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Continuous blood pressure (BP) monitoring has a significant meaning for the prevention and early diagnosis of cardiovascular
disease. However, under different calibration methods, it is difficult to determine which model is better for estimating BP. This
study was firstly designed to reveal a better BP estimation model by evaluating and optimizing different BP models under a
justified and uniform criterion, i.e., the advanced point-to-point pairing method (PTP). Here, the physical trial in this study
caused the BP increase largely. In addition, the PPG and ECG signals were collected while the cuff bps were measured for each
subject. The validation was conducted on four popular vascular elasticity (VE) models (MK-EE, L-MK, MK-BH, and dMK-BH)
and one representative elastic tube (ET) model, i.e., M-M. The results revealed that the VE models except for L-MK outperformed
the ET model. The linear L-MK as a VE model had the largest estimated error, and the nonlinear M-M model had a weaker
correlation between the estimated BP and the cuff BP than MK-EE, MK-BH, and dMK-BH models. Further, in contrast to L-MK,
the dMK-BH model had the strongest correlation and the smallest difference between the estimated BP and the cuff BP including
systolic blood pressure (SBP) and diastolic blood pressure (DBP) than others. In this study, the simple MK-EE model showed the
best similarity to the dMK-BH model. There were no significant changes between MK-EE and dMK-BH models. These findings
indicated that the nonlinear MK-EE model with low estimated error and simple mathematical expression was a good choice for

application in wearable sensor devices for cuft-less BP monitoring compared to others.

1. Introduction

Increased aortic stiffness in hypertensive individuals is a
fundamental manifestation of longstanding hypertension-
related damage that stiffens the large arteries [1]. Un-
controlled hypertension or high blood pressure (BP) is a
major risk factor that links to the potential development of
serious diseases such as stroke, hypertensive heart disease,
and coronary artery disease [2]. BP is influenced by many
factors such as food, exercise, mental situations, and stress,
among others; thus, it varies considerably from time to time
[3]. Instantaneous information about BP status can be ob-
tained from conventional standard cuft-based BP mea-
surements, such as oscillometry [4] and auscultation.

However, the above methods are not applicable to ambu-
latory BP monitoring (ABPM) or home BP monitoring
(HBPM) due to the population-averaged nature of the BP
estimation algorithm [5] and the limited frequency of
measurement [6]. For cuff-based approaches, recurrent
inflating and deflating of the cuff stress the patient, which
causes periodic interruptions to blood flow, affecting the
physiological state of the patient and disturbing the quality
of sleep [7]. Moreover, cuff measurements are occlusive,
cumbersome, provide only intermittent BP readings, and do
not readily extend to low-resource settings [1, 3]. Hence,
cuff-less continuous BP monitoring has received much at-
tention due to its comfort and convenience compared to
cuff-based approaches. Moreover, the cuft-less solution has a
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promising application prospect for continuous noninvasive
BP monitoring by virtue of overcoming disturbance issues
existing in the traditional cuff-based method [8, 9]. Pho-
toplethysmography (PPG), a noninvasive optical measure-
ment technique by means of photoelectric measurement,
obtains physiological signals and characteristics of the hu-
man body by detecting changes in blood volume in
microvessels. PPG is also a feasible technology for cuff-less
continuous BP monitoring, especially in surgery, and can
provide valuable information on physiological heart mon-
itoring and cardiovascular system assessment of vascular
parameters [10, 11].

Pulse arrival time (PAT) is defined as a time interval
between R-peak and the point with maximum gradient on
the rising edge of the PPG [8] which is a noninvasive optic-
electrical signal. The PAT in PAT-based BP measurement
can be simply measured from electrocardiography (ECG)
and from PPG by wearable devices [12, 13] or a contactless
video camera [14]. More importantly, PAT is dependent on
both ventricular contraction and vascular function [15].
Thus, it has been commonly used as an indicator to cuftlessly
and continuously estimate BP under various BP changing
conditions.

In the past few years, several studies reported that PAT
has shown a high correlation with BP, especially systolic
blood pressure (SBP) [8, 11, 16]. Some studies also in-
vestigated the potential of PAT-based measurement as a
surrogate for cuff BP under different protocols [17, 18].
Advances in dynamic monitoring technologies have rein-
forced these impressions, especially for wearable technolo-
gies [4,9, 19, 20]. For example, Bilo et al. designed a wearable
device (Somnotouch NIBP) to evaluate its accuracy for
noninvasive continuous BP monitoring using PAT
according to the European Society of Hypertension In-
ternational Protocol [19]. Pandian et al. developed a smart
vest, which used an array of sensors connected to a central
processing unit with firmware for continuously monitoring
physiological signals including ECG, PPG, and BP [20].
Similarly, Zheng et al. proposed an armband wearable
system, which was evaluated against a standard cuft-based
device on both healthy and hypertensive subjects over a 24 h
period for potential use in hypertensive management [9].
Tang et al. also developed a chair-based unobtrusive mon-
itoring system that estimates BP using PAT calculated from
ECG and PPG signals for facilitating long-term HBPM [4].
Furthermore, the methods of neural network or machine
learning were paid more attention during investigating these
PAT-based approaches for BP modeling [20]. Although the
BP monitoring solutions described above were helpful, their
accuracy of estimated BP methods, such as linear estimation
[21], nonlinear estimation [4, 9, 22, 23], and regression
approaches [24, 25], is still needed to improve to meet the
association for the Advancement of Medical In-
strumentation (AAMI) standard [26].

