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Introduction. At the current stage of society's development, an increasing number of people
suffer from hearing loss. Hearing plays an important role in the combat fitness of the
military. Hearing loss can be prevented by regular testing. But in field conditions, it is
impossible to conduct an audiometric study based only on standard methods.

The purpose of the paper is to develop methods for hearing loss evaluation based on
tonal threshold audiometry using the client-server system, which provides remote
communication between a patient and a physician.

Methods. To check the hearing ability, the results of the current audiogram are
compared with the user’s personal norm. In case of deviation from the norm the doctor is
notified. He uses this information system to adjust the treatment.

Results. Developed information technology provides the opportunity of remote
monitoring of the hearing condition and correction of treatment. It is demonstrated that the
determination of the patient's personal norm can be carried out by calculating the median
from the user’s audiograms obtained with a smartphone and head phones.

Conclusions. The information system, which ensures the implementation of the
proposed procedures, can be used on a mid-range smartphone running the Android
operating system.

Keywords: information method, audiogram, population and personal hearing norms, client-server
information technology, mathematical model, remote communication patient-physician.
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INTRODUCTION

Over time, an increasing number of people suffer from hearing loss. According
to WHO forecasts, by 2050 more than 700 million people will suffer from
hearing loss [1]. Deterioration of hearing often leads to the inability to perform
professional duties and negatively affects the quality of life.

The fact is that the human brain creates a predictive model of what it
expects to hear in the message [2]. The advantage of this is that when we cannot
fully hear a phrase, we reproduce the missing part quite accurately. If a person's
hearing has significantly deteriorated, then the interpretation of what is heard
using the old model leads to a large number of errors [3].

Mathematical models of auditory perception of sound signals are presented in
works [4, 5]. Each of the models shows a direct dependence on time, amplitude and
sound intensity. Using these parameters during hearing testing, it is possible to
determine the area of a person's hearing aid that has been affected by certain factors
(ear disease or complications after the disease, head injuries or long-term exposure to
strong noise and vibrations due to the specifics of work etc.).

Military personnel are at high risk of hearing loss due to the sounds of
artillery weapons and other noises. Hearing problems reduce the military's
combat fitness. If a soldier cannot correctly interpret an order, it not only puts
him at risk, but also affects the safety of other soldiers and sometimes civilians.

To reduce the risk of developing hearing loss, military personnel must
undergo regular audiometric testing and, if necessary, undergo an individual
rehabilitation program. And constantly monitor the dynamics of treatment. But
in field conditions and in conditions of constant hostilities, it is impossible to
conduct an audiometric study and remotely monitor the dynamics of treatment
using only standard methods.

The purpose of the paper is to develop methods for diagnosing the state of
hearing based on tonal threshold audiometry using a client-server system that
provides remote contact between the patient and the doctor.

BASIC PREREQUISITES

Before proceeding to solving the given problem, let us recall the information
known from the scientific literature, which will be needed for further research.

The human inner ear is a pair of multifunctional hearing organs that capture
sound information, amplify it and transmit it to the brain in the form of electrical
impulses. The anatomy of the ear consists of many functional elements, each of
which plays a separate role (Fig. 1).

One of the main elements of the ear is the so-called bacillary membrane,
which is located in the cochlea of the inner ear, separating two of the three
channels (stairs) that stretch along the entire length of the spiral of the cochlea.
The bacillary membrane (Fig. 2) is a place where the primary frequency analysis
of a complex sound wave is carried out.

The maximum amplitudes of oscillations correspond to those regions of the
basilar membrane that is responsible for the frequency spectrum of perceived
sound [6]. A more accurate selection of the sound range is related to the work of
the central nervous system (CNS) [3]. Two standing waves are formed on the
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basilar plate: a wave that occurs in the space of the tympanic stair (Fig. 1) and a

wave that occurs in the space of the cochlear duct [4].

