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Abstract— The pulse transit time (PTT) based method has
been suggested as a continuous, cuffless and non-invasive
approach to estimate blood pressure. It is of paramount
importance to accurately determine the pulse transit time from
the measured electrocardiogram (ECG) and photoplethysmo-
gram (PPG) signals. We apply the celebrated Hilbert-Huang
Transform (HHT) to process both the ECG and PPG signals,
and improve the accuracy of the PTT estimation. Further, the
blood pressure variation is obtained by using a well-established
formula reflecting the relationship between the blood pressure
and the estimated PTT. Simulation results are provided to
illustrate the effectiveness of the proposed method.

I. INTRODUCTION

The continuous, cuffless and non-invasive measure-
ment/estimation of blood pressure is more desirable for peo-
ple who need regularly monitoring of their blood pressure. In
recent years, the estimation of blood pressure using related
physiological parameters has been studied extensively. It
is commonly accepted that pulse transit time (PTT) can
be regarded as an index of arterial stiffness, and has been
employed as an indirect estimation of blood pressure [1].
PTT can be measured as the time interval between the
peak of R wave of the electrocardiogram (ECG) and a
characteristic point at predetermined thresholds of the pho-
toplethysmogram (PPG) in the same cardiac cycle, which
is the blood propagation period from the aortic valve to a
peripheral site. The starting point of PTT is the R wave peak
of ECG, and mainly there are three different choices of the
ending point: (1) the foot of the PPG signal, (2) the peak
of the PPG signal, and (3) the maximum inclination of the
PPG signal [2].

Different expressions have been derived to characterize the
relationship between the blood pressure and the PTT. Most
effective ones are Moens-Korteweg’s [3] and Bramwell-Hill’s
[4], which have been widely used. Essentially, the elasticity
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of an artery was early recognized to be related to the velocity
of the volume pulses propagating through it [5].

The pulse wave velocity (PWV) is defined by Moens and
Korteweg as a function of such factors as the thickness of
vessel wall (), the elasticity of the arterial wall, the density
of blood (p) and the interior diameter of the vessel (d). The
equation is shown as follows [3]:

PWV = E, (1)
pd

where E stands for the Young’s modulus describing the
elasticity of the arterial wall, and generally it is not a
constant. Further, the Young’s modulus E was described by
Geddes as E = Ege®P [3], where Ej is the modulus of the
zero pressure, o¢ is a constant that depends on the vessel,
varying from 0.016 mmHg ™! to 0.018 mmHg ™!, P is the
blood pressure, and e is 2.71828. Then we have

tEoeaP

PWV =
pd

2)

In this work, we will apply the relationship formula devel-
oped in [6] based on the above Moens-Korteweg formula.
Bramwell and Hill have found that the propagation veloc-
ity of the pulse wave in the artery filled with blood is related
to the volume-pressure relationship of the artery, with the
assumption that the artery is an elastic tube filled with an
incompressible and invisible liquid, which can be written as
[4]:
V AP

PWV =
p AV’

3)
where PWV is the velocity of pressure wave, V is the volume
of the tube, p is the density of the blood, AV is the volume
change, and AP is the change in the distending pressure. The
velocity of pressure wave can also be described as PWV = %,
where L is the length of the pulse wave propagation along the
artery, and T represents the pulse transit time. Therefore, the
velocity of local pressure wave can be readily estimated by
using this equation. It requires no knowledge of the thickness
and diameter of the vessel, or of the elasticity of the arterial
wall, but only the rate of increase of volume with pressure,
which is simple and directly observable. The compliance, C,
which represents how much the change in the volume is in
response to a given change in the distending pressure:

AV
C="5 )
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Thus, PTT can be written in terms of compliance and volume

7]:
[7] y

:p_C'

According the above discussion, the blood pressure is in-
versely proportional to pulse transit time, and the relationship
between them is individual-dependent, thus, many authors
apply the linear regression in estimating the blood pressure
[8]: First, the coefficients of the model are identified based
on the experimental data; second, the model is used for blood
pressure estimation.

PTT-based blood pressure estimation has received consid-
erable attention. The PPG sensor was developed in [9]. In
[10], some important factors that could affect the accuracy
of the estimation method were explored. A Butterworth band
pass filter was applied to denoise the signals and estimated
the PTT [1]. The wavelet transform was employed to detect
the peak value of the signals and then calculated the PTT
[11]. However, most of the existing methods in the literature
have not fully considered the inherent nature of the nonlinear
and non-stationary properties of the measured ECG and PPG
signals when applying different kinds of signal processing
techniques. In this paper, we aim to process the measured
signals by using the Hilbert-Huang Transform (HHT) that
can effectively process the nonlinear and non-stationary
signals.

The remainder of the paper is organized as follows.
Section II briefly introduces and reviews the Hilbert-Huang
Transform. Section III presents the algorithm that is used to
calculate the PTT and estimate the blood pressure. In Section
IV, the results are presented to illustrate the effectiveness of
the method. Concluding remarks are addressed in Section V.

