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SELF-LEARNING INFORMATION TECHNOLOGY FOR DETECTING
RESPIRATORY DISORDERS IN HOME CONDITIONS

Introduction. In connection with the COVID-19 pandemic, it is important to start treatment
promptly in case of a threat of developing viral pneumonia in a patient. The solution to this
problem requires the creation of new means for detecting respiratory disorders with a minimum
probability of “missing the target”. At the same time, it is equally important to minimize visits to
medical institutions by healthy patients because of the danger of their contact with possible
carriers of coronavirus infections, that is, to minimize the likelihood of a "’false alarm’.

Purpose of the article is to develop a method that allows a patient to signal at home
about the advisability of contacting a medical institution for an in-depth examination of the
respiratory system, and to assess the possibility of implementing this method on a smartphone
using a built-in microphone.

Methods. A distinctive feature of the proposed approach lies in the construction of a per-
sonalized standard of normal respiratory respiration for a particular patient based on self-
learning from a finite sample of observations at home and in comparison, based on original
computational algorithms of phonospirograms of sound signals of the following observations
with the standard.

Results. A prototype of information technology has been developed that will provide
home alarms about possible respiratory disorders, requiring consultation with a doctor and
the need for an in-depth medical examination.
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It is shown that the construction of a personalized standard of normal breathing can be
carried out based on the use of a set of original computational procedures for a finite sample
of realizations, independently registered by the user using a microphone built into a smart-
phone. The algorithm for constructing a standard is based on digital processing of a matrix of
paired distances between phonospirograms of the final training sample of observations.

Conclusions. A sofiware application that provides the implementation of the proposed
computational procedures can be implemented on a smartphone of average performance
running the Android operating system.

Keywords: respiratory noises, intelligent IT, computational procedures, smartphone.

INTRODUCTION

The method of auscultation (listening to respiratory noises) has been used in medical
practice for the diagnosis of respiratory diseases for over 200 years. According to
modern concepts, sound phenomena that carry information about functional disor-
ders of the respiratory system arise in the larynx and trachea as a result of turbulent
air movement [1, 2]. Sound vibrations are transmitted to the chest at the location of
the stethoscope and form various types of breathing noises, the subjective analysis of
which allows the doctor to assess the state of the respiratory system and carry out
differential diagnostics of a number of diseases.

It is clear that the subjective analysis of breathing sounds significantly de-
pends on the doctor's experience and does not allow obtaining objective quantita-
tive characteristics of breathing noises [3]. In the middle of the last century, au-
tomated systems for assessing respiratory sounds appeared in clinical practice,
which provided support for making diagnostic decisions [4—6].

The first such systems used only analog electronics (microphones, amplifiers,
oscilloscopes and tape recorders), with the help of which it was possible for the first
time to register respiratory sounds arising from breathing. These studies made it pos-
sible to formulate basic concepts and determine the main classes of respiratory noise
in a healthy person and in pathologies that are still used by pulmonologists.

The development of digital computing technology has laid the foundation for
computer systems for analyzing breathing sounds [7], which use special sensors
with high sensitivity in a wide frequency range, including frequencies that are not
audible with a stethoscope. One of the examples of such systems is the domestic
phonospirograph Kora-03MI, developed at the Institute of Hydromechanics of the
National Academy of Sciences of Ukraine. With the help of it, by the methods of
spectral-temporal analysis, it was possible to objectify the assessment of complex
sound signals on the basis of original auscultatory signs [8, 9].

Undoubtedly, the use of such software and hardware complexes in medical
practice significantly increases the reliability of diagnostic solutions. At the same
time, another class of information technologies for processing breathing sounds
is also required. The nature of the course of a number of diseases presupposes a
distributed system of health services delivery, when home supervision and treat-
ment becomes important. Note that bringing medical devices closer to the patient
is one of the main tasks of digital medicine [10].

This task is of particular relevance in connection with the COVID-19 pan-
demic, since, on the one hand, it is important to timely diagnose and begin treat-
ment of a patient with a threat of viral pneumonia (to minimize the likelihood of
”missing the target”), and, on the other hand, to prevent unreasonable visits to
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medical institutions and contacts with possible carriers of coronavirus infection
(to minimize the likelihood of ’false alarm”).

