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Abstract: Coronavirus has the greatest effect on the
human lungs. This is why lungs of patients with COVID-19
require constant medical monitoring. One of the tools for
the lungs condition monitoring is based on the wireless
pulse oximeters connected to smartphones. There is an
attempt to analyze the types of pulse oximeters, their
technical characteristics, principles of operation and basic
requirements for these measuring instruments in the article.
According to this study, the most effective pulse oximeters
for 24/7 monitoring of lung function were selected.
Principles of pulse oximeter functioning and mathematical
basis of its operation have been described. The criteria for
pulse oximeter selection have been determined, and
comparative analysis of pulse oximeters with wireless
communication has been conducted.

Index Terms: hypoxemia, COVID-19, pulse oximetry,
oxygen saturation, mobile applications, remote patient
monitoring.

I. INTRODUCTION

The appliance of mobile technologies is caused
by the following prerequisites: high level and
dynamics of distribution of mobile devices, stable
interest in their use, high technical characteristics,
convenience and portability.

A smartphone is almost always there with a
person unlike other computing devices. Everyday use
of a smartphone makes it possible to integrate into our
lives a whole range of new technologies. Using
smartphones is an effective way for monitoring, long-
term monitoring and control of the main indicators
that characterize the state of the human body. Using
mobile technologies it is possible to organize work
with the system in remote access mode.

Creating a platform for monitoring the condition
of the lungs based on wireless oximeters is one of
them. In consequence of the active implementation of
oximeters by developers in their devices, the process
of measuring blood oxygen saturation has become
much more affordable and easier for ordinary people,
without the need for constant medical supervision.

On the other hand, when the need for constant
medical supervision exists, as it is the case with
patients with COVID-19, asthma, etc., there is a need

to create cyber-physical systems for 24/7 monitoring
of lung function [1]. The selection of pulse oximeter is
very important to build these cyber-physical systems.
There are a number of features and characteristics that
should be considered to choose the most appropriate
ones. Therefore, in this article there is an attempt to
analyze the types of pulse oximeters, their technical
characteristics, functional principles and Dbasic
requirements for these measuring instruments, based
on which to select pulse oximeters for cyber-physical
systems for 24/7 monitoring of lung function.

II. THE RATIONALE OF THE NEED
FOR LUNG CONDITION MONITORING BASED
ON A SMARTPHONE

Many people have problems related with
breathing. These people generally can be divided into
three groups:

1. People with dangerous professions and occu-
pations: climbers, speleologists, plumbers, miners.

2. People with lung diseases: inflammatory
diseases (bronchitis, pneumonia), allergic diseases
(bronchial asthma).

3. People with dangerous living conditions: stove
gas, household gas leak.

All these people need permanent monitoring of
the lung conditions. If they are in severe condition or
in danger of deteriorating, the doctor should have to
monitor the state of their lungs [2], [3]. This issue
became especially relevant during the pandemic of the
COVID-19 virus, which can lead to the development
of respiratory failure, pneumonia and a number of
complications [4], [5].

The condition of the lung is assessed by the
following parameters:

e blood oxygen level (SpO2 saturation),

e respiration rate.

There are following devices for measuring the
parameters of the lungs: pulse oximeter, spirometer,
and single-photon emission computed tomography
SPECT (in planar and tomographic modes).

Measuring devices that allow you to assess the
condition of the lungs and provide monitoring using
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smartphone must satisfy a number of requirements.
The main requirement is, obviously, convenience and
portability, which allows to measure parameters
independently, wherever a person is.

The SPECT method is used only in specialized
clinics, because the equipment is stationary and has a
significant size.

The use of a spirometer requires from a patient
to perform a number of procedures.

Now only pulse oximeters can satisfy these
requirements. The pulse oximeter can be built into
wearable electronics — bracelets, smart watches, etc. It
is simple to use and measurements can be automated.

Due to the fact that the level of oxygen in the
blood, measured by a pulse oximeter, is one of the
most important indicators of a satisfactory condition
of the body, less than the norm of which warns of
obvious lung disorders. Pulse oximeters have become
the basic devices in cyber-physical systems for
monitoring lung function.

