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Introduction. Assessment of the functional state of the respiratory system is a relevant task in the fields of sports, aerospace, and maritime
medicine. Direct flowmetry methods cannot always be applied under conditions of a sealed enclosed environment. The recording and analy-
sis of lung sounds appears to be a promising method for assessing the state of the respiratory system.

Objective. To assess the relationship between the amplitude characteristic of the recorded lung sound signal and the magnitude of pulmo-
nary ventilation, as well as the applicability of the acoustic method for assessing the respiratory rate in healthy individuals during physical
exercise, regardless of age and sex.

Materials and methods. The study involved 25 volunteers (20 male and 5 female) aged 23-59 years (mean age 35.5 + 8.7 years). The par-
ticipants were subjected to a stepwise increasing workload on an Ergoselect 200P cycle ergometer (Ergoline GmbH, Germany) up to sub-
maximal heart rate levels, with simultaneous recording of respiratory sounds over the extrathoracic section of the trachea and measurement
of respiratory flow via direct flowmetry using a Jaeger Oxycon Pro device. Statistical data processing was performed using the Statistica 13
software (StatSoft Inc., USA). To assess the relationship between respiratory sound power and pulmonary ventilation, a correlation analysis
was conducted using Spearman’s rank correlation coefficient (r).

Results. During the study, the achieved maximum power output for all participants ranged 105-240 W; only two subjects were capable of de-
veloping a power level exceeding 210 W. Dependencies of respiratory sound power on pulmonary ventilation were obtained. Spearman’s rank
correlation coefficient between the studied parameters was 0.58 (p < 0.001). Significant changes in the mean power of respiratory sounds
were observed with an increase in load and pulmonary ventilation, already at the 30 W stage compared to the resting state (0 W) (p < 0.0001).
The power of tracheal respiratory sounds also increased by 56% between the 120 W and 135 W load stages (p = 0.023) and by 75% between
the 180 W and 195 W load stages (p = 0.043). No significant differences were found between respiratory rate assessments obtained by direct
flowmetry and acoustic methods.

Conclusions. A statistically significant, moderate positive correlation was established between the magnitude of pulmonary ventilation and
the mean power of respiratory sounds (r, = 0.58; p < 0.001). For pulmonary ventilation values up to 60 L/min, the relationship between the
mean power of tracheal sounds and pulmonary ventilation was found to be linear. A satisfactory agreement was determined between the
acoustic assessment of respiratory rate and the data obtained by direct flowmetry methods. The analysis of respiratory sounds is capable of
providing an indirect assessment of the state of the respiratory system.
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OLEEHKA 3ABUCUMOCTN MOLLHOCTW TPAXEAJIbHbIX AbIXATEJIbHbIX LUYMOB
OT JIEFO4YHOW BEHTUIALUUN NPU ®PUSNHECKON HATPY3KE
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BeepeHune. OueHka yHKLMOHaNBHOMO COCTOSIHMS AblXaTeNbHOW CUCTEMbI SBASETCS akTyaslbHOW 3afadel B 06/1acTaX CrOPTUBHON, KOC-
MWNYECKON 1 MOPCKOM MeauLIMHBI. Icnonb30BaHe METOAOB MPSAMON (PIOyMETPUM B YCIIOBUSIX 3aMKHYTOrO repMOoObeKTa He BCcerga Bo3-

MOXHO. PervcTpaumns v aHanua fbixaTefbHbIX WyMOB NPeacTaBiseTcs NepcrneKkTMBHLIM CNOCOOOM OLEHKM COCTOSIHWUS PEeCrMpaTopHOit
CUCTEMBI.
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Llenb. BbisiBNeHe BO3MOXHOro xapakrepa 3aBUCUMOCTU MEXAY aMnaINTYAHON XapakKTepUCTUKON PErMCTPUPYEMOrO CUrHana abixaTenb-
HbIX LLYMOB W BEIMYNHON NIErO4HON BEHTUNALMY, @ TakXKe CTEMNEHN MPUMEHNMOCTIN aKyCTUYECKOro MeTofa A5 OLEHKM YacToTbl ObIXaHUs
Y 3A0POBbIX MOAEN MPY BbINOAHEHNM (PU3NHECKON HAarpy3KIM HeE3aBNCUMO OT BOo3pacTa 1 nosa.