The purpose of the paper is to develop a method that allows a patient to
signal at home about the advisability of contacting a medical institution for an in-
depth examination of the respiratory system and to evaluate the possibility of
implementing this method on a smartphone using a built-in microphone.

BRIEF DESCRIPTION OF RESPIRATORY NOISES

Before proceeding directly to the solution of the problem, let us give a brief de-
scription of the main sounds of breathing known from the literature [11-15]. For
this purpose, we will construct phonospirograms reflecting changes in the spec-
tral characteristics of respiratory noise during respiration, using sound files stored
on the Internet [16] (Fig. 1-3).

During auscultation of the lungs of a healthy person, the so-called vesicular
breathing is heard in the frequency range of 18 — 360 Hz. In this case, the highest
sound volume is concentrated in the range of 50 — 70 Hz, and the sound energy
on inhalation significantly exceeds the sound energy on exhalation and is audible
only in the initial period of the oscillation decay phase (Fig. 1).

In some organic diseases, for example, in patients with emphysema of the
lungs, breathing, although it remains vesicular, is significantly weakened. On the
other hand, with bronchitis and bronchial asthma, the so-called rigid vesicular
breathing is observed. In this case, the sound energy is heard up to 600 Hz not
only during inhalation, but throughout the entire exhalation.

The second type of main respiratory noise is bronchial breathing, which is
several times higher than vesicular and reaches 700 — 1400 Hz, and sometimes
more (up to 5000 Hz), and on exhalation the energy of bronchial respiration is
often higher than on inhalation (Fig. 2).

L - .

Time,(S)

Amplitude (V)
e
s =B

&
(=1
[~ ]

60
-80

-100
-120
-140

Frequency (kHz)

Time (s)
b

Fig. 1. Sound signal of vesicular respiration (a) and the corresponding phonospirogram (b)
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In a healthy person, the sound of bronchial breathing can be heard only with
auscultation of the trachea and quite rarely in the 2-3 intercostal space. The ap-
pearance of the sound of bronchial breathing at any other point of auscultation of
the lungs indicates pathology.

A type of bronchial breathing is called amphoric breathing, which is formed
when a cavity is formed in the lungs, which is communicated by the bronchi.
Such breathing is more pronounced on exhalation and is characterized by rela-
tively high frequencies (from 500 to 5000 Hz) with a pronounced echo.

Additional respiratory noises, which are heard both on inhalation and exhala-
tion against the background of the main respiratory sound, carry important diag-
nostic information. One of the types of additional respiratory noises is the so-
called wheezing (dry and wet, Fig. 3), the appearance of which indicates a patho-
logical process in the lungs, bronchi or in the pleura.

According to [17], dry rales are visualized on phonospirograms in the form of an
ensemble of harmonics, and wet ones are short-term broadband impulse signals.

- T a N
o o o

Frequency (kHz)
(3,

o
==

Time (s)

Fig. 2. Phonospirogram of bronchial respiration
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Fig. 3. Phonospirograms of dry (a) and wet (b) wheezing
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Another type of additional respiratory noise is crepitus, which occurs at the
height of inspiration and sounds like a small crackle. Unlike wheezing, crepitus is
audible only on inspiration, and its volume does not change after coughing up.

CONCEPTUAL IDEA OF THE PROPOSED INFORMATION TECHNOLOGY

From the above brief and far from complete description, we can conclude that the
differential diagnosis of respiratory diseases based on the sounds of breathing is
far from a simple problem, the solution of which involves a subtle analysis of the
time-frequency characteristics of phonospirograms observed at certain points in
the patient's chest.

We set a simpler goal: for a specific patient, only to signal about possible
respiratory disorders by sound signals observed using the built-in microphone of
a smartphone without classifying the type of such a violation.

The conceptual idea underlying the proposed information technology (IT)
develops the previously proposed approach to the assessment of cardiac activity,
based on the principles of personalized diagnostics [18].

Let it be possible to conduct IT “training” for a particular patient over a suf-
ficiently long period of time with the normal functional state of the respiratory
system. To do this, using the built-in microphone of the smartphone, we register

a certain amount of N respiratory noises at a certain point of the chest, con-
struct phonospirograms V|, ..., V), of these measurements.

