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ABSTRACT This study proposes a low-cost, high-sensitivity sensor of beat-to-beat local pulse wave velocity
(PWV), to be used in a cuffless blood pressure monitor (BPM). Objective: We design an adaptive algorithm
to detect the feature of the pulse wave, making it possible for two sensors to measure the local PWV in the
radial artery at a short distance. Unlike the cuffless BPM that needs to use a regression model for calibration.
Method: We encapsulate the piezoelectric sensor material in a cavity and design an analog front-end circuit.
This study used color ultrasound imaging equipment to measure radial arterial parameters, including the
diameter and wall thickness, to aid the estimation of blood pressure (BP) using the Moens-Korteweg (MK)
equation of hemodynamics. Results: We compared the blood pressure estimated by the MK equation with
the reference BP measured using an aneroid sphygmomanometer in a test group of 32 people, resulting
in a mean difference of systolic BP of —0.63 mmHg, and a standard deviation of +5.14 mmHg, a mean
difference of mean arterial pressure (MAP) of 0.97 mmHg, with a standard deviation of +3.54 mmHg, and
a mean difference of diastolic BP of —1.14 mmHg, with a standard deviation of +4.08 mmHg. This study
has verified its compliance with ISO 81060-2. Conclusions: A new type of wearable continuous calibration-
free BPM can replace the situation that requires the use of traditional ambulatory BPM and reduce patient
discomfort. Clinical impact: In this study can provide long-term continuous blood pressure monitoring in
the hospital.

INDEXTERMS Moens-Korteweg equation, blood pressure, mean artery pressure, pulse wave velocity, blood
pressure monitor.

Clinical and Translational Impact Statement— The correction-free cuffless BPM, which can pass ISO
81060-2 criteria in the pilot study, can replace the traditional BPM using inflating cuffs and reduce the
interference of ambulatory BP monitoring in patients’ daily life.

In recent years, wearable devices have begun to integrate
a large number of functions into a system [1], and now
they have begun to have health care and vital sign moni-
toring, such as pulse rate, blood pressure, oxygen situation,
and arrhythmia detection [2]. Blood pressure is one of the
vital signs of the human body [3], and it is also one of the
research focuses of wearable devices with vital sign moni-
toring. The electronic blood pressure monitor (BPM) uses a
cuff with the oscillometric method to measure blood pressure
[4]. A cuff that can be inflated and pressurized to connect

to the Wheatstone bridge sensor [5], and use the motor to
increase the internal pressure of the cuff dynamically, make
the cuff press the radial artery or brachial artery of the arm.
When the internal cuff pressure and the arterial pressure are
equal, the amplitude of the air oscillating inside the cuff will
be the maximum. At this time, the cuff’s pressure is the mean
arterial pressure (MAP) [6]. When the MAP position of the
envelope of an oscillating signal of the cuff is determined, the
systolic blood pressure (SBP) and diastolic blood pressure
(DBP) can be estimated from the peak relative to the MAP
position [7].
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However, the oscillometric method must use components
such as a cuff, motor, and valve to make the size of the
BPM larger than wearable devices. On the other hand,
in the traditional hypertension clinic monitoring scenario,
non-invasive ambulatory blood pressure monitoring (ABPM)
is a valuable tool for monitoring BP abnormality in the
clinical setting. Monitoring a patient’s 24-hour blood pressure
changes allows patients to manage their treatment better [8].
However, ABPM requires intermittent inflation of the cuff,
which interferes with the patient’s daily life, causes discom-
fort, and reduces treatment compliance with blood pressure
monitoring [9]. Cuffless BP monitoring technology can over-
come patient discomfort when measuring for a long time.
In order to enable wearable devices to achieve cuffless BP
measurement, the current primary research is based on hemo-
dynamics and measuring pulse wave velocity (PWV) to esti-
mate artery pressure. According to the definition of a cuffless
BPM in the Institute of Electrical and Electronics Engineers
(IEEE) standard, BPM without an occluding cuff is defined as
cuffless BPM [10]. An advantage of cuffless BPM compared
to traditional BPM is that it enables a more comfortable and
long-term BP monitoring to be realized [11]. The techniques
used in this field include ECG combined with PPG, phonocar-
diographic sensors, elastic modulus, dimensions and stiffness
of the intervening vessels, and other methods to measure
physiological parameters. The selected technique builds a
mathematical model to estimate BP. Commercial products
such as Maisense’s Freescan use Electrocardiography (ECG)
and Photoplethysmography (PPG) to measure pulse arrival
time (PAT) and convert it to PWV to estimate blood pressure
[12]. BPro uses tonometry to measure the time difference
between the primary peak of the pulse wave and the sec-
ond peak of the reflection [13]. Physiologically, the time
difference between the second peak and the primary peak of
pulse wave reflection will reflect the arterial stiffness, which
can be used to estimate blood pressure [14]. Other studies
also measure two points in a short distance of the artery
and measure the local pulse transit time (PTT) difference to
estimate blood pressure [15].