Martepuanbl n metogbl. B nccnegoaHum npuHsnn yvactme 25 gobpoBosbLeB (20 My>XUNH U 5 »eHLLUMH) B Bo3pacTe 23-59 net (cpen-
HWUIA Bo3pacT 35,5 + 8,7 roga). Obcneayemble BbINOMHAAN CTyrneH4aTO-BO3pacTaloLlyto Harpy3ky Ha BenospromeTpe Ergoselect 200P
(Ergoline GmbH, lepmanns) 0o cybmakcMabHbIX BENNHMH YaCTOThbl CEPAEYHBIX COKPALLEHU C OAHOBPEMEHHOW perucTpaumen abixa-
TeNbHbIX LUYMOB Ha[ BHErpPyAHbIM YHACTKOM Tpaxew, a TakXe BeMYMHbl AbIXaTeNbHOro NoToka MeToAoM NPsSMOon (hNoyMeTpun Ha npu-
6ope Jaeger Oxycon Pro. CTatnctnyeckast obpaboTka AaHHbIX MpoBoaMiack ¢ MOMOLLIO MporpaMMHoro obecnedeHns Statistica 13 (Stat-
Soft Inc., CLLA). 1na oueHKM B3anMOCBA3N MOLLHOCTM AbIXaTesNbHbIX LYMOB 1 BEHTUAALMW NErKMX NPOBEAEH KOPPENALMOHHbIN aHanm3
C 1cnonb3oBaHnem KosduLveHTa paHrosomn koppensauum Cnvpmea (r,).

Pesynbtatbl. B X0[e nccnefoBaHusa y BCEX UCMbITYEMbIX JOCTUMHYTbIE BENNHYUHBI MAKCUMAaSbHOW MOLLHOCTW HaXOAUICh B AnanasoHe
105-240 BT; MowHocTb cBbiwe 210 BT cmornm passuTb TOMBKO 2 UCMbITyeMbIX. [ony4eHbl 3aBUCUMOCTY BEMHMHBI MOLLIHOCTU LLIYMOB
OT NEeroYHon BeHTUNAUMN. KoahduumeHT paHroBon koppensaumn CnnpmMeHa mexay ndydaembiMu napametrpamm paseH 0,58 (p < 0,001).
OTMeYeHbl 3Ha4MMble M3MEHEHNS CpedHeN MOLLIHOCTM AbIXaTeNbHbIX LLYMOB MPW POCTE HArpy3KN U NErOYHON BEHTUASALMMN YK Ha CTYNEeHN
30 BT oTHOCKTENBHO cocTosiHMA nokost (O BT) (p < 0,0001). MoLHOCTb TpaxeasibHbIX AblXxaTeNbHbIX LWYMOB TakxXe yBennyuanach Ha 56%
Mexay cTyneHsammn Harpyskin 120 n 135 BT (p = 0,023) 1 Ha 75% npwu Harpyske 180 1 195 BT (p = 0,043). 3Hau4MbIX pasnmyumin Mexxay OLeH-
Kamu 4acToTbl AbIXaHUst METOAO0M MPAMON PoyMETPUN 1 aKyCTUHECKKM CMIOCOOOM He BbISBIEHO.

