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C wuCmonb30BaHUEM MOJENH Mpomecca (HOPCUPOBAHHOTO
BbIOXa M mpeoOpasoBanus Dypee ONpeAeNieH YacTOTHBIA CIEKTP €ro
00beMHOH CcKOpocTH Bo3ayxa. [lokazaHO, YTO MOTrPEIIHOCTH H3MEPEHUH
MoKa3aTeneil mporecca CIHPOMETPOM, JUHAMHUYECKUE XapPaKTEPHCTHKU
KOTOpOoro HopmupoBanbl B fuamasone 0-15 I'm, moxer mocturars 7,5%.
Jwnamazon HopMupOBaHHs AOKEH ObITh pacmuper 10 80 I'm. B stom ciydae
MOTPELTHOCTh M3MEPEHHUI OrpaHuIuBaeTcs B mpenenax 2%.

Kniouegvie cnoga: CIIHPOMETD, JTMHAMHUYECKUE
XapaKTepUCTHKH, CKOPOCTh IIOTOKA BO31yXa, MOAEIHMPOBAHHE IIPOLECCa
(hOopCHPOBaHHOTO ABIXAHHSL.

B po6otri 3 BUKOpHUCTaHHSIM MOJEIN mporecy (OpCOBAHOrO
Buauxy i meperBopenns ®Dyp'e BU3HAUCHMI YACTOTHHI CHEKTpP MIBHIKOCTEH
MOBITPsl B MpOLECi. 3 OTPUMAHKUX JaHUX BUILTHBAE, II0 MOXHOKA BHMipIOBaHb
crmipoMerpa 3 aMIUITYAHO-4aCTOTHOI — XapaKTEPUCTHKOK, HOPMOBAHOIO
cTaHzapToM B 4acToTHoMy miamaszoHi 0-15 T'm, moxe csratu 7,5%, mo
HENpUIycTUMO. Jliama3oH 4YacToT, y SKOMY MaroTh OyTH CTaHIapTH30BaHi
MUHAMIYHI XapaKTepUCTUKH cripomerpiB, csrae 80 I'm. YV mpoMmy BHOAIKy
MoX1OKa BHMMIPIOBAHHS  IUBMAKOCTEH TOBITpS  (POPCOBAHOTO  BHAMXY
JMITYeTbCS B Mexkax 2 %.

Kniouosi cnoea: cripoMeTp, MUHAMIYHI XapaKTEPUCTHKH,

HIBUJIKICTH IIOTOKY MOBITPsI, MOZICNIIOBAHHS HIpoLiecy ()OpCOBAHOTO AUXAHHS.

INTRODUCTION

Dynamic response is an important characteristic of spirometers for testing of

lung ventilation function (LVF) by measuring airflow rate during breathing. Since
first standard issued by American Thoracic Society (ATS) in 1979 [1], this
characteristic is standardized in all subsequent standards of ATS, European
Respiratory Society (ERS) and spirometry methodological recommendations of
Russian Federation (RF) [2—7] (Table I).
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Table 1.

Requirements for the frequency response nonlinearity in various standards

ATS [1,2,3] ERS [4,5] RF [6] ATS / ERS [7]
1979 ‘ 1987 ‘ 1994 1983 1993 2001 2005
£10% irf riu:/;e ir-l_'— rzrj/;e ir-l_'— rzrj/;e
inrange 0 — 4 Hz 0-20Hz 0- 20 Hz 0-15Hz

Dynamic response is standardized in terms of the requirements for the
frequency response nonlinearity of the device in predefined frequency range. In
Table I the requirements are summarized, and it can be seen that by now there are
differences in frequency ranges and values of acceptable nonlinearity.

PROBLEM STATEMENT

Since spirometry technique implies the forced expiratory maneuver when
maximal airflow rate is achieved [8], standardization of frequency response
nonlinearity should take into consideration dynamics of forced expiratory
parameters, which is significant for the sake of diagnostics. This requirement is
emphasized in papers [9, 10] when discussing the characteristics of the spirometric
equipment, especially designed for LVF studies in children [11]. The literature
provides information about the frequency spectrum of the forced expiratory airflow
rate, which is considered as an objective criterion of the process dynamics.

In paper [12] it is determined that this frequency spectrum with amplitudes of
harmonics up to 5 % of the maximum were located in range 6,49 + 1,8 Hz. Authors
of [8] have found that the amplitude of harmonics is reduced exponentially with
increasing frequency, and in the range up to 10 Hz the values are 3-5 % of
maximum amplitude. In [13] the bandwidth is defined in range from 0 up to
10.3 Hz. Thus all data about the frequency spectrum are rather contradictory and
must be clarified.

