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Abstract

The paper shows the usefulness of the lung mechlammwdel for time and frequey characteristic
reconstruction proper for the mechanics of an alduthan respiratory system in its various regimesvork.
The complex setp for measurements of human respiratory systemhamécs is presented. Two sepa
scenarios were createdssfly, the mechanical model was examined usingdstah mechanical ventilati
routine with embedded Interrupter Technique andh ttiee Optimized Ventilator Waveform technique
tested. An analysis of experimental results isqgmesd, as well as an o of the issues and problems reve
during investigations.

Keywords: lungs mechanical model, Interrupter Technique, ®gid Ventilator Waveform, artifici
ventilation.

© 2010 Polish Academy of Sciences. All rights nese

1. Introduction

The human respiratory system is one of the mosbitapt elements in maintaining an
organism’s vital functions. The large complexityitsf mechanics is a well-known issue [1,
2]. A regular and healthy function of all the elert®e depends on many mechanical and
physiological factors, however there are patholgihich disturb the symmetry in this
natural organisation.

There is a need to identify and specify systemrpatars properly in order to recognize
and learn the occurring phenomena [3]. System cexitglimplicates the analysis of changes
on many levels and compartments. The choice okcbtreatment or therapy depends on that
identification. Generally, measurement techniquas be divided into two groups: those
which require active patient participation (medid@gnostics, spirometryetc) and those
used during mechanical (supported) ventilatiorbdth cases the main aim is to minimize the
pain and active participation of the patient. Staddprocedures are based on pressure and
airflowv measurements in proximal part of the resjoiry system (mouth). Those
pressure/flow measurements are conducted in mamasgos and configurations in order to
extract different types of data.g. time, frequency domain [4, 5]). During mechanical
ventilation, the acquired signals are used in @britedback and also in real time monitoring
[6, 7].

One of the ways of research development within iragpy mechanics studies is the
experiment on a real object. In medical sciencegéal object experiment is as important as
mathematical model simulations [8]. Better underdiiag of the human respiratory system
mechanics have enabled the creation of the adifiting (mechanical model) which is
capable of imitating real object behaviour. The ainthe paper was to assess the usefulness
of a chosen mechanical model for testing the abkglaxperimental measurement methods.
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Two techniques were used for verification [9] of @uAdult PNEUVIEW 5600i
mechanical model manufactured by Michigan Instrusienhe first of them, the Interrupter
Technique [10] was embedded in a mechanical véotilaycle. The second one, Optimized
Ventilator Waveform (OVW), was treated as a geneeiatilator mode [6, 11].

2. Methods and algorithms
2.1. Optimized Ventilator Waveform

In order to conduct tests on artificial lungs, ptimized Ventilator Waveform (OVW)
technique was used. It allows to determine systapedance in the frequency domain. The
OVW derives from Forced Oscillation Technique (FO[IR] and incorporates some
improvements, like time saving or therapy and meament task optimization. Both
techniques calculate the input impeda#geusing pressure and flow signals recorded in the
proximal part of the respiratory system. The OVWash part of artificial ventilation routine
as well as the measurement tool and assumes geneohta specific flow pattern given by
Eq. (2):

Q=3 Acod2it+4). )

Flow patternQ is the sum of seven cosine functions which meet “thon sum non
difference” (NSND) condition [6]. The exact funatiparameters are shown in Table 1.

Table 1. The OVW flow pattern parameters.

i | AmplitudeA Frequency Phasep
1 1 0.156250 4.95
2 0.3 0.390625 3.82
3 0.25 0.859375 4.37
4 0.25 1.484375 3.67
5 0.175 2.421875 4.05
6 0.175 4.609375 4.13
7 0.125 8.046875 4.02
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Fig. 1. Normalized OVW flow pattern.