BbiBoAbI. YCTaHOBAEHA CTATUCTUYECKM 3HAYMMAs YMEPEHHAas MONOXNTENbHAA KOPPENALMOHHASA B3aMOCBSA3b MEX Y BENNHUHON NeroY-
HOW BEHTUNALWN 1 CPEAHER MOLLIHOCTBIO AbiXaTesbHbiX WymoB (1, = 0,58; p < 0,001). MNpu 3Ha4eHNsAX Nero4Hon BEHTUAALMM 10 60 N/MUH
XapakTep 3aBUCUMOCTU CPpefdHel MOLUHOCTU TpaxeasbHbIX LLYMOB OT JIErO4HON BEHTUNALMN ABNSETCS NIMHENHbIM. YCTaHOBMIEHO YA0B-
NIETBOPUTENBHOE COOTBETCTBUE aKyCTUYECKOWN OLIEHKI YaCTOTbl AbIXaHWS AaHHbIM, NONyYeHHbIM MeToAaMu NPSMOon NoyMeTpumr; aHanma
ObIXaTeNbHbIX LUYMOB CMOCOBEH AaTb KOCBEHHYIO OLIEHKY COCTOAHNS AblXaTeNbHON CUCTEMBI.

KnioueBble cnoBa: husndeckasi Harpyska; [OblXaTeslbHble LyMbl;, BEIOSPrOMETPWS; NeroYHast BEHTUNAUMS; ObiXaTeslbHas CUCTeMa;
pecnmpaTopHast akycTrka
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INTRODUCTION bronchopulmonary diseases is of primary importance.

In such conditions, astronauts experience changes in

In sports, aerospace, and maritime medicine, as well as
in somnology studies, the issue of assessing the func-
tional state of the human respiratory system is rather
acute. This issue is addressed using the methods of
direct flowmetry, which measure the magnitude of the
respiratory flow. However, in a sealed enclosed environ-
ment (e.g., an orbital station or a spacesuit), direct flow-
metry may not be possible or practical. In the search for
a more compact and autonomous method for monitor-
ing and assessing the state of the respiratory system,
methods of respiratory acoustics are being investigated,
which involve the recording and analysis of sounds gen-
erated during breathing [1-3].

The auscultation method is widely used in clinical
medicine for an indirect assessment of pathological con-
ditions of the lungs, at the same time as finding applica-
tion in the field of maritime medicine [4, 5]. During space-
flight, including during physical exercise, monitoring the
functional state of the respiratory organs to prevent

the shape of the chest, a cranial shift of the diaphragm,
and a decrease in the functional residual lung capacity
[6-8]. These phenomena affect the dimensions of the
airways, leading to changes in the acoustic characteris-
tics of lung sounds.

In this study, we set out to establish the presence and
nature of relationships between the amplitude charac-
teristic of the recorded lung sound signal and the mag-
nitude of ventilation during physical exercise in healthy
human participants, regardless of age and gender.
Furthermore, we analyze the applicability of the acoustic
method for assessing the respiratory rate.

MATERIALS AND METHODS

The study involved 25 volunteers (20 males and 5 fe-
males) aged 23-59 years (mean age 35.5 + 8.7 years).
The height ranged 165-189 cm (mean 178 + 6.6 cm), and
body weight ranged 56-104 kg (mean 79.2 + 11.3 kg). All
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the participants were non-smokers and had no history
of bronchopulmonary diseases. The volunteers under-
went medical selection by an expert medical commis-
sion, during which no diseases or pathologies prevent-
ing participation in the experiment were identified. All the
participants signed voluntary informed consent to par-
ticipate in the study and for the use of their anonymized
data.

The participants were subjected to a stepwise in-
crease in physical workload on an Ergoselect 200P
cycle ergometer (Ergoline GmbH, Germany). The initial
workload stage was 30 W followed by a 15 W increase
in each stage, which lasted for 1 min. The study was
conducted until a submaximal heart rate' was reached
under laboratory conditions with optimal ambient micro-
climate and atmospheric composition [9].

The participants breathed through a mouthpiece
connected to the following pneumatic circuit: a tube with

a saliva trap; an individual disposable filter; the measure-
ment unit of the Jaeger Oxycon Pro system (Germany),
which includes a rotary air flow sensor (turbine) and
tubes for sampling exhaled air for breath-by-breath gas
analysis.

