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Current research presents a mathematical model of the mechanism of vesicular sound generation, based on the assumption
of significant contribution of the alveolar walls vibration in the generation of noise during the act of respiration. The walls
of the alveoli are presented in the form of membranes, and we show that when the membranes are periodically tensed,
transverse oscillations of the membranes will occur, causing sound vibrations in the parenchyma. The characteristics of
the composite noise signal, which is formed during the simultaneous excitation of a representative ensemble of membranes
with different geometric and mechanical characteristics, are determined. Based on the analysis of the signal, its shape,
spectrum and fractal properties is found to be close enough to the shape, the spectrum and the fractal properties of the
real vesicular breath sound.
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IIpencraBiieHO MaTeMaTUYHy MOJEJb JJIsi MEXaHI3My reHepallil Be3UKYJIsIDHUX 3BYKIB AuxaHHsi. B ocHOBY Momesii moKJia-
JICHO IPUIIYIIEHHsI PO CYTTEBUN BHECOK y 3araJlbHUN piBeHb 3BYKIB CKJIAJOBUX, IO I[OB’si3aHi 3 KOJIMBAHHSIMH CTIHOK
anbBeos y npoueci auxanusi. CTIHKU aJIBEOJ y JIEPE€HSIX MOJEJIIOIOTLCS K Npy»kHI Mem6panu. ITokaszano, mo npu nepioau-
4Hil 3MiHI HaTsAry B MeM6paHi BUHUKAIOTDH IIOIIEPEYHI KOJIMBAHHHA, sIKi 1 € JpKepesioM 3BYyKy B mnapeHximi. 3alponoHOBaHO
OLIIHKY XapaKTE€PUCTUK KOMIIO3UTHOI'O 3BYKOBOI'O CUI'HAJLY, IO (POPMYETLCS 3a PaxyHOK CyIEepIO3HLil BUIIPOMIHIOBaHHS
ancam6J110 MeMOpaH pi3HOI reoMeTpil Ta 3 PI3HUMM MEXaHIUHUMH BJIACTHUBOCTSIMU. AHAJII3 XapaKTEPUCTUK 3MOJEILOBAHOIO
CHUI'HaJly, TaKUX K dopMa, CIEKTpP, PpaKTajbHa CTPYKTYypa, JA€ JOCTATHBLO MiACTAB AJjisi BUCHOBKY IIPDO aJeKBATHE MOJEe-
JIIOBAHHS peaJIbHUX BE3UKYJISIDHUX 3BYKIB JUXaHHS.

KJIFOYOBI CJIOBA: maremarudHa MoZJeJIb, ajJbBEOJIH, BE3UKY/ISAPHI 3ByKH, MeM6GpaHnu, ¢dppakraabHa MOLE/b CHTHAJLY,
CIIEKTD CHHIYJISIDHOCTI, ITapeHximMa

HpC,E(CTaBJ'ICHa MaTeMaTu4vecKad MOAeNb [Id MeXaHHU3Ma 'eHepalluUd BEe3UKYJIAPHBIX 3BYKOB bIXaHUA. B OCHOBY MoOJeJjin
IIOJIO?KEHO IIPEeIIOJIO?KEeHHE O CYIIEeCTBEHHOM BKJIale B O6H_(Hﬁ YPOBEHbL 3BYKOB COCTABJIAIOIINUX, KOTOPbLIE CBA3aHbl C KO-
nebaHusIMU CTEHOK AaJIbBEOJ B IIponecce AbIXaHUud. CTCHKI/I aJIbBEOJI B JIETKHX MOJIEJIMPYIOTCAd KaK ylpyrue I\ICI\I6paHbI.
I—[OKBBB.HO7 YTO IIpU II€EPpUOJUYECKOM HU3MEHEHUU HaTAKEeHHsA BO3HUKAIOT IIOIIepeYHbIe KOJ'IC6B.HI/I${7 KOTOPpbIE€ U ABJIAIOTCA
HCTOYHUKOM 3BYKa B IIape€HXHUME. Hpc;mox(cna OIleHKa XapaKTepHUCTHUK KOMIIOSUTHOI'O CUT'HAaJIa, KOTOprﬁ (bOpI\dI/IpyCTCS{ 3a
CYeT CYIIepIIO3UIIUU U3JIyYeHUsd ancamMbJist I\ICI\l6paH paBJ’IH‘IHOﬁ reoMeTpuu U C pa3/JIUIHbIMU MeXaHUYIEeCKUMU cBoO¥icTBaMU.
Ananus XapaKTepuCTUK MOJEJIbHOI'O CUrHaJla, TaKHX KaK (bopMa, CIIEeKTD, (bpaKTaJ'IbHaﬂ CTPpYKTypa, JaeT JOoCTaTO4YHbIe
OCHOBaHUA Jid BbIBOJa 06 aleKBaTHOM MOIEJIMPOBaHUU PEaJIbHbIX BE3UKY/IAPDHBIX 3BYKOB.

