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Abstract—Objective: To demonstrate the feasibility of everaging
impedance plethysmography (IPG) for detection of pulse transit
time (PTT) and estimation of blood pressure (BP). Methods: We
first established the relationship between BP, PTT, and arterial
impedance (i.e., the output of IPG). The IPG sensor was placed on
the wrist while the photoplethysmography (PPG) sensor was
attached to the index finger to measure the PTT. With a cuff-based
BP monitoring system placed on the upper arm as a reference, our
proposed methodology was evaluated on 15 young, healthy human
subjects with handgrip exercises as interventions and compared to
several conventional PTT models to assess the efficacy. Results:
The proposed model correlated with BP fairly well with group
average correlation coefficients of 0.88 + 0.07 for systolic BP (SBP)
and 0.88 + 0.06 for diastolic BP (DBP). In comparison with the
other PTT methods, PTT-IPG-based BP estimation achieved a
lower root-mean-squared-error (RMSE) of 8.47 + 0.91 mmHg and
5.02 + 0.73 mmHg for SBP and DBP, respectively. Conclusion: We
conclude that the measurement of arterial impedance via IPG
methods is an adequate indicator to estimate BP. The proposed
method appears to offer superiority compared to the conventional
PTT estimation approaches. Significance: Using impedance
magnitude to estimate PTT offers promise to realize wearable and
cuffless BP devices.

Index Terms—Cuffless blood pressure, pulse transit time (PTT),
impedance plethysmography (IPG), radial impedance.

I. INTRODUCTION

LOOD pressure (BP) monitoring is of significant
importance to control and prevent hypertension, especially
for the elderly. Due to the impact of this disorder on a large
number of individuals, 1 billion worldwide, many researchers
have attempted to improve the methods of BP measurement.
There are several noninvasive BP methods. Auscultation is the

standard clinical method, whereas oscillometry is the most
popular automatic method for ambulatory BP monitoring.
Because of the bulky and manual nature of these systems, the
volume-clamp method has been proposed. This method
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measures finger arterial pressure using a cuff in combination
with a photoplethysmography (PPG) sensor. Although this
system is more convenient, using a finger cuff still presents a
drawback for long-term BP monitoring. Without requiring an
inflatable cuff, the tonometry method measures radial artery BP
by pressing an array of pressure sensors against the skin. Even
though few automatic tonometry devices have been developed,
a high sensitivity to the positioning of the force sensor remains
as a principal disadvantage. There are still other existing BP
monitoring methods however none is suitable for ubiquitous BP
monitoring [1].

One proposed method that addresses the above challenges
relies on measurement of pulse transit time (PTT), which is the
time interval of the pulse wave propagation between two
arterial sites and is affected by BP [1, 2]. The PTT is inversely
proportional to the BP. High BP corresponds to high pulse wave
velocity (PWV) which in turn means a low PTT value. The
Moens-Korteweg equation shows the relationship between
PWYV and elastic modulus E through the following expression:
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PWYV can be obtained by the ratio of the distance D between
the two arterial sites and PTT. With p as density of blood, h as
the wall thickness and d as the diameter of the artery, the
assumption is that E alone is a variable related to BP; therefore,
PTT can be converted to BP values with an initial calibration.
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Fig. 1. Overview of the methodology used in this study. (a) Block diagram of
the proposed PTT-IPG-based BP model. (b) Overview of experimental setup
with IPG sensor at radial artery and PPG sensor at digital artery.
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Many investigations have shown that the PTT-based methods
provide a good estimate for BP [1-5].

Although PTT-based methods are promising, there are still
some challenges that need to be addressed before their
widespread application. Firstly, experimental results show that
the elastic modulus E depends not only on BP but also the age
of central arteries [6], while BP and smooth muscle (SM)
mainly affect the peripheral elasticity [7]. Therefore, reliance
on the relationship between E and BP alone impacts PTT-based
BP estimation accuracy. The second challenge of the PTT
method is the independent determination of systolic and
diastolic BP, referred to as SBP and DBP, respectively. A single
PTT value has been used to access two BP levels, meaning one
of those values may be inaccurate. Only SBP is estimated in
some studies [8, 9], while some PTT-BP models could obtain
just DBP [10, 11] or mean blood pressure (MBP) [10, 12]. To
address this problem, a few studies consider a variety of PTT
determination [13-15]. Last but not least, if the pulse
waveforms cannot be easily detected, the PTT method is
obviously will not produce suitable outcome. The typical PTT
model utilizes electrocardiography (ECG) as the proximal
waveform and photoplethysmography (PPG) as the distal
timing reference. The biggest advantage of the ECG method is
the high reliability of the R-wave which is easy to detect and
less sensitive to motion artifacts. However, ECG electrodes are
often required to be affixed to the chest, hands, and legs, which
is inconvenient for the patients [16]. Moreover, using the ECG
waveform yields the pulse arrival time (PAT) instead of PTT.
PAT is the sum of PTT and the pre-ejection period (PEP) [1].
Since PEP is uncorrelated to BP, several studies use PPG or
impedance cardiography (ICG) instead of ECG to eliminate the
PEP value [14, 17]. Some PTT-based BP estimations using two
or multiple PPG sensors in the peripheral arteries have
improved the user comfort [18-20]. However, the accuracy of
these systems still needs improvements [1, 11, 18]. Holz and
Wang designed glasses prototype using optical sensors and
inertial sensors to extract PTT values [21]. However, the sensor
attachment on glasses may cause inaccurate recordings.
Moreover, glasses may not be convenient for users who do not
suffer from eye disease. Recently, a SeismoWatch has been
introduced using seismocardiogram (SCG) and PPG sensors
[22]. Unfortunately, this approach cannot be applied for
continuous BP monitoring since the user must hold the device
against the sternum to detect micro-vibrations of the chest wall.