Most importantly, the PAT-based BP estimation method
needed an individualized calibration procedure to obtain
unknown coefficients or parameters in the BP estimation
model for each subject before BP monitoring. The model’s
parameters determined after initial calibration will not
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change in the process of BP estimation. It was well known
that different calibration methods made the model showing
different performance [27]. In order to show which model
had better performance, it was necessary to employ a
comparison study under the same calibration mode. The
least-square method (L-S) and point-to-point pairing
method (PTP) were usually employed to determine the
calibration parameters for BP estimation. For the L-S
method, sample numbers were directly related to the ac-
curacy of the BP estimation model. It was difficult to explain
how large sample numbers were needed to meet long-term
ABPM and HBPM [28]. For example, Nabeel et al. recruited
32 subjects for the calibration of the BP estimation model
[22] and Esmaili et al. collected 35 subjects for the calibration
of their model [29]. They largely limited BP estimation’s
practical application. Comparing with the L-S method, PTP
required only a small initial sample number for the cali-
bration of the estimation model. At present, there were
many reports that only one sample (point) was required to
calibrate the specific model [4, 9], and the model’s pa-
rameters determined after initial calibration will not change
in the process of BP estimation. Therefore, this paper used
PTP as the BP estimation model’s calibration method and
further optimized this method.

There was no doubt that it was essential to study and
improve the accuracy of cuff-less BP estimation models and
the simplicity of calibration methods for providing a more
practical solution to achieve long-term ABPM and HBPM.
To date, under a justified criterion, no investigations have
conducted comparative and optimal studies on the PAT-
based BP estimation to reveal a better BP estimation method
with both simplicity and accuracy. In the present study, five
representative BP-PAT models, under a uniform criterion,
were analyzed and optimized to work out which model was
accurate and fitted well in continuous cuff-less BP moni-
toring based on a cardiovascular mechanism. This study also
offered insights into future research in ambulatory cuft-less
BP estimation.

2. Mathematical Models

Electromechanical coupling in the heart causes blood to eject
into the whole arterial tree. This physiological process affects
the velocity of blood flow and generates systemic pressure
waves from the central to the peripheral artery. The velocity
of this pressure pulse is determined by the elastic and
geometric properties of the arterial wall and the blood
density. The central arteries push blood to narrow distal
arteries under the pressure of circulating blood on the walls
of blood vessels, causing the phenomenon that the heart
expands during systole and contracts during diastole. Here,
the circulatory pressure is BP. Arterial BP, as a hemody-
namic parameter, fluctuates on a beat-to-beat basis due to
the dynamic interplay from vasomotion, neural regulation,
and arterial mechanisms [30]. Physiologically, it is affected
by four factors: arterial compliance, cardiac output, pe-
ripheral resistance, and blood volume [31].

Given the fluid is contained in an elastic conduits system,
energy is transmitted predominantly in the arterial wall
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rather than through the in-compressible blood. The material
characteristics, thickness, and lumen diameter of the arterial
wall thus become the major determinants of the pressure
wave velocity (PWV). Considering that the Moens-
Korteweg (M-K) equation [8] models a relationship between
the wave speed or pulse wave velocity (PWV) and the in-
cremental elastic modulus (a coefficient of elasticity) of the
arterial wall or its distensibility [32], VE models are built on
this basis. Combining it with an exponential arterial elas-
ticity model [21, 33], a new BP-PAT model, called the MK-
EE model, will be obtained. It gives a logarithmic re-
lationship between BP and the PAT. For the MK-EE model,
assuming there is a negligible change in the arterial thickness
and diameter with pressure variations, BP and the PAT can
be linearly related by differentiating the M-K equation,
called the L-MK model [21]. To overcome the bad linear
correlation of DBP in the L-MK model, the Bramwell-Hill
(B-H) equation [9] is introduced in estimating BP to make it
have a high correlation, which is called the MK-BH model
[4]. Recently, Poon et al. established a mathematical re-
lationship between MBP and a factor that the change in
elasticity is caused by pressure wave variations. It could be
regarded as the development model of MK-BH, called the
dMK-BH model [9].

In recent years, models used for estimating BP based on
PAT and capturing BP variations indirectly mainly fell into
two categories: vascular elasticity (VE) models and elastic
tube (ET) model. ET models were built on the theory of
elastic tubes. It was noted that the blood flow in the arteries
could be modeled as the propagation of pressure waves
inside elastic tubes. A novel BP estimation nonlinear model
was derived from the conservation of mass and momentum
principle equation, called the M-M model [29]. Un-
derstanding the internal relationship between VE models
and ET models was necessary. The principles of their
modeling were shown in Figure 1.

The mathematical relationships between BP and the PAT
reported in the literature were summarized in Table 1.

3. Methods

3.1. Hardware and Parameter Identification. In the experi-
ments, the PowerLab/16sp system (Castle Hill, AD In-
struments, Australia, 2002) was used to synchronously
record and amplify the ECG and PPG signals. The ECG
signal was filtered by a 1 Hz high-pass filter and a 40 Hz low-
pass filter. Meanwhile, the PPG signal was filtered by a 0.5 Hz
high-pass filter and a 20 Hz low-pass filter, and the sampling
frequency was 1 kHz [24]. To obtain the PAT parameter, the
ECG signal was employed as the proximal timing reference,
and the PPG signal was used as the distal timing reference.
The PAT was calculated as the time elapsed from the R-peak
of the ECG signal to the maximum of the first derivative of
the PPG wave within the same cardiac cycle in Figure 2.

3.2. Data Acquisition Procedure. Twelve subjects without a
history of cardiovascular or neurological disorders partici-
pated in this study (see Table 2). All participants gave written

informed consent. The study was approved by the health
center authorities at the University of Shanghai for Science
and Technology.