The above parameters guarantee a spectrum leasticedand overall volume at a level of
0.5 dni. The generated flow pattern incorporates twolfudlaths in a time of 12.8 s. All these
conditions were applied during the experiment oigzh in the repeated research and the
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example source signal was presented in Fig. 1.flbkepattern was normalized in order to
acquire eligible volume levels.

Generally in ventilation supporting respiratoryis¢éances are formulated as a proportion
between pressure chanfye (effect) to driven flow valu€ (cause) and are given by Eq. (2):

_4apP
Q-
In literature, there are prepared algorithms delvtdethe calculation of coupled respiratory

system impedance on the basis of time domain dhtthow and pressure [13]. In the

presented work, sampled values of acquired sigmasthe system responses to the OVW

source pattern. Fixing the number of samples ofoRthe whole measurement period (12.8

s) enabled reliable calculation for pressufer{(f)) and flow Qrer(f)) trends [6]. In the

designed experiment the sampling frequelayas set to 640 Hz. The corresponding power

spectrum density of the pressure sigBah(f) and the cross power spectrum of pressure and
flow dataGge(f) can be then calculated according to formulasi(i@) (4) respectively:

Gep () = Ber (f) (P () I, 3)
Gop(f) = Qeer () P (F) I, (4)

wherePge(f)* stands for the conjugate valueRy-(f).
Based on the results, the complex respiratory irapeeZ(f) was calculated:

R (2)

_ Gee(f)
Z(f)=="27" (5)
Gor(f)

The whole signal energy is focused now on sevemaiics of the OVW waveform so
that the real and imaginary part4f is calculated for frequencies listed in Table 1:

ReZ,(f))=R(f), ©6)
Im(Z,,())=E(f)=C™(f). (7)

The real part (6) represents the resistivgf)] character of the examined system, whereas
the imaginary component (7) reflects its elad(f)j behavior (which can be also interpreted
in sense of compliand@=E™).

2.2. Interrupter Technique

Proposed by von Neergard and Wirtz, the airflovednipter Technique (IT) uses proximal
pressure and flow signals which are recorded duhagycclusion [14]. The IT is successfully
used during respiratory system mechanics diagreogfi®]. Main advantages of the IT
algorithm are its small invasiveness, minimal regmients regarding patient cooperation and
also low implementation cost. The one diagnostycafleful parameter in the IT technique is
the interrupter resistané®,.. However, research on expanding IT utility (promgsfrequency
domain analysis results) is being conducted [4]e Tmain problem with the IT is a low
accuracy and repeatability Bf,; evaluations.

Harmless embedding of the airflow Interrupter Tegha into mechanical ventilation
routine seems to be possible and justified [7].€€mdly interesting can be a fusion of OVW
advantages as a ventilation scheme and enhanadiddiostic procedure [3]. For this reason,
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the occlusion moment was placed at the end ofrthalation (synchronized with the piston
movement) of controlled ventilation scenario in tesigned experiment.

The standard version of the IT measurement protgeakrates quick flow interruption
(100 ms standard) and results in fast airway ogepiessure risB,, [16]. An exemplary plot
is shown in Fig. 2.

Pao [hPa]
N w B w o)) =~

—

o

29.4 29.45 29.5 29.55
t[s]

Fig. 2. The flow waveform during the moment of arsibn.

Estimation of parametd®,; during artificial ventilation can be consideredaasingle task
of inverse problem solution [17, 15].

The algorithm is based on the assumption that nra@&spy system mechanics is not fast
enough to react to rapid flow interruption and #ewvay opening pressurB,, during
occlusion automatically rises to the alveolar IgfR) [10]. In conclusion, knowing the initial
pressure stefiP, and the pre-occlusio@ value,Ry; can be calculated according to (2).

Some of the accompanying processes the time needed for pressure equilibration, @ssu
relaxation) are neglected which reflects in ovenestion of R, (about 20%).