Apart from the PTT, arterial cross-sectional area has been
shown to be a reliable marker of BP. The change in BP is
directly proportional to the change in arterial cross-sectional
area. Unlike PTT, the arterial diameter is continuously affected
by BP during the whole cycle of cardiac activity, thereby
impacting both SBP and DBP [23, 24]. Using arterial cross-
sectional area or diameter parameters may solve the
independent determination of SBP and DBP which is derived
by a single PTT measurement. Moreover, with these indicators,
PTT-based BP estimation can offer higher accuracy since the
elastic modulus E is dependent on both the BP and arterial
radius [25], as shown below:
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where the AR is the change in the external radius following a
pressure change AP, R; is the internal radius, R is the external
radius, and ¢ is known as Poisson’s ratio.

Both the PPG and impedance plethysmography (IPG)
techniques have been widely used to detect changes in the blood
volume, thus mainly reflecting changes in arterial volume and
dimension. Whereas the PPG sensor must fit tightly onto the
body surface in the perpendicular direction, the IPG sensor only
needs to contact slightly to the skin to produce electric potential
fields. Compared to strong PPG contact to the skin, the
electrodes of IPG method could be made from the soft and
flexible material that could bring some benefits for the users. In
addition, PPG method requires a light-emitting source and a
photodetector that may need to consume much power.
Moreover, the IPG system is less sensitive to the measured
location than PPG. With these notable aspects of arterial cross-
sectional area measurement in mind, to improve the BP
measurement accuracy, this paper proposes to employ PTT
measurement in conjunction with IPG. IPG is a noninvasive
method for measuring the arterial impedance Z of peripheral
arteries, which is directly affected by the arterial cross-sectional
area A as follows.

A=plL/Z 3)

where L represents the length of the measured segment. Using
the IPG waveform as the proximal timing reference can produce
a PTT value instead of PAT and is more conveniently detected
in comparison with ECG method. As shown in Fig. 1, the
proposed measurements are performed with the IPG sensor at
the wrist on the radial artery, and the PPG sensor on the index
finger, thus constituting a new wearable BP device offering
ubiquitous monitoring.

Il. MATERIALS AND METHODS

A PTT-IPG model has been studied to show the relationship
between PTT, radial impedance, and BP. A measurement
system is also developed to apply in the proposed BP model.
For further evaluation, this study designs a validation protocol
leveraging a gold standard reference device.

A. Blood Pressure Estimation

The arterial vessel is often modeled as an elastic cylindrical
tube. The compliance C of the tube has shown to be related to
the geometry of the arterial vessel and the elastic modulus of
the arterial wall. In other words, the compliance C is
characterized in terms of the changes in cross-sectional area A
and pressure P (i.e., dA/dP) [23].

The propagation velocity, which represents vasculature
elasticity, is inversely related to the compliance C. According
to the Bramwell-Hill equation, PWV is determined by the
compliance C with p/4 representing the arterial inertance per

unit length.
AdP
PWV = [— 4
ﬁfpdA (4)
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Taking Equation (4) a step further and integrating dP and dA,
the pressure can be written in terms of PWV and the cross-
sectional area A as follows.

P(t) = P, + pPWV 2 In [%} ©)

where Py is the pressure corresponding to the cross-sectional
area Ao [26]. The total segment is regarded as the parallel model
of the blood and tissue. With Z, and Z; as the impedance of the
artery and tissue respectively, the impedance of a body segment
Z derived from IPG measurement is given by [27]:

1/2=1/2,+1/Z, (6)

Since the tissue impedance is assumed to remain constant,
from Equations (3) and (6), the change in arterial cross-
sectional area AA can be expressed as a function of the change
in measured impedance AZ.

