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1 | INTRODUCTION
The use of continuous and long-term monitoring of respira-
tory rate is vital for predicting pneumonia in symptomatic
patients; however, it is often measured manually and discon-
tinuously by counting of chest wall movements in routine
practice.! Hence, here we developed a point-of-care system
for the early detection of pneumonia in symptomatic elderly
bedridden hospitalized patients on the basis of 24-hours con-
tinuous and noncontact monitoring of respiratory rate using a
medical radar sensor.

We focused on designing a system that would improve
hospitalized patient quality of life and reduce medical staff
workload. To this end, we adopted a medical radar sensor

Respiratory rate is often measured manually and discontinuously by counting of
chest wall movements in routine clinical practice. We introduce a novel approach to
investigate respiration dynamics using a noncontact medical radar system for identi-
fying patient at risk of infection. The system enables early detection of pneumonia in
bedridden hospitalized patients.
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for respiration monitoring that featured an extremely low
burden on the patient and enabled unobtrusive measure-
ments without the need to attach electrodes to the patient’s
body.2 To reduce medical staff workload, a prediction
method, that is, return map,3 was implemented into the
system to analyze the time series respiratory rates, thereby
extracting the risk period of pneumonia and sending out
an alarm. Infection is the most common cause of hospital-
acquired pneumonia, which is associated with prolonged
hospital stay and increased mortality in elderly hospitalized
patients.4 In this study, we evaluated the feasibility of this
system for detecting the risk period of pneumonia on the
basis of continuously monitored respiratory rates in elderly
bedridden hospitalized patients.
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FIGURE 1
bedridden hospitalized patient’s respiratory rate

2 | MEDIAL RADAR SYSTEM AND
PATIENT PRESENTATION

2.1 | Remote monitoring of respiratory rate
using a medical radar system

A diagram of the medical radar system is shown in Figure 1.
The medical radar sensor remotely captures small chest wall
displacements on the surface of the body caused by respira-
tions. In brief, the transmitter of the medical radar sends a
continuous electromagnetic wave (24 GHz) toward the chest
and the wave is reflected and received by the receiver. The
phase of the reflected wave is modulated by periodic move-
ments on the surface of the body caused by respiration. Radar
sensors have attracted much attention and are widely used
in medical devices, such as sleep monitoring systems and
infection screening systems.s’6 In this study, we designed a
compact radar system that can be attached under a standard
hospital bed mattress to monitor a bedridden hospitalized pa-
tient’s respiratory rate. The system provides respiratory rate
measurements every minute throughout the day for a total of
1440 data points daily.

Diagram of the compact medical radar system that can be attached under the mattress of a standard hospital bed to monitor a

Moreover, the system included a nonlinear dynam-
ics model, called a return map (also known as Poincaré
plot), to predict the development of pneumonia using the
measured time series respiratory rate equation: RR = (rr,
IT,, IT3, ..., IT, IT,, ;). The time series respiratory rates RR
were reconstructed with time-delay embedding with sim-
ple plotting of each time respiratory rate y = (x,, X3, X4,
..., Xp41) against the respiratory rates taken earlier x = (x,
Xy, X3, ..., Xp). To extract the risk and severity period, an
adaptive threshold was applied to the return map-derived
indices, that is, short-term variability (SD1) and long-term
variability (SD2). SD1 indicates fast changes in respiratory
rates, whereas SD2 corresponds to slow changes in long-
term measurements. SD1 and SD2 are defined as follows:
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2.2 | Clinical testing on two elderly bed-
ridden hospitalized patients
A 79-year-old woman (patient A) was admitted to a long-
term care hospital for Alzheimer’s dementia on October 24,
2016. On November 22, the patient suddenly became fever-
ish (38.5°C), and chest radiography showed infiltrations at
the right middle and lower lung, and she was diagnosed with
pneumonia. A sputum culture grew Klebsiella pneumoniae.

A 92-year-old woman (patient B) was taken to a long-term
care hospital on January 19, 2017, for aftereffects of cerebral
infarction and diabetes mellitus. On February 4, the patient
complained of cough and sputum; 2 days later, she had a
fever of 38.7°C. Chest radiography showed a new frosty glass
shadow in the left lower lung, and she was diagnosed with
pneumonia. A sputum culture grew Pseudomonas aeruginosa.