Additional difficulties occur with the initial ragirise of Py, value. For that reason the
exact value of\P,, is estimated as the result of back extrapolatfahe second rise phase on
the first one (Fig. 2 dotted line). The back extdagion was accomplished by selecting two
characteristic points (and their neighbourhoods}hef second phase. Sampling was made
around the 30-th and 70-th ms of occlusion duratidre algorithm estimated thH&y(tc) in
20-th ms of occlusion as the mometg} Of vale full closure. Th&,, initial rise momentt()
was selected basing on the “start of occlusion"trmbrsample data. The find&,; value is

given by equation:
— Pao(tc) B (tl ) )

I%nt - Qt,)

(8)

2.3. Hardware

The Training Test Lung TTL manufactured by Michigastruments (Fig. 3) is part of the
complex station for measurements of human respyaygstem parameters. In the presented
research the following modules were used [18]:

— Jaeger flow and pressure transducers for medieal us

- Keithley KPCI3108 data acquisition card;

— low frequency ventilator (1.1 dhmaximum working volume);
— PC class computer with LabView 6.1. software.
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The TTL mechanical model consists of two indepentiefiows of overall volume 2 din
and additional 1.022 diulead space.

Fig. 3. The TTL unit used during research.

The adjustable elements allow the simulation ofiowsr scenarios. There are three
regulation-dependent sections: upper airways sesist bronchi resistance and lung elastance
(see Fig. 4 and Fig. 5).

Resistance can be adjusted by replacing flow Ingitesistors. The resistors provided with
TTL are flow dependent in a non-linear way (paraf)ohnd the appropriate values were
evaluated using technical documentation and reteremeasurements.

Fig. 4. Adjustable resistive elements modelingupper airways and bronchial resistance.

Lungs compliance can be adjusted using two sprioge for each bellow). In the
beginning of the breathing maneuver, springs géaeaarapid increase of bellow pressure
which can generate noise in further signal analysis that reason every maneuver begins
with pre-stretched springs.

Fig. 5. Adjustable elastic spring modeling lung @diance.
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The important part of the IT measurement modula eedical purpose pressure sensor
with embedded interrupter valve (Fig. 6). An eleotagnetic shutter assures a closure time of
~20 ms which is sufficient to conduct the routimegerly.

Fig. 6. Medical purpose pressure sensor with emdxtgtutter.

The main advantage of the solution is the valvbifity to sustain tightness during closure
by continuous actuation of the shutter [18]. For dXperiment purposes, control signals
responsible for the piston and shutter operatiorevgenerated at a rate of 1 kHz. The main
aim of the author was to maintain full synchron@atbetween ventilator piston movement
and moments of flow interruption occurrences. Aadetl synchronization moment is shown

in Fig. 7.
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Fig. 7. A moment of ventilator-valve synchronizatigolid line — flowQ,,; dotted line — valve state.

3. Results

The main aim of the author was to assess the wgrkonditions of lungs mechanical
model and analyze its behavior during differenttdatory routines. The series of tests were
conducted and the results are presented. The dedamechanical model was tested during
two ventilation scenarios. In the first one, lungsre ventilated using OVW pattern (under
various parameter values). In the second one,tdrelard controlled ventilation cycle with
the additional flow interruptions was commenced.

Some test procedures were conducted in order tairolesults on parabolic resistor
behavior in simulated scenarios after software laadiware calibration. For constant flow
value a series of five measurements for each oesigtre done. The results are presented in

Table 2.
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Table 2. Parabolic resistor values for constant flalue.

Mean ResistanceError
[hPa/drils] | [%]

Rp20 3.8 0.4
Rp50 20.8 0.1

Resistor symbal

For the above results the flow value was always dn®/s (which was a further IT
experiment condition). The error was calculatedaadoubled value of mean resistance
standard deviatiorSD). The tested resistors were used in a controkgditation experiment.

The OVW experiment required research on resistbawer under dynamically changing
flow pattern. The resistors were tested individuaking the Optimized Waveform shown in
Fig. 1. In order to simplify the modeling processgan resistances for the whole frequency
range were used. Recorded resistances were avebggidquencyf (Table 1) in each of
three measurement series. The three series aveaigewas used in the model. The results
are shown in Table 3.