III. FORMULATION OF THE PROBLEM

Today, a large number of different pulse
oximeters have been created and are in common use.
But not all of them are suitable for building cyber-
physical systems for 24/7 monitoring of lung function.
The task of the work is to determine the requirements
for pulse oximeters of these systems, and to conduct a
comparative analysis of the characteristics of existing
pulse oximeters for their compliance with these
requirements to determine those that best fit these
requirements [6].

IV.FUNCTIONAL PRINCIPLES
OF THE PULSE OXIMETER

Pulse oximeters in medical institutions and SpO2
sensors on fitness wristbands work on the same
principle. But there is a small difference. And it is the
location of the sensors. In a classic pulse oximeter, the
LED bulbs are on one side and the photodiode is on
the opposite side. LEDs emit light that passes through
body tissues and enters the photodiode as shown in
Typically, such pulse oximeters are worn on the finger
or earlobe. That is, the part of the body that can be
easily enlightened. Accordingly, for fitness trackers
and smart watches, this option is not suitable, as it is
impossible to illuminate the wrist [8].

Red LED\ / Infrared LED

Finger

Photodiode

Fig. 1. The passage of light through body tissues

In this case, the photodiode is placed next to the
LEDs and the reflected light is analyzed in Fig.2.

In everything else there is no difference. In both
cases the same principle is used, the only in medicine
the light passed through tissue is analyzed, and in
trackers the light reflected from tissue is analyzed.
Therewith, there are professional medical pulse oxi-
meters, which work on the same principle as on
fitness bracelets.
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Fig.2. Reflection of light from body tissues

The main question remains — how can simple
light calculate the amount of oxyhemoglobin in the
blood? And why, by the way, the illustrations show
only two LEDs — red and infrared [8]?

There are a few simple facts. First, hemoglobin
absorbs light. And secondly, oxyhemoglobin (the one
with oxygen) and deoxyhemoglobin (the one without
oxygen) absorb light waves of different lengths in
different ways.

Now, let's see how light is absorbed by hemo-
globin depending on the wavelength (means by color)
and type of hemoglobin (oxy- or deoxyhemoglobin)

(Fig. 3).

Absorption of light by oxyhemoglobin

Absorption of light by deoxyhemoglobin
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Fig. 3. Absorption of light by hemoglobin depending
on the wavelength and type of hemoglobin

As you can see, light with a wavelength of 650
nanometers is practically not absorbed by oxyhemo-
globin (with oxygen), but at the same time is maxi-
mally absorbed by deoxyhemoglobin (without oxy-
gen). In the figure, respectively, the blue graph at this
point (650 nm) reaches a maximum, and the other — a
minimum.

It turns out that to determine the level of blood
oxygen saturation you need to know how much
infrared and red light was absorbed by hemoglobin.
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The LEDs light up for a few milliseconds, the
light passes through the tissues and arteries, is
reflected (mostly from the bone) and returns to the
photodiode. Then the computing means of the bracelet
compares the amount of light emitted by the LEDs
with the amount of reflected light and determines the
degree of absorption in the red and infrared spectra.

Of course, this is a very simplified model,
designed for ideal conditions that cannot be achieved
even theoretically. There are actually many potential
problems that need to be solved.

For example, it is clear that not all light will be
absorbed by hemoglobin, and the rest will return to
the photodiode. A lot of light will be scattered inside
the tissues of the body. And the pulse oximeter must
distinguish which part of the light was absorbed in the
blood and which part was simply scattered.

This problem is being solved by special
calibration in the manufacture of devices. And it is
that the oxygen level is measured by a pulse oximeter
and special laboratory equipment. The person must
measure the amount of oxygen in the blood and the
indicators are compared. Then a special calibration
graph is created, which is used later in the
measurements of the bracelet.

There is another, more complex, problem. All
people are different. It is one thing to measure on a
slender wrist, where the arteries are visible to the
naked eye, and quite another — on the wrist of an
overweight person. The thicker the skin or adipose
tissue, the more light will be absorbed inside the
tissues and this has nothing to do with the level of
oxygen in the blood.