Although these methods can reduce the device’s size so that
the sensor can integrate into the wearable device, they all use
the measured values of BPM and PWYV to build regression
models or use some non-linear methods to map the PWV and
blood pressure. The user must first input the blood pressure
value of the BPM into the system and map the PWV and blood
pressure by algorithms for calibration [16]. This calibration
process is necessary for the current popular cuffless tech-
nology and needs to be performed periodically. In addition,
the current cuffless wearable blood pressure measurement
devices [17], [18], [19] use ECG and PPG sensors to measure
PAT, which uses PAT and blood pressure for the regression
model. However, studies have pointed out that PAT will be
affected by the pre-ejection period (PEP) [20], [21] As a
result, PAT cannot accurately estimate PWV and then esti-
mate blood pressure. Although human blood pressure does
not change drastically in a short time, using a PAT and BP
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regression model will cause many potential parameters to be
ignored and lose accuracy. The MK equation [22] in hemo-
dynamics describes the relationship between PWV and blood
pressure. The characteristics of arterial parameters must be
considered. Different individual arteries have different char-
acteristics of hemodynamics. Therefore, only the mapping
between PWYV and blood pressure may be inaccurate. Many
studies have used machine learning models in recent years,
using various physiological signal characteristics and demo-
graphics (e.g., age, sex, weight) as parameters and match-
ing different hyperparameters to predict BP. Although it is
claimed that the cuffless system can obtain acceptable accu-
racy under calibration-free, it is unclear how much of the
attained BP measurement accuracy is due to the actual hemo-
dynamic measurement [23]. The current machine learning
model has insufficient interpretability for BP estimation,
so regulatory agencies in various countries cannot approve
this type of cuffless BPM. Based on hemodynamic cuffless
BPM, calibration-free can also accurately estimate BP. The
feasible way in the current research is to measure the artery
parameters of different individuals, combine the measured
PWYV, and modify the BP estimation method based on the MK
equation. For example, use two PPG probes to detect indi-
vidual PWYV [24] and set up an ultrasonic probe between the
two PPG probes to measure the participant’s arterial pressure
waveforms, simultaneously acquired arterial dimensions, and
local PWV. Perform calibration-free cuffless BP estimation
based on the measured data [25]. This technology has been
able to realize calibration-free cuffless BP estimation based
on hemodynamics. However, it needs to be measured by
professionals in operation, and it is not easy to apply to
long-term BP monitoring scenarios. Therefore, we propose
a low-cost and small-sized PWV measurement device, which
is used with color ultrasound imaging equipment to obtain
the arterial parameters of the participant and combines the
two to estimate BP with a hemodynamic mathematical model.
As a pilot study, we studied the participants who need to per-
form long-term BP monitoring records in the future. Before
collecting long-term BP, use color ultrasound imaging equip-
ment to determine the participant’s arterial parameters, then
combine the small wearable device proposed in this study
with the hemodynamic mathematical model to estimate BP.
Finally, we discussed the accuracy and future works that this
method needs to be improved.

Il. OUR CONTRIBUTION

The contribution of this research is to propose a small, low-
cost local PWV sensor and design algorithm to analyze pulse
waves to estimate BP. We use color ultrasound imaging equip-
ment to measure the arterial parameters required by the MK
equation. These arterial parameters, along with the PWV
measured by the sensor, are used to estimate BP using the
MK equation. Also, we follow the ISO 81060-2 standard
and the Bland—Altman plot statistical method to analyze data
from 32 participants. We compare some cuffless technical
characteristics in Table 1, including the currently popular
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TABLE 1. Compare the current popular cuffless technology and electronic BP monitor.

Our proposed method Oscillometric finger Popular cuffless BP  Electronic BP monitor
pressing method monitor
Sensing technology Pulse wave sensor (Ultra-  Pressure and PPG ECG and PPG Arterial pressure
sound image aid) sensor sensor sensor
Measurement param-  Pulse transit time Pressure curve and opti-  Pulse arrival time The heart beats enve-
eter cal envelope of heart lope curve
beats
Principle MK equation (with artery ~ Oscillometry method Regression model Oscillometry method
parameter)
Calibration™ No No Necessary No
Beat-to-beat Yes™ No Yes™ No
Cuffless Yes Yes Yes No
Intermittent inflation ~ No No No Necessary
Reliability Good Depends on the opera- Influenced by Good

tion of the user
Depends on the opera-

Measurement time Beat-to-beat

pre-ejection period

Beat-to-beat 30 to 40 seconds

tion of the user

*a. According to the IEEE 1708 standard, an additional BP measuring device is required to reference the calibration point, usually
an electronic BP monitor compliant with the ISO 81060-2 standard.
*b. It is technically feasible, but it is still necessary to average several data to reduce errors.

