0.62xHR
+40.4xBSA-0.5 lxAge.

co Cardiac Output SV*HR/1000

SVR Systemic Vascular MAPICO
Resistance

Central Vascular 2A4 [(A2 + A4 )2 + A5 2
Compliance I[SVR x A2 (2A4 + A2 )(A42 + A52 )]

C2 Distal Vascular I [SVRx (2A4 + A2)]
Compliance

L Blood Inductance SVR(2A4 +A2 + A4)2 2A52
ET: Ejection Time; BSA: Body Surface Area; HR: Heart Rate; MAP:

Mean Arterial Pressure; A1, A2, A3, A4, A5, and A6, all are from above (1).

analytical methods have been proposed for pulse signal
analysis too.

A. Hemodynamic calculation
Hemodynamic analysis is built on the classic "Windkessel

Model" of cardiovascular circulation. In that model, the heart
is considered as the power source, and vessels as electrical
circuits for cardiovascular circulation. Similarly, cardiac
functions are characterized by heart rate, cardiac output, and
stroke volume, and vessels are characterized by systemic
resistance, arterial compliance, and so on. It has been argued
that a 2-element "Windkessel Model" is able to capture the
behaviors of cardiovascular circulation at the level of 2 to 3
lowest harmonics [13], and if a characteristic impedance
amended, the 3-element "Windkessel Model" can mimic the
arterial system reasonably well [14].

If the inertia of blood is considered in cardiac cycle, the
3-element "Windkessel Model" will be further improved as a
4-element model. Here the arterial system is partitioned as
two proximal and distal parts, which are analogous to the
capacitor (C1) for central aorta and the capacitor (C2) for
peripheral artery. Then, taking voltage (v) as mean arterial
pressure, current (i) as blood flow, resistor (R) as systemic

vascular resistance, and inductor (L) as blood inertia,
cardiovascular circulation can be approached by the
following dynamic functions:

P(t) = A1 exp(-A2t) + A3 exp(-A4t) cos(A5t + A6). (1)

Here the first term of the equation is derived from the
exponential decay of the entire diastolic waveform. And the
second term is a decaying sinusoid function accounting for
the dicrotic notch and subsequent oscillations. Then, other
sphygmographic indices can be derived out with those
curve-fitting coefficients as listed in table I.

Despite their success in systematic parameter derivation,
the "Windkessel Model" series fail to explain the transient
phenomena in real pulsatile blood flow signals. The theories
of wave reflection were then proposed to conquer above
drawbacks. As a matter of fact, with the heart beats, pulsatile
blood flow signals travel away from the heart and will be
reflected back at various locations of arterial system.
Moreover, the reflected waves will re-reflect again.
Consequently, the observed pulse waveforms should be
attributed to steady flow, incidental and reflected pulse waves
together [15].

B. Spectral analysis
Pulse signal analysis is, in many aspects, analogous to

analyzing the waves of electrical current (i.e., blood flow) and
electrical voltage (i.e., blood pressure). However, there is a
fundamental discrepancy: those electrical signals are
sinusoidal while pulse signals exhibit irregularity more or less.
Then, similar as other complicated physiological signals, a
pulse signal should be considered as the combination of
multiple non-stationary components. It is generally difficult
to separate those constituent components in time domain.
Nevertheless, with spectral analysis, the variability of pulse
signals including rhythmic and non-rhythmic fluctuations
will appear as clear peaks or broadband power respectively
[16].
Now it is known that pulse wave reflection is due to

bifurcation and irregularity of vascular system. Generally
speaking, there will be more reiterative pulse waves with
cardiac hypotrophy, arteriosclerosis, or other cardiovascular
alternations. So there is an interesting research topic in pulse
signal analysis to find out those spectral characteristics of
individual components and their association with
pathological alternations. Till now, reported discoveries
include blood pressure variability for cardiovascular
regulation [16], spectral energy ratio for risk stratification
[17], and so on.

Another research thrust in spectral analysis is to infer the
transfer function for aortic pulse waveform. The aortic
pressure waveform is the direct reflection of cardiovascular
coupling, hereby valued for important risk factors of
cardiovascular system such as cardiac ejection power and
aortic augmentation index, etc. The most popular transfer
function was proposed by O'Rourke et al in 1993 to
characterize the relation of peripheral pulse waveform and
aortic pulse waveform in frequency domain [18]. It was
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verified by Chen et al in 1997 [19], and improved by Fetics et
al in 1999 with autoregressive exogenous (ARX) model [20].

CONCLUSIONS

Sphygmogram analyzers based on pulse signal monitoring
and analysis are promising for their advantages to
sphygmomanometers and electrocardiographs in home health
monitoring. In the first, sphygmogram analyzers monitor
cardiovascular circulation based on the complete profile of
pulsatile blood flow signals, hereby provide more vital
information than traditional sphygmomanometers for blood
pressure values only. On the other hand, sphygmogram
analyzers obtain raw pulse signals by single applanation
tonometer only. Compared with electrocardiographs,
sphygmogram analyzers are more possible to be accepted by
home subjects due to easy maneuverability.
As a matter of fact, it is safe to claim the resurgence of pulse

signal monitoring and analysis for various publications
recently in this field. Considerable amount of clinical
experiments have been reported, mainly in prestigious
journals of Hypertension, Heart, and Circulation, with
concerns on the viability of pulse signals for vital risk factors
of cardiovascular system in different populations and disease
cohorts. And various signal processing and analytic methods
have been introduced into this field for better evaluation of
risk factors. With these risk factors, it is possible to evaluate
the health condition of cardiovascular system in a quantitative
manner.
But many challenges remain open. Firstly, substantial errors

will be incurred due to the separate measurements of blood
pressure and pulse waveform. In the second, it is still a
challenging issue to derive out accurate characteristic
variables of cardiovascular system because, till now, all
analytical models are hypothetical only. In other words, it is
questionable whether current medical diagnostic models are
suitable for computerized pulse signal analysis.
Hence, besides integrated pulse signal monitoring systems,

more computing methods and intelligent technologies should
be introduced so as to advance the development of pulse
signal monitoring and analysis for home healthcare. For
instance, wavelet transform is desired for characteristic
variable extraction for its excellence in transient analysis; and
self-organizing mapping is good at mining intrinsic behavior
patterns of raw pulse signals.
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