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ABSTRACT

This study aims to confirm whether noncontact monitoring of relative changes in blood
pressure can be estimated using microwave radar sensors. First, an equation to estimate
blood pressure was derived, after which, the effectiveness of the estimation equation was
confirmed using data obtained by a noncontact method while inducing variations in blood
pressure. We considered that the Bramwell-Hill equation, which contains some parameters
that directly indicate changes in blood pressure, would be an appropriate reference to con-
struct an estimation equation for the noncontact method, because measurements using mi-
crowave radar sensors can measure minute scale motion on the skin surface induced by the
pulsation of blood vessels. In order to estimate relative changes in blood pressure, we con-
sidered a simple equation including the pulse transit time (PTT), amplitude of signals and
body dimensions as parameters. To verify the effectiveness of the equation for estimating
changes in blood pressure, two experiments were conducted: a cycling task using an ergo-
meter, which induces blood pressure fluctuations because of changes in cardiac output, and
a task using the Valsalva maneuver, which induces blood pressure fluctuations because of
changes in vascular resistance. The results obtained from the two experiments suggested
that the proposed equation using microwave radar sensors can accurately estimate relative
changes of blood pressure. In particular, relatively favorable results were obtained for the
changes in blood pressure induced by the changes in cardiac volume. Although many issues
remain, this method could be expected to contribute to the continuous evaluation of cardiac
function while reducing the burden on patients.
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1. INTRODUCTION

According to a report by the World Health Organization, ischemic heart disease and stroke are the
leading causes of death around the world, accounting for a combined 17.9 million deaths in 2019 [1].
These diseases have remained the leading causes of death globally for the last 15 years. In addition, popu-
lations in advanced countries are rapidly aging, which is expected to exacerbate this situation. Therefore,
daily monitoring and management in relation to the cardiovascular system are becoming increasingly im-
portant to help prevent heart disease.

To manage and prevent heart disease, the most notable parameter that should be monitored is blood
pressure. To ensure the quality and accuracy of measurements in hospitals, blood pressure is measured
using a catheter inserted into an artery; this is referred to as invasive monitoring. Several other noninva-
sive methods that enable blood pressure to be easily monitored at home, such as the auscultatory method
using Korotkoff sounds, the oscillometric method and the tonometry method [2], have been proposed.
The electronic sphygmomanometer used in oscillometric measurements has become popular in home
medical care. None of these methods involve invasive measurements, but are premised on using a com-
pression garment, called a manchette or cuff, that applies pressure to the upper arm, wrist, or finger. The
physical stress caused by this compression can be a heavy burden on the patient and may be accompanied
by several complications, including an increased risk of congestion and undesired side effects for patients
with arteriosclerotic vascular disease and arteriosclerotic hypertension [3]. If nighttime blood pressure
monitoring is necessary, the sounds of the pumps or servomotors and the physical pressure to the body
may interfere with sleep [4]. Moreover, a well-known effect described as “white coat hypertension” [5] of-
ten occurs, which refers to the fact that the patient’s blood pressure is likely to be higher in a hospital set-
ting than at home. Therefore, it is beneficial for the patient to remain unaware of when his or her blood
pressure is being monitored, because it can be highly sensitive to changes in emotional states. Accordingly,
blood pressure should be monitored without the patient’s knowledge, and preferably, without direct con-
tact. Furthermore, when applying emergency first aid to patients who are in a state of shock, it is impor-
tant to understand trends in blood pressure fluctuations rather than knowing absolute values. This means
that measurements of relative values over time would be appropriate in such situations. The same can be
said about the treatment and management of cardiovascular disease.