cuffless methods [26] and potentially feasible calibration-
free cuffless methods [27]. The advantages of our method are
that it does not use intermittent inflation BPM for calibration
and has the potential for beat-to-beat BP monitoring. Finally,
according to the results of our experiments, this pilot study
verifies that the measurement method of the cuffless BPM
we proposed can estimate BP calibration-free. It provides a
more convenient method for future calibration-free cuffless
BPM research work.

lll. LOCAL PWV SENSOR AND ANALOG FRONT

END(AFE) DESIGN
Piezoelectrics are able to convert mechanical waves into

electrical signals. Piezoelectric ceramic is a highly efficient
electromechanical transducer that can sense weak vibrations
through the direct piezoelectric effect [28]. We developed a
low-cost glued and airtight packaging method to use piezo-
electric ceramics to sense arterial pulse waves. The piezo-
electric is sealed in an airtight cavity, and the sensor surface
is placed in contact with the radial artery. When the aortic
valve opens, blood is ejected into the aorta, and the pulse wave
generates tension around the artery wall [29]; the pressure
generated by this tension is detected by the deformation of the
compression sensor surface. The airtight cavity in the sensor
pressurizes in response to this deformation, in turn deforming
the piezoelectric sensor and generating an AC signal that can
be measured. The PWV can then be determined by measuring
the difference in pulse arrival time between two such sensors.
We use a mechanical model to analyze the mechanical struc-
ture of the sensor proposed in this study.

A. SENSOR DESIGN
A schematic of the sensor package is shown in Fig. 1. The
piezoelectric ceramic is encapsulated in a cavity, and the
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FIGURE 1. The sensor package.

surface in contact with the radial artery has a layer of the
compressible rubber film. The volume of rubber film can be
expressed according to Eq. 1, where m is the mass of rubber,
p is the density of air, L is the effective length and § is the
cross-sectional area. The volume of the cavity is V, and the
atmospheric pressure is P4. When the radial artery pulse wave
reaches the contact surface of the sensor, the rubber film will
be compressed by the distance x. As described in Eq. 2, the
volume will decrease by the product of the cross-sectional
area S and the compression distance x. This compression will
increase the pressure in the cavity by an amount of P, (Eq. 3).

When the pressure in the cavity increases, the pressure
of the gas on the piezoelectric increases. The piezoelectric
sensor packaged inside the cavity will then be deformed
by the pressure generated during compression. The pressure
increase will determine the deformation of the piezoelec-
tric (Fig. 2), which is mathematically equivalent to the
mass-on-a-spring system shown in Fig. 2. The force F pushes
the rubber film m, and the compressed gas k in the cavity
causes the piezoelectric to be deformed; the piezoelectric
effect then generates an electrical signal. The electrical signal
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FIGURE 2. The pressure increase will determine the deformation of the
piezoelectric.

Piezoelectric
Sensor

FIGURE 3. The piezoelectric sensor. a) The piezoelectric is connected to
the input of the voltage follower. b) The output of the VF connects to the
amplifier circuit. c) The output signal of the amplifier is passed through a
high-pass filter. d) High-frequency AC signals above 10 Hz are attenuated
by a low-pass filter.

generated is equivalent to a direct conversion of the mechan-
ical wave propagating along the artery [30].

The proportional relationship between the volume and
pressure changes is described by Eq. 4, because the rubber
film is squeezed by the pulse of the radial artery so that the
internal pressure increases by P,. The pressure change P, is
produced by a small volume change AV, and the resulting
equation involves a constant, y, the ratio of specific heats,
which is approximately 1.4 for air [31]. Newton’s law of
acceleration is Eq. 5. We can find the relationship between
the force F' and the action force of the piezoelectric ceramic
with Eq. 6.

m= pSL (1
AV =V — Sx 2)
AP =Py + P, 3)
P, AV Sx
VY =Y )

F  d%

Pt )

d’x _ P,S _ ySPs
a2 SLp  pVL

X 6)

B. ANALOG FRONT END DESIGN
The flowchart in Fig. 3 shows the relationship between the
piezoelectric sensor and AFE. The signal output of the AFE is
sampled by the 12-bit analog-to-digital converter (ADC). The
ADC is integrated in the STM32F4 microcontroller, and the
microprocessor runs the digital signal processing algorithm
in real-time. Samples the pulse wave signal at a rate of
10 kHz, which can achieve a PTT measurement accuracy of
0.1 milliseconds.

Fig.4a shows the voltage follower (VF), providing the com-
plete input of the piezoelectric sensor signal. If we connect
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FIGURE 4. (a) VF and (b) signal amplifier and gain adjust.
(c) Second-order Sallen-Key HPF and (d) second-order Sallen-Key LPF.