The purpose of this paper is to define by studying the model of forced
expiratory process the frequency range in which frequency response must be
standardized. The airflow process during breathing is simulated using the electrical
circuit analogy, and an explicit mathematical expression of airflow rate spectral
density is obtained. From this expression we define the frequency range in which
the dynamic characteristics of spirometers should be standardized.

THE CIRCUIT MODEL OF FORCED EXPIRATORY PROCESS

The analogy between the electric current flow and airflow can be used in the
respiration process modeling. Table 2 shows the correspondence between
parameters of airflow and electric circuit [14].

The considered model was used in [15, 16] for calculation of the measurement
errors, optimization and control of spirometer’s dynamic characteristics, generation
of test signals and spirometer metrology. It formalizes breathing in terms of electric
current flow, and gives clear analogy of volumetric and velocity parameters of
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forced expiratory, giving the possibility to model various states of LVF by varying
values of R, ,C, L and I.

Table 2.
Correspondence between airflow and electric current flow
Airflow system Electric circuit
R,, —airwaysresistance, Pa-sec/ Liter R — resistance of the resistor, Ohm

C, — lung compliance, Liter/Pa C — capacitance of the capacitor, F

I - intertance, Pa-sec’/ Liter L — inductance of the inductor, H
V — air volume, Liter q — charge of capacitor, C

p —pressure, Pa U - voltage, V

Q — airflow rate, Liter / sec i— current, A

Forced expiratory can be modeled by transition process of aperiodic capacitor
discharge on the serial connection of resistor and inductance [15]. From the circuit

theory considerations, this process can be described using the equation:

d’i R di 1
—+——+——-i=0. 1
a* L dt L-C : (1

The circuit model of forced expiratory process is given in Fig. 1.

— R L

e =~ T NAALS
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I

Fig. 1. Circuit model of respiratory process

Solving (1) for the capacitor charge g and current i, the equations for the
respiration parameters of interest can be obtained:

7 =Vo[l—%j, @
Qt _ VO O(z‘_ﬁ (em _eﬁt)’ (3)

where 7, is forced vital capacity (FVC);

RAW RfiW 1
a,f=- * - . 4
p 21 \j 41> 1-C, @)

© V.A. Lopata, A.A. Popov, LS. Myasnyi, 2014
84 ISSN 0452-9910. KuGepneTnka u BbIYHC]I. TeXHHKa. 2014. Bpin. 178




In normal LVF conditions parameters oo and [ take the following values:
R ,,, = 110 —350 Pa-sec/Liter, C;, = 0,0015 — 0,003 Liter/Pa, /=1—-17 Pa-sec’/Liter
[17]. It is shown in [15] that for any possible combination of R, , Cy, / in normal

and pathologic conditions, the values of o and f3 are strictly real and negative since
the following condition always holds true:

1
Ry 22 /C—L. (5)

FREQUENCY CHARACTERISTICS OF AIRFLOW RATE

To study the frequency characteristics of airflow, the Fourier spectrum of
airflow rate should be defined. It is known from [15] that the time when airflow
rate reaches its maximum during forced expiratory process (peak flow rate, PFR)
can be defined by:

(6)

PFR —

|
=R ™=

Fourier transform F(w)= j x(t)e’”'dt can be applied to (3) to obtain spectra of

—0

airflow rate. To facilitate this, rewrite (3) in the form

0, = O (¢ =" ) = Qe =0, (7)

which is the difference of two exponential functions, and denote
x(t)=¢e"" for |a| >0, 120, (8)
yy=e" for |B|>0, t20. 9)

Spectral density can be written as
G,(jo)=G (jo)-G (jo), (10)

where G (jo) and G, (jw) are spectral densities of exponential functions

(8) and (9) respectively. It is known that Fourier transform of function
z(t)=e,¢>0, t>0 givenby G(jo)= je‘”e‘f“”dt equals:
)
c—jo c )

1
G (jiow)= = = —
(@) ctjo A+’ F+o’ P
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Thus making all needed transforms and substitutions using (2) and (5) we

obtain finally the complex Fourier spectrum:

Qmax

a2+w2)(ﬁ2+w2)
§ A

and spectral density:

GQ(jw):(

e O )
( ) (a2+w2)(ﬁ2+w2)

x\/[a(ﬁ2+w2)—ﬁ(a2 +w2)T+w2 (az—ﬁz)z’

where Q. is PFR at a time instant 7 ., .