Each individual phonospirogram is a function
Y="Y(/.0), (1)

where W — energy (level) of sound signal with frequency f € F at the mo-
ment €T . Here F'=[f,, f,] is a range of recorded frequencies in a given ob-
servation interval 7' =[#,,2,].

The proximity of two phonospirograms ‘¥, and Y, will be estimated by the

magnitude
~ 1 e (k)
L= 20 (100 (10 @

representing the average difference in sound energy Vk € F' x T .

For a correct assessment of the proximity of phonospirograms, let us
normalize and synchronize them in time. Several methods of such
synchronization have been investigated, one of which is reduced to the transition
from distance (2) to a modified distance

p=0,...,

I
L, = mm@EZ“Pﬁk)(f,t) ~PP(f,t- P)‘ 3)
k=1

where ® — maximum permissible time shift of characteristic points of phono-
spirograms.
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Distances (3) form an area in metric space that defines the personal norm of
the respiratory system of a particular patient. The location of the current observa-
tion in relation to this area allows making decisions about the state of the user's
respiratory system (Fig. 4).

Let's construct a matrix of paired distances L, between p-th (| = L...,Ny)

andv-th (v =1,...N, ) phonospirograms ‘¥, and ‘P, training sample.

Ly, Ly Ly,
Ly, Ly, .y Lyy, @
Ly1s Ly,sses Lyy,

Matrix row A, the sum of the elements of which is minimal will determine
the reference (most characteristic) phonospirogram of the given patient

No
S, =arg minZ:LHv

1<v<N, p=l

)

>

since it is at the minimum average distance from all other phonospirograms of
the training sample.

As a result, by distance L , between the observed phonospirogram S, and

reference S, you can make a decision according to the scheme:

personal norm if L < L; (6)

suspected respiratory violation if [ , > L; @)

where I’ — some threshold value.

2
B I RN
i oo © © 4 ii.°..°LtO i
E o o Ly ii e ./Oi
i .o..A/:O. ii .o. L © i
i o..o Ei 0:.0 i
| ° © o © ° :

Fig. 4. Areas of the personal norm of phonospirograms: trainings (gray dots); reference
(black point) and current (white point)
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SIMULATION RESULTS

Let us present the results of an experimental study of the computational proce-
dures necessary for the implementation of the proposed approach, which were
carried out using the MATLAB R2019b system.

Breathing sounds were recorded using a microphone built into the smart-
phone, which was applied to the volunteer's chest (Fig. 5). The recording of the

sound signal V(#) with a sampling rate of F,, =48 KHz was carried out in a
closed room in the absence of extraneous noise.
To determine the spectral components of the y(t) signal, the Frigo-Johnson

[19] procedure was used, which is still recognized as one of the best procedures
implementing the fast Fourier transform (FFT) algorithm.
Since the signal y(¢) of respiratory noise is non-stationary and has a complex

time-frequency organization, the Short-Time Fourier Transformationm[20] algorithm
was used to construct phonospirograms. In accordance with this algorithm, the

observation interval T =[t,,¢,] of the signal }(¢) was divided into local time

sections (frames), within which the signal is assumed to be stationary. For each such
area, spectral components are determined based on the FFT procedure. As a result, a
phonospirogram is formed

Y(f,1)= j y(Oyw(t—1)e ™ dr ®)

B

depending on both the frequency f and the time 7, where w(z—1) is the
window function.
In the experiments, the total observation interval 7" =[#,,¢,] was 23 s, which

was divided into N =200 frames of the same duration.

Fig. 5. Registration of respiratory sound
using a smartphone
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To simplify calculations, using an additional procedure, the sets of values ¥ , F',
T were divided into elementary cells 84V, 8.F , 8,7 of optimal sizes. This made
it possible, without a significant loss of accuracy, to estimate the distances between
phonospirograms not by all points of k£ € F'x T, but within the selected cells (Fig. 6)
and thereby more than 15 times reduce the computation time.

Experiments have shown that the integral characteristics of the phonospi-
rogram images of a particular test subject change little over time. Therefore, the

construction of a reference phonospirogram S, can be carried out using a small

number of phonospirograms. Of course, the training phase should be carried out
only in the absence of clinical signs of respiratory disorders.