A= p LAZ | Z} 7

in which py is the resistivity of blood and Z, represents the basal
impedance of the segment. The cross-sectional area over time
is given by the sum of the original Ao and the change AA of
cross-sectional area; therefore, BP can be expressed in term of
PTT and the impedance Z of body segment. By replacing PWV
with a function of PTT and taking Equation (5) some simple
steps further using (7), the BP values can be obtained as follows:

P(t) = P0+p%ln[l+K(Zo—Z(t))] ®)

where K is a constant and is equal to Za/Zo?. At the pressure Po,
Zqo represents the arterial impedance and Zo is the impedance of
the body segment while P(t) can be replaced by SBP or DBP.
In each cardiac cycle, the PTT value has been used for both SBP
and DBP, while the highest and lowest points of the impedance
waveform are separately employed for the two BP levels.
Impedance Z is inversely related to BP through the cross-
sectional area, thus, Znmin is utilized to estimate SBP while DBP
can be obtained through Zmax.

An initial calibration is done to determine the calibrated
parameters including a pair of measurements from the BP
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Fig. 2. The designed system for detecting IPG and PPG waveforms. The dash-
dotted lines represent the output parameters. In a set of two parameters, only
one output is measured corresponding to different inputs of the multiplexer.
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reference device and the proposed device. Based on the
influence of BP to impedance Z, the original parameters in
Equation (8) can be determined corresponding to the calibrated
DBP level (Po). The calibrated SBP value (in terms of P(t)) and
two impedance values (in terms of Zo and Z(t)) are used to
calculate the subject-specific K. Thereupon, with the constant
distance D calculated from the wrist to the finger and the
measured PTT, beat-to-beat BP can be estimated.

B. Measurement System
1) System Design

As described in Fig. 2, the complete system includes two
parts. The first component is impedance measurement with the
IPG sensor located on the radial artery at the wrist. The second
component, the PPG system, is placed at the index finger for
pulse waveform detection.

The IPG hardware is designed based on a tetrapolar
configuration to provide enhanced accuracy for detection of
both the magnitude and the phase of the impedance waveform.
Current injection and voltage detection are performed using two
pairs of electrodes. The radial impedance is obtained through
the measured voltage and injected current according to the
Ohm’s law [27]. This study uses 500 pA at 100 kHz for the
current source because these parameters are safe for the human
body and can sufficiently assist with the detection of the
impedance variations [28]. In addition, flexible dry-contact
electrodes are employed to improve user comfort and allow
long-term monitoring. Conductive electrodes made of silver-
plated polyester could be soft, bendable, and stretched in both
directions. The electrode-skin impedance is 133 Q @ 100 kHz
with a thickness of 0.45 mm and a surface resistivity lower than
1 Q/sq [29].

The Wien-bridge oscillator is implemented to generate high-
frequency sine waves while a monopolar improved Howland
current pump is utilized to realize a high-impedance constant
current source. The small variation of the radial blood vessel is
amplified using high-speed, low-noise instrumentation
amplifier AD8421 with a high common-mode rejection ratio of
110 dB and a gain of 60 dB at 100 kHz. The gain is adjusted to
realize a clear and unsaturated waveform. Using an accurate
synchronous demodulation with AD630, the carrier signal and
the interfering noise are removed and then, the basal impedance
Zb is obtained. Next, the DC cancellation is applied, thereby
allowing enhanced observation of the variation of measured
impedance. Since the magnitude waveform after this stage is
only a few millivolts, the next amplifier stage with the gain of
50 dB is required. An active 6th order low pass filter with the
corner frequency at 3 Hz is used to remove noise and other
undesirable frequency components. Finally, the impedance
waveform is monitored with a programmable-gain amplifier.
Also, this waveform is passed through a differential amplifier
to acquire the dZ/dt waveform.
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Fig. 3. Experimental PTT measurement and PTT calibration with both IPG and
PPG sensors located at the same position at the wrist.

For PPG waveform detection, a reflected optical sensor
RP320 (Laxtha, South Korea) has been employed. The first
stage of this part is the active 4™ order band pass filter to
suppress the large DC component and also boost the small
variations caused by the pulsatile blood volume. The upper and
lower -3dB cut-off frequencies of this stage are 2.34 and 0.7 Hz,
respectively with a gain of 40 dB. This stage also removes the
unexpected DC signal and interference noise. To get a clear
PPG waveform, a non-inverting amplifier with programmable
gain is applied. Finally, a differentiator stage is used to obtain
the dPPG/dt waveform.