— P2 = Pulse Transit Time (PTT)

FIGURE 5. In this study, the local PWV was measured on the radial artery.

the piezoelectric sensor to the external load, we get a high-
pass filter (HPF). The cut-off frequency of the HPF is the
point in the circuit with a 3dB drop in magnitude. Therefore,
we need to add an external load resistor to ensure the quality
of the signal. To determine the corresponding load resistor R1
in Eq.7, we need to measure the parasitic capacitance Cp of
the piezoelectric sensor [32], and f is the cut-off frequency
of 1 Hz of heartbeats with rates around 60 beats per second
of an average. The Cp of the piezoelectric ceramic we chose
is 8000 pF £30%. Therefore, the load resistance range can be
calculated to be about 15M ohms to 28M ohms. Fig.4b is the
signal amplifier. Eq.8 selects R2 and R3 to adjust the gain.
The signal passes through the signal amplifier, and the pulse
wave signal is amplified to hundreds of millivolts. When the
signal of the pulse wave is amplified, the noise will also be
amplified. Fig.4c is the second-order Sallen-Key HPF; Eq.9
is its transformation function, and the cut-off frequency is
determined by Eq.10. This study’s HPF cut-off frequency set
is 0.55 Hz; R4 and RS are equal, and C1 and C2 are also
designed to be the same value. After the signal passes through
the HPF, the DC component can be filtered out. Fig.4d is
the second-order Sallen-Key low-pass filter (LPF) [33], [34];
Eq.11 is its transform function, and the cut-off frequency is
determined by Eq.12. In this study, the cut-off frequency of
LPF is 10 Hz; R6 and R7 are equal, and C3 and C4 are
also equal. They can attenuate the interference caused by the
supply mains frequency and other disturbances.

1

Rl=————
Q-m-f-Cp)

)
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FIGURE 6. The digital filter and feature detection algorithm proposed in
this research is applied to the measured pulse wave results.
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R7-C3 T R6.C3 R6-C3-R1-C4
1
(12)

Sferpr =
2n/R6-C3-R7-C4

C. LOCAL PWV MEASUREMENT

The local PWYV is the pulse wave time difference generated
by two sensors on the same arterial segment, separated by a
small distance. In this study, the local PWV was measured on
the radial artery. Two sensors were connected to two AFEs
and placed on the radial artery at a fixed separation distance.
A schematic of the device is shown in Fig. 5. When the
pulse wave is transmitted from P1 to P2, the time difference
between the peaks of the AFE output at P1 and P2 can be
measured to obtain the pulse transit time (PTT) [35]. The
distance L between P1 and P2 is fixed, and L divided by the
PTT gives the PWV. The shorter the PTT, the higher the blood
pressure.

D. PULSE WAVE SIGNAL PROCESSING

The AFE output signal was sampled using a 12-bit ADC
and then pre-processed using a finite impulse response (FIR)
digital filter [36]. As shown in Eq.13, the pulse wave signal
x sampled by the ADC is convolved with the filter coefficient
bk to obtain the filtered pulse wave signal y [37]. As in Eq.14,
the filter coefficients need to calculate the frequency response
and window function coefficients according to different FIR
filter types and the size of the convolution kernel. The related
research on pulse wave analysis shows that the pulse wave
frequency ranges from 0.8Hz to 30Hz [38], [39], [40], [41].
Therefore, we use a bandpass filter (Eq.15) and set the cutoff
frequencies fcl and fc2 to 0.6 Hz and 5 Hz, respectively.
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Since the pulse wave represents the heartbeat signal generated
by the human body, periodic or quasi-periodic, the range of
0.6Hz to 5Hz represents 36 to 300 beats per minute, this
frequency range includes the normal heartbeat range [42],
[43], so this study selected this range as the cutoff frequency.
Where wcl and wc? are the cutoff frequencies of the bandpass
filter, and fcl and fc2 are the transition frequencies, which
need to be divided by the ADC sampling rate of 10kHz
(Eq.16). The term w is the window function of the Kaiser
window [44], as defined in Eq.17, and N is the window size
chosen to be 128 in this study. The variable 10 is the second
kind of modified Bessel function, as defined in Eq.18, where
B can adjust the frequency domain’s main lobe and sidelobe
levels.

N-—1
yinl =" by - x[n — k] (13)
k=0
bln] = wln] - hy[n],0 <n <N — 1 (14)
sin(wgp(n—N))  sin(w,1 (n—N))
T-N)  7(h—N) NFEN
mm=[m¢¢mg( (15)
1 1
@cl chl = W2 =f6‘2_7f:§‘ = 10, 000Hz (16)
I s

L N
wln] = wo (ﬁ(n - 5))

Io[B,/1 — (& —1)?
:o[ﬂ (% — D7l cweN (D

0=
Io[B]

