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Abstract: Hypertension has been established as a major risk factor for cardiovascular morbidity
and mortality. Therefore, prevention of hypertension is an urgent matter to maintain people’s
health and avoid death, and out-of-office blood pressure measurement is said to be an integral
part of the diagnosis and management of hypertension. Hypertension not only causes loss of
productivity and economic loss but is also a major cause of road accidents. Therefore, it is important
to develop an in-vehicle noncontact blood pressure measurement system for drivers. In addition to
measurement accuracy, proper detection timing is also important, and there must be no difference
between noncontact and contact detection times. In this study, we introduce an infrared cuffless and
portable noncontact blood pressure monitoring system, its measurement principle, and performance
evaluation. A total of 13 male adults participated in the experiment to evaluate the effect of time lag
between the use of the infrared blood pressure monitoring system and the contact blood pressure
monitoring system using a driving simulator. The changepoint method was applied to detect the
first change point in the blood pressure time series data caused by the unexpected first appearance
of the vehicle. The results showed that the detection time of the developed system was about
2.5 s shorter than that of the contact-type continuous blood pressure measurement system, with no
significant difference.

Keywords: hypertension; blood pressure; infrared radiation type noncontact blood pressure monitoring
system; driving simulator; changepoint method

1. Introduction

Hypertension is well known as a major risk factor for cardiovascular morbidity and
mortality [1]. In 2018, hypertension was a primary or contributing cause in approximately
half a million deaths: more than 494,873 people in the United States [2]. Therefore, pre-
vention of hypertension is an urgent matter for maintaining people’s health and avoiding
death, and it is said that out-of-office blood pressure measurement is an important part of
diagnosing and managing hypertension. In the era of advanced digital health information
technology, the approach to achieve this is shifting from traditional methods (ambulatory
and home blood pressure monitoring) to wearable devices and technology [3]. According
to a study of the relationship between hypertension and economic loss, the total cost of
treating hypertension in the United States in 2030 will be USD 50.3 billion-USD 37.2 billion
in direct medical costs, and USD 13.1 billion in indirect costs, owing to lost productivity
related to morbidity and mortality [4]. Thus, it has been identified that hypertension leads
to decreased productivity and economic losses.

Hypertension not only decreases productivity and causes economic loss, but it is
also a leading cause of traffic accidents [5]. Commercial drivers, in particular, have an
increased propensity for the development of hypertension that exceeds the risks seen in
other professions [6]. According to Miao et al., sudden death from ischemic heart disease
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while driving is a major cause of traffic accidents [7]. As an example of the sudden death
of commercial drivers, a school bus crashed and the students were injured because the
commercial driver suffered sudden cardiac death [8]. Another example shows that the
driver of a transit bus suffered sudden death, which could lead to a major accident [9].
As an advanced driving-assistance system, an emergency driving stop system has been
developed to prevent such accidents from occurring, which is activated when the driver
loses control of the car because of sudden illness [10,11]. In 2018, the system was equipped
in a commercial vehicle [12]. It is also preferable for drivers to practice daily physical
condition management and judge their own condition before driving a vehicle before the
system detects any physical condition abnormality. Considering this, a driver monitoring
system is also being developed concurrently with the development of the emergency
driving stop system.

Currently, most examples of driver monitoring systems are based on the estimation
of wakefulness and fatigue using heartbeat and facial expression detection [13-16]. From
the perspective of daily physical condition management of the driver, a blood pressure
monitoring device is also necessary. In addition, these systems should be noncontact, as
they should not interfere with driving or constrain posture. The same is true for blood
pressure monitoring systems, which should measure the driver’s blood pressure in a
noncontact type rather than the traditional cuff type [5].

However, because the importance of measuring blood pressure in the car may not be
recognized, only a few blood pressure measurement systems for driving [17,18] have been
developed. To curb sudden deaths while driving, it has become important to encourage
drivers to take care of their physical condition on a daily basis and to recognize whether
they are adequate to drive. Therefore, a system that can measure the blood pressure by
grasping the steering wheel was developed [19,20]. This system is useful because it is
noncontact and resilient to body movements. However, this system is not appropriate
to launch on the market. If such a driver monitoring system is introduced to the market,
it would be more convenient if the driver can install the driver monitoring system, even
after he or she comes to own the vehicle. However, because the driver monitoring systems
are integrated into, as described above, the steering wheel, they can only be installed
when the driver purchases the vehicle, and may not be installed after purchase, even if the
driver wanted to. Therefore, a new noncontact type blood pressure monitoring system
was developed that can be easily attached to the car and as soon as the driver desires. The
system introduced in this study can be attached to any vehicle, regardless of its type, size,
etc.; therefore, it is useful for drivers.

