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Consistent vital sign monitoring is critically important for early detection of clinical deterioration of patients in hospital
settings. Mostly, nurses routinely measure and document the primary vital signs of all patients 2‐3 times daily to assess
their condition. To reduce nurse workload and thereby improve quality of patient care, a smart vital sign monitor
named “Vital‐SCOPE” for simultaneous measurement of vital signs was developed. Vital-SCOPE consists of multiple
sensors, including a reflective photo sensor, thermopile, and medical radar, to be used in simultaneous pulse rate,
respiratory rate, and body temperature monitoring within 10 s. It was tested in laboratory and hospital settings. Bland-Altman
and Pearson’s correlation analyses were used to compare the Vital-SCOPE results to those of reference measurements.
The mean difference of the respiratory rate between respiratory effort belt and Vital-SCOPE was 0.47 breaths per minute
with the 95% limit of agreement ranging from −7.4 to 6.5 breaths per minute. The Pearson’s correlation coefficient was
0.63 (P < 0 05). Moreover, the mean difference of the pulse rate between electrocardiogram and Vital-SCOPE was 3.4
beats per minute with the 95% limit of agreement ranging from −13 to 5.8 beats per minute; the Pearson’s correlation
coefficient was 0.91 (P < 0 01), indicating strong linear relationship.

1. Introduction

Consistent vital sign monitoring is critically important for
early detection of clinical deterioration in hospital settings
[1]. In most hospitals, nurses routinely measure and docu-
ment primary vital signs (e.g., pulse rate, oxygen saturation,
respiratory rate, and body temperature) for all patients 2-3
times per day to make an assessment of the patient’s
condition [2, 3]. However, such measurement and docu-
mentation is a repetitive and time-consuming task for
nurses [4]. They use different medical devices such as an
electronic thermometer to measure body temperature and a

pulse oximeter to measure heart rate and oxygen saturation.
In particular, the measurement of respiratory rate is often
omitted because having nurses count the chest wall move-
ment in a busy hospital setting is not efficient [5, 6]. To
reduce the workload of the nurses and thus improve the qual-
ity of patient care, we developed a smart vital sign monitor
for simultaneous measurement of pulse rate, respiratory rate,
and body temperature.

In our previous studies, we proposed a multiple vital
sign-based infection screening system with sensor fusion
technology that can rapidly perform medical inspections at
places of mass gatherings, such as airport quarantine stations
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and outpatient units [7–10]. This multiple sensor system
consists of a medical radar and an infrared thermographic
camera. Pulse and respiratory rates were measured using a
24GHz medical radar, and body surface temperature was
monitored using a thermographic camera without contacting
the patient. We tested the system on patients with seasonal
influenza in case-controlled studies and showed that the
detection sensitivity ranged from 81.5% to 98.0%. The advan-
tages of this system include the following: (1) rapid and
simultaneous measurement of multiple vital signs within
10 s; (2) a noncontact measurement scheme for reducing
the physical and mental burden of patients considerably;
and (3) automatic detection of clinical deterioration with
optimal discriminant analysis.

These advantages compelled us to redesign the infec-
tion screening system to create a smart, portable, and
easy-to-use vital sign monitor for patient monitoring. To
miniaturize the vital sign monitor, an onboard field pro-
grammable gate array (FPGA) microcontroller was used
to acquire and process the biosignals from multiple sen-
sors. In addition, we integrated multiple sensors (reflective
photo sensor, thermopile, and 24GHz medical radar) and
a FPGA microcontroller into a small disc-shaped form
similar to a stethoscope, thus arriving at the name
“Vital-SCOPE.” Throughout the remainder of this paper,
we describe the design concept of Vital-SCOPE and report
the validation of this system in both laboratory and
hospital settings.

2. Material and Methods

2.1. The Design Concept and Hardware Configuration of
Vital-SCOPE. Vital-SCOPE simultaneously measures pulse
rate, respiratory rate, and body temperature when the sensor
unit is placed on the carotid artery area of the neck and pro-
vides results within 10 s (Figure 1). The Vital-SCOPE sensor
unit consists of a 24GHz medical radar (SHARP,
DC6M4JN3000, Japan), reflective photo sensor (Pulse
Sensor, SEN-11574, SparkFun), and thermopile contactless
temperature sensor (NIPPON CERAMIC, TSUP-A1D01S-
50-60, Japan). The respiratory rate is measured with a
24GHz medical radar by monitoring the chest surface
movements. Note that the output power of the 24GHz
medical radar is 10mW with an electric power density
of 1.5× 10−2mW/cm2 at the carotid artery area of the
neck, which is much lower than the Japanese safety guide-
line for radio-radiation protection. The reflective photo
sensor is used to measure pulse rate from the carotid
artery, and the body surface temperature is measured
using the thermopile. The disc-shaped sensor unit is
5.5 cm in diameter and 6.0 cm in height and can be easily
used in one-handed operations.