Lung sounds over the extrathoracic section of the
trachea and the magnitude of the respiratory flow were
continuously recorded by the direct flowmetry method
using a Jaeger Oxycon Pro device. Based on the respi-
ratory flow dynamics, the built-in device software deter-
mined the values of pulmonary ventilation and respira-
tory rate, which were further analyzed.

Recording of lung sounds was carried out using
equipment comprising a lightweight accelerometer, a
power supply unit, a voice recorder, and cables [10-12].
The PCB 333B52 accelerometer (USA) was placed over
the extrathoracic section of the trachea on the subject’s
neck and secured to the skin surface using a Velcro
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Fig. 1. Filtering of the lung sound signal: x-axis — time (sec); y-axis — amplitude of lung sounds (% of full scale)

" Bystrova AG, Kovaleva |0, Kuz’mina AYu, Parnes EYa, Potievsky BG, Erenburg IV, et al. Cycle ergometry in civil aviation aeromedical expertise. Manual. Moscow:

RMANPO; 2020.
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elastic strap. The accelerometer signal was digitized at a
frequency of 48 kHz.

In order to attenuate background noise and the car-
diac artifact, band-pass filtering was applied (Fig. 1). The
acoustic signal was processed using an algorithm simi-
lar to that described in [11]. The lung sound recordings
were processed by the SpectraPLUS 5.0 software (USA)
using a band-pass filter in the frequency range of 200—
1000 Hz to remove cardiac and muscle noises, which
are typically observed at frequencies below 200 Hz, as
well as high-frequency interference with frequencies
above 1000 Hz [13].

The distance between adjacent peaks character-
izing expiratory noises was considered the duration of
the respiratory cycle, allowing an acoustic assessment
of the respiratory rate (RR) and the period of the respira-
tory cycle. Furthermore, the SpectraPLUS software was
used to determine the root mean square (RMS) value
of the lung sound (RS) amplitude, taking into account
each digitized value of the accelerometer signal corre-
sponding to the load stages. This value is conventionally
referred to as the mean power of lung sounds and is
expressed as a percentage (%) of the full scale, i.e., the
maximum signal amplitude value [11, 13-15].

Statistical data analysis was performed using the
Statistica 13 (StatSoft Inc., USA) and Microsoft Excel
(Microsoft, USA) software packages. To assess the dy-
namics of the parameters, non-parametric analysis of
variance (Friedman ANOVA) was applied; changes in the
studied parameters were evaluated using the Wilcoxon
test (for RS power and pulmonary ventilation) and the
Mann-Whitney U test (for comparing the acoustic as-
sessment of RR and flowmetry data). To assess the re-
lationship between RS power and pulmonary ventilation,
a correlation analysis was conducted using Spearman’s
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rank correlation coefficient () [16]. To establish the de-
pendence of RS power on pulmonary ventilation, linear
regression analysis was applied.

RESULTS AND DISCUSSION

During the study, the achieved maximum power output
for all subjects ranged 105-240 W. However, only two
individuals were capable of achieving a power output
exceeding 210 W. In order to obtain more accurate data,
the statistical analysis was limited to the power range of
up to 210 W.

Dependencies of the mean lung sound (LS) power
and the magnitude of pulmonary ventilation on the mag-
nitude of physical load were obtained (Fig. 2).

A significant increase in the mean RS power from
0.0004 to 0.0009% was observed already at the 30 W
stage compared to the resting state (0 W) (p < 0.0001).
Furthermore, the power of lung sounds also increased
by 56% between the 120 W and 135 W load stages
(p =0.023), and by 75% between the 180 W and 195 W
load stages (p = 0.043).

The increase in RMS with an increase in physical
load (Fig. 2) indicates a rise in the amplitude of lung
sounds. The conducted correlation analysis established
a statistically significant, moderate positive relationship
between the absolute values of pulmonary ventilation
and lung sound power (r, = 0.58; p < 0.001).