KJ/IFOYEBBIE CJIOBA: maremarudeckas MOLEJ/Ib, aJlbBEOJIbl, BESUKYJ/ISPHbIE 3BYKH, MEMODPaHbI, (ppaKTalbHast CTPYKTYDa
CHI'HAJIA, CIIEKTD CHHIYJISIDHOCTH, IaPEHXHMA,

INTRODUCTION

Research in [1], which is based on the use of
traditional and original methods of recording and
processing of vesicular and tracheal breath sounds
in healthy people, including their fractal analysis, fi-
nds the nature of vesicular and tracheal noises to
be different. It is shown that vesicular sound is li-
kely to be generated as a result of periodic stretching
of parenchyma during respiration, whereas tracheal
noise, as already well-known, is generated due to
pressure pulsationson the inner surface of the trachea
due to unsteady air flow in the glottis. However,
the question about the mechanism of the energy

transformation, stored in the lung parenchyma due
to its deformation, into the sound energy continues
to be controversial.

At the same time, back in 1961, prominent Sovi-
et clinician A.A. Kovalevsky [2] suggested that the
deformation of the parenchyma in the act of respi-
ration should cause fluctuations in the alveolar walls,
and these oscillations in turn excite the sound vibrati-
ons in the lung parenchyma. Later, another promi-
nent clinician A.Y. Gubergrits [3] fully agreed with
Kovalevsky’s assumptions. The authors of the article
"Breath sounds” in the Large Medical Encyclopaedia
[4] also believe that the vesicular sound generated
in the alveoli themselves mainly due to alveolar
wall oscillations, resulting from elastic tension of the
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alveoli when they are tensed during inspiration and
when the strain is relieved during expiration. We are
also impressed with this assumption, and thus the
purpose of this paper is to show, at least in theory,
that the proposed by clinicians mechanism of vesi-
cular breath sound generation in the lungs is quite
believable.

1. THEORETICAL MODEL

First of all, let us recall some of the physical
and geometric characteristics of the parenchyma.

Parenchyma is the biological tissue of the lungs, -

having mainly a honeycomb structure [5] (in the
first approximation resembling foam). It is these
cells which are randomly oriented air-filled irregular
polyhedrons with the maximum size of the order of
L = 300 - 10~%m that are called alveoli. The amount
alveoli in human lungs is approximately 600 million.
Alveolar walls are quite thin (about h ~ (6...10) -
107%m) and contain tiny blood vessels (capillaries).
The density of the walls of the biological tissue is
close to the density of water, i.e. p ~ 10%kg / m3.
The surface of the alveolar walls is wetted with a thin
layer of liquid which tends to flatten alveoli as a result
of surface tension. However, the layer of bio cells li-
ning the wall surface excretes a particular substance,
surfactant, which reduces the surface tension of the
liquid and thus ensures stability of the alveolar shape
[5]

Thus, the alveolar walls, in the absence of respirati-
on, have some initial tension, which, however, cannot
disturb the shape of the alveoli. During inhalation,
parenchyma increases in volume due to workings of
the intercostals and the diaphragm muscles, which
increase the volume of the thorax. Naturally, the
volume of the alveoli increases due to stretching of
their walls. It is understood that during exhalation,
this process is reversed. With this in mind, it is in
the process of respiration, as stated in [2—4], that peri-
odic stretching of the walls transforms into transverse
vibrations of the alveolar walls, that in turn excite
acoustic oscillations recorded on the surface of the
chest as noise vesicular breathing.