However, there is a problem with noncontact sensors. In the case of noncontact sensors,
the distance between the sensor and the driver is farther; therefore, the timing of detecting
the driver’s condition can be slower than with contact sensors. Therefore, the sensors may
not be able to evaluate the performance at the desired time and may not be able to indicate
that the driver is in an adequate situation for driving at the desired time.

In this study, we describe the development of a portable noncontact blood pressure
monitoring system that can be easily attached and show that it is capable of detecting blood
pressure changes during near-miss events, and that the timing of blood pressure changes is
comparable to that of a contact sensor, based on experiments using a driving simulator. It
was also demonstrated that the timing of the blood pressure change was comparable to that
of contact sensors. As a secondary contribution, a method for detecting the timing of blood
pressure increase using the changepoint method is proposed. If a change in blood pressure
can be detected, it is suggested that the method can be applied not only to driver tension,
as in this study, but also to other driver conditions. The following two points are the
originality and novelty of this paper: the development of a new portable noncontact blood
pressure monitoring system, and the validation of this system compared to the traditional
contact-type blood pressure monitoring system.

The remainder of this paper is organized as follows. Section 2 introduces the measuring
algorithm of the infrared blood pressure monitoring system and an experiment to verify
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the effect of this system. Section 3 discusses the experimental results. Section 4 summarizes
this study.

2. Materials and Methods
2.1. Mechanism of the Infrared Radiation Type Noncontact Blood Pressure Monitoring System

The newly developed infrared radiation type noncontact blood pressure monitoring
system of a transmitter and a receiver. The transmitter irradiates infrared rays to a person,
and the receiver receives faint reflected infrared rays from the person’s skin. When the
reflected infrared light hits the receiver, the signal is processed by an amplifier and a
filter circuit and is output as a detection signal. This signal varies based on the relative
changes in blood flow. The algorithm for estimating blood pressure is based on a previous
study [21]. In this previous study [21], a non-invasive monitoring device which can
measure blood pressure, pulse rate, respiratory rate, and oxygen saturation continuously
with a single sensor using the photoplethysmographic technique, was developed. The
accuracy and precision of the device were measured in comparison with conventional
monitoring methods used in intensive care units (ICUs). In this study, the detection
algorithm for blood pressure measurement in this previous study [21], i.e., the photoelectric
sphygmomanometer technique, was used. The method in this previous study [21] uses
projected light to capture the displacement of the arterial surface due to the expansion and
contraction of blood vessels. This makes it possible to receive photoelectric volumetric
pulse waves. Based on this signal, blood pressure is calculated continuously. We have
developed a steering-wheel blood pressure to monitor this algorithm [19]. As mentioned
above, this system is useful in that it is noncontact and resistant to body motion. However,
from a market launch perspective, its design needs to be reconsidered. Therefore, as a new
blood pressure measurement system based on this algorithm, we developed a portable,
noncontact blood pressure measurement system with infrared irradiation.

The developed infrared radiation type portable noncontact blood pressure monitoring
system is shown in Figure 1, and a block diagram of the developed infrared radiation
type portable noncontact blood pressure monitoring system is shown in Figure 2. The
external dimensions of the portable noncontact blood pressure monitoring system are
approximately 10 [cm] x 5 [em] x 2 [cm].

Figure 1. The developed infrared radiation type noncontact blood pressure monitoring system.
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Figure 2. Block diagram of the developed infrared radiation type noncontact blood pressure monitor-
ing system.

2.2. Evaluation of Accuracy

An experiment was conducted in order to compare the measurement accuracy between
contact-type blood pressure monitoring systems, which are pharmaceutically approved
products in Japan, and the developed infrared radiation type noncontact blood pressure
monitoring system. Two male participants and one female participant joined the experi-
ment. Although the number of participants is indeed small, the developed system is based
on almost the same principle as in the previous study [20], and its accuracy was originally
guaranteed. The number of participants here is small because the experiment is only to
check the accuracy of the developed infrared radiation type noncontact blood pressure
monitoring system.