The solution to this complex problem turned out
to be quite simple. You just need to ignore the
absorption of light by tissues and analyze only the
absorption of light by arterial blood. But how to do it?

During the measurement, all tissues except the
arteries will absorb light equally. The fact is that the
arterial blood is constantly pulsating and this will
affect the amount of light absorbed. After all, the
more blood in the artery is, the more light-absorbing
material will be. It turns out that when measuring the
sensor will constantly see periodic "changes in SpO2",
and the values can change every half second
(depending on the pulse).

Accordingly, the readings will consist of two
data sets: the part that remains unchanged and the part
that changes to heart rate. The first data set is useless
— it reports only the amount of light absorbed in the
tissues, but the second "pulsating" dataset tells us
about the saturation of blood with oxygen.

If for some reason the bracelet cannot catch the
beat, that is, determine the pulse accurately, it will not
be able to accurately determine SpO2 (oxygen level in
the blood).

But, as practice shows, modern fitness trackers
can determine the level of oxygen saturation of the

blood extremely accurately. However, they do their
best when the user is at rest, as any movement creates
serious interference in the signal.

V. MATHEMATICAL BASIS OF PULSE
OXIMETER OPERATION

Pulse oximeter performs mathematical calcu-
lations based on the Beer-Lambert-Bouguer law to
determine the percentage of oxygen saturation in the
blood

J= Ioea(/l)cdy

where I-intensity of light emanating from the medium,
Io — intensity of incident light entering the medium, a
(L) — absorption coefficient, which depends on the
wavelength, d — path length to be traveled, ¢ — analyte
concentration. The properties of the law are valid even
if more than one substance absorbs light in the
medium.

The total amount of light attenuation can be
described by four different components of absorption:

1. Oxyhemoglobin in the blood (concentration of

C molar absorption coefficient o, (1) and

Hbo, °
effective path length d,,,, )

2. Deoxyhemoglobin in the blood (concentration
of ¢,,, molar absorption coefficient ., (A)and

effective path length d,, )
3. Specific absorptions that do not come from
arterial blood (concentration of ¢, , molar absorption

coefficient o (1) and effective path length d )

4. And all other non-specific sources of optical
attenuation combined in A4,, which may include light

scattering, geometric factors and characteristics of the
generator and detector elements.

Each absorbing element contributes its share to
the total absorption

1
A= Zn[l ]:ocHhOZ(k)dHhOZ +0 (M) e+ (M) d,,
0

To calculate oxygen saturation, we first need to
calculate the ratio of ripple to constant proportions at
different wavelengths:

— ACRED /DCRED
AC, /DC,.
where AC,,, and AC,, — AC components of the

pulsation of the red and infrared light sources, and a
DC,,,, and — DC components of the constant red and

infrared light sources, respectively.

In practice, the clinical empirical formula for
determining the proportion of oxygen saturation is as
follows:

S =a—bR,
where a and b are coefficients determined when the
pulse oximeter is calibrating.[9]
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VI.SELECTING CRITERIA FOR PULSE
OXIMETERS

Pulse oximeters, which are used in cyber-
physical systems for 24/7 monitoring of lung function,
must be connected to a smartphone via the Bluetooth
interface to transmit measurement data.

Mobile applications connected to heart rate
monitors must integrate with GoogleFit on Android
and HealthKit on iOS to combine data from different
sensors.

Pulse oximeters must be portable and have a
long battery life.

The accuracy of their blood oxygen saturation
measurement should not be lower than in calibrated
medical devices.

Pulse oximeters should measure blood oxygen
saturation with SpO2 over certain time intervals
without the human intervention.

Based on the above, we can form the following
criteria for comparison and selection of pulse

e Size and weight,

e Wireless communication function with a
smartphone (via Bluetooth),

e Ability to export blood oxygen saturation
data to GoogleFit on Android and HealthKit on iOS,

e Measurement accuracy,

e Duration of autonomous work,

e Periodic measurement.