The nature of the presumed relationship between
RMS and the magnitude of pulmonary ventilation was
analyzed by a linear regression analysis across the en-
tire dataset (Fig. 3). Under an increase in the pulmonary
ventilation volume, a scatter in the individual noise pow-
er values was observed. It appears that a single linear
dependence cannot describe all individual parameters.

100
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Fig. 2. Dependence of the mean lung sound power and pulmonary ventilation on the magnitude of stepwise

increasing physical load

Note: RMS — root mean square value of the lung sound amplitude; * — statistically significant changes (o < 0.05).
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Significant individual differences and the non-linearity of
the relationship between noise power and pulmonary
ventilation led to data scatter and a low coefficient of
determination value of R? = 0.35.

Literature sources present various methods for de-
scribing the relationship between respiratory flow and
the amplitude of lung sounds [17]. Banaszak et al. de-
scribed a linear relationship between instantaneous flow
and breath sound amplitude measured over the chest
wall [18]. Shykoff et al. utilized a quadratic function [14,
19]. Gavriely et al. characterized a power-law function,
with the group-averaged exponent being 1.66 + 0.35,
which, in their view, is significantly less than the pre-
sumed second power [20, 21].

As noted above, the relationship between individual
noise power values and pulmonary ventilation is charac-
terized by a large scatter of noise power at a given level
of pulmonary ventilation (Fig. 3). This scatter appears
to be related to the significant differences in the geom-
etry of the airway tree among the group participants. It
can be assumed that in a more homogeneous group
of subjects (by sex, age, height, body weight, physical
fitness, etc.), the scatter would be smaller. Selecting ho-
mogeneous groups is a potential direction for future re-
search in this field of respiratory acoustics. Furthermore,
the search for individual regression dependencies is a
promising avenue.

It can be assumed that the influence of individual
differences on the relationship under study becomes
smoother when transitioning from individual data to
averaged values. Therefore, a regression analysis was
performed on the averaged values of RS power and
pulmonary ventilation parameters at each load stage.
However, when considering the entire range of achieved
pulmonary ventilation values up to 100 L/min, the coef-
ficient of determination is only 0.68. This is likely due to
the manifestation of a non-linear relationship between
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Fig. 3. Relationship between individual values of
mean lung sound power and pulmonary ventilation
parameters

Note: RMS — root mean square value of the lung sound amplitude.

RS power and pulmonary ventilation magnitude, as well
as individual differences across the larger range of pul-
monary ventilation data. Consequently, the search for a
linear regression dependence should limit the range of
pulmonary ventilation (to 60 L/min) (Fig. 4). In this case,
the coefficient of determination R? increased significantly
to 0.93. Beyond this point, the relationship deviated from
linearity, and data scatter increased substantially, lead-
ing to a decrease in R?. In a similar manner, the correla-
tion coefficient r, decreased. This may be caused by the
aforementioned non-linear phenomena and individual
differences.

The practical significance of the obtained regres-
sion dependence lies in the possibility of assessing
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Fig. 4. Dependence of lung sound power on pulmonary ventilation magnitude based on average parameter values

Note: RMS — root mean square value of the lung sound amplitude.
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Fig. 5. Comparison of respiratory rate values obtained
by the acoustic method with those by direct flowmetry
at various levels of stepwise increasing physical load

the magnitude of pulmonary ventilation based on lung
sounds.

To identify the degree of agreement between the res-
piratory rate (RR) values obtained by the acoustic meth-
od and those from direct flowmetry, a comparison was
made between the acoustic assessment of RR and the
flowmetric parameter (Fig. 5).

Figure 5 shows that at a load of 135 W, the RR
according to acoustic data was minimal, while at
a stepwise increase in physical load to 165 W, it
was maximal. It appears that these extreme values
are more influenced by individual variations in the
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parameters. No significant differences were found be-
tween the RR values obtained by the two methods.
The scatter in the values may be explained by differ-
ences in individual characteristics of the respiratory
system.

CONCLUSIONS

1. A statistically significant, moderate positive correla-
tion was established between the magnitude of pul-
monary ventilation and the mean power of lung sounds
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