(&)

II. HILBERT-HUANG TRANSFORM

To provide a more efficient method of filtering of a
signal from noise for nonlinear, non-stationary data, Huang,
et.al. [12] introduced a new approach called the Hilbert-
Huang Transform (HHT). Other methods have some inherent
shortcomings. Fourier spectral analysis requires the station-
arity and linearity. Spectrogram, a limited time window-
width Fourier spectral analysis, has to assume the data
to be piecewise stationary. Moreover, wavelet analysis has
the non-adaptive nature, and the leakage generated by the
limited length of the basic wavelet function makes the quan-
titative definition of the energy-frequency-time distribution.
HHT can overcome the limitations of the above mentioned
methods. It allows first-time-ever analysis of nonlinear and
non-stationary data. HHT is the first adaptive method for
measuring things that does not stay still and does not follow
regular patterns. The result is a more precise definition
of particular events in time-frequency space, and a more
meaningful interpretation of underlying dynamic processes
that can be obtained by historical methods [13].

HHT consists of two steps. First, the empirical mode de-
composition (EMD) method is used to obtain finite intrinsic
mode functions (IMF). Second, with the Hilbert transform,
the IMFs yield instantaneous frequencies as functions of

time. Finally, the Hilbert Spectrum can be obtained, which is
an energy-frequency-time distribution. Since the decomposi-
tion is based on the local characteristic time scale of the data,
it is applicable to nonlinear and non-stationary processes.
The detailed dynamics characteristic of a nonlinear system
through the instantaneous frequency can be examined using
this technique.

With the attractive advantages, HHT has successfully
found a wide variety of applications: Basic nonlinear me-
chanics, climate studies, earthquake engineering, geophysical
exploration, submarine design, structural damage detection
in bridges and buildings, speech signal processing, satellite
data analysis, and so on.

ECG and PPG signals are inherently nonlinear and non-
stationary due to lots of interference. Therefore, we apply
the HHT to process the ECG and PPG signals to estimate
the PTT.

III. ALGORITHM DESCRIPTION
A. PTT estimation

HHT is applied to process the ECG and PPG signals, re-
spectively, to obtain the intrinsic mode functions. To achieve
so, we need to accurately determine the time instance of the
R wave peak in the ECG signal, and recognize several related
characteristic points in the PPG signal. First, the IMFs are
obtained using the EMD procedure. Second, we reconstruct
the signal without noise by ignoring the IMFs corresponding
to noise part. Third, each interested IMF is compared with
the rebuilt signal to see which one shows better performance
on the time instance. The logic flowchart is illustrated in
Figure 1.

Generally, PTT is defined as the time interval between
the R wave peak of ECG and the peak of PPG in the same
cardiac cycle [14].

B. The estimation of blood pressure

The mathematical expressions that describe the relation-
ship between the blood pressure and the PTT are given in (1).
According to the derived results of [6], substituting the pulse
wave velocity PWV = % and the elastic modulus E = Ege®?
into (1), we have

L tEge®?
Y ©6)
T pd
then it follows that
1. L%pd
P=—-M=P% omr]. %
o tEy

If the changes in the wall thickness and the diameter of
the vessel with respect to the change in blood pressure are
negligible, and the change in the modulus E is slow enough,
the change of blood pressure can be described as:

AP = — id T. (8)

aT
Remark 1: It can be seen that the change of blood pressure
is related to the PTT. After accurately estimate the PTT, the
variation of blood pressure can be readily calculated using

().
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IV. RESULTS

In this section, for the measured ECG and PPG signals,
we apply the HHT method to estimate the PTT, and further
calculate the change of blood pressure.

The original signals and the empirical mode decompo-
sition components are listed in Figure 2 and Figure 3,
respectively.

Input the data of a signal

!

Set up a structure to
store IMFs

[

!
Find out local Max/Min

envelopes

]

Using spline interpolation to
get Max/Min envelopes

i

Calculate standard deviation

2
oo [|h1(rc4)(f) -y ()]
=G

Update data

Output

Fig. 1. The logic flowchart to decompose the input signal into successive
IMFs.

The peak detection of ECG is performed on the rebuilt
signal without noise, as shown in Figure 4. For the PPG, it is
noticed that the third IMF of PPG shows better performance
in the peak detection comparing with other functions and the
rebuilt PPG signal. After detecting the peak of the signals,
the time interval between ECG and PPG in the same cardiac
cycle can be determined, which will be used to estimate the
blood pressure. Compared with the intrinsic model functions
of ECG, the rebuilt signal clearly shows better performance
to determine the R wave peak information.

The ECG and PPG are collected at 256 Hz and the
constant parameter « is fixed as 0.017 mmHg~'. The change
of blood pressure can be readily calculated: Some of the
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TABLE I
THE PULSE TRANSIT TIME AND THE CHANGE OF BLOOD PRESSURE

Peak of ECG | Peak of PPG | PTT (s) Change of BP (mmHg)

157 223 0.2578

395 460 0.2539 1.8100

636 700 0.2500 1.8382

876 942 0.2578 -3.5651

1116 1183 0.2617 -1.7559

estimated data are shown in Table 1.
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Fig. 4. The original signals and the detection of the peak based on the

rebuilt ECG and IMF C3 of PPG.

Remark 2: A good estimation of the blood pressure variation
is very useful in monitoring patients’ health status, and it
can be potentially applied to the fall and near-fall detection
system, developed by our research team. If the base blood
pressure level is known, then we can obtain the estimated
blood pressure.

V. CONCLUSION

In this paper, we apply the HHT to process the measured
ECG and PPG signals, and further estimate the PTT, and
finally calculate the variation of blood pressure. Simulation
results for the measured ECG and PPG signals illustrate the
effectiveness of the proposed method. It is worthwhile noting
that to further explore the more accurate relationship between
the PTT and the blood pressure will be of importance for
applications, which is our future work.
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