VII. COMPARATIVE ANALYSIS OF PULSE
OXIMETERS WITH WIRELESS
COMMUNICATION

Based on the conducted analysis of pulse
oximeters available on the market, devices that can be
used in cyber-physical systems for 24/7 monitoring of
lung functions were selected, what means they are
portable, have wireless communication function with
a smartphone (via Bluetooth) and provide the ability
to export saturation data blood oxygen SpO2 to

oximeters: GoogleFit on Android and HealthKit on iOS. Data on
e Price, their compliance with the above criteria are
e Portability, summarized in Table 1.
Table
Characteristics of pulse oximeters
Measure g Data export, |Dimensions
. . Periodic Battery
Name and description Appearance Price ment . Google or ,cm/
measurement life )
accuracy Apple Weight, g
1 2 3 4 5 6 7 8
Pulse oximeter 8 T N 4800 98% Manual Depends |+ 70¢g
BM1000A.[10] E N on
4 batteries
Pocket, for measurements -
on a finger.
>
‘,7
Pulse oximeter 1185 98% Manual Depends |+ 50g
"BIOMED" BP- on
10VBJ[11] < batteries
For measurements on the \ B (
finger. \ G5
Beurer PO 60 Bluetooth® — ~3000 98% Manual Depends |+ 58.5 x 30
pulse oximeter[12] P 5 .Q on 33,
‘\/ ‘ batteries
For measurements on the :\ & 49¢g
finger. N q
Pulse oximeter Xiaomi 1 049 98% Manual Depends |+ 62 x 33 A
iHealth Air Wireless e on 28,
Pulse Oximeter PO3[13] =% batteries
S0g
For measurements on the ‘
finger.
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Contunuated of Table
1 2 3 4 5 6 7 8
Huawei Band 4 Pro — 1 849 97% Manual [1-10 days |+ 45x19x1,
fitness bracelet with pulse
oximeter.[14] 25¢g
Honor Band 5 — fitness 745 - 1{97% Manual [1-14 days [+ 43 x 172 x
bracelet with pulse 018 11.5,
oximeter.[15]
22]7¢g
Garmin Vivosmart 4 — 4700 97% Manual | 2-14 + 15x10.5x19.7,
fitness bracelet with and days
pulse oximeter.[16] sleep 17.1¢g
tracking
Garmin Vivoactive 4 — 9 276 — | 97% 24/7 2-9 + 451 x 451 x
smart watch with round- 11 030 tracking | days 12.8,
the-clock pulse
oximeter[17] 505¢g
Apple Watch Series 6 — 12600 — | 97% Manual | 1 day + 44x38x 104,
smart-watch with > 16000 and
manual SpO2 10:09 | sleep 36.5 g
measurement and sleep 5"&" e tracking
) %
tracking.[18]
VIII. CONCLUSIONS oxygen levels has become much more accessible and
By 2020, the creation of a platform for easier for ordinary people. . . .
monitoring the condition of patients' lungs based on The types of pulse oximeters, their technical cha-
wireless oximeters is possible and necessary. Thanks racteristics, principles Of OP?raUOH and basic requi-
to the active oximeters implementation by developers rements for these measuring instruments, according to

in their devices, the process of measuring blood which to select pulse oximeters for cyber-physical
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systems for 24/7 monitoring of lung function were
analyzed in the article.

Patients need constant monitoring of the lungs
condition, and if they are in serious condition or at
risk of deterioration, the doctor should monitor the
condition of the lungs. This issue became especially
relevant during the pandemic of the COVID-19 virus,
which can lead to the development of respiratory
failure, pneumonia and a number of complications.

Based on the conducted analysis of pulse
oximeters available on the market, devices that can be
used in cyber-physical systems for 24/7 monitoring of
lung functions were selected. From the point of view
of ease of use, fitness bracelets are the best, because
they do not interfere with daily human activities. In
terms of frequency of measurements, the best are
smart watches and pulse oximeter on finger — Beurer
PO 60. In terms of autonomy, bracelets and watches
are the best. In terms of measurement accuracy, all
tested oximeters are approximately equal. Smar-
tphones are the leaders in terms of compatibility with
services.

That's why smartwatches are the best for 24/7
monitoring of lung function in cyber physics systems
according to a set of criteria. They exceed other tested
pulse oximeters in all criteria except for ease of use,
where they are second only to fitness bracelets.
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