A comparison of SD1 and SD2 before confirming pneu-
monia and 1 week after starting treatment was conducted by
Student’s 7 test. The SD1 and SD2 values were significantly
higher in the risk of pneumonia period than in the 1 week
after starting treatment in both patients (patient A: SDI,
26 +0.6vs23+0.5,P<0.05SD2,39+13vs3.2+0.7,
P < 0.05; patient B: SD1, 4.1 +0.9 vs 3.3 + 0.5, P <0.05,
SD2,8.2+ 1.6 vs 5.3 £0.6, P <0.05).

The patients were informed about the study procedure and
provided written informed consent.

3 | DISCUSSION

We intensively analyzed respiration datasets of patient A
and patient B from the 2-week measurement period, which
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includes the risk period of pneumonia confirmed by chest
radiography. We focused on assessing the fluctuation of res-
piratory rate, SD1, and SD2 1 week before confirming pneu-
monia and 1 week after starting treatment. Figure 2 shows the
trends of respiratory rate, SD1, SD2, body temperature, and
pulse rate for both patients. The values of SD1 and SD2 were
higher in the risk of pneumonia period and decreased after
1 week of treatment. Figure 2 shows a significant difference
in SD1 and SD2 between the two periods (P < 0.05).

Our results confirmed that continuous monitoring of re-
spiratory rate enables the early detection of pneumonia and
its severity. The extracted respiration features are based on
the return map, which provides important information for
detecting clinical deterioration in bedridden patients with
pneumonia. It is important to note that the idea behind our
medical radar system to detect pneumonia is to screen for
symptoms of pneumonia, not to provide a medical diagno-
sis. The concept of using continuous and contactless mon-
itored respiratory rates for predicting the development of
non-specific infectious disease stems from the fact that most
infectious diseases are associated with inflammation when
patients become symptomatic. For example, urinary tract in-
fection (UTI) is common disease in bedridden hospitalized
elderly patients; we will further investigate our system in UTI
patients in a future study. In most hospitals, nurses routinely
measure pulse rate and body temperature 2 or 3 times per day.
In this sense, the dynamics of respiration features are more
significant than changes in body temperature and pulse rate.

In conclusion, the novelty of the proposed system is that
introduces a new approach to investigating respiration dy-
namics using a noncontact medical radar sensor for the early

Patient A
The trend of body temperature and pulse rate _
sH——————————————— 100 E
(=%
=)
3
(]
@
[
»
T YRR T Y Y M e
S S 0 N WD K
S P P @ P B G o e
Q\
K
S
5'5‘\ The trend of respiratory rate, SD1, and SD2
25
= E e
o ™ .~ 15 &
=]
0%
agaYe s A o
‘\'L'bb“bh"\fb‘%Q‘\;L;bho
TG S e e ol A G i S L S
SV 3 @ W ¥ ¥ B P A L ) D S [ sD1
\‘O.c\, 6R.bk b .bd 6f SR CR O P P Bl
; isk period o RR
& pRpOs After treatment
iy pneumonia
¥
\1 Diagnosed with pneumonia

Patient B
The trend of body temperature and pulse rate
840 : ' ; ; : : T T : T T T 1107
(ETY! moé
a e
EC‘S‘ 80 %
2371 70, =
Bagl 60 @
TR I I YT YT
AN S \Q N .\‘1, \"a \b=
\.@\ B P P P P P P B @
&
b The trend of respiratory rate, SD1, and SD2
7 20
! WA =y wsE
108
A5 [
e e P, i el 2
AR I T N
S @ ] @ P W @
B Risk period of ol
& p X After treatment pE
) pneumonia

\l Diagnosed with pneumonia |

FIGURE 2 The trends of respiratory rate, SD1, SD2, body temperature, and pulse rate for patient A and patient B. SD, short-term variability
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prediction of pneumonia that has the potential to serve as a
helpful tool for improving patient quality of life and reduce
medical staff workload to meet the needs of the aging society.
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