Table 3. Parabolic resistors values for dynamiw fb@ttern.

. Mean Resistance AR R
Resistor symbol [hPa/dn¥/s] [hPa/driVs] [%]
Rp5 13 0.4 33
Rp20 56 05 8
Rp50 30.3 38 12

The errorAR was calculated as a doubled value of se&&s'Tested resistors were used in
OWV experiment. There is a significant differen@vizeen values for each scenario which is
caused by measurement conditions changes. In feasdhe flow rate was insufficient to
generate the required pressure drop. The authdr itoonder consideration during further
calculations and test scenarios assembly. The &pStor which generated the most scattered
results was used permanently as the proximal asweasistance model (Table 3) and had no
significant influence on overall system resistance.

Simple electrical analog (Fig. 8) of lung model wasated [19] as a reference for
experimental results. Resist® can be interpreted as upper airways proximal taEsis.
Serial connectionB;, C; andR,, C, stand for left and right compartment parameters.

R,

—]

Fig. 8. Electrical model of artificial lungs ve#fil in prepared experiment.

For the OWV scenario the author used three difteprasets of elements in order to
simulate healthy lungs, asthma condition and emghgs Positive pressure inside
compartments was maintained during the experinidré.necessity of that maneuver aroused
from the nature of metal springs modeling compl@na the beginning of the experiment
relaxed springs generated a rapid rise of presmltees and caused result inaccuracies. The
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problem was solved by keeping an initial positivegsure (and stretched springs). Fig. 9
shows correct pressure recorded with correspordwigy/ flow pattern.
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Fig. 9. Recorded pressure signal after initialrpstretch.

Five series of measurements for each condition wererded. The OVW technique is
capable of showing a pathological condition of huenan respiratory system by observation
of spectral characteristics changes. The condgaameters are listed in Table 4.

Table 4. Parameter values for tested conditions.

N G, G
Conditon | R, | R | R [dn/hPal [dhPal
Healthy Rp5 | Rp20] Rp2d 0,05 0,05

Emphysema Rp5| Rp20 Rp20 0,02 0,02
Asthma Rp5| Rp50, Rp5( 0,05 0,05

Pressure and flow signals were acquired in the ipralxpart of the mechanical model
(which corresponds to measurements of a patiemtheatmouth). Healthy condition was a
reference. The experiment incorporated a full OVWle (Fig. 1), each containing two
breaths of 0.5 dfair volume. Results are shown in Figs 10a, 10k, 11b.

During emphysema there is a significant compliatiag visible in the imaginary part of
the spectrum (Fig. 10b). In that scenario the itensf the springs is greater, however resistor
values are maintained on “healthy level” (Fig. 108)mulation results calculated using
“Emphysema condition” follow the experiment resulfée results assessment was based on
observations of direction of the changes. Fromrteglical point of view this significant
compliance drop can be interpreted as a patholbgn@mnge in tissue elasticity characteristics
for diseases such as emphysema or COPD.

The “Asthma condition” was simulated in the sameg By increasing both compartment
resistances the real part of the spectrum rosel(Fag. Elevated resistance levels also affected
simulation results which follow the experiment ddtay. 11b shows that the imaginary part of
the spectrum was unaffected. The elevated resestanthe whole spectrum can indicate the
bronchi shrinkage which is characteristic duringaathma attack.