Fig. 7 shows a series of phonospirograms of a healthy volunteer at the age of
21 years, which were registered within five days. These phonospirograms were
used to construct a matrix A of paired distances L, :

0 1,0916 11,3958 1,1927 1,2536
1,0916 0 1,3421 1,1800 1,2530
A=|13958 13421 0 1,4864 11,3968 )
1,1927 1,1800 1,4864 0 1,3267
1,2536 1,2530 1,3968 1,3267 0
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Fig. 6. Images of the original (a) and coarse (b) phonospirograms
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Fig 7. Training selection of phonospirograms of a healthy volunteer

Applying condition (4) to the elements of matrix (8), it was determined that
phonospirogram Ne 1 can be considered a reference according to the results of
training for a given patient. The same phonospirogram was recognized as a refer-
ence and when processing coarse phonospirograms.

The reference phonospirogram S, built at the training stage for a specific user,
will be used in the decision rule (6), (7). To assess the efficiency of the rule, a phono-
spirogram of the same volunteer in case of respiratory impairment is required. In view

of the lack of such data, we have developed a simplified model for constructing an
artificial phonospirogram that simulates a patient's respiratory disorder.
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In the scientific literature, there are various approaches to the construction of
mathematical models of respiratory sounds in norm and disease [21-25]. These stud-
ies form the informational basis of rather complex computer systems that provide
decision support in the differential diagnosis of pulmonary diseases [26-30].

However, to solve the problem that we have set ourselves, there is no need to
conduct a fine analysis of respiratory noise. It is enough only to detect the char-
acteristic changes in the phonospirogram of a particular patient, which can be
used as a predictor of the occurrence of a respiratory disorder.

In accordance with generally accepted concepts [31], the human respiratory sys-
tem is a tracheobronchial tree - a branching of the Weibel pathways (Fig. 8). Noises
in different parts of such a system are associated with nonlinear effects caused by the
transitions of laminar to turbulent flow both in the air flow itself and in the interac-
tion of the flow with the changing boundaries of the channel [32].

Based on the analysis of information from the available literature, the fol-
lowing requirements for a simplified model of the formation of pathological res-
piratory sound can be formulated:

e in the event of respiratory disorders, characteristic additional respira-
tory sounds occur, which are mainly heard in the expiration phase of breathing;

e additional breathing sounds are located in the frequency band

Q. =800-1200 Hz (Fig. 9);

e the energy of individual spectral components of the additional noise can
exceed the energy of the spectral components of the sound signal characteristic of
vesicular respiration (Fig. 9).

oy

Fig. 8. Diagram of the branching of the Weibel pathways of the respiratory
system [31]
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n

200 600 1000 f, Hz
Fig. 9. Differences in the relative frequency characteristics of 1 on audio signals
sick (1) and healthy 2 patients (according to [31])

Taking these requirements into account, let us present a model of pathological res-
piratory noise in the form of an additive mixture of a real sound signal y, of a particu-
lar patient during vesicular breathing and a certain sum of S harmonic components
with fixed frequencies ®, € €2, given amplitudes a, and phases o, :

0, if teT,,

Y=y O+ ias cos(ot+o,), if teT, (19)

s=1
where €2 =800-1200 Hz is the frequency range of noise components on ex-
halation, which are characteristic of additional noises in respiratory disorders,
and T, =[t", 51" [t2, T .. [t™,£87] is the combination of time in-
tervals that correspond N to successive inhalation cycles on the signal y, .
As a result, a signal QQ =800—-1200 Hz is formed, imitating the violation

of vesicular respiration, which can be used to construct an artificial phonospi-
rogram of a respiratory disorder in a particular patient (Fig. 10).
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Fig. 10. Construction of an artificial phonospirogram

Model experiments showed that the average distance between the pho-
toplethysmogram, simulating a respiratory disorder, and the photoplethysmogram
of a healthy volunteer (interclass distance) was more than five times greater than
the intraclass distance between photoplethysmograms during normal respiratory
respiration. The established fact made it possible to switch to software implemen-
tation of the proposed IT on a smartphone.