Each subject was required to climb 12 floors at a constant
rate lasting for five minutes, which guaranteed a greater change
in BP to obtain more accurate model estimation [15]. When the
physical exercise was finished, each subject was asked to sit
upright and measure the cuft BP, the ECG signal, and the PPG
signal. Each subject was asked to sit on a chair 25 cm away from
the table, with the cuff wrapped around his/her right arm at the
same level between its center and the subject’s heart. The PPG
sensor was placed on their left hand to avoid the effect of cuff
inflation on the PPG signals [4] (see Figure 3).

During the data collection, carrying mobile phones and
wearing devices were not allowed. Moreover, subjects were
also required to remain stable and breathe naturally to avoid
motion causing interference from the collected signals. The
data collection took approximately 15 minutes for each
subject. The measured BPs generally decreased. Hence, the
continuous ECG and PPG signals were collected to calculate
a series of continuous PATs (PATs).

3.3. Data Analysis

3.3.1. The Advanced PTP Method: A Justified and Uniform
Criterion. An automatic digital BP monitor device (MB-
300C, Jasun, China) was used to measure cuff BP values.
Based on its manufacturer’s introduction manual, the ac-
curacy was approximately 3 mm-Hg, which was in com-
pliance with the conventional health standards [26]. For
instance, the mean absolute error (MAE) of less than
5mm-Hg was considered to be the acceptable maximum
error according to the AAMI guidelines [26]. In addition,
prior to the data collection process, we randomly measured
the BP for six subjects using both an MB-300C Jasun device
and a conventional mercury sphygmomanometer operated
by a professional nurse with the rigorous experimental
process to carry out contrast verification. During BP mea-
surement using both monitors, the measured BPs for each
subject at the rest condition were approximately the same as
expected. Specifically, the mean absolute errors (MAEs) of
SBP and DBP measurements using these two devices were
2.7 and 3.2 mm-Hg for six subjects, respectively.

Considering that it took 30 seconds to measure one cuff
BP with MB-300C, an average value of PATs in these 30
seconds [22] from corresponding PPG and ECG signals was
calculated to estimate BP based on its estimation model. The
mapping relationship between the dependent variable and
the independent variable was established through the
available initial values. This technique was called the PTP
method, i.e., cuff BP vs. PATs. Recently, the PTP method
[4, 9, 30] only used one point (sample) to calibrate the
parameters of the corresponding BP estimation model. In
fact, such a single point (sample) played a vital role in the BP
estimation models. Consider the truth that the subject’s BP
was not a constant even in a quiet or peace state; therefore, it
was necessary to average and balance this quiet and peace
process. In this study, a new calibration method was pro-
posed, which was shown in Figure 4.
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TaBLE 1: Summary of mathematical models to calculate BP from PAT.
Models SBP DBP Category and mechanism (linear or nonlinear)
MK-EE [22, 23] a,*InPAT + b, ay * InPAT + b, Nonlinear Vascular elasticity (VE) models
L-MK [21] a, + b, *PAT ay+ by« PAT Linear
MK-BH [4] SBP, — (2/(y * PAT,)) * (PAT - PAT,) SBP — PP * (PATO/PAT)2 Nonlinear
dMK-BH [9] DBP + PP * (PATO/PAT)2 MBP,, + (2/y)In(PAT,/PAT) — (PP,/3)x* (PATO/PAT)2 Nonlinear
M-M [29] ay + /by +¢; * (1/PAT?) ay + b + c; + (1/PAT?) Nonlinear Elastic tube (ET) model

Note.y denoted a vascular information parameter which might be altered with age and the development of cardiovascular diseases. For the healthy subjects, it
was set as 0.031 mm-Hg ' [9]. PP, = SBP, — DBP,, MBP, = (1/3)SBP, + (2/3)DBP,. SBP,, DBP,, PP, could be determined at the beginning of monitoring
by calibration using an additional cuff-type BP monitor device (see Subsection 3.2). a;, b;, a,b;(i = 1, 2, 3); c;, c; were the corresponding function co-
efficients. i was the subscript, and for their calibration method, see Subsection 3.2.
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FiGure 2: Example of PAT delineation.

Once the parameters of the BP estimation model were
determined, they would not be changed in the estimating BP
process. In the advanced PTP method, four pairs of cuff BP
vs. PATs were collected to obtain four sets of parameters of

TaBLE 2: Characteristics of the subjects.

Selection factor Number
Total number (M, F) 12 (9, 3)
Age (years) 253+4.1
Height (cm) 168.5+7.4
Body mass (kg) 60.4+9.4
BMI (kg/m?) 212+21
SBP (mm-Hg) 118.37 +12.95
DBP (mm-Hg) 69.40 + 8.79

BP estimation models. For example, the M-M model only
needed to select three in the four pairs of cuff BP vs. PATSs to
complete one round calibration and got four (C}) group
model parameters. Given the possibility that cuff BP values
of subjects in quiet state were the same, four rounds of
calibration procedure were repeated to guarantee the validity
of calibration in the present study. Finally, the average values
of these parameters were taken as the final BP monitoring
parameters, i.e., SBP;, DBP,, PAT, a;, b;. The whole cali-
bration process took about eight minutes, and the subjects
were required peace and quiet state.

For the ET model, three cuff BPs were used with one
round calibration. For the VE models, the MK-BH and
dMK-BH required one cuff BP, and the L-MK and MK-EE
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FIGURE 4: The advanced PTP method for the BP monitoring system.

needed two cuff BPs with one round calibration. The cali-
bration was done only one time for each subject, and after
deriving parameters in the BP estimator model, the BP could
be estimated continuously.

3.3.2. Data Test. In the present experiment, over 30,000
heartbeats were analyzed. Moreover, about 3,000 heartbeats
were studied for each subject. The estimated BP from a 30s
period of ECG and PPG signals was calculated. To avoid the
effect of breathing, at least eight cardiac cycles [34] were used
for calculating the average value of PATs. A total of 365 pairs
of valid PATSs vs. BPs were found, and 30 PATs during the
15-minute experiment were applied in the BP estimation for
each subject.