(11)

(12)

Having the expression of spectral density, it is possible to calculate it explicitly

for any combination of respiration system parameters.

RESULTS

It is proposed to select the spectral range in which dynamic characteristics
should be standardized, for the case when the spectral range of airflow rate is
widest. For this case the range with harmonic components with high magnitudes

should be defined at certain level of magnitudes.

1
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Fig. 2. Time dependence of airflow rate, normalized

To define the frequency range in which the harmonics with significant
magnitudes are located, the values of o and g should be substituted in (12). To

obtain the widest frequency range of airflow rate, which corresponds to the situation

with minimal 7 ,.,, expression (4) should be considered. It can be seen that

minimal 7., isreached when C, and/are minimal and R, is maximal.

© V.A. Lopata, A.A. Popov, L.S. Myasnyi, 2014

%6 ISSN 0452-9910. Ku6epHeTuka u BbI4HucI. TexHuKa. 2014. Boim. 178



0.9

0.8

0.7

0.6

0.5
0.3 \\
0.2

0.1

P(f)/Pmax
o
~

[ 1

—_—

0 10 20 30 40 50 60 70 80
Frequency, Hz

Fig. 3. Spectral density of airflow rate, normalized

This case corresponds to the condition of severe LVF dysfunction, when:
R, =900 Pa-sec/ Liter,

C, =0,0015 Liter / Pa,

I=1 Pa-sec’/ Liter.
In this case @ =-0,74 sec” and B =-899,26 sec’.

Figure 2 shows time dependence of airflow rate as the result of simulation the
respiration process using the model from Fig. 1 with formula (3) and parameters for
severe LVF dysfunction. In Fig. 3 its spectral density is shown.

Using the graph from Fig. 3 it can be seen that harmonics with magnitudes
larger than 2% of PFR are located in the frequency range from 0 to 70 Hz.

DISCUSSION

The results of defining the spectral range in which harmonics with high
magnitudes are located shows, that this range obtained in our study is significantly
wider than the frequency ranges reported in [8, 12]. Our result is close to the range
of airflow rates frequency spectrum during cough shock (5—70 Hz [18]), which is
similar to the forced expiratory process.

From our data it follows that the spirometer with frequency response
normalized following the standard [7] in the frequency range of 0—15 Hz, in the
considered case can measure the data with an accuracy of less than 7.5 %, which
might be considered as rather high error. We can recommend from our results that if
the error of forced expiratory airflow rates measurement is bounded by = 2 %, the
frequency range for standardization should be extended up to 80 Hz.

CONCLUSIONS

Our findings demand to normalize the dynamic characteristics of spirometers,
adequate to frequency spectrum of forced expiratory airflow rates. Using an explicit
mathematical expression of airflow rate spectral density, the frequency range in
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which the dynamic characteristics of spirometers should be standardized is defined

as 0-80 Hz. A further area of research should be focused on simulation of forced

expiratory process for various combinations of R,,, , C, and / in the normal LVF

state and its possible violations.

I.

10.

11.

12.

13.

14.

15.

16.

17.

18.

88

ATS Statement — Snowbird workshop on standardization of spirometry. Amer. Rev. Resp.
Dis., 1979, vol. 119, pp. 831-838.

Standardization of spirometry — 1987 update. Amer. J. Resp. Dis., 1987, vol. 136,
pp. 1285-1298.

Standardization of spirometry -1994 update. Amer. J. Respir. Crit. Care. Med., 1995, vol.
152, pp. 1107-1136.

Quanjer Ph.H. Standardized lung function testing. Report Working Party Standardization of
Lung Function Tests, European Community for Coal and Steel. Bull. Eur. Physiopathol.
Respir., 1983, vol. 19, pp. 1-95.

Quanjer Ph.H., Tammeling G.J., Cotes J.E. Lung volumes and forced ventilatory flows:
report of working party, standardization of lung function tests. European Community for
Coal and Steel — official statement of the European Respiratory Society. Eur. Respir. J.,
1993, vol. 6, pp. 5-40.

Kuznetsova V.K., Aganezova E.S., Yakovleva N.G. Methods of conduction and unificated
evaluation of results of functional investigation of mechanical parameters of ventillation
system using spirometry. Saint Petersburg, 2001 (in Russian).

Miller M.R., Hankinson J., Brusasco V. Standardisation of spirometry. Eur. Respir. J, 2005,
vol. 26, pp. 319-338.

Peslin R., Jardin P., Bohadana A., Hannhart B. Contenu harmonique de signal de debit
pendant I’expiration forcee chez I’homme normal. Bull. Eur. Physiopath. Resp., June 1982,
vol. 18, pp. 491-500.