We now show that the described mechanism of
transformation of periodic deformation of the alveolar
wall stretching into their transverse vibrations is
possible. To do this, we consider a simple two-
dimensional physical model that can illustrate the
mechanism that leads to the excitation of transverse
vibrations of the alveolar walls under their peri-
odic extension. Since h << L, then it is perfectly
acceptable to use a rectangular membrane, fixed on a
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contour (Fig. 1), as the simplest model of an alveolar
wall.

Puc. 1. Fixed contour membrane at time ¢t = 0

Suppose there are a constant (time-independent)
membrane tension Fy and a small, compared with
the dimensions of the membrane, initial transverse
deviation of the centre of the membrane A(0) at ti-
me t = 0. We now apply periodic tension F'(¢) to the
membrane (which will simulate the tension resulti-
ng in periodic stretching of an alveolar wall during
respiration) and would like to see if this leads to the
transverse vibrations of the membrane.

To solve this problem, we use a well-known di-
fferential equation of membrane oscillations [6],

0%w (x,y,t) 0w (z,y,t) 0w (z,y,t)
ot2 Ox2 Oy? ’
1)
where w(x,y,t) is the transverse deflection of the
membrane from the equilibrium position, ¢? (t) =
[Fo + F (t)] /p; c(t) is the velocity of propagation of
perturbations in the membrane, p = ph is the surface
density of the membrane’s bio tissue.
Given the above assumptions, we can write the
boundary conditions as follows:

=)

w(r,y,t)=0; 0<a< Ly y=0, y=Ly

0<y<Ly; z=0,z=L;. (2)
We shall focus on the case when the membrane
oscillates only in its first mode, when there are no

sections on the surface of the membrane oscillating
in antiphase. Then, taking into account (2), we get

w(z,y,t) = A(t)sin (g) sin (g) .

Substituting (2) into equation (1) we obtain the
equation for the amplitude of the oscillations A(t).
Assuming for simplicity that L, = L, = L, we have

dii;ﬂ 2(%)2Pb+%F(ﬂ

w (z,y,t) = 0;

3)

A)=0; (4)
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x=1LJ/2; y=1L/2.

In order to proceed with solving equation (3), let
us define the initial conditions as

A(0) = 0.1L; %ﬁo) =0 (5)

Here the value of the initial deviation A(0) is
chosen taking into account the inequality A(0) << L.
Now we need to set the value of the constant tension
of the membraneFj;. Unfortunately, unlike the linear
dimensions of the alveolar walls and their density,
there is no specific information about the magnitude
of tensionFythat we could find in the literature avai-
lable to us. Therefore, in order to estimate it, even
roughly, we used the equation relating the first Ei-
gen frequency f1 of the square membrane with its
geometric and mechanical characteristics [6]:

1 R
V2L \ p’

Fo=2f7L*p. (7)

We know from experimental data [1-4,7-9] that the
main energy of vesicular sound lies approximately in
the 50 Hz to 250 Hz range. Assuming, for example, an
average frequency of fi = 100 Hz and using the above
characteristics of the alveolar walls as well as formula
(6), we can easily demonstrate that the tension Fycan
be of the order of ~2-107° N / m.

Next we need to set a variable tension F'(t) of
the membrane. For simplicity, we choose a periodic
function

fi= (6)

from where

2o | oy

F(t)=5 (1+sin(2nft—m/2+¢)),  (3)
which will model the tension impacting an alveolar
wall during respiration. Here fixed frequency f =
0.345 Hz (period T' = 1/ f is thus 2.9 s) approximately
corresponds to the real frequency of respiration, ¢ is
the initial phase and F is the amplitude. Note that
function F'(t) does not go negative for any value of ¢.