The estimated errors between the cuff BP and the esti-
mated BP were evaluated as the mean error (ME) + standard
deviations (SD) as well as the mean absolute difference
(MAD), which were defined below:

n

1
ME = ;(Bpeﬁi ~BP ),

n

MAD = Z}(BPest[ - BPcuff)|’

i=1

n

SSE = 3 (BPy, — BPo ),

i=1

_lol
ME’

T (1)
SD = 1’; ; (x - %)%,

where BP., and BP_, denoted the ith BP measured
through BP estimation models and by the reference cuff
method, respectively, and n was the number of measured BP
used for evaluation. Further, the x; denoted the ith error
sample.

C.V.

4. Results

The merits of the BP model based on PAT were evaluated
from three different analytical methods, i.e., correlation
analysis, performance analysis, and statistical analysis.

4.1. Correlation Analysis. The correlations between esti-
mated BPs (BP.) and cuff BPs (BP_y) for five models were
shown in Table 3.

As shown in Table 3, the correlation between estimated
SBP and cuft SBP was stronger than that between estimated
DBP and cuft DBP during each nonlinear PAT-based BP
monitoring model. The L-Mk model, as a linear VE model,
had the weakest correlation between both SBP (R =0.5537)
and DBP (R=0.6837) than other nonlinear BP estimation
models. For MK-BH and M-M, the correlation between the
cuff BP and the estimated BP was weak with a correlation
coeflicient of Ry; =0.8131 for SBP and R,5; = 0.7651 for DBP.
In our experiments, MK-EE and dMK-BH had a higher
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TaBLE 3: The correlations between BP i and BP ¢

Models SBP,, vs. SBP ¢ DBP,, vs. DBP
MK-EE 0.8851 0.8571
L-MK 0.5537 0.6831
MK-BH 0.8131 0.7653
dMK-BH 0.8873 0.8611
M-M 0.8329 0.7350

correlation between both SBP and DBP than other models.
dMK-BH had the highest correlation between both SBP
(R=0.8873) and DBP (R=0.8611) among all subjects.

4.2. Performance Analysis. To optimize and analyze the
performance of the five popular models, the dispersion
degree, overall comparison, and sensitivity analysis were
analyzed in this study.

4.2.1. Dispersion Degree. A good BP estimation model
should be widely applicable, not only for a few individuals
to show better performance. Based on this, the estimation
errors of all subjects were analyzed and compared under
the same BP-PAT model. The box plot of the dispersion
degree comparison was shown in Figure 5 to indicate
different levels of estimated BP quality for five popular BP-
PAT models.

In Figure 5, the L-MK model showed the largest MAD
and ME for BP and SBP, respectively. The dMK-BH model
showed the minimum median MAD of SBP with
4.38 mm-Hg and a MAD of DBP with 3.36 mm-Hg, while the
ME of BP was more scattered than others in the M-M model.

As mentioned above, the great changing range of BP
benefited the BP estimation for each subject. Therefore, the
subject with the largest range for cuff BP (SBP:
137.19 +12.02 mm-Hg and DBP: 84.14 + 5.56 mm-Hg) was
further investigated to estimated BP on five models quan-
titatively during this research. The summed square of re-
siduals (SSE) and the root mean square error (RMSE) were
computed to report how much difference between estimated
BPs and cuff BPs in this subject. The results were reported in
Table 4.

In Table 4, it could be observed that SSE and RMSE were
largest in L-MK. Moreover, this model had the smallest CV
for BP estimation, while the dMK-BH model had the op-
posite performance as the L-MK. The M-M model, as a ET
model, had larger SSE and RMSE and smaller CV than
others for SBP and DBP estimation. It also could be found
that the CV values were immensely different on SBP and
DBP estimation for five models in this subject. Further, their
function curves were shown in Figure 6.

As shown in Figure 6, the five models showed to be quite
different. The MK-BH was not a bound function and not
always maintains positive, which made no sense that BP
varies in a negative and infinite range in Figure 6(a). Ad-
ditionally, the L-MK was inconsistent with the downward
trend of others in SBP and DBP estimation based on the
experiment data. The MK-EE model and dMK-BH model
showed the closest estimated BP performance between SBP
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and DBP estimation. It was worthy of note that the M-M
model converged prematurely although it was a bound
function. In other words, it was not insistent with the real
condition due to little changed BP estimation with the in-
crease of PAT.

4.2.2. Overall Comparison. Another criterion for perfor-
mance evaluation included ME, MAD of estimation, and SD
of estimation during five BP estimation models was shown in
Table 5.

It could be found that the L-MK model had a mean + SD
(MAD) of -5.89+12.74 (9.34)mm-Hg for SBP and
-3.72+6.79 (5.91) mm-Hg for DBP, respectively. The dMK-
BH model had a mean+SD (MAD) of —0.01 +5.90 (4.55)
mm-Hg for SBP and 0.04+4.40 (3.38) mm-Hg for DBP,
respectively. The M-M model had a mean + SD (MAD) of
1.11+7.51 (5.57) mm-Hg for SBP and -0.23 +6.47 (5.13)
mm-Hg for DBP estimated error, respectively. For the dMK-
BH model, the precision of estimation was approximately
0.06 mm-Hg higher than that of MK-EE and approximately
0.1-6 mm-Hg higher than all the other comparison methods.
Among the optimized methods, both MK-EE and dMK-BH
worked best for the estimated BP_ value due to the SD of
the error bias being less than 5.90 mm-Hg and MAD being
less than 4.55 mm-Hg. It was noteworthy to mention that the
SD of the errors for MK-EE, MK-BH, dMK-BH, and M-M
was within 8 mm-Hg for SBP and DBP. It was consistent
with the AAMI requirements of 5+ 8 mm-Hg (mean + SD)
for BP estimated error [26].