Various noninvasive sensing techniques have been developed to measure human vital signs. Several
noninvasive pulse monitoring studies have been conducted using a strain gauge [6] and piezoelectric sen-
sors [7]. Some research groups have reported a method for measuring a subject’s heartbeat and respiration
using a multi sensor system [8]. In recent years, novel vital sign monitoring methods using microwave ra-
dar sensors have been proposed. Such methods can be used to monitor vital signs without the need for the
monitoring devices to come into direct contact with the body. Some reports have demonstrated the prac-
tical use of such systems; for example, a microwave radar attached to the ceiling was used to monitor the
respiratory rates of subjects in bed through thick bedding [9, 10], and another to the back of a chair to
monitor changes in autonomic activation [11]. These noncontact and noninvasive sensing techniques
measure the extremely small-scale motions that occur on the surface of the skin as a result of cardiac and
respiratory activity [12]. Veins, capillaries, and various blood vessels are present near the surface of the
skin, and the motion of these vessels changes with variations in blood pressure. Consequently, it is thought
that changes in blood pressure induce changes in the motion at the surface of the skin; therefore, the mo-
tion at the surface of the skin contains important information about blood pressure. If any information
about changes in blood pressure can be extracted from the signals acquired by noncontact methods using
microwave radar sensors, blood pressure would be able to be monitored without having to make direct
contact with the body. Sensing techniques using microwave radar can be used to detect the movement of a
remote object without having to make contact with that object, and microwave radar sensors can be
transmitted through clothing and bedding [9, 10]. Therefore, monitoring methods using microwave radar
can be categorized as being fully noncontact and remote. A noncontact sensing method using reflected
speckle patterns has also been proposed and it achieves some positive results [13]. However, due to sensing
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by the photonic imaging, it cannot be measured if there is a shield such as clothes. The successful mea-
surement of changes in blood pressure by microwave radar sensors would thus be considered to be ex-
tremely useful, because such measurements could be achieved in a noncontact and unconstrained manner.
Specifically in regard to blood pressure measurement, a passive cuffless measurement method has been
demonstrated [14]; however, no passive noncontact example is available in the existing report. In addition,
the microwave radar method used to measure micro-vibrations at the surface of the skin induced by
heartbeats can also be used to obtain a series of noncontact unconstrained bio-signal measurements. As
the motion at the surface of the skin is thought to vary with blood pressure, the movement of the surface
of the skin is also considered to contain cardiovascular information related to changes in blood pressure,
although the component of the motion related to blood pressure is expected to be quite small. Moreover,
microwave radar sensors using this sensing technique are physically safe and permitted by law for use in
electronic devices. This means that vital signs can be monitored continuously; in other words, this sensing
technique is suited for monitoring relative changes in blood pressure.

Given this background, this study aims to confirm whether noncontact monitoring of relative changes
in blood pressure can be estimated using microwave radar sensors. To achieve this aim, an equation to
estimate blood pressure was first derived, and then the effectiveness of the equation was confirmed using
data obtained by noncontact monitoring while inducing variations in blood pressure.

2. THEORETICAL CONSIDERATIONS

Blood pressure is defined as the pressure applied to the wall of a blood vessel when blood is delivered
through the blood vessel [15]. Computationally, it is defined as the product of the volume of blood ejected
from the heart (cardiac stroke volume) and the peripheral vascular resistance [15]. However, in actuality,
the mechanism governing blood pressure is quite complex because cardiac stroke volume and peripheral
vascular resistance are under the control of many regulatory mechanisms. Therefore, it is common to con-
sider the structure of the cardiovascular system by using a conceptual mechanical equivalent model. Sever-
al existing conceptual models of the cardiovascular system can be used as guides when considering blood
pressure and its variation.

Several effective pulse propagation models have been proposed. The Moens-Korteweg equation [16]
describes the relationship between pulse wave velocity (PWV), defined as the propagation speed of the
pressure wave produced by cardiac systole, and the elastic modulus of the artery wall. The Bramwell-Hill
equation [17] describes the relationship among the PWV, changes in blood pressure, and changes in artery
volume.

The Bramwell-Hill equation assumes that minute changes occur in blood vessel volume and tensile
stress when blood is ejected from the left ventricle by cardiac systole and the blood pressure in the blood
vessel changes. Thus, this equation gives the relationship between PWV and changes in the volume of the
blood vessel due to left ventricular ejection, where A and r are the wall thickness and radius of the blood
vessel, respectively, Eis the elastic modulus of the arterial wall, and pis the density of the blood as:

Eh Vv V dp
PWV= | —= |—= |——— 1
\/Zpr HdV \/p dv .
dp

where V'is the volume elastic modulus of the blood vessel, p is the pressure, and dV and dp are incremen-
tal changes in these respective quantities.