82

Fig. 1. Scheme of the human inner ear: 1 — cochlear duct, 2 — vestibular
stairs, 3 — tympanic stairs, 4 — oval window, 5 — round window,
6 — helicotrema, 7 — basilar membrane.
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Fig. 2. Areas of the basilar membrane that are excited by frequency fluctuations
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According to the principle of superposition, the total displacement of
standing waves is equal to:

S =2A(cos o + cos M) sin wt , (1)
4 4
where A is the amplitude of oscillations in the sound wave, o is the circular
frequency of the wave, V is the speed of the sound wave in the endolymph, V; is
the speed of the sound wave in the perilymph, X is the coordinate counted from
the oval window, ¢ is time, / is the total length of the vestibular and tympanic
stairs, which is approximately twice the length of the cochlear passage.
According to (1), during the addition of standing waves a separate maximum
appears, the location of which on the basilar plate and the shift (sharpness) B(®, X)
depend on the frequency ® of the perceived sound and the coordinates X. Such a
dependence can be constructed [4] according to the formula:

o(l-X)

B(w, X)=2A(cos %t + cos ). )

1

A slightly different model is presented in [5]:

y(x,t)=sin (?) cos (27 ft), 3)

.2
where A is the wavelength, f is the frequency of the wave, sin (?)

describes the sinusoidal shape of the signal with the wavelength A, cos (27 f)
describes the up-down oscillation of each segment of the wave at the frequency f .

According to the formulas above, the volume of sound perceived by a person
depends on its frequency, as well as its intensity. Therefore, the state of auditory
perception (acuity of hearing) can be checked by the method of determining auditory
sensitivity to sound waves of different frequencies f (Fig. 3).

00 | =
£ H=z 4000 —
8000

Fig. 3. Spectral characteristics of the sound wave at frequencies f perceived by the patient
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Fig. 4. Degrees of hearing loss: 1 — normal hearing threshold, 2 — minimal hearing
loss, 3 — mild hearing loss, 4 — moderate hearing loss, 5 — severe hearing loss,
6 — profound hearing loss, 7 — deafness

The result of testing the state of hearing is an audiogram y, — a curve of
the threshold of auditory perception, on the ordinate axis of which the level y of
intensity of tones in dB that the patient feels, and on the abscissa axis f— the
frequency of these tones in Hz, is plotted. The patient's task is to record the
initial perception of sound vibrations at a specific moment in time ¢. The graph
of the sound wave generation process, taking into account the patient's
perception of the signal, generates an audiogram v, = y(f).

For illustration in Fig. 4 examples of real audiograms that correspond to different
degrees of hearing loss are shown. In medical practice, it is customary to distinguish
[7] minimal hearing loss (1625 dB), mild (2640 dB), medium (41-55 dB), severe
(56-70 dB), profound (71-90 dB) and deafness (more than 90 dB).

Since the transition from one degree of hearing loss to another occurs
quickly enough under the condition of constant action of hearing impairment
factors, it is necessary to carry out constant monitoring and timely intervention
of a specialist in case of detection of hearing loss.
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APPARATUS FOR CARRYING OUT AUDIOMETRY

The standard procedure for checking the state of hearing involves the use of an
audiometer [8]. The audiometer makes it possible to perform a check using the
following methods [9]:

* tone threshold audiometry [10];

* suprathreshold audiometry [11];

* speech audiometry based on a pre-recorded speech signal in conditions of
interference [12].

To check the condition of hearing in children, additional methods are used [13, 14].

The development of elements of digital computing technology has led to the
creation of portable audiometers [15], and modern information technologies
make it possible to remotely check the condition of hearing. In the market of
medical equipment, there are many software applications for conducting an
audiometric examination on a smartphone.

Table 1 presents the generalized results of a comparative analysis of the
modern market of audio metric systems based on available publications [18-25].

Most of the known portable audiometers use tone threshold and speech
audiometry in noise as testing methods. Such methods have the lowest risk of
harming the user's hearing [16, 17], as they will not exceed the permissible
norms for frequencies and hearing thresholds.

The conducted analysis shows that the existing software tools on the
smartphone are sufficiently reliable and widely used by the world community.
However, software applications only show the user the test result in the form of
a graph of the current audiogram y; and a short conclusion for

Physiological norm if v, € 2,

Deviation from the normif y, ¢ 2, @
where (2— generally accepted medical norm.

Table 1. Analysis of existing applications for hearing testing

. . Hearing .

Software H%l;l:lg Hearing Test H?‘::tng Hearing Test Test Hfiflel:tng
application (Petralex) (Lemonapps) (Miimi) (E-audiologia) é‘::((iiil(())) (Pidgey)

Full hearing . ) . n 4 .
testing
Headphone ) ) ) n ) )
calibration
Instruction + + + - + -
Saving the : ) i + i :
results
Registration + - + + + -
Change user - - - - - -
Analysis of . i i + 4 )
results
Description of . 4 + + ) )
results
Construction
of an + - + + - +
audiogram
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Since some people have an ear for music, while others, due to the constant
interaction of noise or other factors, do not perceive a sound signal at all
frequencies [1], an important element of the modern hearing diagnostic system
should be an individual approach taking into account the hearing characteristics
of a particular person.