ATV
IOZZ( g ) (18)

i=1

Different participants may have different pulse wave
amplitudes. Therefore, it is necessary to design a method that
can dynamically adjust the threshold of the pulse wave detec-
tion algorithm. Eq.19 is the calculation method of dynamic
threshold, and Eq.20 is the formula of covariance (CV) used
to calculate the rate of change of the signal strength in the
past. Before calculating CV, determine the mean value of the
signal amplitude according to Eq.21. The root mean square
(RMS) is the signal amplitude level according to Eq.22.
It should be noted that the window size M for the dynamic
threshold calculation is different from the FIR filter’s window
size. This window’s size will affect the dynamic threshold’s
response speed. In this research, the window size of the
dynamic threshold calculation is set to be the same as the sam-
pling rate, which can have an excellent dynamic adaptation to
detect regular or irregular pulse waves. In our previous study
[45], the window size could be set to half the sampling rate
for patients with arrhythmia. The gain can adjust the dynamic
threshold level, and we set it 1.1 times in this study. When the
signal-to-noise ratio (SNR) is low, the waveform of the pulse
wave has a smaller CV for the entire signal. Increasing the
gain can reduce the false positive of peak detection.

cv
gradient = RMS - — - gain (19)
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Algorithm 1 Local Maximum and Minimum Detection
Based on Dynamic Gradient
Inputs: sensor signal{index, value}, and gradient

1: is_peak, is_trough : = FALSE

2: if value > local_maxima then

3:  local_maxima : = signal{index, value}

4: end if

5: if value < local_minimal then

6: local_ minimal : = signal{index, value}

7. end if

8: if is_emission == TRUE and x < local_maxima

9:  gradient then
10: is_emission : = FALSE,is_peak : = TRUE
11: falling : = signal{index, value}
12: local _minimal : = local_maxima
13:  result : = {is_peak, local_maxima}
14: end if
15: if is_emission == FALSE and x > local_minimal +
16: gradient then
17: is_emission : = TRUE,is_trough : = TRUE
18: rising : = signal{index, value}
19: local_maxima : = local_minimal
20: result : = {is_trough, local_minimal}
end if
if is_ peak != TRUE and is_ trough != TRUE then
21: result : = {—1, the current signal is not a peak or
trough }
22: end if
Outputs: result

= (20)
mean = 21
RMS = (22)

Algorithm (1) is the pseudocode [46] of the feature detec-
tion algorithm based on a dynamic gradient. When the signal
amplitude starts to rise, the pulse wave is transmitted to the
sensor. When the current signal amplitude is greater than the
previous value, the local maximum is updated; the signal
amplitude is less than the local maximum minus the gradient,
and the previous local maximum is the peak of the pulse wave.
The local minimum is updated when the signal amplitude
decreases and the current amplitude is smaller than the previ-
ous value. The local minimum is the pulse wave trough when
the signal amplitude is greater than the local minimum plus
the gradient. The algorithm only needs to update the gradient
and record the local maximum, local minimum, current state,
and the previous state of Eq.19 to Eq.22, which can be used
for real-time pulse wave detection. Moreover, this algorithm
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FIGURE 7. Peak-to-peak and foot-to-foot PTT detection.
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FIGURE 8. The flowchart of acquiring color ultrasound images of the
participant’s radial artery and 1ISO 81060-2 protocol for non-invasive
sphygmomanometers.

does not need to record part of the signal segment or signal
data of a specific window size in the internal memory space.
The current popular peak detection algorithm needs to store
the signal. Need to calculate the mean and standard deviation
and store the signal that the candidate features to further
search for local peaks [47], [48], and an automatic multiscale-
based peak detection (AMPD) algorithm [49], which requires
a scaling window to detect signals stored in memory. The
memory used by these algorithms varies with the signal’s
sampling rate. In our proposed method, which only needs to
store the state of the dynamic gradient calculation, the mem-
ory used is a fixed size, which is more suitable for running on
wearable devices with limited memory and performance.
The filtered pulse wave signal can be obtained, and apply
the feature detection algorithm based on the dynamic gradient
proposed in this research to label features, as shown in Fig. 6.
The PTT was calculated from the relative time difference
between the peak-to-peak (p-p) or foot-to-foot (f-f) [50] of the
two pulse wave signals from P1 and P2, as shown in Fig. 7.