A block diagram of Vital-SCOPE is illustrated in
Figure 2. A myRIO-embedded device from National Instru-
ments [11] is used to control the entire system; myRIO
includes analog inputs, a WiFi module, Xilinx FPGA, and a
dual-core ARM Cortex-A9 processor. As shown in
Figure 2, the body temperature value is the output from the
thermopile and is sent to myRIO via I2C communications.

Simultaneously, the respiratory and pulse signals measured
by the 24GHz medical radar and photo sensor are converted
to digital signals with a sampling rate of 100Hz for data
transfer via the IO ports. Moreover, a signal-processing
printed circuit board (PCB) was designed to amplify the
24GHz medical radar signal, as well as a band-pass filter to
eliminate DC components and high-frequency noise (set
between 0.1Hz and 0.7Hz for respiration signal). The raw
data acquired by the multiple sensors were saved in an exter-
nal USB flash drive connected to myRIO inside the device.
The calculated pulse rate, respiratory rate, and body temper-
ature are sent wirelessly using the WiFi module to a tablet PC
in real time, where automated documentations of the vital
signs are stored and displayed. The battery consumption
is important for designing such a hand-held system. The
multiple sensors and the myRIO-embedded device have
low current consumption of between 1000 and 1500mA.
In this work, an 8400mAh mobile battery was used for
powering the system, which means that the system lasts
for approximately 5.6 hours in continuous use. The
myRIO-embedded device and battery are placed in the
controller unit. The controller unit is 25.0 cm in width,
10.5 cm in depth, and 24.0 cm in height.

2.2. Evaluation of Vital-SCOPE in Laboratory and Hospital
Settings. The evaluation of Vital-SCOPE was conducted in
both laboratory and hospital settings. Ten graduate students
(22.7± 1.3 years of age) participated in the laboratory test at
Tokyo Metropolitan University. To cover a wide range of
pulse and respiratory rates, the test procedure was divided
into two sessions. First, the subjects were tested at rest, and
second, the subjects were tested just after exercising. The
exercise trial consisted of the subjects using a bicycle ergom-
eter at 100W for 15min after taking the measurement during
a resting state, thereby elevating the pulse and respiratory
rates. Their respiratory rate, pulse rate, and body surface
temperature were measured by Vital-SCOPE; reference mea-
surements were simultaneously obtained using a contact-
type electrocardiogram (ECG) (GMS, LRR-03, Japan) and a
respiratory effort belt (NIHON KOHDEN, TR-512, Japan).
In order to evaluate the viability of Vital-SCOPE in a hospital
setting, we tested it with 11 inpatients (72.2± 15.5 years of
age) at Yokohama Hospital in February 2017 for one week.
The Yokohama Hospital is a recuperation hospital for care
of older people. This study was approved by the Ethics Com-
mittee of the Yokohama Hospital and the Committee on
Human Research of the Faculty of System Design, Tokyo
Metropolitan University. All subjects gave their informed
written consent.

2.3. Statistical Analysis. The Bland-Altman and Pearson’s
correlation analysis were used to compare Vital-SCOPE to
the reference measurements obtained using the MATLAB
Statistics and Machine Learning Toolbox (MathWorks,
Natick, MA, USA). The Bland-Altman analysis is a simple
and efficient method to assess the agreement between two
measurements in clinical studies [12]. A P value of less than
0.05 is considered to indicate statistical significance.
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3. Results

Figure 3 shows the Bland-Altman and Pearson’s correlation
plots for ten participants with 160 pairs of respiratory rate
(resting condition only) and 320 pairs of pulse rate (rest and
after exercising) measurements in the laboratory. The mean
difference of the respiratory rate between the respiratory effort
belt andVital-SCOPEwas 0.47 breaths perminute (bpm)with
the 95% limit of agreement ranging from −7.4 to 6.5 bpm. The
Pearson’s correlation coefficient was 0.63 (P < 0 05), indicat-
ing a moderately strong linear relationship. Moreover, the
mean difference of the pulse rate between the ECG and
Vital-SCOPE was 3.4 beats per minute (bpm) with the

95% limit of agreement ranging from −13 to 5.8 bpm; the
Pearson’s correlation coefficient was 0.91 (P < 0 01) showing
a strong linear relationship. Figure 4 shows a comparison of
the pulse and respiratory signals measured using Vital-
SCOPE, ECG, and the respiratory effort belt. The peaks of
the signal pulse were similar to the R-R interval in an ECG
signal. In addition, the respiratory signal measured using a
medical radar within 10 s indicated a high correlation with
the signal measured by the respiratory effort belt.

We also evaluated the usability of Vital-SCOPE in a
hospital setting where the nurses checked the vital signs of
patients every day for a week. Table 1 presents the historical
trends of pulse rate, respiratory rate, and body surface
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Figure 1: Design concept and hardware configuration of Vital-SCOPE.
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Figure 2: Block diagram of Vital-SCOPE.
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temperature measured via Vital-SCOPE for four patients at
Yokohama Hospital. The comparison of the body surface
temperature and axillary temperature showed an average
mean difference of 1.5°C, owing to the body surface temper-
ature being lower than the core temperature [13]. As
observed in Table 1, patient B had a fever (axillary tempera-
ture: 38.5°C, body surface temperature: 37.1°C) on February
24, 2017, indicating that Vital-SCOPE accurately captured
the elevated body temperature.