We now need to set specific values for parameters
Fo, p, L and . It is apparent that if we assign some
specific numbers to these parameters, we can simulate
the mechanism of oscillation excitation only in one
alveolar on one frequency. In reality, as we know from
[2—4], walls of multiple alveoli vibrate simultaneously.
These alveoli have different shapes, sizes, initial tensi-
ons and, consequently, different Eigen frequencies. In
addition, the alveolar walls in the parenchyma obvi-
ously cannot oscillate synchronously with the same
phase. Moreover, the distance from different alveoli to
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the point where the sound is registered, is different,
which causes a different phase delay. It is precisely
due to the superposition of this multitude of osci-
llations with different frequencies and phases that a
noise signal characteristic to vesicular breathing is
generated.

In order to take this into account, at least to
some extent, we proceed as follows. We assume
that we have some fairly representative ensemble of
membranes. To use some specific numbers, assume
their quantity M to be 250. Each time we compute
a numerical solution of the equation (4), we choose
parameters Fy,p,Land ¢prandomly within the followi-
ng ranges’:
3-107¢ < F, <60-107° N/m,

4-1073 < p<16-1073 kg/m?,

2,5-1074 < L <3,5-107%m, 0 < ¢ < 7.

Let Fbe 6 -107% N/m. Then the total number of
numerical solutions of the equation (4) will be M =
250(m = 1,2,3....M). As aresult, we get 250 different
values of amplitudes of the membrane centre deviati-
ons, which we average out and then assume that the
sound pressure developed in the environment (i.e., in
the parenchyma) at some time ¢; is proportionate to
this average amplitude.

We computed the numerical solution of the di-
fferential equation (4) over the observation time
interval equal to 32 seconds. At a sampling frequency
fa = 2048 Hz the number of partitioning points of
the observation interval was N = 59440. Accordi-
ngly, the set of values ¢t; = i/fs(i = 1,2,...,N)
defined the current discrete point of the observati-
on time interval. Thus, the equation (4) was solved
250 time sat each point ¢;. Thereafter, at each time
interval point t;we computed average amplitude of
the membrane centre deviation.

M
A(t;) = % > An(ta). )

Finally, let us point to one very important fact. As
shown in [7], the lung parenchyma has the property of
significantly absorbing sound vibrations propagating
there. Moreover, the level of absorption increases as
the frequency of sound oscillations increases. One can
roughly assume that the presence of absorption leads
to the decrease in the level of sound oscillations as
the frequency increases proportionate to ~ 1/f2. In
order to account for this property of the parenchyma,
the calculated signal A(t) was passed through a low

1Though the ranges were selected randomly, but so that, the
first Eigen frequencies of the walls were to be in the range from
~ 50 to ~250 Hz. Any other information about real parameters
range of the Fy, p, L and ¢ are absent today.
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frequency filter ®(f)with a cut-off frequency of about
50 Hz, and a slope of about ~ 12 dB per octave.
Therefore, the final form of the above simulated signal
can be represented as

A(t, f) = A (f)-

Thus, within the framework of the adopted model,
we obtained the model signal (essentially a time seri-
es), imitating, to some extent, vesicular breath sound,
recorded on the surface of the thorax. In this case,
the signal source is the membranes whose transverse
vibrations are caused solely by their periodic tension.

(10)

2. ANALYSIS OF THE NUMERICAL RESULTS .

First of all, let us see which frequency range Ei-
gen frequencies of the membranes belong to. As an
example, Fig. 2 shows the values of Eigen frequencies
of the membranes obtained as a result of one random
sampling of its parameters within abovementioned
ranges. As is evident from the figure, the values of Ei-
gen frequencies lie in the ~40 Hz to ~270 Hz range.
This range of Eigen frequencies roughly corresponds
to the frequency range where the major portion of
the energy of vesicular sounds is concentrated.
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Puc. 2. One of the outcomes of random sampling of the
Eigen frequencies of the membrane

Next, consider the model signal A(t, f) obtained
from calculations and simulating vesicular breath

and exhalation, which are more pronounced in the
real vesicular sound signal).

fa

A chard ol D clanl Wl

Puc. 3. A(t, f) — the model signal; R(t) — the real signal

of the vesicular breath sound; R(t) — the real signal
generated by periodically increasing the chest volume, in
the absence of air flow in the bronchial tree (in

accordance with the method proposed in [1])