The Bramwell-Hill equation is appropriate to estimate blood pressure because it contains a parameter
directly indicating the change in the blood pressure. A proportional relationship can be assumed to exist
between the diameter of the blood vessel and the motion at the surface of the skin. At the same time, one
of the major characteristics of measurements using microwave radar sensors is that they are able to meas-
ure the motion at the surface of the skin. This means that the relative change in blood pressure can be
measured with microwave radar sensors without the need to make direct contact. When the motion of the
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arterial wall is transmitted to the skin, it is thought that in some cases, the sensitivity of microwave-based
monitoring is poor because the motion of the skin is governed by its elasticity. However, in the case of
monitoring an artery near the surface of the skin, such as the radial or external carotid artery, it is assumed
that the motion of the surface of the skin is similar to the change in the diameter of the artery; this may
enable blood pressure to be estimated without contact because information equivalent to changes in the
diameter of the artery can be acquired by microwave measurement.

As previously described, in the Bramwell-Hill equation, PWV is determined using elastic volume
modules. Solving this equation for the change dp in blood pressure yields:

dp = pPWV? Vldv )

With reference to previous studies using the cardio-ankle vascular index as an indicator of arterial
stiffness normally applied in the diagnosis of arteriosclerosis [18, 19], the volume elastic modulus V'and its
change dV can be converted as follows to the base diameter D of the artery and its change dD to express
dp in terms of the base diameter:

1
dp ~ pPWV2——dD 3
p~p D2 (3)

Typically, the density p of human blood is ranges between 1.043 and 1.060 g/mL [20]. It can be as-
sumed that there is individual variability in the density of blood and that it shows long-term changes.
However, it can also be assumed that it does not change rapidly over short periods of time, as indicated by
Bramwell [17]. Therefore, with blood pressure as the measurement target, the density of blood p can be
treated as a constant. Similarly, if the same point of the same artery is always targeted, the base diameter D
of the artery at the same measurement point does not change during the measurement period, which
means that the base diameter D of the artery can be treated as a constant. Therefore, only two variables are
non-negligibly involved in governing changes to blood pressure in this estimation method. Following the
conceptual definitions described previously, the change dp in blood pressure is a function of two factors,
dD, which is affected by cardiac stroke volume, and PWYV, which is affected by peripheral vascular resis-
tance, as described by:

dp = 2PWV?2dD (4)

If these two parameters could be measured by microwave sensors, it would be possible to estimate
blood pressure using a microwave-based noncontact method. Therefore, acquiring data from microwave
sensors and inputting them into the equation were considered.

First, it was determined how information regarding PWV could be obtained. Generally, information
is acquired using two methods: electrocardiogram (ECG) measurements and pulse wave recording using a
finger probe [21]. The timing of ejection from the left ventricle can be estimated from the R wave of the
ECG, and the time at which the pulse ejected from the left ventricle reaches the finger is estimated from
the location of the peak of the oscillation in the pulse waves recorded using the finger probe. The phase
difference between the two times acquired using these sensing methods is termed the pulse transit time
(PTT) [22]. In this study, two microwave sensors were used based on this commonly applied method.

To acquire information about when blood is ejected from the left ventricle, sensor 1 was placed just
under a mattress to allow it to be as near to the heart as possible. To acquire information on the periphery
of the body, sensor 2 was placed on the left radial styloid process, as when taking the pulse on the wrist by
palpation. The phase difference between the two output signals acquired from the measurement points
was considered to be the PTT. The transmitted and received microwave radar sensors were not stable, and
peaks corresponding to each pulsation in the output signal acquired from the microwave sensor were
sometimes unclear. Thus, the phase differential was calculated for each cardiac beat from the cross-correlation
between the two sets of data acquired from the sensors with a data length corresponding to a duration of
10 cardiac beats.
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To calculate PWYV, the travel distance is needed, in addition to the PTT. The travel distance, defined
as the distance from the left ventricle to the left radial styloid process, was calculated and applied in accor-
dance with the human body measurement method [23]. The arm span Sand hand length Z of each subject
were measured (Figure 1(a)), and the travel distance 7D was calculated as:

TD = 13 —-L (5)
2
From this and the PTT, the PWV was calculated as (Figure 1(b)):
1 2
D \2 =S-L
dp=2PWV2dD =2| — | dD=2| 2 dD (6)
PTT PTT

3. METHODS
3.1. Experimental Setting and Protocols

To confirm the effectiveness of the proposed equation to estimate changes in blood pressure, two
types of experiments depending independently on systolic volume and peripheral vessel parameters were
conducted, as blood pressure is defined herein as the product of these two parameters. Blood pressure was
first raised in the cycling task with an ergometer (Aerobike ai-ex, Combi Co., Tokyo), which is frequently
used in medical and ergonomics research because the stroke volume can be varied by the physical work-
load. After the ergometer task, the subsequent reduction in blood pressure was monitored.

To verity the effectiveness of the equation in estimating the change in peripheral vessels, the experi-
ment was conducted using the Valsalva maneuver, which is commonly utilized in medical research; this is
recognized by the Institute of Electrical and Electronics Engineers (IEEE) as the standard method for
checking the quality of cuffless blood pressure monitors.

1) Experiment 1 for observation of changes in blood pressure based on systolic volume was con-
ducted on 10 healthy male volunteer students ranging in age from 21 to 24 years (21.70 + 0.67 years). After

Amplitude of Output Signal [v]
Q
\\:\?
| /’/l
T oa
\\ND
/
Q
O
i

RV Vi M \\/ '
tt tt t t t[s]
22 —— Output signal acquired by sensor 1~ ------- Output signal acquired by sensor 2
Y ‘,\/ o~ positioned on the chest wall or back positioned on the radial artery near
Sensor 1 Yo,k the carpal articular surface of the
Sensor 2 ] radius
(a) (b)

Figure 1. (a) Measurement points and coordination. (b) Image of acquired waveform and parameters
which assigning values to estimation equation.
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informed consent was obtained and instructions regarding the experiment were given, preparations were
started. Each healthy volunteer was instructed to lie on a mattress in the supine position with ECG elec-
trodes and pulse wave and blood pressure monitor cuffs in place. Additionally, two microwave sensors
were fixed in the mattress 12.5 mm away from the surface of the back and the inside of the left wrist. After
2 minutes of rest on the mattress, the subject performed the ergometer task for 6 minutes at 150 W and 60
rpm to raise the blood pressure. After this ergometer task, the subject rested on the mattress again, and
blood pressure was monitored for 15 minutes.

2) Experiment 2 for observation of changes in blood pressure based on peripheral vessels was con-
ducted on 10 healthy male volunteer students ranging in age from 21 to 24 years (21.70 + 0.82 years). After
informed consent was obtained and instructions regarding the experiment were given, electrodes and cuffs
were placed on the subject’s body as described in the previous experiment. The subject was then instructed
to lie on a mattress in the supine position and rest for 2 minutes, and the Valsalva maneuver [24] was per-
formed. The subject first inhaled deeply and held his breath. Next, the subject bore down and strained his
abdominal muscles for approximately 20 seconds. After 20 seconds, the subject released his breath and
resumed normal breathing. The subject then rested for approximately 1 minute. During this test, changes
in the ECG measurements, pulse waves, and blood pressure were monitored for reference, and the subject
was monitored by two microwave radar sensors that had been installed in the mattress.

The 10 healthy male students selected for the two experiments were in different groups. However, no
statistically significant differences in age (Experiment 1: 21.70 *+ 0.67 years, Experiment 2: 21.70 + 0.82
years, p = 1, n.s.) or physical characteristics such as height (Experiment 1: 173.6 + 5.54 cm, Experiment 2:
169.7 + 7.69 cm, p = 0.11, n.s.) and weight (Experiment 1: 73.53 £ 12.56 kg, Experiment 2: 62.90 + 8.91 kg,
p=0.12, n.s.) were observed.