IV. CUFFLESS BLOOD PRESSURE MEASUREMENT

A. USE PWV BLOOD PRESSURE ALGORITHM

The Bramwell-Hill (Eq. 23) and MK (Eq. 24,25) equations
[51], based on hemodynamics, describe the basic principles
widely used in cuffless BPM technology. The MK equation
describes the relationship between PWV and BP, where D is
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the diameter of the radial artery, & is the wall thickness of
the radial artery, p is the average density of human blood
(1.06 g/mL [52]), E is Young’s modulus, P is the pressure,
and Eyp and y are coefficients with values of 1428.7 and
0.031 respectively [53]. Eyp and y depend on the stiffness of
the radial artery and may be different in different individuals
[54]. This study does not account for these differences, and
uses constant Ep, y, and p values from previous studies to
verify the BP measurement using local PWV. Ultrasound
imaging was used to measure the radial artery diameter and
artery wall thickness [55] of each participant, in order to ver-
ify the estimation of BP using the MK equation. PWV can be
calculated from the measured PTT and the sensor separation
distance, L, as described above (Eq. 26), and, according to
Eq. 27, there is a non-linear function conversion between
PWYV and P. The pressure in this study is the radial artery
pressure. Arterial pressure changes throughout the cardiac
cycle. For the relationship between PWV and P, previous
studies took P as the mean arterial pressure (MAP). Since the
systolic and diastolic phases take up approximately one third
and two thirds of the cardiac cycle respectively [56], MAP is
approximately equal to 1/3 multiplied by the systolic BP plus
2/3 multiplied by the diastolic BP (Eq. 28).

. dP
PWV = % (23)
p .
Eine - h
PWV = |2 (24)
D-p
Eine = Eo - exp®™” (25)
L
PWV = —— (26)
PIT
2
In(EWY20Dy
p= ’;EO @7
SBP DBP-2
MAP ~ = + — (28)

B. ARTERY PARAMETER AND BLOOD

PRESSURE MEASUREMENT

In previous studies, the arterial diameter and arterial wall
thickness of the Moens-Korteweg equation were assumed to
be constant [57], and regression models were used to simplify
the equation to estimate the MAP, SBP, and DBP [58]. The
problem with this method is that individual differences in
arterial parameters may reduce the accuracy of the regression
model, such that the blood pressure measurements fail to meet
the ISO 81060-2 criteria of a mean difference of less than
5 mmHg and a standard deviation of less than 8 mmHg when
compared to an aneroid sphygmomanometer.

In this study, the participant’s wrist was fixed to a holder,
and the researcher operated the ultrasound imaging equip-
ment to measure the radial artery. We used the measured
diameter and wall thickness of each participant as the D and
h parameters of the MK equation, and used the local PWV
sensor proposed above to calculate the MAP.

324

FIGURE 9. a) The portable ultrasound scanner uSmart-3300 produced by
Terason. b) The L-Type ultrasound probe used to collect the ultrasound
image of the participant’s radial artery.

V. EXPERIMENT RESULTS AND ANALYSIS

Before executing the ISO 81060-2 protocol, this study used
ultrasound imaging equipment to measure the participant’s
radial artery parameters. Then use our calibration-free cuff-
less BPM (Accurate24), combined with radial artery param-
eters and a mathematical model to estimate BP. As shown in
the flowchart in Fig. 8, participants need to perform reference
BPM (aneroid sphygmomanometer) four times to measure
BP and average two adjacent reference BP to get a total
of three averaged reference BP. Accurate24 performs three
BP measurements. Finally, we will perform a Bland-Altman
analysis to evaluate the performance of the calibration-free
cuffless BPM.

A. ULTRASOUND IMAGING OF THE RADIAL ARTERY
Radial artery parameters can be measured using ultra-
sound imaging equipment [59]. We used the uSmart-3300
portable ultrasound scanner (Fig. 9a) and the L-type probe
(Terason-16HL7), both produced by Terason, to measure the
radial artery parameters of each participant. The participant’s
left arm was placed on a 30° inclined platform, the position
of the wrist was fixed, and the researcher operated the ultra-
sound probe to collect an image of the participant’s radial
artery (Fig. 9b). The researcher who collected these data has
good clinical practice (GCP) certification for the portable
ultrasound scanner, and is qualified to make ultrasound read-
ings for clinical trials.

The MK equation of the hemodynamics model assumes an
ideal circular and straight cylinder. So we choose different
measurement points on the radial artery segment. The average
diameter and wall thickness measured at each point is the
artery parameters for the entire artery segment.
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FIGURE 10. Labels A, B, C are artery diameters; Labels D, E, F are

intima-media thickness.

FIGURE 11. The measurement of local PWV uses the PTT between two
measurement points on the artery.

As shown in Fig. 10, we used the L-Type ultrasound probe
to measure the participant’s radial artery [60]. We placed the
ultrasound probe against the contact surface without pressure
between 2 cm above the styloid process and 6 cm above the
styloid process [61]. We reference the method of assessing
radial artery in systemic disease to measure the arterial diam-
eter and intimal thickness [62].

B. LOCAL PULSE WAVE VELOCITY MEASUREMENT

The measurement of local PWYV uses the PTT [63] between
two measurement points on an artery. Since the distance
between the two measurement points in our sensor was fixed
at 3 cm (Fig. 11), the PTT could be used to directly calculate
the local PWV. We used Accurate24 (Fig. 12a), anovel device
developed as part of this study, to measure the participants’

VOLUME 11, 2023

FIGURE 12. a) A device developed as part of this study, capable of
measuring the user's PWV in each cardiac cycle. b) Each pulse wave signal
between the two sensors generates a local PWV.