4. Discussion

In this paper, a vital sign monitor was proposed for patient
monitoring that simultaneously measures pulse rate, respira-
tory rate, and body temperature. We investigated the use of
Vital-SCOPE in laboratory and hospital settings and com-
pared the vital sign measurements with reference devices.
The results showed that Vital-SCOPE provides the possibility
of accurate vital sign measurements that can reduce the

180

180

160

160

140

140

120

120
ECG (bpm)

Vi
ta

l-S
CO

PE
 (b

pm
)

100

100

80

80
60

60

60

180

40

160

20

140

0

120
Mean ECG & Vital-SCOPE (bpm)

Vi
ta

l-S
CO

PE
-E

CG
 (b

pm
)

−20

100

−40

80
−60

60

35

35

30

30

25

25

20

20
Respiratory effort belt (bpm)

Vi
ta

l-S
CO

PE
 (b

pm
)

15

15

10

10
5

5 3530252015105

15

10

5

0

Mean respiratory effort belt & Vital-SCOPE (bpm)

Vi
ta

l-S
CO

PE
-r

es
pi

ra
to

ry
 eff

or
t b

elt
 (b

pm
)

−5

−10

−15

n = 320
r = 0.98
y = 0.91× + 5.79

n = 160
r = 0.63
y = 0.62× + 7.58

Bland-Altman plot of pulse rate

Bland-Altman plot of respiratory rate

Resting respiratory rate

Resting
After exercising

5.8 (+1.96 SD)
−3.4 (p = 0.00)
−13 (−1.96 SD)

6.5 (+1.96 SD)

−0.47 (p = 0.09)

−7.4 (−1.96 SD)
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workload of nurses and improve patient care. Contact-type
ECG and respiratory belt transducer have become universally
accepted standard for measuring heart and respiratory rates.
However, such measurements require the attachment of sen-
sors, which can cause discomfort and place a heavy burden
on patient. In recent years, a variety of unobtrusive medical
sensors have been developed for long-term or intermittent
physiological measurements, including RGB visible and ther-
mal images for measuring heart and respiratory rates [7] and
measurement of cardiac and respiration pulses using laser
Doppler or a microwave medical radar [14, 15]. These non-
contact sensors have their advantages and disadvantages
depending on the specific applications. In this study, we
adopted a medical radar combined with a reflective photo
sensor and thermopile to measure multiple vital signs; this
sensor fusion device offered advantages of vital sign informa-
tion integration for early detection of clinical deterioration in
hospital settings.

To date, body temperature, pulse rate, and oxygen satura-
tion are usually checked by nurses using an electronic
thermometer and pulse oximeter. However, the measure-
ment of the respiratory rate is often omitted because it is
not efficient in busy hospital settings. Recent studies

indicated that a respiratory rate higher than 27 bpm is
an important predictor of cardiac arrest for inpatients in
hospital settings [16]. To meet this need, we designed
Vital-SCOPE not only to measure body temperature and
pulse rate but also for noncontact measurement of the
respiratory rate using a medical radar. Because a medical
radar is a noncontact-type sensor, the measurement signif-
icantly reduced the physical and psychological burden on
patients. In this study, as shown in Table 1, the pulse rate
and body temperature of some patients were near normal.
However, their respiratory rate was higher than 27 bpm
with irregular respiratory rhythms. In a case like this,
Vital-SCOPE, which simultaneously monitors multiple
vital signs including respiratory rate, may offer an early
identification of patients who are at risk of clinical deteri-
oration. In addition, Vital-SCOPE combines vital sign
acquisition and automatic documentation, helping nurses
make their work more efficient.

In this study, we showed the design concept and basic
architecture of Vital-SCOPE, but there are several potential
limitations of our current system. (1) In such embedded
system, to reduce the usage of energy, the minimum sam-
pling rate (in this study 100Hz) is required but without
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compromising the accuracy. (2) Regarding the automatic
documentation of measured vital signs, we adopted the Data
Dashboard for LabVIEW app on a tablet PC to visualize the
data; but we are still working on designing an easy-to-use
graphical user interface for nurses. (3) In this study, we
focused on evaluating the measurement accuracy of the sys-
tem, however without including the function of automatic
detection of clinical deterioration. In our near future work,
we will include the national early warning score (NEWS) to
our system based on measured vital signs. The NEWS score
was introduced by the Royal College of Physicians in
London; the score parameters include respiratory rate, oxy-
gen saturation level, body temperature, blood pressure, and
heart rate. The higher score indicates higher risk and signifi-
cant clinical deterioration [17]. To this time, our system only
measures three parameters of NEWS score; we will add other
vital signs such as blood pressure and oxygen saturation in
our next work.

5. Conclusion

In summary, a multiple vital sign monitor “Vital-SCOPE”
was designed for patient monitoring. Because the system
simultaneously monitors pulse rate, respiratory rate, and
body temperature within 10 s and automatically documents
the vital signs, it has high potential for use as an important
tool in patient monitoring in a hospital setting.
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