The proposed system consumes 92 mW (28mA @3.3V) in
practice, meeting the characteristics of a wearable device [30].
2) Parameter Determination

The total radial impedance is equal to the sum of the basal
impedance Z, and the impedance variation dZ. The voltage drop
Vreal OVeEr the known resistor R of 100 Ohm is used to calibrate
the base value Z,. To calculate the actual impedance variation
due to the changing blood volume, a small sine-wave Vs of 10
mV at 1 Hz is generated to obtain the gain of the amplifier chain.
Multiplexer stages are implemented to switch between the
calibrated and actual parameters. Finally, due to the linear
influence, the real radial impedance can be computed as follows:

Z:Zb+dZ=E£VO+V—S,VdZJ 9)
R Vs

By substituting Equation (9) for BP estimation in Equation
(8), the expression K(Zo-Z) can be rewritten as k(Vazo-Viz)
where k is a constant and equal to K(R/VR)(Vs/Vs). With an
initial device-specific calibration, the measured voltage of the
impedance waveform Vg can be leveraged to estimate BP
values.

For PTT calculation, different time intervals between IPG
and PPG waveforms are computed. Several studies employ
peak-to-peak or foot-to-foot PTT determination [1, 13, 14],
however, a single PTT may best correspond to one BP value.
To address this challenge, as in some investigations [15, 31, 32],
PTT is determined as the period between the peaks of first
derivative of PPG and IPG waveform in each corresponding
cardiac cycle.
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Fig. 4. (a) Representative all measured waveforms with the definition of
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ensemble average with the peak of dPPG/dt and dZ/dt as the origin,
respectively.

02
0 01 02

Due to the fact that the two separate pulse detection methods
have a different phase shift, the actual PTT value varies
significantly since the distance between the wrist and the finger
is quite small. In addition to the PTT, the phase-difference time
between sensors also need to be considered. Therefore, after
eliminating or calibrating the time difference between different
sensors, the remained time difference is caused by the pulse
transit. The experimental results have shown that the PPG
waveform lead the IPG waveform instead of lagging since the
phase shift of IPG system is greater than the phase shift of PPG
system and the desired PTT. Hence, PTT calibration is required.
As shown in Fig. 3, the calibrated time delay is measured with
both IPG and PPG sensors located at the same position on the
wrist. The bracelet line was used as the origin for repeatable
measurements. To control the pressure of the sensor on the skin,
the DC output voltage was obtained from a pressure sensor shift
after skin attachment. From the PTT measurement and
calibration, the phase shift of IPG system can be expressed as
follows:

IPG, = PTT + PPG,, + PTT,, (10a)

= PPG, +PTT, (10b)

By subtracting Equation (10a) from Equation (10b), the
desired PTT can be written in term of the measured PTT and
the calibrated PTT. The average of the calibrated PTT of the
proposed system is around 0.15 seconds while the measured
PTT varies with human subjects. After calibration, the negative
or out-of-range PTT values (according to normal PWV range
from 3 m/s to 15 m/s) are removed.

PTT = PTT, —PTT,,

Furthermore, to prevent motion artifacts and acquire more
reliable data, ensemble averaging has been applied. Unlike the
IPG waveform, the dPPG/dt waveform is used only for pulse
detection. Therefore, the corresponding time of the peak for that
waveform is utilized as the reference time for each pulse beat.
The ensemble frame is determined as the minimum cardiac

(11
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period. Finally, the average of this ensemble of all individual
beats within 20 seconds has been used to calculate the PTT
value and radial impedance magnitude as illustrated in Fig. 4.

C. Experimental Details

The experiments were performed on 15 healthy adults
without any history of cardiovascular diseases such as
hypertension (age: 29 + 5 years; gender: 10 males, 5 females;
height: 164 + 8 cm; weight: 60 = 9 kg). The ambulatory BP
monitoring Oscar 2 system (SunTech Medical, USA) which
passed three internationally recognized standards has been used
as the reference. The proposed system was located at the wrist
(IPG sensor) and the finger (PPG sensor) while the reference
device was placed on the upper arm as shown in Fig. 5(a). The
IPG sensor was placed at different locations (Aq—C2) to measure
the signal quality in which the sensor was moved each 1 cm
horizontally and each 2 cm vertically. All ipsilateral
measurements were conducted in the seated position with the
proposed system and reference device held over the chest area
to prevent hydrostatic pressure change.

The waveforms from the proposed system have been
recorded over 20 seconds at the sampling rate of 25 kHz. This
sampling rate provides high resolution recordings while not
overly burdening the signal processing. After recording, the
received data were smoothed using a moving average filter.
Thereupon, the peaks of the dPPG/dt waveform were detected
and then the ensemble average method was performed to
provide all necessary values. Finally, as given by Equation (8),
those parameters have been converted to BP.