FIGURE 13. Welch Allyn 5098-27 DS66 trigger aneroid
sphygmomanometer. a) The participant’s left arm is cuffed, and a
stethoscope is placed inside the cuff. b) A pressure gauge is used to read
the participant’s systolic BP.

PWYV in each cardiac cycle, as described above. The two
sensors of the Accurate24 measure the local PWV of the
participant, as shown in Fig. 12b. It only needs to be fixed
on the contact surface, and the pulse wave signal can be
sensed without pressure. The dynamic threshold algorithm
can track the pulse wave and detect the feature points after
the participant stands still for one second. For each cuffless
measurement in this study, we collected the 30-second car-
diac cycle of the participants. A participant with a heartbeat
of 60 beats per second can obtain 30 PWYV data sets. We cal-
culate the median of the PWV data set as the participant’s
PWYV. The participant placed their left arm on a 30° inclined
platform, and the position of the wrist was fixed at the level
of the heart. The researcher used the PC-host software to
connect to the Accurate24 and collect the participant’s radial
artery PTT, divide PTT by the distance L between the two
sensors, convert it to the local PWYV, and record it. Accurate24
will estimate the BP value based on the participant’s arterial
parameters and PWV.
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FIGURE 14. Box plot of the radial artery diameter and wall thickness.

C. BLOOD PRESSURE MEASUREMENT

The Korotkoff sounds method is the gold standard [64] for
non-invasive BP measurement. The participant’s left arm is
cuffed, and a stethoscope is placed inside the cuff (Fig. 13a).
The cuff is pressurized until the arterial pulse cannot be heard.
The vent valve releases gas at a rate of 3 to 5 mmHg per
second. When the first sound of the pulse beating is heard, the
reading on the pressure gauge (Fig. 13b) is the participant’s
systolic BP. When the sound of pulse beating is no longer
audible, the reading on the pressure gauge is the diastolic
BP of the participant. The experiment setup is shown in
Fig. 13. We used a Welch Allyn 5098-27 DS66 trigger aneroid
sphygmomanometer.

We sampled the participant’s arterial parameters, used
Accurate24 to sample the participant’s local PWYV, used the
MK equation to calculate BP, and compared the BP calculated
from the MK equation to that measured using the aneroid
sphygmomanometer. Since the aneroid sphygmomanometer
can only measure SBP and DBP, we used Eq. 29 to calculate
MAP [65]. Conversely, the pressure calculated by the MK
equation approximates MAP, so we used Eq. 30 to estimate
the SBP and DBP from the calculated MAP [66]. In this
study, we used a k factor of 0.76. We then compared the BP
measured by the aneroid sphygmomanometer with the BP
calculated using the MK equation.

SBP + (2 DBP
MAP = % (29)

DBP = MAP - k (30)
SBP = MAP + (1 — k) - DBP

D. RESULT

Table 2 is the statistical data of the physiological charac-
teristics of the 32 participants, including basic information,
arterial parameters, and BP measured by both local
PWV (Accurate24), and an aneroid sphygmomanometer.
Fig. 14 and Fig. 15 are boxplots of the radial artery diam-
eter, the wall thickness, and the PWV of the participants,
respectively. Fig. 16 shows a box plot of BP calculated
using the MK equation, and the BP measured by an aneroid
sphygmomanometer.

326

TABLE 2. Subject characteristics.

Subjects (n = 32)

Gender (M/F, n) 19/13
Mean age (range) 43 (23-74)
Artery diameter (mm) 2.354+0.55
Artery wall thickness (mm)  0.4+0.2
PWV (m/s) 4.25+1.33
ReferenceSBP (mmHg) 129425
ReferenceMAP (mmHg) 97+£22
ReferenceDBP (mmHg) 81+21
Accurate24SBP (mmHg) 124+24
Accurate24MAP (mmHg) 96+19
Accurate24DBP (mmHg) 82+18

5.5 o

5.0 A

PWV(m/s)
S
w

4.0

3.5 1

3.0 1 o

Radial Artery

FIGURE 15. Box plot of the PWV of the participants measured by the
sensor.

ISO 81060-2 is a non-invasive electronic sphygmo-
manometer clinical standard. The standard requires that the
mean difference between the BP measured by the tested
sphygmomanometer and the reference BP measured by the
aneroid sphygmomanometer should be less than 5 mmHg.
In addition, the standard deviation should be less than
8 mmHg. The aneroid sphygmomanometer and the tested
sphygmomanometer need to be used alternately 4 and
3 time respectively. The i" measurement from the tested
sphygmomanometer needs to be compared with the average
value of the i and i+ 7™ measurements of the aneroid sphyg-
momanometer. The mean difference and standard deviation
are calculated according to Eq. 31 and Eq. 32:

1 n
md = . Z(BPSUT,- — BPggr;) (31)

i=1
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FIGURE 16. Box plot of BP of 32 participants, using MK equation to

estimate BP, compared with reference BP. SBP - systolic blood pressure,
MAP - mean arterial pressure, DBP - diastolic blood pressure.
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FIGURE 17. Bland-Altman plot of systolic blood pressure.