SOFTWARE IMPLEMENTATION OF IT ON A SMARTPHONE

The software application is developed in the Java programming language using
the Android Studio 4.1.2 integrated development environment. The program is
designed to work under the operating system Android 4.1 and higher. The visu-
alization of graphical information was carried out using the Com.jjoe64 library:
graphview: 4.2.2.

The program implements four main modes (Fig. 11):

* "Training”;

* ”Analysis”;

* ”Demo”;

* ”Setting”.
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Fig. 11. Simplified Use Case diagram in UML notation
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Fig. 12. Working window of the program in the
”Training” mode
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The ”Training” mode provides:

e recording into the smartphone's memory a series of sound signals recorded by
the built-in microphone when the smartphone is placed on the user's chest (Fig. 5);

e listening to registered sound files;

e construction of phonospirograms of registered signals based on the
Short-Time Fourier Transformationm algorithm;

e determination of the reference photospirogram based on the analysis of the
matrix (4) of paired distances between the phonospirograms of the training sample.
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Fig. 13. The Sequence diagram of ”Training” mode
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The program implements a friendly interface (Fig. 12), which creates convenience
for the user in the process of registering sound files. In particular, the rate of breathing
is controlled by the software metronome, which signals the user to take another deep
breath and exhale. The preset breathing rate is adjusted in the ~’Settings” mode.

The sequence of operations in the “Training” mode is illustrated by the se-
quence diagram (Fig. 13).

In the ”Analysis” mode, a comparison of the current phonospirogram re-
corded during the observation period with a personalized standard built in the
”Training” mode is provided. The registered signal is displayed on the screen and
can be listened to using a smartphone. The screen also displays the current and
reference phonospirogram.

On the basis of automatic comparison of the current and reference phonospi-
rograms, the analysis result is formed in accordance with the proposed rule (6), (7). The
analysis result is also duplicated by an audio message.
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Fig. 14. The Sequence diagram of ”Analysis” mode
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The sequence of operations is illustrated by the diagram shown in Fig. 14.
For a simplified demonstration of the functions of the program, the “Demo”
mode is implemented, which uses previously prepared files of the reference
phonospirogram and phonospirograms built from normal and pathological sound
files using a simulator (10).

Further studies are planned to focus on the refinement of threshold values,
the construction of decision rules and the assessment of the reliability of deci-
sions made on respiratory noise recorded in groups of healthy patients and veri-
fied patients.

CONCLUSION

The article proposes an approach to the construction of information technology
that will signal the user at home about possible respiratory disorders and the need
to visit a doctor for a more complete examination. A distinctive feature of the
technology is the formation of a personalized norm for a specific user (reference pho-
nospirogram) based on a self-learning procedure by results of multiple measurements
of the user's breathing, recorded using the built-in microphone of a smartphone.

It is shown that the implementation of procedures for constructing personal-
ized phonospirograms of the user's respiratory noise based on the Short-Time
Fourier Transformationm method and digital processing of phonospirograms can
be implemented on an average performance smartphone running the Android
operating system.

It is advisable to continue research on representative samples of observations.
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* HanjonanpHuil TexHiunmii yHiBepeuTeT YKpainm

«KuiBcbkuii monitexHiyHui iHCTUTYT iMeHi [ropst CikopcbKoro»

mp. Ilepemoru, 37, m. Kuis, 03056, Ykpaina

CAMOHABYAJIbHA IHOGOPMAIIIMHA TEXHOJIOTISA 1)1 BUSBJIEHHSA
PECIIIPATOPHUX ITIOPYIIEHD ¥V JOMAIIHIX YMOBAX

Beryn. Y 38’s3ky 3 nangemiero COVID-19 e BaxIMBHM CBOEYACHO TOYATH JIIKYBaHHS Y pasi
3arpo3d PO3BUTKY y Malli€HTa BipyCHOI MHEBMOHii. P03B’si3aHHS IIOTO 3aBJAaHHS BHMArae
CTBOPEHHS 3acO0iB JUIsl BUSBJICHHS PECIIPATOPHUX MOPYIICHb 3 MiHIMAJILHO WMOBIPHICTIO
«IpOMyCKy Liii». BogHOYac He MEHI BaXKJIMBO 3BECTH JI0 MIiHIMYMY BiJIBilyBaHHSI MEIUYHHX
YCTaHOB 3J0POBUMH MAlliEHTaMH depe3 HeOe3NeKy IXHbOI0 KOHTAKTY 3 MOXIIMBUMH HOCISIMH
KOPOHOBIpYCHOT iH(eKIIi1, TOOTO MiHiIMi3allisl IMOBIPHOCTI «ITOMHUIIKOBOI TPUBOTH.