PERSONALIZATION OF DIAGNOSTIC SOLUTIONS

Let's consider the approach to making diagnostic decisions, which is based on the
main principle of personalized medicine — to treat the patient, not the disease, taking
into account the individual characteristics of the organism. This approach is based on
the general method of making personalized diagnostic decisions proposed in [26].
Let's assume that the patient has the opportunity to independently register
multiple audiograms over a sufficiently long period of time using his smartphone

V={W, Y, ..., Wt Q)

Each individual audiogram vy, € y, n =1, ..., N from the set (5)
characterizes the minimum sound v intensity level (dB) that the patient hears
with the ear at fixed frequencies f7, f5, ..., Y (Hz), i.e. y, is a vector

Vo = AVt Wzs oo Yt 1 =1, .., N, (6)
whose components v, correspond to the minimum intensity levels of sounds
heard by the patient at frequencies f,,, m = 1, ..., M.

In the simplest case, the number M of fixed frequencies in (6) can be small,
for example, M = 3 provided that f/; = 100 Hz, /> =500 Hz and f; = 1000 Hz [7].

The proximity of two audiograms f,,, m =1, ..., M € yandy, € y, u=1, ..., N,
v=1, ..., N from the training sample (5) will be estimated by the value

1 M
L =57 W) =v. ()], ™

which determines the average difference of the minimum sound intensity levels
heard by the patient at the corresponding frequencies f,,, m = 1, ..., M. It is clear
that the value L, has the properties of a metric:

- Lyw=20,and L, =0 onlyifp=v;

- va = va;
- Lyw<Ly+L, wherey=1,..., N
Let's form a square matrix of distances Luv, p =1, ..., N,v =1, .., N
between all pairs of elements of the set (5):
L, L, .. L,
L L . L
R 21 22 2N (8)
LNI LN2 LNN

The matrix R makes it possible to determine two integral quantities: the
personalized reference audiogram y, € vy, which is closest to all other
observations y, € y from the set (5), i.e.
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w, =arg miny L, )

1<j<N i=1

and the average deviation L of the results of observations, which is calculated
by the formula

_ 1 N N
L=—— L, . 10
N? —N;Z‘ “ (10)
The standard w, can also be defined as a M — dimensional vector

Yo - (Wor, Wozs ..., Wou) Whose components oy, m = 1, ..., M are the medians of
the corresponding values ;,,, Wom, ..., Wam Of observations from the training
sample (5). In this case, the reference vector vy - (Wos, Wo2, ..., Wor) does not
necessarily belong to the set .

If the random variables ., Wom, ..., Wy are distributed symmetrically with
respect to the mode (for example, according to the normal law), then the
components of the standard vy - (Wo;, Wo2, ..., Woy) can be estimated by the
arithmetic mean of the corresponding values. In this case, you can use the
recurrence relation

n n— 1 n n—
!//ém)=!//ém”+;(wfn’—wém”), n=1,2,3, ... (11)

with the initial condition ") = 0.

Ratio (11) makes it possible to constantly refine the standard in the course
O

m

of data accumulation, without saving the entire array of observations

(,//,512) , (,//S),..., m =1, ..., M. In a similar way, it is possible to calculate the

—(m) . .
value L, which, like and w" = (w ", w\?, ..,w{})), tends to a stable value

with an increase in the number of observations.

Integral quantities y, and L characterize the individual characteristics of a
specific person's hearing: the standard v, reflects the central tendency of the
results of observations v, y,, y; and the value L is the degree of variability of
these observations.

Such information makes it possible to make a personalized decision about
the patient's current condition according to the rule:

Personal norm if L, < AL,

. — (12)
Attention if L, > AL,
where
1 M
Ly =322 (1) =y (1)), (13)
m=1
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Fig. 5. The idea of building a personal norm of the user 1 — audiograms from the
training sample, 2 — personal norm of the user Y

If the average difference in the deviations of the components of the current
audiogram y(f;), w(f3),..., W{fu) from the corresponding components of the
standard yo(f7), Wo(2),..., Wo(fu), and A > 1 is the coefficient that provides the
desired compromise between the sensitivity and specificity of diagnostic
solutions.