During the experiments, first, each subject was instructed to
relax for 10—15 minutes. After that, the average of three pairs
of sequential measurements from both the proposed and
reference devices was used to obtain the calibrated parameters.
As shown in Fig. 5(c), the experimental protocol includes six
sessions. The first session (B1) was in the baseline period and
the remaining sets alternated between handgrip exercises (E1,
E2, E3) and recovery periods (R2, R3). Performing with the free
right hand, handgrip maneuvers aim to acutely increase BP.
Each session was conducted for 2 minutes. This study
employed exercises to perturb BP because it is safe compared

Cuff BP
Reference

Baseline

Reh\ E\eruse Rem\ ery E\erC|>e Rum ery E\cruse
(2 min) (2 min) (2 min) (2 min) (2 min) (2 min)

Fig. 5. The PTT-IPG-based BP model with the actual system (a), various
locations of IPG sensor (b) and validation protocol (c).
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to cold pressor recordings and can effortlessly yield high BP
variation in contrast to mental arithmetic intervention. Finally,
all data points acquired from the experimental group were
analyzed and evaluated.

I1l. RESULTS

The relationships of BP, PTT and radial impedance have
been established. The study computed the correlation
coefficient (r) and the root-mean-squared-error (RMSE) to
assess the correctness of the estimated BP values. In addition,
the proposed system was further compared in terms of
performance with two of the most-cited BP estimation methods
in the literature.

A. Group Average Data Analysis

Fig. 6(a) shows the mean of all parameters for all subjects
during validation study with the IPG sensor located at the area
Ao. Due to the fact that the variabilities of those parameters in
each period are greater than the changes between two adjacent
stages, the standard deviation (SD) bars have been omitted for
clarity. The sustained handgrip significantly increased BP level
by about 20 mmHg for SBP and 15 mmHg for DBP on average.
The PTT, Zmin (for SBP estimation), and Zmna (for DBP
estimation) correspond well in the opposite direction of the BP
variations. The mean of Zmin and Zmax decreased considerably in
response to the highest SBP and DBP in E3 and E2, respectively.
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Fig. 6. Group average of SBP, DBP, Impedance Z, and PTT for each period (a)
and the change of those parameters between each period (b). Error bars
represent 95% CI.
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However, the trend of the group average PTT seems
counterintuitive. There is a tendency that PTT increased more
per unit change in BP during the two recovery periods R2 and
R3.

To evaluate the changing trends in detail, the mean and 95%
confident interval (CI) of the difference of all group average
data between each period have been analyzed in Fig. 6(b). A
positive number denotes an increase, whereas a negative
number denotes a decrease. Corresponding to the positive
change in BP is the decline of PTT and impedance values. All
the 95% Cls did not include zero, therefore, the inverse
relationship between BP and those parameters was statistically
significant. As shown in Fig. 6(b), all impedance values
changed appropriately in response to the changes of BP in both
directions. However, the magnitudes of the changes of PTT
were different. When BP increased with the SBP changes from
around 16.5 mmHg to 20 mmHg and the DBP changes from
around 13 mmHg to 16 mmHg, PTT degraded by a similar
amount of 1.45 ms, 1.35 ms, and 1.33 ms for B1-E1, R2-E2,
and R3-E3 periods, respectively. In contrast, when BP
decreased by about 16 mmHg for SBP and 13 mmHg for DBP
on average, PTT errors in E1-R2 and E2-R3 were 32.5% and
30.5% higher than those of B1-E1 and R2-E2, respectively.

B. Performance of the Proposed Model with IPG sensor at
various locations

The IPG waveforms for a representative subject at different
locations are shown in Fig. 7. The high voltage at the sensing

electrodes exhibits large variations in impedance and vice versa.

It can be seen that the measured signal quality is better at the
locations Ao, A1, Bo, and B while other locations have achieved
less stable waveforms. The amount of impedance variation is
lower in areas that are far away from the origin (2 cm
horizontally and 4 cm vertically).

To assess the sensitivity of the IPG location, the group
average correlation coefficients and RMSEs are given in Fig. 8
with the measured areas at Ao, A1, and A,. Those values were
compared using one-way ANOVA with multiple comparisons
via the Turkey test. Both estimated SBP and DBP from Aq and
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Fig. 7. The ensemble average of IPG waveforms at various locations on the
forearm.
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Az achieved high correlations against the BP standard device.
Those values were 0.88 + 0.07, 0.88 + 0.06, 0.84 + 0.07, and
0.9 + 0.05 for SBP and DBP of A and As, respectively. In
contrast, A, provided moderate correlations of 0.67 £ 0.11 (SBP)
and 0.77 = 0.1 (DBP) for estimating BP. In terms of RMSE,
predicted BP levels from Ao and A; yielded low errors which
the difference was not significant (p-value > 0.05). Our
proposed model achieved SBP RMSE of 8.47 + 0.91 mmHg
and DBP RMSE of 5.02 = 0.73 mmHg at the area Ao while those
values were 7.66 £ 1.11 and 6.15 + 1.3 mmHg for SBP and DBP
at the area As, respectively. However, the proposed method
showed large errors with the IPG sensor located at the area A;
in which the RMSEs were 10.46 + 3.27 (SBP) and 8.91 + 3.51
(DBP) mmHg. Compared to area Ay, those values were 24%
and 78% higher for estimated SPB and DBP, respectively.