The developed infrared radiation type noncontact blood pressure monitoring system
was set one meter away from the participants. Each participant was attached to a contact-
type blood pressure monitoring system (Radia Press RBP-100, KANDS, Inc.) and asked to
sit calmly for 5 min (Figure 3). The blood pressure of each participant was measured by an
RBP-100 and the developed infrared radiation type noncontact blood pressure monitoring
system. Here, the blood pressure of each participant was measured twice. The result is
shown in Figure 4, where (a) is the average systolic blood pressure, (b) is the average
diastolic blood pressure, and (c) is the average pulse rate. The average value in each graph
is £1 SD. In all three graphs in Figure 4, there is no significant difference between the
values displayed by the RBP-100 and the infrared radiation type noncontact blood pressure
monitoring system. Thus, it is found that there is no obvious difference between the
accuracy of the results from the RBP-100 and the tested infrared radiation type noncontact
blood pressure monitoring system. In other words, it can be said that the RBP-100 and
the tested infrared radiation type noncontact blood pressure monitoring system almost
same accuracy.
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Figure 3. Set-up of experiment for comparing the accuracy of RBP-100 and developed infrared
radiation type noncontact blood pressure monitoring system.
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Figure 4. Graphs of (a): average systolic blood pressure, (b): average diastolic blood pressure, and
(c): average pulse rate. Here, IR means the developed infrared radiation type noncontact blood
pressure monitoring system.

2.3. Evaluation of Time Lag for Detection

The accuracy of the continuous blood pressure measurement system has been evalu-
ated in Section 2.2. However, when using the developed infrared radiation type noncontact
blood pressure monitoring system, it is necessary to consider the time lag until the blood
pressure is detected due to the distance between the system and the user. Here, we con-
ducted an experiment to evaluate the effect of the time lag when the infrared radiation type
noncontact blood pressure monitoring system is attached in a vehicle. A driving simulator
called DS-nano- (Advanced Solutions Technology Japan) was used for this experiment.
This driving simulator has the exterior and interior of a real vehicle to make the driver feel
as if he/she were driving a real vehicle; the developed blood pressure monitoring system
introduced in Sections 2.1 and 2.2 was mounted on a small shield above the instruments
of the driving simulator. Thirteen males, ranging in age from 21 to 50 years, participated
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in this experiment. Indeed, it is not a good experiment if the participants are limited to
men. The reason why only males participated in this experiment was because there were
few females in the environment of the authors, and it was not possible to gather female
participants. All participants were briefed on the experiment and informed consent was
obtained from all.

In all experiments, the participants were asked to drive in a simulated urban-like
environment with many intersections with poor visibility. They were asked to drive at
about 50 km/h for about 4 min. After about 3 min of driving, a vehicle ran out onto the road
from a blind corner (Figure 5). Here, the direction from which the vehicle ran (from the left
or right) and the time the vehicle appeared to run from the blind corner were random. The
participants’ blood pressure and driving behavior (speed, steering angle, brake pressure)
were also measured. To evaluate the time lag, a contact-type continuous blood pressure
monitor (uBP-mp, KANDS, Inc.) was attached to the participants and blood pressure was
measured. In addition, sweating sensors were attached to the left and right thumbs to
detect sweating caused by the sudden appearance of additional vehicles. The details of
the experiment are shown in Figure 5. Figure 6 shows the setup and configuration of the
infrared radiation type noncontact blood pressure monitoring system.

D i ‘

Own
vehicle Q

L ]

Y Unexpected vehicle
About 3 min

Figure 5. The position of the vehicle and the other vehicle (an unexpected vehicle) during driving.
After driving for approximately 3 min, the other vehicle runs out.

Infrared blood

pressure
monitoring system
’

Figure 6. Attachment situation of the developed infrared radiation type noncontact blood pressure
monitoring system.