Now, referring to Fig. 4, it is interesting to compare
spectra of these three signals. As can be seen, the
behavior of all three spectra is virtually identical,
at least in the frequency range from about 60 Hz
to 300 Hz. The model signal outside this frequency
range simply does not exist. The values of the Ei-
gen frequencies of the membranes are limited by the
adopted ranges of the physical parameters of the
alveolar walls see Fig. 2. This fact directly indicates

,|that the real dispersion of geometric and mechanical

parameters of the alveolar walls is much wider than
the one we adopted for calculations. It is also possi-
ble that during respiration it is not only the alveolar
walls that oscillate, but also the alveolar duct walls
and the walls of small respiratory bronchioles.
Above, we have compared the obtained model si-

™ onal and the real signal of the vesicular sound using

their general enough characteristics such as waveform
and spectrum. Now it is important to investigate and
compare the finer structure of these signals, namely,
the existence and nature of the correlated sequence
of alternating members of their time series. The most
expedient approach is to analysis the fractal properti-

sound. We then compare it with the real signal R(t) of es of these signals. As in [1], we conduct the fractal

vesicular sound recorded on the surface of the thorax
of a healthy person at a point slightly below the right
clavicle (see Fig. 3).

As might be expected, the overall shape of the
model signal does not exactly repeat the shape of
the real vesicular sound signal. The model signal
does not show pronounced signal separation into
phases of growth and decayof the membrane tensi-
on force (corresponding to the phases of inhalation
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analysis of signals based on MF-DFA (Multifractal
Detrended Fluctuation Analysis) [10]. Therefore, we
will not provide a detailed description of the algori-
thm for this method, and immediately turn to the
analysis of the results.

We turn to Fig. 5, which shows all spectra of si-
ngularities for all considered signals. As can be seen,
all singularity spectra are rather close to each other.
This result leads to the conclusion that a rather
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representative ensemble of elementary membranes
whose transverse vibrations are caused by their peri-
odic stretching can generate multifractal noise-like si-
gnal sufficiently close to the vesicular sound.

Fig. 5 also shows the three singularity spectra
(curves 1°-38’), which were obtained after randomly
mixing members of series describing the signals under
consideration (curves I1-8). Mixing procedure is a
standard test, which is designed to confirm the
presence or absence of long-range correlations in the
set of values of the time series.

a1

TE0 T {o0 00 1000 Hr

Puc. 4. Spectra of: 1 — the vesicular breath sound signal,
2 — the model signal, 3 — the signal arising due to the
periodic increase in the chest volume in the absence of

air flow in the bronchial tree

The most expedient approach is to analyze the
fractal properties of these signals. As in [1], we
conduct the fractal analysis of signals based on MF-
DFA (Multifractal Detrended Fluctuation Analysis)
[10]. Therefore, we will not provide a detailed descri-
ption of the algorithm for this method, and immedi-
ately turn to the analysis of the results.

As follows directly from Fig. 5, mixing led to the
fact that the multifractal properties of the signal di-
sappeared and the initial series almost turned into
monofractal signals with properties similar to white
noise. Recall that white noise is a uniform signal wi-
th the value of the index of singularityae = 0, 5. This
suggests significant influence of the original series of
long-range correlations on the multifractal properti-
es.

CONCLUSION

We proposed a model of the alveolar walls in
the form of a membrane. It is shown that with
its periodic tension transverse vibrations arise, whi-
ch generate sound propagating into the environment
(the parenchyma). A complex noise signal, which can
be formed during simultaneous excitation of a suffici-
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Puc. 5. Singularity spectra of: I — the vesicular sound
signal; 2 — the model signal, 3 — the signal arising due to

T2the periodic increase in the chest volume in the absence

of air flow in the bronchial tree; 1°— 3’ — respectively for
cases where the terms of the series, describing these
signals, are randomly mixed

ently representative ensemble of membranes with di-
fferent geometric and mechanical characteristics, was
modelled based on the solution of the problem of
parametric vibrations of the membrane. Analysis of
such model signal showed that its shape, spectrum
and fractal properties are close enough to the shape,
spectrum and fractal properties of the real vesicular
sound. This result allows us to conclude that that the
vesicular sound mainly occurs due to mechanical vi-
brations of the alveolar walls in their periodic tension
during respiration.
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