C. Performance of the Proposed Model against the most
cited PTT Models

Our BP estimation was validated in comparison with two of
the most cited PTT models. These models have outperformed
many other PTT-base BP models and has been employed by
many researchers. The first model for BP estimation is given by
[33]:

2
DBP = MBP, + 21n 2 o _ PR [ PTT, (12a)
y PTT 3 (PTT
2
SBP = DBP + PR, -[ 21T (12b)
PTT

and the second PTT model only estimates SBP through the
following expression [8]:

2 PTT —PTT,
SBP=SBR, - ———— —2 (13)
/4 PTT,
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Fig. 8. Group average correlation coefficients and RMSEs between estimated
SBP and DBP from our method (PTT-IPG) at various locations (a, b) and at
area A, compared to two most-cited methods (c, d) against the reference. Triple
asterisks (***) indicate statistical significance at p-value < 0.001. The symbols
“n.s” indicate no significance at p-value > 0.05.
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Fig. 9. Representative correlation plots (a) and Bland-Altman plots for all subjects (b) of estimated SBP and DBP from proposed model (PTT-IPG), two most-
cited models (PTT (1) and PTT (2)) versus reference. In (b), the dotted and solid red lines represent the mean and mean + 1.96x SD, respectively.

in which PP stands for pulse pressure, y is a subject-dependent
coefficient and the parameters with the subscript “o” are
obtained from an initial calibration.

The area Ao has been utilized for the validation. As shown in
Fig. 8(c) and Fig. 8(d), on average, both BP levels from two
most cited PTT models showed moderate correlations versus
the cuff-based BP, whereas our proposed model correlated with
both SBP and DBP fairly well with coefficients of 0.88 + 0.07
and 0.88 £ 0.06, respectively. Obviously, the estimated BP
values from the proposed estimation tracked better with Oscar
2 with 49% higher correlations for SBP compared to those of

both two PTT models (0.59 + 0.1 and 0.59 + 0.09) and 38%
higher correlations for DBP in comparison with those of the
first model (0.64 + 0.1). Besides that, the proposed method
showed a better overall performance in terms of error. The
RMSE of our method in predicting SBP was within 8.47 + 0.91
mmHg of Oscar 2, which was 68% and 53% lower than that of
the first and second PTT models, respectively. In addition, in
comparison with the first PTT model, our proposed model
provided a good RMSE for DBP estimation (5.02 £ 0.73 mmHg)
which was 65% lower. More specifically, the first PTT model
yielded SBP RMSE of 26.43 + 6.85 mmHg and DBP RMSE of

0018-9294 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2018.2865751, IEEE

Transactions on Biomedical Engineering

TBME-00355-2018.R1

14.53 + 3.9 mmHg, whereas the second PTT model obtained
SBP RMSE of 17.96 + 3.54 mmHg. The improvement of our
approach over the most-cited PTT models was statistically
significant (p-value < 0.001), indicating a better accuracy.

The correlation plots of estimated BP from the three models
against cuff BP for three representative subjects are shown in
Fig. 9(a). In some circumstances, the over-response of PTT is
interpreted as a result of the low correlation coefficients of BP
values from two most-cited PTT models with respect to both
reference SBP and DBP, whereas all BP levels from proposed
PTT-IPG model did correlate well with cuff BP. The Bland-
Altman plots of all predicted BP versus reference aggregated
for all subjects is shown in Fig. 9(b). The bias of differences
between our estimation and reference for SBP and DBP were
0.31 + 8.55 and -0.5 + 5.07 mmHg, respectively. The predicted
DBP by our proposed model offered enhanced accuracy
compared to the SBP. Furthermore, it was observed that the
errors between the proposed model and cuff BP reference were
smaller in comparison with those of the other methods,
indicating that the predicted BP values from our model are in
close agreement with those of a standard device.

IV. DISCUSSION

This study leveraged the notion of PTT in combination with
IPG measurement to enhance BP estimation. Besides
demonstrating the effectiveness of using a proximal timing
reference for PTT calculation, we observed that IPG method
can indirectly provide information on the arterial cross-
sectional area which is a good indicator of BP changes. Both
IPG and PTT were utilized to estimate BP levels accordingly.