The changepoint method was applied in order to detect the first change point from the
unexpected vehicle’s first appearance in blood pressure time-series data. Change points
are abrupt variations in time series data. Such abrupt changes may represent transitions
that occur between states. Detection of change points is useful in the modelling and
prediction of time series and is found in application areas such as medical condition
monitoring, climate change detection, speech and image analysis, and human analysis [22].
The changepoint method is a method for detecting such abrupt changes. The changepoint
method considers the number of change points as vector which consists of some change
points. Now, consider T = (1, To,..., Te+1), [(+) as log likelihood and A as penalty. Here,
likelihood ratio is considered as follows:

(22012 )
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where z; means time-series data of which average value is change in time, so,

Zt|9t ~ N(Ot,l)

Change point can be detected according to value of A. Many change points are detected

when value of A is small, and vice versa. In this study, changepoint package of R 3.6.0 was
used to detect change points [23]. Figure 7 shows that an example of detecting change
points of a participant’s average blood pressure time-series data. In Figure 7, red vertical
lines mean detected change points.

Average blood pressure [mmHg]

128
Il

134 136
1 1

132

i

130

T T T T T T T
0 200 400 600 800 1000 1200 1400
Time [sec]

Figure 7. An example of detecting change points by the changepoint method (A = 12). Blue vertical

lines mean detected change points.

In this study, the change point, after the unexpected appearance of a vehicle, is selected

through the following algorithm:

@

@)

®)

4)

©)

(6)

@)

The time when the unexpected vehicle appeared (t1) is first determined; this is
achieved by inspecting data logged by the driving simulator.

The variable t; denotes the time at which the unexpected vehicle appears, plus 30 sec.
The reason for selecting an interval of 30 s is based on previous research [24]; about 10
to 15 seconds must elapse before taking a reading of the maximum blood pressure,
after drivers are surprised at the appearance of the unexpected vehicle.

The variable t3 is the time when mean blood pressure is at a minimum, between t;
and f,.

Change points are detected by the changepoint method. A, the penalty value is set to
1 because as many change points should be detected as possible. Here, the number of
detected change points is defined as N, and the time of detection for a change point
is defined as Tj; the set of times is thus defined as T = {Ty, T,..., Tn}-

Next, the minimum value of the difference between {T;, Ty, ..., Ty} and t3 is calcu-
lated; a set Ty;rr = {Th —t3, Ty —t3,..., Ty — t3} is created.

argmin{T; —t3, Tp —t3,..., Ty — t3} is calculated. The time as calculated by
argmin{T; — t3, T, — t3,..., Ty — t3} is defined as T¢).

Tcp — Ty is calculated. This is considered the duration over which blood pressure
increases after the unexpected appearance of the vehicle.

The R-like pseudo source code of this algorithm is shown in the following:
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Library (changepoint)

tr <t +30

t3 = which.min (data $ mean_bloodpressure [#;:t])

T < cpt.var (data $ mean_bloodpressure, pen.value = 1)

Td,'ﬁr<—T—t3

N G LN =

T¢p < which.min (T i)

Here, “data” in the above source code means a variable which contains each partici-
pant blood pressure data, therefore “data $ mean_bloodpressure” means the mean blood
pressure of each participant.

It is true that the algorithm introduced above may not be adequate. However, the
main purpose of this paper is to verify the difference in timing of detection between
contact type continuous blood pressure monitoring systems and infrared radiation type
noncontact blood pressure monitoring systems. In addition, the criterion of judging what
an “increase in blood pressure” is did not previously exist; there also exists no previous
research explaining blood pressure increases resulting from a person’s surprised state,
such as the state arising from the unexpected appearance of a vehicle. Thus, in this study,
the timing of blood pressure increase was determined according to the above algorithm
and analyzed.

3. Consideration

First, it was verified whether participants were really surprised at the appearance
of the unexpected vehicle and whether their blood pressure increased. It is known that
perspiration shows a person’s tension, thus the timing of perspiration from the unexpected
vehicle shows whether participants were really surprised at the appearance of another ve-
hicle. Figure 8 shows the average time £1 SD of all participants to increase the perspiration
value from the point of the appearance of the vehicle based on the algorithm introduced
above; however only A, the penalty value, was changed to 15 because the change points
seemed to be earlier than the timing of blood pressure increase. In Figure 8, left means
time to increase the perspiration value of the left thumb, right means the time to increase
the perspiration value of the right thumb, and min (L, R) means the minimum time of
“left” and “right”. Eleven out of thirteen participants had a perspiration response, and
from Figure 8, the time from the appearance of the unexpected vehicle to triggering a
perspiration response in the left or right thumb seems to be approximately nine sec.