The error bars§Din Fig. 10 and Fig. 11) show that the resistive paresults is the most
inaccurate element. The main cause of this statendinearity, which is an inherent property
of elements used in experiment for imitation ofahiént states in a real system.
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Fig. 10. Real a) and imaginary b) parts of the idgmee spectrum during “Emphysema condition”: x raark
simulation results, solid line — “Emphysema cormuditi dotted line — “Healthy condition”.
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Fig. 11. Real a) and imaginary b) parts of the idgree spectrum during “Asthma condition”: x marker
simulation results, solid line — “Asthma conditioulbtted line — “Healthy condition”.
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In the IT scenario only two resistors described @able 2 were used. Resistariggwith
resistor Rp20 and compartment resistaiesndR, with resistor Rp50. According to chosen
simulation model (Fig. 8) the total lung resistameas calculated. With the assumption that
the trial was commenced in static conditions (camisflow of 0.2 dn¥s), compliances could
be neglected. Therefore the reference resistariue ig114.19 hPa/difs.

Three series of twelve single breaths were cordudach measurement cycle contained
one breath in controlled ventilation routine wittb @ pause at the end of inspiration. Single
breath volume was 0.4 dniThe flow interruption was synchronized with thistpn halt after
inspiration.

According to the described algorithm [15], intetrerpresistanceR;,; for each breath were
calculated. Fig. 12 shows a detailed occlusion mmaméh characteristic points.

The results were averaged for comparison with theehvalue (14.19 hPa/ds). Error
was calculated as doubl&D. Deviation from the model value shows the ovenestion of
gathered resistances (Table 5).

14

12¢

10+

Pao [hPa]
o]

1.95 2 2.05 21 215

Fig. 12. The detailed occlusion moment: dotted fifeack extrapolation, circles — characteristinpmi

Table 5. Interrupter resistance results.

Mean Ry Error Deviation form model value
[hPa/dni/s] [%] [%]
15.23 11.91 +7.33
14.77 8.52 +4.11
15.40 7.72 +8.55

It was expected that results can be overestimatadwoccurs in IT measurements. The
error value shows that results are repeatableasgeries.

During the experiment, the author conducted ano#eies of measurements which
showed difficulties under continuous working corudis. Twelve series consisting of four
complete breaths were performed. The results hawers that in every second breath there
was strong overestimation (+58.51%) of g model value. That problem could be caused
by piston inertia problems and ventilator mechdnitaws. Despite this, the overall
repeatability for IT measurement during artificeantilation of mechanical model was
maintained at previous level (error range 5-15%).

4. Conclusions

The author of this paper described a mechanicg laadel and its possible usefulness for
experiential data of simulations. There are sevssales that should be considered in order to
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improve the system operation. The main problembigsduring a dynamical test was the
parabolic nonlinearity of resistive elements. As thodel was mechanically ventilated, flow
values seldom exceed 0.5 dm3/s. Used resistoraratiele to generate the required pressure
drop properly in such conditions. It was the bakising the realization of the IT scenario,
where the author was forced to use greater resistoacquire the intended parameters. In
future applications linear analogs will be test&dother issue was synchronization of control
signals. In a continuous experiment there were nmbsnevhen the system responded
incorrectly to controls. During IT routine realimat made every second occlusion slightly
biased which caused major overestimatiomR@f The above issue was caused by inaccurate
work of pistons, that can be explained by mechafii@as. The complex diagnostic set-up is
still being developed and any construction issuesb&ing resolved. Despite the problems
author showed that during mechanical ventilatiatifigal flow interruption can be easily
incorporated. In future, experiments with occlusiteing part of the ventilatory cycle will be
conducted. The repeatability of results with the of the mechanical model is satisfactory,
however it can be improved by incorporating chargésd above.

In the dynamical OVW scenario some issues shouldtalen under consideration.
Simulation model imperfection caused some diffeesnihat can be explained by neglecting
OVW pattern dynamics and its influence on paraboésistors operation. Hence in the
“Asthma condition” the experimental real spectruasviower than the simulated one. Spring
activity is properly modeled, however simulationl diot consider the inertance that affected
the experimental imaginary spectrum (zero crossing positive values). Nevertheless, the
author was able to successfully commence varioesasms and show reactions for the
system parameters changes. The system will beafgeland new techniques and ventilatory
routines will be incorporated in future work.
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