A. Effect of BP on PTT and Arterial Impedance

Earlier investigations have shown that continuous BP is
composed of the oscillations at both the low frequency (LF)
(around 0.1 Hz) and high frequency (HF) (between 0.2-0.3 Hz)
range [34-37]. As outlined in an investigation by De Boer et al.
[34], SBP contained HF and LF oscillations, whereas DBP
obtained only LF spectrum when using intra-arterial
measurement. The respiratory activity is interpreted as the main
effect on the HF component in BP while the spectrum in LF
range is assumed to be a result of the sympathetic vasomotor
tone [36].

Our study has shown that PTT did not fully correlate well
with BP. Based on the survey of HF and LF components in BP,
the results of this study have verified that PTT could not reflect
both two oscillators in BP. The PTT values might reflect only
HF component, in other words, the change in pulse pressure.
Therefore, with the inaccurately estimated DBP, the PTT-based
estimated SBP is incorrect. In addition, by comparison with
PTT measured in the central arteries, the respiratory activity has

much less effect on that value obtained in the peripheral arteries.

According to Payne et al. [10], due to the arterial stiffness,
vascular PTT is dominated by MBP, but not SBP. Moreover,
the results in prior studies could also explain that PTT may be
a marker of DBP alone, or achieve DBP more accurately than
SBP [10, 11, 38]. It is obvious from the previous studies and
our result that PTT alone is inadequate to estimate both BP
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levels.

Much work has been reported on the nonlinear relationship
between the diameter or the cross-section of arteries and the
arterial BP [39, 40]. As we explained earlier, it is obvious that
power spectrum density (PSD) of radial impedance contains a
spectrum primarily influenced by heart activity since artery
cross-section is continuously affected by BP [41]. Therefore, it
is evident that PSD of arterial impedance is composed of both
high and low variations from the BP waveform. Based on the
inverse relationship between arterial impedance and BP as
expressed in (3), we reasoned that Zmi, and Zmax can be used to
estimate beat-to-beat SBP and DBP, respectively. In addition, a
number of investigations showed that the LF component of BP
is caused by the SM contraction and relaxation [36, 42]. This
component of arterial wall causes a change in the arterial
diameter [43]. In other words, besides HF component, arterial
impedance could reflect the LF variation of BP. With these
considerations, we determine that the arterial impedance can be
associated with the PTT to enhance BP estimation. The results
have shown a significant improvement in accuracy for both
estimated SBP and DBP of the additional IPG signal to PTT.

B. Locations of IPG sensor

The results showed that the area near the bracelet line has
been achieved a stronger signal with higher impedance
variation since the radial artery in these areas is very close to
the skin surface. In other words, the measured impedance varied
less in regions far from the wrist because the electric current
field could not fully pass through the artery. When the IPG
sensor was shifted to the right 2 cm, the signal quality was
decreased because the sensor may not be located on the artery.
It can be seen that the locations of IPG sensor can be varied by
1 cm horizontally and 2 cm vertically in the areas Ao, A1, and
Bo, B1 to measure a high-quality IPG waveform.

A good signal quality provides a good reflection for
impedance variation. For this reason, the proposed method
estimated BP with lower RMSEs for both SBP and DBP in Ag
and A, whereas high errors were obtained in area A;. The
difference of correlation coefficients and RMSEs between
predicting BP from area Ao and A: were not statistically
significant indicating that the proposed device can be adjusted
in 1 cm radial direction.

C. PTT-IPG Method for BP Estimation

In this study, two sensors were located at a very short
distance (around 16 cm) for the application to wearable device,
therefore, the obtained PTT and error PTT are small but
meaningful. Our study results showed similar PTT range with
the other previous pulse transit time investigations [18-20].
While both impedance values corresponded to the changes in
BP fairly well, the changes in PTT behaved differently. Bank et
al. revealed that in low BP levels, parallel collagen fibers do not
exert tension [44]. That confounding factor makes the artery
cross-section changes more than the conventional regime. This
was further verified in an investigation by Gao et al. [19].
According to the Bramwell-Hill equation, PTT depends not
only on arterial compliance but also arterial cross-sectional area.
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Hence, a decrease of BP, and an extra decrease in arterial cross-
sectional further increases PTT. Therefore, in the two recovery
periods, the changes in bias of group average PTT was larger
compared to the other periods.

The other PTT models used for comparison in this work
achieved low correlations and RMSEs for both BP levels in
accordance with the inconsistent PTT variations. The first
model showed a larger error in SBP estimation in comparison
to the other models. Since SBP from that model was derived
from DBP and PP, as a result, the error in predicted SBP was
increased. When adding the arterial impedance parameter, the
accuracy of BP measurement improved. Higher correlation
coefficients are achieved for all SBP and DBP. PTT and arterial
impedance tracked DBP well while SBP obtained smaller
RMSEs compared to those of the other models but not as good
as DBP. One way to explain this result is vascular PTT, but not
PAT, is strongly inversely correlated with DBP and MBP as
confirmed by Payne et al. [10].