The timing of the increase in mean blood pressure from the time the unexpected
vehicle appeared was calculated based on the algorithm presented above. To detect this
timing, the changepoint method was applied. From the results of the calculations by the
changepoint method, the average increasing time of +1 SD of all participants is shown
in Figure 9. Here, in Figure 9, “uBP-mp” means the timing based on the blood pressure
measured by the contact type blood pressure monitoring system (uBP-mp) and “IR” means
the timing based on the blood pressure measured with infrared radiation type noncontact
blood pressure monitoring system.

Because this infrared noncontact blood pressure monitoring system is noncontact, the
timing of the developed blood pressure increase may be significantly longer than that of a
contact-type. The detection time by the developed system was found to be approximately
2.5 s shorter than that of the contact type continuous blood pressure measurement system;
however, there is no significant difference about the detection time between these blood
pressure monitoring systems. For in-vehicle applications, a delay in the detection timing
of blood pressure changes could lead to a serious accident because a system cannot de-
tect driver’s state and warn him/her immediately. Therefore, changes in blood pressure
must be detected immediately to ensure driver safety; in other words, the timing of blood
pressure change detection must not be delayed compared to the conventional contact type
blood pressure monitoring system, and it is necessary to show statistically that there is no



Appl. Sci. 2022,12, 3805

9of11

difference in the detection timing between the two, i.e., uBP-mp and IR. The result of this ex-
periment states that the developed noncontact blood pressure monitoring system is as good
as the conventional system, statistically. This means that there is statistically no difference
in detection delay between the noncontact and contact blood pressure monitoring systems.
Therefore, the developed system can be useful for detecting a driver’s psychological state
change immediately, such as surprised state as shown in this experiment.

18

N - -
N B o
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T

o]

Time to perspiration increase [sec]
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Figure 8. Average time +1 SD of all participants to increase the perspiration value from the point of
appearing unexpected vehicle.

- - N N
o (63} o (63}

Time to BP increase [sec]
(&)

uBP-mp IR
Figure 9. Average blood pressure increasing time £1 SD of all participants.

As far as we know, there exists no previous published work discussing the relationship
between the times when perspiration occurs and when blood pressure increases, as they
pertain to a driver’s state of surprise. However, consideration of the results suggest that the
timing of increased blood pressure follows that at which perspiration occurs; this knowl-
edge may be used to help conceive the mechanism of bio-mechanism or nervous system.

Considering the results reported in this study, we would like to propose a human—
machine interface (HMI) for advanced driver-assistance systems (ADAS). Our previous
research shows that driver blood pressure increases when a vehicle appears unexpect-
edly [24]; this could result in a situation that is beyond a driver’s ability to cope with
successfully [25], perhaps due to being surprised and feeling upset. From a standpoint of
safe driving, it is important to be able to detect a driver’s state immediately and manage
the mental stress of drivers when they face sudden and unexpected events. We think the
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developed system, introduced in this study, might be a good example for HMI for detecting
a driver’s state, as explained above.

4. Conclusions

In this study, the developed infrared cuffless and portable noncontact blood pressure
monitoring system was introduced, and the performance evaluation was discussed. It
was observed that the detection time using the developed systems is approximately 2.5 s
shorter (not a significant difference) than that for contact-based continuous blood pressure
measurement systems. Therefore, it is suggested that the infrared cuffless and noncontact
blood pressure monitoring system appears to be an adequate device for detecting an
increase in the in-vehicle-driver blood pressure.

In addition, the system using a driving simulator was evaluated. However, to be
aware of the market launch of this system, it must be evaluated on a real car. Therefore, in
the future, we plan to evaluate the system on a real car to demonstrate the effectiveness
of the system. The system also needs to be redesigned to be a reasonable size and cost for
installation in a real vehicle. In addition, the number of participants in this experiment was
less. To ensure the reliability of the system, we would like to conduct the next experiment
with more participants to evaluate the system more appropriately.
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