It is clear that additional information according to the rule (12) makes it
possible to make more informed decisions than the decision according to the
rule (4), which is based only on the results of the current observation
W, = (Wdf1), ..., Wodf7)) with the population norm Q adopted in medical practice.

In addition, the analysis of the reference audiogram - (Wo(f7), ..., Wo(f7))
with the population norm Q makes it possible to assess the risk of the possible
development of pathology according to the rule.

Low risk of pathology if v, € 2, ”
High risk of pathology if v ¢ €2. (14)

Rule (14) is fundamentally different from rule (4), because the diagnostic
decision is made not according to the current observation v, but according to the
standard v, calculated using the results of multiple observations for a specific patient.
Thus, the proposed approach, in contrast to the traditional one, ensures the adaptation
of the diagnostic rule to the individual characteristics of the organism of a particular
user, which increases the reliability of the made decisions.

STRUCTURE OF THE INFORMATION SYSTEM

On the basis of the conducted research, an information technology for remote
monitoring of the hearing condition was developed based on the client-server
architecture (Fig. 6).

The client parts of the information system are represented by a mobile
application for the patient and a WEB application for the doctor, which are
implemented in the Java programming language using the Android Studio and
IntelliJ] IDEA development environments. Interaction with the database takes
place using the SQLLite DBMS.
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Signal generation in the mobile software application is done using the
AudioTrack stream from the android.media library. The WEB application for
the doctor was implemented using the Spring framework.

Figure 7 shows the use-case diagram of the developed information system.
As you can see, every user regardless of role must be registered, due to which
the doctor is linked to the patient. This is necessary so that the doctor receives
the data of the hearing test analysis of only a specific patient.

Figure 8 presents a diagram of the interaction sequence between user
(Patient” role in the mobile software application) and the information system.

A smartphone with an Android operating system version 4.0 (or higher) and
standard headsets are used for hearing testing. Before starting the test the system
will check whether the main phones are connected and the volume level, which
should be maximum.

During audiometric testing, a sound signal is generated alternately in the
left and right ears at each frequency (Fig. 5). Discrete signal growth of 5 dB
occurs with a delay of 1000 milliseconds. This interval is necessary to reduce
the error during testing taking into account the user's reaction.

Transferring test data

O to the server
w y
+———
Doctor's recommendations

Patient
Analysis results and
O patient comment
-
-
Analysis profile Treatment The need
Doctor correction correction for retesting

Fig. 6. Structural diagram of information technology

Specify a doctor
- ¢fEwing the results of the analy’
T of a specific patient
Registration in the system
. o o= -‘-J"

i .

- ~
~
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Fig. 7. Use-case diagram of information technology
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Fig. 8. Diagram of the sequence of interaction of the patient with the information system
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Fig. 9. The result of the analysis of the user's current
audiogram according to the personal norm

The current results of the audiogram, as well as a comment from the patient,
will be transferred from the user's smartphone to the server. The user will be
shown the result according to the population norm.

Calculations regarding the current test results according to the population
norm [27, 28] are displayed on the smartphone screen (Fig. 9). A deviation of
the sensitivity threshold of more than 10 dB in two or more points of the
audiogram is considered significant [29]. If there is an Internet connection, such
information is sent to the server and transmitted to the doctor.
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Fig. 10. Diagram of the sequence of the doctor's interaction with the information system

The main problem solved by the server is the automatic calculation of the
personalized norm according to the proposed approach. If the deviation of the current
audiogram deviates from the personalized norm by more than 5 dB at least two
frequencies, then the relevant information is sent to both the patient and the doctor.

To respond to notifications from the server, the doctor uses the WEB
application according to the sequence diagram (Fig. 10).

The WEB application will allow the specialist to:

— view the test results of a specific user;

— add to the system the results of the audiogram, which were made by
professional equipment, and assign them to the user's personal norm;

— change discrete signal growth in dB (if more detailed testing is required);

— set the limits of deviation from the norm at each frequency separately for
the left and right ears (first and second levels of permissible deviation and
personal norm);

— write a comment-response to specific testing about the need for additional
user actions;

— after making changes, request the server to re-analyze the test result.