3.2. Data Acquisition and Analytical Protocols

The devices used in the two experiments were basically the same. For reference, the subject’s precor-
dial ECG was derived with electrodes (Biotop; NEC Sanei Co., Tokyo) placed in the V5 position for moni-
toring. Additionally, the pulse wave was measured using a finger probe (OLV-3100; Nihon Koden Co.,
Tokyo) placed on the middle finger of the left hand. Blood pressure in Experiment 1 was monitored every
minute for 15 minutes using a manchette on the right arm (BP-1101; Nippon Colin Co., Tokyo). By con-
trast, in Experiment 2, blood pressure was monitored beat-to-beat using a finger pressure monitor (Fino-
meter MIDI; Finapres Medical Systems BV, Enschede) because blood pressure changes every beat during
the Valsalva maneuver (Figure 2(a)). The small cuff of the finger pressure monitor was set on the middle
finger of the right hand in Experiment 2 (Figure 2(b)).

Two microwave radar sensors (NJR4261], New Japan Radio Co., Ltd., Tokyo) were used to acquire
cardiac information. To avoid cross talk between the microwave radar sensors, the sensors have two dif-
ferent central frequencies (24.15 and 24.11 GHz). Each sensor also has a normal output power of 7 mW
(maximum: 10 mW) and an antenna gain of 10 dBi with a diffusion angle of approximately 40° (TS-01,
New Japan Radio Co., Ltd., Tokyo). To capture the heartbeat when blood was ejected from the left ven-
tricle and to capture the pulsation when the blood reached the radial artery, these two microwave sensors
were installed in the mattress positioned 12.5 mm away from the surface of the back (sensor 1) and the
inside of the left wrist (sensor 2). The signals output from the two microwave radar sensors were amplified
tiftyfold by a direct current amplifier (DA-710A; Kyowa Co., Tokyo). The output signals from the refer-
ence devices and two microwave radar sensors were sampled by an analog-to-digital (A/D) converter
(USB-6211; National Instruments Co., Texas) with a sampling interval of 1 millisecond and stored in a
personal computer. After sampling with the A/D converter, bandpass filters with a passband of 0.5 - 2.5 Hz
were applied to both radar outputs to reduce the noise and interference. These bandpass filters cover
ranges of 30 - 150 heartbeats per minute. After bandpass filtering, to estimate the change in blood pres-
sure, parameters were acquired from signal data, and the change in blood pressure was estimated using the
previously described equation with the acquired parameters as inputs.
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Figure 2. Experimental setting and block diagram of the experiments. (a) Schematic block diagram
of the experimental setting. (b) Photograph showing Experiment 2.

Statistical analysis was performed using Excel and non-contact method was evaluated by the correla-
tion coefficient value and the Bland-Altman analysis.

The protocol of this study was reviewed and approved by the Committee on Human Research of
Kansai University.

4. RESULTS

In Experiment 1, a large overshoot was mixed in the acquired signal data in some subjects because of
breathing and body movement, so these data were excluded as abnormal values. Overall, 11.82% of the
values were excluded as abnormal in Experiment 1. On the other hand, in Experiment 2, only 0.77% of the
values were abnormal. However, when the Valsalva maneuver was performed, two of the 10 subjects did
not show the common fluctuations indicated in the previous study, and hardly any change in blood pres-
sure was seen. Therefore, the applied load in the Valsalva maneuver was considered insufficient for these
two subjects, so the analysis was performed with eight subjects.

Figure 3(a) shows the sample ECG signal of subject S; during 5 seconds in rest period. Figure 3(b)
shows the signals corresponding to the cardiac oscillation measured at the same time by the microwave
sensors in the mattress capturing the heartbeat from the back and left wrist.

As can be seen in these figures, the output signals measured by the microwave sensors exhibited cyclic
oscillations with cardiac motion corresponding to the R-R intervals of the ECG. In addition, the phase
shifts between the waveforms obtained by noncontact measurement from the back and radius could be
confirmed, indicating the PTT.