4.3. Statistical Analysis. Differences were tested with the
Kruskal-Wallis tests and with Dunn’s multiple comparison
tests to determine whether statistically significant differences
were observed between the mean errors of the ET model and
the VE models, i.e., L-MK, MK-BH, MK-EE, and dMK-BH,
as shown in Figure 7.

In Figure 7, there was a significant difference between the
linear model and the nonlinear model in terms of estimating
SBP. Similarly, a significant difference between the MK-BH
model and the other nonlinear estimation models was also
found during estimating DBP. It was noteworthy that MK-
BH and M-M showed weaker significant changes. Addi-
tionally, there were no significant changes in MK-EE and
dMK-BH models.

4.4. Sensitivity Analysis. As mentioned above, the dMK-BH
model with the smallest estimated BP error merited a more
in-depth analysis. From its mathematical representation, the
determination of y, a vascular information parameter which
might be altered with age and the development of cardio-
vascular diseases, was critical to better estimate BP in long-
term ABPM and HBPM. Next, the relationship between
MAD and the parameter y (across all 12 subjects over 30,000
heartbeats in Subsection 3.2) was plotted for the dMK-BH
model in Figure 8.

In Figure 8, some comparisons could be made. For
instance, the minimums of cardiovascular parameter y with
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TaBLE 4: Quantitative comparison of the SSE and RMSE for the subject with the largest BP range.

SBP DBP

Ind
NEEXeS MK-EE  L-MK  MK-BH dMK-BH M-M  MKEE LMK MK-BH dMK-BH MM
SSE 30651 11226 890.08 283.65 79800 26250 25001 25671 26453 02814
RMSE 35737 21628  6.0899 3.4379 57663 33072 10206 32705 3.3200 42236
*CV 22503 12544  9.2495 951.70 16500 27954 12763  513.98 35204 9.4641

Note. *CV, a standardized measure of dispersion of a probability distribution or frequency distribution, denoted the coefficient of variation.

SBP and DBP estimation were different for each subject.
Moreover, these minimums mainly concentrated in a small
range about 0.001-0.03 mm-Hg " in most subjects. Specif-
ically, the two curves reached the minimums when y were
nearby 0.0021 and 0.0239, respectively. Besides, an upward
trend approximately with the increase of y between SBP and
DBP estimation could be observed after one minimum value
(y=0.0239) in this model based on the experiment. Hence, y
was a sensitive cardiovascular parameter for different sub-
jects. In this paper, y was set as 0.031 mm-Hg ™' according to
Zheng et al’s report for the healthy subjects (24-35 years
old) [9].

5. Discussion

In this study, five representative BP-PAT models were
studied and optimized based on the same justified and
uniform criterion to work out which accurate and practical

mode compared with others was well fitted in continuous
cuff-less BP monitoring through an implementation of the
designated protocol, i.e., the same advanced PTP method. To
better evaluate the performance of the five BP-PAT models,
the correlation analysis, performance analysis, and statistical
analysis were applied.

As for the L-MK, similar to the linear description in the
VE models, the BP estimation error was larger than other
models. Indeed, this model neglected the complex regulation
of the cardiovascular system. There was no explanation for
phenomena such as subject’s BP fluctuations alternately
throughout the day. Besides, it was also not a bound function
and not always positive. These performances (see Subsection
4.2) further proved that L-MK was not a good BP estimation
method. Usually, linear regression was usually applied for
BP estimation, in which the indicators included PAT or extra
parameters, such as HR [36], PPG intensity ratio [11, 29],
TDB, a kind of arterial stiffness index [36], and other features
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TaBLE 5: The estimated BP errors in different BP models.

Diastolic blood pressure (DBP)

Systolic blood pressure (SBP)

Models
Mean + SD (mm-Hg) MAD (mm-Hg) Mean + SD (mm-Hg) MAD (mm-Hg)
MK-EE 0.07 +5.87 4.46 -0.13+4.54 3.58
L-MK -5.89+12.74 9.34 -3.72+£6.79 5.91
MK-BH 0.11+7.53 5.48 -2.10+5.69 4.69
dMK-BH -0.01 +£5.90 4.55 0.04+4.40 3.38
M-M 1.11+7.51 5.57 -0.23 +£6.47 5.13
ANSI/AAMI |mean| <5 mm-Hg |mean| <5 mm-Hg
< . < .
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FIGURE 7: Scatter plot of differences among the five models. Note: significant differences between different PAT models were identified as
follows: * p <0.05, **p <0.01, ***p <0.001, and **** p <0.0001. “t”indicates the recommended BP estimation model.
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[35] to the real-time interpolation for SBP and DBP in all subjects.

[19, 37] that could be obtained from ECG and PPG signals.
The accuracy of the L-MK model for BP estimation was
expected to improve through the combination of PAT and
the above indicators by means of multiple regression
analysis; however, the computation burden increased
sharply.

The MK-BH model, as a VE model, had the lower
correlation and the greater estimated error between esti-
mated SBP and cuff SBP (see Tables 3 and 5 and Figure 5) in
nonlinear models. For MK-BH, the stroke volume was
considered as a constant; however, this parameter varied
with the body’s demand to oxygen-filled blood, e.g., during
exercise [4]. When estimating DBP, the MK-BH model
consisted of two parts: a linear function with SBP and a
power function without SBP. This suggested that DBP might
decrease with an increase in SBP, which was inconsistent
with the situation where the SBP varied with the same trend
as DBP during the experiment. This study also confirmed
that MK-BH was not the better BP estimation model (see
Tables 3-5 and Figures 5 and 6) for long-term ABPM and
HBPM.