The server records the changes in the testing methodology provided by the
doctor and, if necessary, issues a request about the need to repeat the hearing
test. Otherwise, the analysis profile is saved for subsequent testing.

If there is a comment-answer from the doctor, when the smartphone is
connected to the Internet, the patient's software application receives the doctor's
recommendations. At the same time, the software application has the ability to
function even without an Internet connection, providing the user with limited
information according to the population norm, which is important in conditions
of lack of communication. When the connection is restored, all new test results
are transferred to the server.
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CONCLUSION

The article proposes an information technology that enables remote monitoring
of patients' hearing. The client-server structure of the system enables the doctor
to make corrections in the patient's hearing rehabilitation method taking into
account the individual characteristics of his organism.

Interaction between a doctor and a patient provides an opportunity to set the
necessary discrete growth of the test signal and set other individual
characteristics. The patient software application for registration and transmission
of the current audiogram to the server is implemented on a smartphone running
the Android operating system.

The advantage of the developed system in comparison with existing on the
market of medical equipment is the automatic calculation of the personal norm
of a specific patient, which will be determined as the median of the collection of
audiograms from the training sample. This ensures the practical realization of
the main principle of personalized medicine — to treat the patient, not the
disease, taking into account the individual characteristics of the organism.
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ﬂHCTAHLgﬁHMPI MOHITOPUHT CTAHY CJIYXY
3 [IO3ULIM TIEPCOHAJII30BAHOI MEJULIMHU

Bcmyn. Ha cyyacnomy emani po3sumky Cychiibcmea 6ce Oinbuia KinbKicmv aroel
cmpadicoae 6i0 nocipwenns cayxy. Cnyx eidicpac easxcaugy ponv y 60106itl npuoammocmi
gilicvkogoco. ITlonepedumu empamy CIyXy MOJMCAUBO —PESVIAPHUM — NPOXOOICEHHAM
mecmyeamHa. Ane 8 HNONbOBUX YMOBAX HEMONCIUBO NPOGOOUMU  ayOioMempuyHe
Q0CHIONCEHHS, MIIbKU HA OCHOBI CMAHOAPMHUX MemOOi6.

Mema cmammi — po36umok Memooie 0iaeHOCMUKY CMAHy CIYXy HA OCHO8I MOHANLHOL
nopo2oeoi  ayodiomempii 3a  OONOMO20I0 KIIEHM-CEPEEPHOL cucmemu, wo 3abe3neuye
OucmanyitiHull KOHMAaKkm nayicHma ma HiKaps.

Memoou. [{na oyinioganna cmamny ciyxy 30iUCHIOEMbC NOPIGHAHHA Pe3)ibmamie NOMOYHOL
ayoiozpamiL 3 NepPCOHAILHOIO HOPMOIO Kopucmysaud. Y pasi 6i0XuieHHs 8i0 HOpMU, CROBILYAEMbCA
JUKap, SIKULL 30 OONOMO2010 THPOPMAYIIHOL cucmemy Kope2ye JUKY8aHHSL.

Pesynbmamu. Po3poOneno ingopmayiiiny mexHonozit, sKka 3a6e3neuye Moxiciugicms
QUCMAanYIiHO20 MOHIMOPUNSY CIMAHY CIYXY Mma Kopekyii nikysanns. IIpodemoncmpogano, wo
nooyoo8y NepcoHANbHOI HOPMU NAYIECHMA MONCIUBO 30TUCHUMU WIIAXOM BUPAXYBANHS
Medianu Konekyii ayoiocpam Kopucmyeaud, OMpUMAHUX Ni0 4ac mecmy8aHHs CIYXy 3a
00NOMO2010 CMAPMEPOHY MA 20J108HUX MeNePOHis.

Bucnoexu. Ingopmayiiny cucmemy, sxa 3abe3neuyc peanizayiio 3anponoHOBaAHUX
npoyeoyp, MOJMCIUBO BUKOPUCTNOBYBAMU HA CMAPM@OOHI  cepeOHboi nOmyducHoCmi  nio
Kepyganuam onepayitinoi cucmemu Android.

Knwuoei cnoea: ingopmayiiina cucmema, ayoioepama, NORYIAYIUHA MA NEPCOHANbHA
HOpMU  CYXY, KIIEHM-cepgepna  IHPOPMAYilina MexXHON02IsA, MaAMeMaAmuyHa Mooeb,
oucmanyiina 83aemMo0is nayieHm-nikap.
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