Figure 4(a) shows the results of the change in pulse pressure in subject S; in Experiment 1. The hori-
zontal axis represents time and the vertical axis represents changes in pulse pressure. The change in the
round marker connected to the dotted line shows the results of the pulse pressure measurement by conti-
nuous sphygmomanometer as a reference for the contact measurement method. The change in the di-
amond-shaped markers connected by the solid line shows the results for the estimated pulse pressure us-
ing the estimation equation based on the data acquired by the microwave sensors as noncontact measure-
ment. To compare the degree of change, the results of both the reference and estimated values were nor-
malized. The presented section in Figure 4(a) shows the change during 1000 seconds in the blood pressure
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0.884). (c) Bland-Altman plot for all subjects (mean = 0.034, upper coefficient limit = 10.998, lower
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https://doi.org/10.4236/jbise.2022.151006

58

J. Biomedical Science and Engineering


https://doi.org/10.4236/jbise.2022.151006

decompressing process from the start of measurement until just after the end of the loading task using the
ergometer.

First, from this figure, it can be clearly confirmed that the blood pressure was gradually reduced in a
downward trend after the increase due to the physical load in the task using the ergometer. This trend was
confirmed in all subjects; it took about 10 minutes for the pulse pressure to decrease to the baseline level.
Although the comparison is only of fluctuations because all of the values for both the contact and non-contact
measurements are normalized; however, a high correlation coefficient was confirmed and no significant
differences were found between the two distributions in this subject (r = 0.946, p = 0.500). This trend of
changes in the two values was very similar, and this tendency was confirmed in all subjects.

Next, Figure 4(b) shows a comparison of the two results measured by the contact method as a refer-
ence and the estimation results based on the noncontact measurement in all subjects. Due to the characte-
ristics of this experiment, in which the reduction in blood pressure after applying the physical load was
observed, the results are concentrated in the second quadrant immediately after the physical load and
concentrated near 0 at rest. However, a high correlation coefficient was confirmed, and no significant dif-
ference was found between the two results (r = 0.884, p = 0.247). Since the correlation coefficient was
higher than 0.8, except for in one subject, the trend of change estimated by the noncontact method was
considered to correspond to the reference. Figure 4(c) shows Bland-Altman plots for all subjects (mean =
0.034, upper coefficient limit [UCL] = 0.998, lower coefficient limit [LCL] = —0.930). Although the plots
are biased to the positive direction because of the characteristics of Experiment 1, they are concentrated in
the center of the UCL and LCL, which means that there is no difference between the two methods.

Figure 5 shows the results of Experiment 2. Since there was no change in pulse pressure at the 1-minute
rest interval from the start of the experiment, Figure 5(a) shows the results from 10 seconds before the
start of the Valsalva maneuver, as well as a total of about 40 seconds during the 15-second Valsalva ma-
neuver and the subsequent 15 seconds recovering to baseline.

The pulse pressure of the contact measurement as the reference was confirmed to decrease from 60 to
75 seconds during loading because of the Valsalva effect. After the load was released, the pulse pressure
recovered to the baseline level. This fluctuation is also consistent with the tendency of fluctuations in pulse
pressure reported in a previous study [24, 25]. Additionally, this same tendency was confirmed in both the
contact and noncontact measurements. In subject S, a relatively high coefficient correlation was con-
firmed, and no significant difference was found between the two measurement methods (r = 0.846, p =
0.311). Similar changes were confirmed in all eight subjects examined in this experiment, albeit with some
individual differences.

As in the case of Figure 4(b), Figure 5(b) shows a comparison of the estimation results by the con-
tact and noncontact measurements in each trial and each subject. From these results, although a certain
degree of correlation could be confirmed (r = 0.575, p = 0.226), the correlation was not as high as that in
Experiment 1. Figure 4(c) shows t Bland-Altman plots for all subjects (mean = 0.066, UCL = 1.902, LCL =
—1.770). Compared with the results of Experiment 1, variations in the differences between the two me-
thods could be confirmed. The same tendency as that in Figure 5(b) could be confirmed in Figure 5(c).