Referring to Esmaili et al.’s report [29], M-M (i.e., the ET
model) was good for BP estimation. In contrast to their
expectations, this model had the lowest correlation and the
greatest estimated error for DBP and SBP, respectively (see
Section 4, especially Tables 3-5 and Figures 5 and 6). One
reason was that the denominator of the M-M model con-
tained a square root leading to no real solution, which might
cause inconvenience in calibration. Another important
reason was that the actual arterial system was obviously not a
simple tube but rather contained branches, which elastically

and geometrically tapered and terminated with the micro-
circulation [8]. Hence, the M-M model was left for further
study to take better account of the influence of the vascular
branches in this model.

The dMK-BH model, as a nonlinear VE model and
bound function, was based on the Moens-Korteweg equa-
tion and the Bramwell-Hill equation (here, MBP as BP). This
model, with the strongest correlation between cuff BP and
estimated BP and the lowest BP estimated error (see Section
4), was the best BP estimation model because of its rigorous
interpretation of physiological parameters (see Table 1).
Compared to MK-BH, dMK-BH in BP estimation had a
significantly higher accuracy, for which the MBP applied in
dMK-BH was a decisive factor. However, it was unsuitable
for long-term monitoring due to its complex mathematical
relationship about BP vs. PAT including a compound
function of power and logarithmic function with y (see
Figure 8). Some investigations reported y would change with
aging [9, 21, 38] and the development of cardiovascular
diseases [33]. It was not easy to obtain an optimal value in
different ages and pathophysiologic conditions. Hence, its
practicality was limited to an extent.

The nonlinear MK-EE model was conducive to practice
due to its rational explanation of physiological information
compared to others (see Section 2). In addition, MK-EE, as
well as dMK-BH, showed a stronger correlation and lower
estimated BP error with both cuff BP and estimated BP than
others (see Subsection 4). Furthermore, it could be easily
built into wearable sensor devices [23] due to its simple
mathematical relationship about BP vs. PAT including a
traditional logarithmic function. Recently, the variate of PTT
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or PWV was suggested for introduction into the MK-EE
model for further comprehensive modeling [8, 22].

As mentioned above, the nonlinear dMK-BH model had
the strongest correlation and the smallest BP estimation
error. Further, there were no significant changes between
MK-EE and dMK-BH. Besides, the performance of the MK-
EE model showed the best similarity to the dMK-BH model.
The MK-BH and M-M, as nonlinear models, could not
estimate BP well based on the experiment data, while the
MK-EE model and dMK-BH model could estimate BP well
(see Section 4). Although the dMK-BH model had the lowest
estimated BP error between estimated BP and cuff BP, it
needed a further investigation in the practical application
since a sensitive cardiovascular parameter (y) was in-
troduced in it. These findings indicated that MK-EE could be
a good substitute for dMK-BH in continuous cuff-less BP
monitoring. Based on this study, we were confident that the
calibration method could be used for ABPM and HBPM to
some extent in the future. It was mentioned that periodic
calibration should be considered to improve the reliability of
BP measurement since the period between calibrations was
short and might possibly affect the accuracy of parameters.
Recently, Mukkamala and Hahn proposed predictions on
the maximum calibration period and acceptable error limits
during different ages and genders [28]. Additionally, some
research had proposed several methods to improve cali-
bration accuracy. For instance, the covariates were also
introduced into calibration methods to better predict BPs,
e.g., HR [39], PWV [13], and PIR [11, 29].

The Moens-Korteweg equation has provided a mathe-
matical foundation for advancing research towards the di-
rection of noninvasive BP monitoring. It should be noted
that the practical use of the equation implies several as-
sumptions (see Figure 1), which might be invalid for
complex behavior and for regulation of the involved arterial
tree, such as the thickness-to-radius ratio [24] seen as a
constant. Additionally, arterial segments involved in BP
estimation were formed for both elastic and muscular ar-
teries, with different biomechanical properties. The influence
of these factors on BP estimation needed further study.

6. Conclusion and Future Work

In this study, five most popular BP estimation models were
investigated and optimized based on PAT under the same
advanced PTP method for the first time. The investigation
revealed that the MK-EE and dMK-BH, as two VE models
based on the Moens-Korteweg equation, were more efficient
than the ET model based on the conservation of mass and
momentum equation. Considering that the change of hu-
man BP was affected by many physiological factors and
manifests as a complex nonlinear system, the L-MK with the
largest estimated BP error among VE models was not a good
choice for ABPM. For family long-term ABPM or HBPM,
we suggested selecting MK-EE, a type of VE model, as both
cuff BP and estimated BP in this model had stronger cor-
relation and lower estimated BP error than others.

One of the limitations of this investigation was the fact
that subjects engaged in the present experiment were

Journal of Healthcare Engineering

generally young and healthy volunteers rather than patients
with cardiovascular disease. Thus, further studies with ex-
tensive validation that included a larger population of in-
dividuals recruited from different age groups and with
various pathophysiologies were needed to confirm these
outcomes. In addition, the BP-PAT models did not take into
account the influence of the pre-ejection period (PEP) and
vascular tone changes due to the difficulties in quantitative
measuring PEP and vascular tone in ambulatory settings.
Hence, a new model including the description of PEP was
worth to be established in the future work.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to thank all the participants in this
study.

References

[1] R. T. Raymond, B. W. Ian, L. S. Ernesto et al., “Recom-

mendations for improving and standardizing vascular re-

search on arterial stiffness,” Hypertension, vol. 66, no. 3,

pp. 698-722, 2015.