PTT in this study was determined as the time delay between
the points at 50% of the pulse magnitude or the peaks of the
first derivative. In such cases, that PTT could reflect both BP
levels. But it is worth noting that wave reflection which occurs
in peripheral arteries by adding the backward wave to the
forward wave increases pulse pressure. In other words, the
difference between SBP and DBP becomes large with
increasing distance from the heart [1]. Experimental BP
waveforms show that DBP which is obtained on the BP
waveform feet is less impacted by wave reflection than SBP
[23]. For this reason, estimated SBP from PTT propagated from
radial artery to digital artery is not sufficiently accurate with
respect to the cuff SBP at the brachial artery. Another reason is
that the propagated path in small arteries (e.g., from radial
artery to digital artery or from femoral artery to skin vessels)
are controlled by viscous blood flow. Accordingly, decreasing
vessel diameter increases PTT in such arteries [45]. Another
explanation for less suitable SBP RMSEs in our system is that
the nonlinearity of peripheral arterial compliance could effect
on the dependency of PTT and BP [7]. Moreover, the proposed
estimation was performed under some assumptions. The
density of blood was set as a constant for all subjects but this
value varies in reality. Furthermore, the actual arterial system is
not a simple tube.

As explained earlier, these considerations indicate that in
addition to PTT and arterial impedance, there are still some
factors that may reflect BP. However, adding arterial
impedance factor would increase the accuracy of BP estimation.

D. Limitations

We further articulate on the limitations of our study. First,
the recruited subjects were rather homogeneous and
normotensive. The proposed model must be thoroughly
assessed on a larger number human subjects. Second, the BP-
varying interventions in the experimental protocol were not
diverse. More specifically, we utilized three periods of the same
exercise to vary BP. However, different BP perturbations must
be applied to rigorously evaluate the efficacy of the proposed
model. In addition, the elasticity of peripheral arteries is
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determined by both BP and SM contraction. Therefore, such
interventions like cold pressor would provide additional value.
The cold pressor test results in significant arteriolar
vasoconstriction, especially peripheral arteries, thus increases
the BP levels. Since the cold pressor test can provide a different
physiological means of modulating BP, it is necessary for a
future work to implement a cold pressor test to achieve a wide
range of BP perturbation protocols. Third, regarding the
standard BP reference, sphygmomanometer or invasive intra-
arterial methods would constitute better gold standards than an
oscillometry device. Fourth, this study did not examine day-to-
day changes in the accuracy of the proposed model. The goal of
this study was to assess the improvement of IPG signal in
combination with PPG. For a further validation, a long-term
monitoring is needed. In addition, several PTT definitions
should be compared to provide the most useful indicator for
estimating BP. Last but not least, besides the ensemble average
method, more robust signal processing could be implemented
to overcome motion artifacts and wvalidate the system’s
capability for long-term monitoring.

V. CONCLUSION

In this paper, we demonstrate that IPG can be used as a
proximal timing reference for PTT measurement and that the
arterial impedance can be used in conjunction with PTT to
enhance BP estimation. The PTT-IPG model was proposed and
while considering the wearability of sensing modalities. The
results indicated the improved performance of our method in
comparison with conventional PTT-based methods on fifteen
human subjects. To the best of our knowledge, this is the first
study to combine PTT with the magnitude of IPG to measure
BP. Our proposed model is a promising approach for BP
estimation. Future efforts to overcome the noted weaknesses of
the PTT-IPG method will be required including expanding the
experimental protocol.

APPENDIX

Each term in Equation (8) is determined. The distance D is
measured for each subject while the density of blood p is used
as a constant for all subjects. Other original parameters can be
obtained from a pair of measurements from the BP reference
device (SBPo, DBPy) and the proposed device (PTTo, Zmaxo,
Zmino). The unknown constant K is given by the following
equation:

_ 2
exp[P(t) R Lglz— j—l
K — P

(A.1a)
Z,—-Z(t)
_ 2
exp SBPR, — DBP, PT'Iz'0 1
Yol D (A.1b)
z z

max0 ~ “min0
After calibration, the estimated BP can be obtained in terms
of PTT and Z by comparing the change with DBP level of the

calibration measurement as follow:
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2
DBP = DBP, +p% IN[1+ K (Zoeo = Zmn) | (A-20)

2

SBP = DBP, +pD— IN[1+ K (Z a0 = Za ) |

A.2b
PTT? (A.20)
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