5. DISCUSSION

Comparing the waveforms acquired by contact measurement as a reference and noncontact mea-
surement in Figure 3, it is notable that the same information could be obtained by noncontact sensing be-
cause similar characteristics in the cyclic oscillations in signals acquired by the two methods were ob-
served. Previous study provided a graphical model approach to signal modeling using the mechanical
movements of the skin relating to the cardiac cycle [25]. In fact, the movements of the skin have some in-
formation related to changes of blood pressure. Additionally, since some previous studies have also re-
ported the effectiveness of noncontact measurement using microwave radar sensors [9-11], this noncon-
tact method using microwave radar sensors is considered sufficient for sensing vital signs. Although it is
necessary to apply signal processing to remove artifacts and noise, there are some cases in previous reports
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Figure 5. Results of Experiment 2. (a) Sample of the results of the change in pulse pressure induced
by the Valsalva maneuver in Experiment 2 (subject ;). (b) Comparison of the two results measured
by the contact method as a reference and the estimation results based on noncontact measurement
(r = 0.575). (c) Bland-Altman plots for all subjects (mean = 0.066, upper coefficient limit = 1.902,
lower coefficient limit = —1.770).

where measurements were taken from 1 meter or more, suggesting the possibility of extracting estimation
parameters remotely from a distance farther than that in the present experiment.

Next, as shown in Figure 4 and Figure 5, we compared the estimation results of blood pressure fluc-
tuation measured by the continuous sphygmomanometer as a reference and the noncontact measurement
using the estimation equation proposed in this study. As a result, as shown in Figure 4, it was confirmed
that the proposed method could estimate the decreasing process of the pulse pressure after blood pressure
elevation. This result indicates that the present estimation method can confirm the change in pulse pres-
sure when a relatively large fluctuation occurs because of a change in cardiac output. This clearly suggests
that, at the very least, the lowering of blood pressure can be estimated.

On the other hand, although the fluctuation induced by the Valsalva effect in Experiment 2, namely
the fluctuation of pulse pressure caused by the change in vascular resistance, was confirmed to some ex-
tent, the accuracy was lower than that in Experiment 1. There are several possible causes for this, including
the degree of load in Experiment 2 and the response to vascular resistance due to this load, the subjects’
personal characteristics, the sensing accuracy, and problems with the estimation equation.
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A likely assumption is that the signal measured using the noncontact method is affected by artifacts
or noise. However, compared with Experiment 1, it is unlikely that the influence by noise had an effect. In
fact, in Experiment 1, some large overshoots induced by breathing and body movement were included, so
some data were excluded as abnormal values. The ratio excluded as abnormal values was about 11.82%,
but in Experiment 2, this ratio was 0.77%, which means that the data were largely unaffected by noise or
artifacts.

In addition, the fluctuation in blood pressure caused by the change in cardiac output was large, whe-
reas the change due to peripheral vascular resistance was relatively small. Therefore, it can be expected that
the result was originally difficult to observe. Actually, in Experiment 1, the mean pulse pressure of all sub-
jects before the task was 59.9 mmHg (59.90 + 7.67 mmHg), and increased to 91.4 mmHg (91.40 + 11.34
mmHg) immediately after the task, which represents a change of about 53.0%. On the other hand, regard-
ing the Valsalva maneuver in Experiment 2, the mean pulse pressure of all subjects at rest before the task
was 57.19 mmHg (57.19 = 12.79 mmHg), but was 58.51 mmHg (58.51 + 14.15 mmHg) under the task load
of the Valsalva maneuver, which is an extremely small change (2.29%). Since individual differences also
have a large effect, it is considered difficult to obtain a high correlation value and positive results as a
whole. Due to the combination of these causes, it is probable that the clear validity of the estimation could
not be confirmed.

Although all subjects practiced the Valsalva maneuver multiple times before the experiment, the
fluctuations in the reference pulse pressure induced by the Valsalva maneuver in two subjects were differ-
ent from the general fluctuations reported in previous studies [26, 27]. We judged that the load of the Val-
salva maneuver was not sufficiently applied for these two subjects, so we excluded them from the analysis.
From this situation, it is considered that the Valsalva maneuver is difficult for subjects to perform as a task
load, and that the control is also insufficient.