MeTa cTaTTi — PO3pOOUTH METOJ, KU Jae 3MOTy B IOMAIIHIX YMOBaX CUTHAJI3yBaTH
MAIEHTY MPO OUUIBHICTh 3BEPHEHHS IO MEIMYHOTO 3aKJIaay JUisl MOTIHOJICHOTO 00CTEeKEeH-
HSl CHCTEMH OpTaHiB JUXaHHs], Ta OLIHUTH MOXIIUBICTH peati3alil bOro METOAy Ha cMapT-
(hOHI 3 BUKOPUCTAHHSIM BOYZAOBaHOTO MiKpo(oHa.
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Mertoau. BinpizHeHa ocoOaHMBICTh 3aIIpOIIOHOBAHOTO MiJXOLy TOJIATAE Y OOYAOBI Iep-
COHAJII30BaHOTO €TaJOHa HOPMAJILHOTO PECHIpaTOPHOTO JUXaHHS KOHKPETHOTO MAlliEHTa Ha
OCHOBi CaMOHAaBUaHHS 32 KiHIIEBOIO BUOIPKOIO CIIOCTEPEXEHb Y JOMAIIHIX yMOBaX 1y mopis-
HSHHI Ha OCHOBI OPUTIHAJIBHUX OOYHCIIOBAILHUX alrOPUTMIB (POHOCIIPOrpaMM 3BYKOBOTO
CHTHAJIy HACTYITHUX CIIOCTEPEKCHB 3 CTAIOHOM.

PesyabTaTu. Po3pobieHo mpoTtoTun iHGOpMAIifHOT TEXHOIOTII, SKa 3a0e3rneuyBaTume
y JAOMAIHIX yMOBaX CUTHAJI3alLlil0 PO MOJIUBI PecnipaTOpHi NOPYLIEHHs, 0 NOTPEOYIOTh
KOHCYJIbTAIIi# 3 JTiKapeM 1 HeOOXiIHICTh MOTTTHOJICHOTO MEAUYHOTO OOCTEIKCHHS.

ITokazano, mo noOyaoBy MEPCOHiI()IKOBAHOTO €TaJOHA HOPMAIbHOIO PECIHipaTOPHOro
JUXaHHS MOKe OyTH 3IIHCHEHO Ha OCHOBI BUKOPHUCTAHHS CYKYITHOCTI OpPHUTIHAJIBHUX OOYHC-
JIOBAIILHUX MPOLIEAYP 32 KIHLIEBOIO BUOIPKOIO pealtizalliii, CaMOCTIHHO 3apeecTpOBaHUX KOPH-
CTyBadeM 3a JIOTIOMOT00 BOYJJOBaHOTO B cMapT(HOH MiKpoQoHa. AITOPUTM TTOOYIOBH €TaNO0-
Ha OCHOBAHO Ha HuGpoBoMy 00pOOJICHHI MaTpULli IApHUX BifcTaHeH Mix (oHOcIiporpaMamMu
KiHIIEBOI HABYAIbHOI BUOIPKH CITOCTEPEKEHb.

BucnoBku. [IporpamHuii 3acTOCYyHOK, 10 3a0e3Meuye peasizalliio 3alpornoHOBaHUX 00-
YUCITIOBAILHUX MPOIEAYpP, MOXKe OyTH 3/ifiCHEHO Ha cMapT(OHI cepeqHbOT MPOTYKTUBHOCTI
i/l KepyBaHHAM onepaliifHoi cucremu Android.

Kniouosi cnosa: pectiipatopHi 1ymy, intenekTyaibHa [T, 00uncroBaibHI mporeypH, CMapTQoH.
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