S. Lewington, R. Clarke, N. Qizilbash, R. Peto, R. Collins, and

P. S. Collaboration, “Age-specific relevance of usual blood

pressure to vascular mortality: a meta-analysis of individual

data for one million adults in 61 prospective studies,” The

Lancet, vol. 361, no. 9366, pp. 1389-1390, 2002.

[3] M. Kachuee, M. M. Kiani, H. Mohammadzade, and
M. Shabany, “Cuffless blood pressure estimation algorithms
for continuous health-care monitoring,” IEEE Transactions on
Biomedical Engineering, vol. 64, no. 4, pp. 859-869, 2017.

[4] Z. Tang, T. Tamura, M. Sekine, A. Huang, W. Chen, and
M. Yoshida, “A chair-based unobtrusive cuffless blood
pressure monitoring system based on pulse arrival time,”
IEEE Journal of Biomedical and Health Informatics, vol. 21,
no. 5, pp. 1194-1205, 2016.

[5] TJ. Liu, J.-O. Hahn, and R. Mukkamala, “Error mechanisms of

the oscillometric fixed-ratio blood pressure measurement

method,” Annals of Biomedical Engineering, vol. 41, no. 3,

pp. 587-597, 2013.

S. Josep, C. Olivier, C. Sartori, Y. Allemann, and S. F. Rimoldi,

“Chest pulse-wave velocity: a novel approach to assess arterial

stiffness,” IEEE Transactions on Biomedical Engineering,

vol. 58, no. 1, pp. 215-223, 2011.

[7] E. Kaniusas, H. Pfutzner, L. Mehnen et al., “Method for
continuous nondisturbing monitoring of blood pressure by
magnetoelastic skin curvature sensor and ECG,” IEEE Sensors
Journal, vol. 6, no. 3, pp. 819-828, 2006.

[8] R. Mukkamala, J.-O. Hahn, O. T. Inan et al., “Toward
ubiquitous blood pressure monitoring via pulse transit time:
theory and practice,” IEEE Transactions on Biomedical En-
gineering, vol. 62, no. 8, pp. 1879-1901, 2015.

[2

[6



Journal of Healthcare Engineering

[9] Y. Zheng, C. C. Y. Poon, B. P. Yan, and J. Y. W. Lau, “Pulse
arrival time based cuff-less and 24-h wearable blood pressure
monitoring and its diagnostic value in hypertension,” Journal
of Medical Systems, vol. 40, no. 9, pp. 1-11, 2016.

Q. Liu, B. P. Yan, C. M. Yu, Y. T. Zhang, and C. C. Y. Poon,

“Attenuation of systolic blood pressure and pulse transit time

hysteresis during exercise and recovery in cardiovascular

patients,” IEEE Transactions on Biomedical Engineering,

vol. 61, no. 2, pp. 346-352, 2014.

[11] X. Ding, B. P. Yan, Y. T. Zhang, J. Liu, N. Zhao, and
H. K. Tsang, “Pulse transit time based continuous cuffless
blood pressure estimation: a new extension and a compre-
hensive evaluation,” Scientific Reports, vol. 7, no. 1, Article ID
11554, 2017.

[12] H. Lin, W. Xu, N. Guan, D. Ji, Y. Wei, and W. Yi, “Non-

invasive and continuous blood pressure monitoring using

wearable body sensor networks,” IEEE Intelligent Systems,

vol. 30, no. 6, pp. 38-48, 2015.

D. Buxi, J.-M. Redouté, and M. R. Yuce, “A survey on signals

and systems in ambulatory blood pressure monitoring using

pulse transit time,” Physiological Measurement, vol. 36, no. 3,

pp. RI-R26, 2015.

[14] I. C. Jeong and J. Finkelstein, “Introducing contactless blood
pressure assessment using a high speed video camera,” Journal
of Medical Systems, vol. 40, no. 4, p. 77, 2016.

[15] A. Noordergraaf, Circulatory System Dynamics, Vol. 1,
Elsevier, Amsterdam, Netherlands, 2012.

[16] M. Y.-M. Wong, C. C.-Y. Poon, and Y.-T. Zhang, “An
evaluation of the cuffless blood pressure estimation based on
pulse transit time technique: a half year study on normo-
tensive subjects,” Cardiovascular Engineering, vol. 9, no. 1,
pp. 32-38, 2009.

[17] S.-H. Kim, J.-G. Song, J.-H. Park, J.-W. Kim, Y.-S. Park, and
G.-S. Hwang, “Beat-to-beat tracking of systolic blood pressure
using noninvasive pulse transit time during anesthesia in-
duction in hypertensive patients,” Anesthesia ¢ Analgesia,
vol. 116, no. 1, pp. 94-100, 2013.

[18] B. M. Mccarthy, C. J. Vaughan, B. O’Flynn, A. Mathewson,

and C. O. Mathd s, “An examination of calibration intervals

required for accurately tracking blood pressure using pulse
transit time algorithms,” Journal of Human Hypertension,

vol. 27, no. 12, pp. 744-750, 2013.

G. Bilo, C. Zorzi, J. E. Ochoa Munera, C. Torlasco, V. Giuli,

and G. Parati, “Validation of the somnotouch-NIBP non-

invasive continuous blood pressure monitor according to the

European society of hypertension international protocol re-

vision 2010,” Blood Pressure Monitoring, vol. 20, no. 5,

pp. 291-294, 2015.

P. S. Pandian, K. Mohanavelu, K. P. Safeer et al., “Smart vest:

wearable multi-parameter remote physiological monitoring

system,” Medical Engineering ¢ Physics, vol. 30, no. 4,

pp. 466-477, 2008.

[21] W. Chen, T. Kobayashi, S. Ichikawa, Y. Takeuchi, and

T. Togawa, “Continuous estimation of systolic blood pressure

using the pulse arrival time and intermittent calibration,”

Medical & Biological Engineering ¢ Computing, vol. 38, no. 5,

pp. 569-574, 2000.