Lopata V.A. Criteria and estimates of functional characteristics of spirometers. Medichne
obladnanna ta vytratni materialy, December 2010 —January 2011. pp. 34-36 (in Ukrainian).
Salas T., Rubies C., Gallego C., Munoz P., Burgos F., Escarrabill J. Technical requirements
of spirometers in the strategy for guaranteeing the access to quality spirometry. Arch.
Bronconeumol. 2011, vol. 47, pp. 466-469.

Lesnick B. L., Davis S.D. Infant pulmonary function testing overview of technology and
practical considerations — new current procedural terminology codes effective. Chest,
2011, vol. 139 Ne 5, pp. 1197-1202.

Lemen R.J., Gerdess C.B., Wegmann M.J., Perrin K.J. Frequency spectra of flow and
volume events of forced vital capacity. J. Appl. Physiol., 1982, vol. 53 Ne 4. pp. 977-984.
McCall C.B., Hyatt R.E., Noble F.W., Fry D.L. Harmonic content of certain respiratory flow
phenomena of normal individuals. J. Appl. Physiol., 1957, vol. 10, iss. 2, pp. 215-218.
International system of units for measurement of lung functions. Ekspres-Informatsia: seria
Promyshlennost meditsinskoi tekhniki, 1976, Ne 24. pp. 2—16 (in Russian).

Lopata V.A. Research and regulation of the dynamic characteristics of pneumotachometers
for improving informativeness of pneumotachometry. PhD thesis, Moscow, 1983, 22 p.
(in Russian).

Lopata V. Modeling of forced expiration process for the purposes of spirometry. Physiology,
2004, vol. 14, Ne 82, Suppl. “Trends in clinical and experimental Physiology”, p. 80.
Tikhonov M.A. External respiration. Mechanics of Respiration. Fiziologia cheloveka I
zhivotnykh, Moscow, 1972, pp. 72—131 (in Russian).

Svatosh Y. Biosignals from the engineering point of view. Ukrainskii zhurnal meditsinskoi
tekhniki i tekhnologii, 1998, Ne 1-2, pp. 93-97 (in Russian).

© V.A. Lopata, A.A. Popov, L.S. Myasnyi, 2014
ISSN 0452-9910. Ku6epHeTuka u BbI4HucI. TexHuKa. 2014. Boim. 178



UDK 621.3

SPECTRAL ANALYSIS OF AIRFLOW RATE
DURING FORCED EXPIRATORY PROCESS

V.A. Lopata', A.A. Popov, L.S. Myasnyi’

'Bogomolets Institute of Physiology, National Academy of Science of Ukraine
’National technical University of Ukraine “Kyiv Polytechnic Institute”

Center of pulmonology, allergology and clinical immunology, Clinical Hospital
“Feofaniya”

Introduction: The dynamics of airflow rate using the circuit model of
respiration system is considered with respect to standardization of requirements for
the frequency response nonlinearity of spirometers. Dynamic response is an
important characteristic of spirometers for investigation of lung ventilation
function by measuring airflow rate of air during breathing. Since spirometry
technique implies the forced expiratory maneuver when maximal airflow rate is
achieved, standardization of frequency response nonlinearity should take into
consideration dynamics of forced expiratory parameters, which is meaningful for
the sake of diagnostics.

Purpose: To study the dynamic characteristics of spirometers, and
development of method for analysis of airflow rate spectral density.

Methods: The analogy between the electric current flow and airflow is used to
model the respiration process. It formalizes breathing in terms of electric current
flow, and gives clear analogy of volumetric and velocity parameters of forced
expiratory, giving the possibility to model various states of lung ventilation
function. Frequency charanteristics of the volumetric airflow rate are obtained
using Fourier analysis of respiration parameters.

Results: An explicit mathematical expression of airflow rate spectral density
is obtained and studied, and the frequency range in which the dynamic
characteristics of spirometers should be standardized is defined as 0 — 80 Hz.

Conclusions: Our findings demand to normalize the dynamic characteristics
of spirometers, adequate to frequency spectrum of forced expiratory airflow rates.
Using an explicit mathematical expression of airflow rate spectral density, the
frequency range in which the dynamic characteristics of spirometers should be
standardized is defined as 0 — 80 Hz. A further area of research should be focused
on simulation of forced expiratory process for various combinations of respiration
parameters.

Keywords: spirometer; dynamic response; airflow rates; forced expiratory
process modeling.
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