In medical experiments intended to confirm changes in blood pressure, confirmation is achieved by
drug control [28, 29]; however, in this study, the verification was conducted using the task load of the
Valsalva maneuver as a noninvasive method normally used for research regarding blood pressure [30, 31].
The actual degree of blood vessel hardening cannot be measured except for the invasive contact method.
Therefore, further studies are needed to confirm in detail the blood pressure fluctuations caused by changes
in vascular resistance.

Mukkamala ef al [32] conducted a detailed study on a blood pressure estimation equation. They
theoretically examined the elastic and viscosity models from the viewpoint of the influence on the me-
chanical properties of aging and diseases. They concluded that it does not significantly affect the viscous
effect and elastic properties due to aging as a theoretical model. However, this remains controversial, as
various disease factors are expected to be involved. Thus, it is predicted that estimation by the PTT is ef-
fective. Compared with their report, the estimation equation proposed in the present paper also uses two
parameters, one related to cardiac volume and the other related to changes in vascular resistance. In addi-
tion, although there are differences in the denominator and numerator, the order is the same in that the
square of the PWV is used. Thus, the estimation equation proposed in this study is also considered to be
valid.

On the other hand, due to the structure of the present estimation equation, the PTT and amplitude
intensity exert a strong influence. However, since the results of Experiment 2 were inferior to those of Ex-
periment 1, there may be a problem with the detection accuracy of the PTT using the microwave radar
sensor, or the change in the PTT could not work well in the equation because it was relatively small with
respect to the change in dD.

Other parameters that may affect accuracy include the subjects’ physical characteristics, such as skin
conditions. Although some survey results have suggested actual effects [33, 34], it is necessary to examine
how these parameters will be considered in estimations in the future.

6. CONCLUSION

Even though blood pressure is a useful and efficient vital sign for medical diagnoses, blood pressure is
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one of the most difficult vital signs to monitor by noncontact methods, because some parameters must be
confirmed with contact such as the density of the blood and elasticity of the blood vessels. Among the var-
ious vital signs, blood pressure is the only one for which accurate and completely noncontact monitoring
remains elusive.

The purpose of this study was to confirm the possibility estimating relative changes in blood pressure
by noncontact monitoring using microwave radar sensors. Especially, based on Bramwell-Hill modeling,
we considered and investigated a noncontact measurement method to monitor continuously the relative
changes rather than the absolute value of blood pressure. As a result, we confirmed some effectiveness for
this method and were able to extract some issues that need to be addressed for application in the future. In
particular, the results suggested that it may be possible to estimate the fluctuations in blood pressure in-
duced by changes in cardiac output. On the other hand, although it was also suggested that the fluctua-
tions in blood pressure induced by organic factors in blood vessels could be estimated, it was confirmed
that the accuracy was not sufficient; thus, future studies are required. It cannot be denied that many hur-
dles remain for clinical use, such as considering physical characteristics and improving accuracy, noise
processing, and the estimation equation.

However, the present findings can be considered an achievement, because the relative fluctuations in
blood pressure could be estimated by a noncontact sensing method, as the correlation coefficient between
the actual and noncontact measurements was confirmed. This is considered to be of great significance not
only for reducing the burden on patients, but also in clinical diagnoses. In particular, some diseases, such
as hypovolemic shock and cardiogenic shock, show fluctuations in blood pressure derived from changes in
cardiac output [35, 36]. Among several criteria in the diagnosis of fluctuations in blood pressure, there is a
diagnostic criterion stating that systolic blood pressure is 30 mmHg or more lower than the baseline of
blood pressure [37]. It is thought that detection at this level will be possible with the present method, and
thus, it is considered to have potential for future applications.

As mentioned above, many countries are facing a rapidly aging population and increasing risks in
postoperative management, because older patients normally have multiple underlying diseases. It is thought
that the proposed method could provide a diagnostic and management technology for the cardiovascular
system in super-aging societies in the future.
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