P. M. Nabeel, J. Jayaraj, and S. Mohanasankar, “Single-source

PPG-based local pulse wave velocity measurement: a potential

cuffless blood pressure estimation technique,” Physiological

Measurement, vol. 38, no. 12, pp. 2122-2140, 2017.

[23] Q. Zhang, X. Chen, Z. Fang et al., “Cuff-less blood pressure
measurement using pulse arrival time and a Kalman filter,”

(10

(13

(19

[20

(22

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

11

Journal of Micromechanics and Microengineering, vol. 27,
no. 2, Article ID 024002, 2017.

B. Escobar and R. Torres, “Feasibility of non-invasive blood
pressure estimation based on pulse arrival time: a MIMIC
database study,” in Proceedings of the 4lst Computing in
Cardiology Conference (CinC), vol. 41, pp. 1113-1116, Cam-
bridge, MA, USA, September 2014.

J. Kim, J. Park, K. Kim, Y. Chee, Y. Lim, and K. Park,
“Development of a nonintrusive blood pressure estimation
system for computer users,” Telemedicine and e-Health,
vol. 13, no. 1, pp. 57-64, 2007.

AAMI, American National Standard for Electronic or Auto-
mated Sphygmomanometers-ANSI/AAMI SP 10, AAMI,
Arlington, VA, USA, 2002.

E. Bresch, L. Schmitt, D. De Matteis, and J. Muehlsteff, “Cuff-
pressure induced PAT changes—modelling and experimental
verification towards calibration of blood pressure surrogates,”
in Proceedings of the 38th Annual International Conference of
the IEEE Engineering in Medicine & Biology Society (EMBC),
vol. 1, pp. 4252-4255, Orlando, FL, USA, August 2016.

R. Mukkamala and J.-O. Hahn, “Toward ubiquitous blood
pressure monitoring via pulse transit time: predictions on
maximum calibration period and acceptable error limits,”
IEEE Transactions on Biomedical Engineering, vol. 65, no. 6,
pp. 14101420, 2018.

A. Esmaili, M. Kachuee, and M. Shabany, “Nonlinear cuffless
blood pressure estimation of healthy subjects using pulse
transit time and arrival time,” IEEE Transactions on In-
strumentation and Measurement, vol. 66, no. 12, pp. 3299-
3308, 2017.

X.-R. Ding, Y.-T. Zhang, J. Liu, W.-X. Dai, and H. K. Tsang,
“Continuous cuffless blood pressure estimation using pulse
transit time and photoplethysmogram intensity ratio,” IEEE
Transactions on Biomedical Engineering, vol. 63, no. 5,
pp. 964-972, 2016.

Factors That Affect Blood Pressure, http://www.edises.it/file/
minicd/germ002/misc/assignmentfiles/cardiovascular/Fact_
Aft Blood_Pressure.pdf.

D. J. Korteweg, “Ueber die fortpflanzungsgeschwindigkeit des
schalles in elastischen Rohren,” Annalen der Physik und
Chemie, vol. 241, no. 12, pp. 525-542, 1878.

D. Hughes, C. F. Babbs, L. A. Geddes, and J. D. Bourland,
“Measurements of Young’s modulus of elasticity of the canine
aorta with ultrasound,” Ultrasonic Imaging, vol. 1, no. 4,
pp. 356-367, 1979.

Y. Chen, C. Wen, G. Tao, M. Bi, and G. Li, “Continuous and
noninvasive blood pressure measurement: a novel modeling
methodology of the relationship between blood pressure and
pulse wave velocity,” Annals of Biomedical Engineering,
vol. 37, no. 11, pp. 2222-2233, 2009.

S. Chen, X. Hong, Y. Gong, and C. J. Harris, “Digital pre-
distorter design using b-spline neural network and inverse of
De Boor algorithm,” IEEE Transactions on Circuits and Sys-
tems I: Regular Papers, vol. 60, no. 6, pp. 1584-1594, 2013.
H. J. Baek, K. K. Kim, J. S. Kim, B. Lee, and K. S. Park,
“Enhancing the estimation of blood pressure using pulse
arrival time and two confounding factors,” Physiological
Measurement, vol. 31, no. 2, pp. 145-157, 2010.

T. H. Huynh, R. Jafari, and W.-Y. Chung, “Noninvasive
cuffless blood pressure estimation using pulse transit time and
impedance plethysmography,” IEEE Transactions on Bio-
medical Engineering, vol. 66, no. 4, pp. 967-976, 2019.

Y. Chen, C. Wen, G. Tao, and M. Bi, “Continuous and
noninvasive measurement of systolic and diastolic blood


http://www.edises.it/file/minicd/germ002/misc/assignmentfiles/cardiovascular/Fact_Aff_Blood_Pressure.pdf
http://www.edises.it/file/minicd/germ002/misc/assignmentfiles/cardiovascular/Fact_Aff_Blood_Pressure.pdf
http://www.edises.it/file/minicd/germ002/misc/assignmentfiles/cardiovascular/Fact_Aff_Blood_Pressure.pdf

12

(39]

pressure by one mathematical model with the same model
parameters and two separate pulse wave velocities,” Annals of
Biomedical Engineering, vol. 40, no. 4, pp. 871-882, 2012.

F. S. Cattivelli and H. Garudadri, “Noninvasive cuffless
estimation of blood pressure from pulse arrival time and
heart rate with adaptive calibration,” in Proceedings of the
6th International Workshop on Wearable and Implantable
Body Sensor Networks, pp. 114-119, Berkeley, CA, USA,
June 2009.

Journal of Healthcare Engineering