1 n
td = |- > (BPsyr, — BPRer,)? 32
s . Z (BPsur, REF;) (32)

i=1

where BPgsyr, is the BP measured by the tested sphygmo-
manometer and BPrgr, is the reference BP measured by the
aneroid sphygmomanometer.

We used the Bland-Altman plot statistical method [67] to
compare the BP measured using Accurate24 and the aneroid
sphygmomanometer. Fig. 17 shows the Bland-Altman plot of
SBP, with a mean difference of —0.63 mmHg and a stan-
dard deviation of £5.14 mmHg. Fig. 18 shows the Bland-
Altman plot of MAP, with a mean difference of —0.97 mmHg,
and a standard deviation of +3.54 mmHg. Fig. 19 shows
the Bland-Altman plot of DBP, with a mean difference of
—1.14 mmHg, and a standard deviation of +4.08 mmHg.
These results demonstrate that the BP calculated using our
method conforms to the ISO 81060-2 criteria of a mean
difference <5 mmHg and a standard deviation <8 mmHg.
Therefore, the calibration-free cuffless BPM proposed in this
study complies with ISO 81060-2. This result indicates that
this device could be used in a hospital intensive care unit
(ICU) or in a remote health care setting, along with prior
measurements of the patient’s arterial parameters, to perform
beat-to-beat BP monitoring.
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FIGURE 18. Bland-Altman plot of mean arterial pressure.

Agreement between Accurate24 and Aneroid Sphygmomanometer

+1.96 SD
6385

MD SO
114 408

Mean Diffrence (mmHg)

9.13
_10 -1.96 5D

15
-16

62 65 70 s 80 8 90 %5 100 101
Diastolic Blood Pressure

FIGURE 19. Bland-Altman plot of diastolic blood pressure.

E. LIMITATIONS AND FUTURE WORKS

Although the calibration-free cuffless BPM proposed in this
study has verified its compliance with ISO 81060-2 through
Bland-Altman analysis based on the experimental results of
32 participants, some limitations need further improvement
for feasibility in long-term BP monitoring scenarios. First,
for short-distance PWV measurement in the arterial segment,
it is necessary to record a set of PWV and calculate the
median as the PWV of the participant. It is because small
changes in PTT will cause the error to be amplified when
converting to PWV, which will cause a greater error when
using hemodynamics to do BP estimation. The measurement
techniques and algorithms must be optimized to reduce the
error of beat-to-beat PTT measurement [68]. Secondly, the
BP estimate of the MK equation is proximate to MAP. This
study used the proportional coefficient to estimate SBP and
DBP using MAP to get a larger standard deviation. It is
because the pulse pressure (PP) of each individual is different.
The PP of an individual with arteriosclerosis will be higher
than that of a healthy person [69]. In addition to the BP esti-
mation of the MK equation, it is still necessary to develop the
technique of PP estimation. Combine the values of MAP and
PP to make the estimation of SBP and DBP of calibration-free
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cuffless BPM more accurate. Finally, we still need to do
more research on Young’s modulus of the MK equation. This
coefficient makes the relationship between BP and PWV
nonlinear. Although we use the coefficients obtained from
previous animal experiments for calculations, different indi-
viduals have different arterial stiffness in practical applica-
tions. In the future, non-invasive equipment is needed to
detect the participant’s arterial stiffness and improve the BP
measurement accuracy of calibration-free cuffless BPM. Fur-
thermore, after improving this research, the effective number
of participants will be increased to 85 or more.

VI. CONCLUSION
This study discusses the principles of current wearable cuft-

less BP measurement technology and describes the shortcom-
ings that need to be addressed. We used a novel local PWV
measurement sensor and ultrasound imaging equipment to
collect participants’ arterial parameters and estimate their
BP based on the Moens-Korteweg equation. In contrast to
other cuffless BPM approaches, we explicitly account for
individual differences in arterial parameters. We also verified
that local PWV and ultrasound arterial parameter measure-
ments can be used to directly calculate BP using the Moens-
Korteweg equation. Furthermore, our proposed method does
not require calibration against a standard BP measurement.
Thus, this study demonstrates proof-of-principle for a novel
non-invasive calibration-free cuffless BP estimate technol-
ogy. Our piezoelectric sensor uses passive sensing without
external power consumption. The size of the device can be
small, which is suitable for long-term BP monitoring. The
low-cost and highly sensitive sensor, which is conducive to
integration into consumer electronic products such as wear-
able devices and remote health care monitors, could be used
as a primary ambulatory BP monitoring tool in the future.
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